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Summary

The recent energy-policies are leading to a relevant reduction in the use of fossil
fuels for both energy production and transports sectors. As a consequence, an
impressive electrification process involving many production sectors has recently
been started. Nevertheless, this important technology step is requiring robust and
reliable solutions able to replace the existing ones. Nowadays, thanks to recent
advancements of the power electronics, many electrical solutions able to help
towards a more sustainable future have been developed. The dissertation research
activity is focused on one of these. In detail, the analysis and control of multiphase
electrical machines.

Currently, the multiphase solutions are largely employed in high-power and/or
safety-critical applications such as the shipboard applications. Indeed, the
distribution of the electric power on more phases allows at keeping the current and/or
the voltage levels to acceptable limits that can be handled with the commercial fast
power electronics components. Concerning the system reliability, this is significantly
improved as the higher number of phases leads to the redundancy from both power
converter and electrical machine points of view. For these reasons, in the current
scenario where the transports electrification is playing a leading role, the multiphase
solutions are gaining a growing attention by the industrial producers. Nevertheless,
there is a strong interest in the development of modular multiphase configurations able
to use the well-consolidated three-phase technologies, thus reducing costs and design
times. This kind of systems are usually called as “multiple three-phase
machines/drives” and they represents the research context of this dissertation.

The multiple three-phase drive topologies allows at implementing the concept
of modularity in terms of electrical machine winding and power converter structure.
Indeed, the machine’s stator consists of multiple three-phase winding sets with
isolated neutral points. An independent three-phase power converter unit supplies
each three-phase set.



In this way, the drive is configured as multiple three-phase units operating in
parallel. Despite the large spreads of these multiphase drive topologies, few control
solutions able to deal with a direct control of the main variables (current, flux, torque)
belonging to each three-phase winding set have been developed, to exploit all the
degrees of freedom offered by the multiple three-phase drives. For this reason, the main
goal of this dissertation is to extend the modularity of the multiple three-phase
structures also in terms of drive control scheme, thus without limiting itself to the
machine configuration and power converter structure.

In detail, this dissertation deals with the design and implementation of a Direct
Flux Vector Control (DFVC) scheme for multiple three-phase Induction Motor (IM)
drives. The proposed control solution performs a direct and independent regulation of
both stator flux amplitude and torque contribution belonging to each three-phase
winding set, thus defining an equivalent modular Direct Torque Control (DTC) scheme
for this kind of machines. The control scheme is designed to be fully compatible with
the multiple three-phase drive topologies, using modular Voltage Supply Inverter (VSI)
structures together with independent Pulse Width Modulation (PWM) voltage control
of each three-phase power converter unit.

The performance of the control has been validated by means of experimental tests
carried out with a multi-modular power converter feeding a quadruple three-phase
induction machine prototype. The experimental results demonstrate the effectiveness
and feasibility of the proposed control scheme, in terms of full drive controllability in
all operating condition. Additional studies on the design and implementation of
modular control schemes for multiple three-phase synchronous motor drives are on-

going.
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Fig. 4. 87. Single units flux amplitude and rotor flux amplitude (mVs).
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In the recent years, due to the worrying evolution of the climatic changes, we
are witnessing a massive redefinition of the technological development plans. As
main consequence, the current and future energy-policies will impose a relevant
reduction in the use of fossil fuels for both energy production and transports sectors
[1]. Nowadays, the renewable energy sources together with the energy-saving
policies represent the most promising solutions for achieving the environment
sustainability targets.

In this context, both wind and photovoltaic energy productions are undergoing
an impressive technological development in order to improve their production
capability together with the energy efficiency. However, in parallel with the
advancements in the energy production also the transport sector is experiencing
relevant changes. Indeed, following the future European directives [2], [3]
concerning the reduction of both global and local emissions, the main automotive
companies are moving towards the electrification of the vehicles. In addition,
interesting innovations are emerging in both aircraft and aerospace sectors with the
current paradigms of More Electric Aircraft (MEA) and More Electric Engine
(MEE) [4], [5].

The above examples make the idea how the next future will be focused on a
heavy electrification process that will involve many production areas. However,
this important technological step will require smart and reliable solutions able to
replace the existing conventional ones. A key factor is certainly represented by the
recent advancements of the power electronics which is experiencing a real
revolution not only in terms of achieved quality levels, but also a significant
reduction of the production costs. Thanks to significant efforts in both academic
and industrial research activities, many electrical solutions for a more sustainable
future have been developed. The thesis focuses on the multiphase electrical
solutions, with emphasis on the modelling and control.

The main advantages of multiphase drives is to reduce the current per phase
without increasing the phase voltage [6]. Starting from the 1990s, multiphase drives
have become a competitive solution in marine applications for both ship propulsion
and power generation and still to date they represent a standard in the sector.

However, the interest in the use of multiphase electrical solutions has started
seriously to grow with the development of the power electronics since it has been
possible to take great advantages from the use of such systems. The first one is
surely related to the distribution of the electric power on more phases which allows
at keeping the current and/or the voltage levels to acceptable limits that can be
handled with commercial fast power electronics components. This feature results
particularly convenient in high power systems since it is possible to obtain high
dynamic performance which are difficult to reach with the conventional thyristor
technology. Another important advantage on the use of multiphase drives is their
intrinsic fault tolerance behaviour. Indeed, thanks to the higher number of phases,
it is possible to improve the system reliability by means of the redundancy from
both power converter and electrical machine points of view. This factor has made
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the multiphase electrical systems particularly attractive for safety-critical
applications such as the shipboard applications mentioned above.

Despite these important advantages, the use of multiphase drives is quite
limited to the high power and safety-critical applications. The main reason can be
found in the historical evolution of the three-phase drives which have reached the
full consolidation only in the last years. Indeed, only in recent times it has been
possible to find a complete know-how in power electronics, electrical machines
design, electric drives control strategies together with a wide availability of cheap
and powerful platforms for the implementation of advanced controls. Moreover, the
spread of multiphase solutions in the industry has been strongly hindered due the
lack of a complete technical literature able to overcome the complexity of the topic
in straightforward way. However, thanks to the impressive efforts made by several
research activities [7]-[10], this issue can be nowadays considered solved.

Currently, the multiphase electrical solutions have gained the required maturity
level such to represent a competitive alternative to the conventional three-phase
drives [7]. Indeed, in the current scenario where the transportation electrification
process will play a leading role, the multiphase solutions are gaining a growing
attention by many industrial producers. In detail, there is a strong interest in the
development of modular multiphase structures able to use the well-consolidated
three-phase technology so reducing costs and design times [5]. This kind of systems
are usually called as “multiple three-phase machines/drives” and their features will
be fully described in the next paragraphs.

Therefore, the dissertation deals with the analysis, design and
implementation of high-performance control techniques for multiphase
electrical drives using multiple three-phase configurations.

1.1 Review of previous research

The first research activities on multiphase electrical systems date back more
than a century ago with the development of the symmetrical coordinates applied to
polyphase networks [11]. Nevertheless, the most relevant contributions about the
multiphase solutions have been published over the past 30 years by covering a wide
range of topics. In the technical literature, there are many paper surveys providing
the state of the art in this field of the research [7]-[10]. Starting from the first
attempts to provide a technology status review [7], [8], [12] until to the recent
surveys on the latest advancements [9], [10], [13], the research on the multiphase
electrical solutions includes the following chapters:
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1) Applications

2) Machine configurations and modelling

3) Machine design

4) Power converters and modulation techniques
5) Drive topology

6) Drive control techniques

7) Fault analysis and post-fault control strategies

After an overview on the applications of the multiphase drives, a brief review
of the state of the art in each above research topic will be provided in the next
subsections.

1.1.1 Applications

According with the introduction, the multiphase drives result a convenient
solution for both high-power (MW levels) and for low voltage/high currents
applications due the distribution of the total electric power in a higher number of
phases with respect to the three-phase counterparts. Furthermore, thanks to their
intrinsic fault-tolerant behaviour, the multiphase systems are widely used in safety-
critical applications like the naval ones [7], [13]. However, there are many recent
examples on the use of multiphase drives in both transports and energy production
sectors [13].

Naval

In the marine applications, it is possible to find many examples of multiphase
solutions used for both ship propulsion [14]-[22] and shipboard generation [23],
[24]. As example, the world’s first electric warship UK “Daring class” Type-45
Destroyer is equipped with two 20 MW/15-phase induction motors fed by pulse
width modulation (PWM) insulated gate bipolar transistor (IGBT) inverters [25].
Other solutions for ship propulsion are based on 9-phase [19] and 12-phase
machines [18], [20].

Aircraft

Interesting application examples of multiphase solutions can be found in the
aircraft industry [26], [27] due the current paradigms of More Electric Aircraft
(MEA) and More Electric Engine (MEE) [4], [5]. Some low-power solutions for
electric actuators use 6-phase [28]-[30] or 4-phase motor drives [5], [31]. However,
there are several research projects on the use of multiphase drives as
starter/alternator for the on-board electrical generation [32], [33]. Moreover, there
are outstanding attempts in the use of multiphase drives for powering electric
aircraft [34]. Recently, a 260 kW/6-phase permanent magnet motor with one of the
highest power-over-weight ratios of the history (5 kW/kg) has been designed by
Siemens AG. The final aim of this research project will be the hybridization of the
regional airliners to reduce their fuel consumption [34].
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Automotive

The penetration of multiphase drives is rather low in automotive applications
due the low value of the power levels (hundreds of kW) such to justify the use of
conventional three-phase solutions. However, there are some attempts into using
multiphase solutions for low voltage systems fed at 48 Vdc in order to keep the
currents levels to reasonable limits [35]. Relevant examples of multiphase solutions
currently in production consist of a 5-phase starter/alternator and a 5-phase
generator belonging to Robert Bosch Gmbh [36], both with integrated power
electronics.

Wind Energy

In parallel with the transportation electrification, the multiphase solutions are
gaining a growing attention also in the energy production, especially in the high-
power wind generation (MW levels) [37]-[39]. Indeed, by removing the gearbox
between the propeller and the electric generator it is possible increase the overall
efficiency. In addition, the complexity of the system is further reduced.
Nevertheless, this solution requires a direct drive generator characterized by high
values of torque and currents together with a challenging design of the power
converter interfaced to the electric grid. To overcome this issue, a commercial series
of 5 MW wind turbines based on 12-phase permanent magnet generators has been
recently launched by Siemens Gamesa [40].

Lifting Systems

Finally, it is worth noting the use of multiphase solutions by the Hyundai Group
to produce the ultra-high-speed elevators (until 18 m/s with 30 persons). Indeed, in
this specific application a 1.1 MW/9-phase permanent magnet machine is employed
[41], [42].

The above cited examples represent the proof how the multiphase drives may
represent the next evolution of the electrification, especially for all those
applications characterized by considerable values of power and most of all without
a challenging design of the power converters in terms of voltage and current levels.

1.1.2 Machine configurations and modelling

The machine configuration has a large influence on defining the drive’s
structure and related control scheme. With reference to the technical literature [8],
[13], the multiphase electrical machines are usually designed to obtain symmetrical
or asymmetrical configurations of the stator winding.
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Symmetrical configuration

A symmetrical multiphase configuration is characterized by an uniform spatial
displacement between the magnetic axes belonging to two consecutive stator
phases. For a three-phase machine, this angle is the well-known 120 electrical
degrees, while in a generic multiphase machine it depends by the total number of
phases. As example, a symmetrical 5-phase machine has a spatial displacement of
72 electric degrees between the magnetic axes belonging to two consecutive stator
phases, as shown in Fig. 1. 1.

c% 790
/y |
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e

Fig. 1. 1. Symmetrical 5-phase machine configuration.

Asymmetrical configuration

When the number of phases is even or an odd number that is not prime, the
machine can be configured as n sets having / phases each [13]. In this case, if the
spatial displacement between the magnetic axes of the first phases belonging to two
consecutive sets is 180/(/-n), then a machine with asymmetrical configuration is
obtained.

As example, an asymmetrical 12-phase machine has a spatial displacement of
15 electric degrees between the magnetic axes of the first phases belonging to two
consecutive sets, as shown in Fig. 1. 2. For this specific case, the number of sets 7
can be either 4 or 2 depending on if 3-phase (/ = 3) or 6-phase (/ = 6) units are
considered. In the first case, the machine is usually called as “quadruple three-phase
machine” while in the second one as “dual six-phase machine”. Typically, three-
phase units are employed (/ = 3) and this dissertation will be focused on this case
because of the large interest shown by the industry.

The main reason on the use of the two above configurations is strictly related
to the issues on the electromechanical machine modelling. In detail, the definition
of the reference transformations which are fundamental for the implementation of
high-performance drive strategies. In the three-phase systems the problem has been
rapidly solved thanks to both Clarke [43] and Park transformations [44], [45].
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Fig. 1. 2. Asymmetrical 12-phase machine configurations: quadruple three-phase (left) and dual
six-phase (right).

Nevertheless, these ones represent just a specific case of application of the
symmetrical coordinates’ theory [11]. An outstanding attempt in the use of that
theory for obtaining a reference transformation able to handle any symmetrical
multiphase machine was done by [46]. Nevertheless, this approach was not able to
deal with the asymmetrical configurations which gained a lot of attention before the
development of power converters with PWM modulation. As example, the
asymmetrical 6-phase machine in dual three-phase configuration resulted as the
most considered multiphase solution in high power applications. The main reason
was related to the absence of the sixth harmonic in the torque ripple caused by the
fifth and seventh harmonics of the stator currents [8].

Historically, to face with the asymmetrical configurations, the multiphase
machines modelling has been developed following two different approaches, both
with the goal to deal with all possible cases, as will be described below.

Vector Space Decomposition (VSD) approach

The first modelling approach is called Vector Space Decomposition (VSD) and
it extends the results obtained with the symmetrical configurations [46] to the
asymmetrical ones. Developed for the first time in [47], this approach decomposes
the machine original space into multiple orthogonal subspaces. The reference
transformation is performed by means of a matrix having a dimension equal to the
total number of phases and it is computed through a simple algorithm based on the
harmonic decoupling. For symmetrical multiphase configurations, the obtained
transformation matrix is the same of the one computed by means the symmetric
coordinates’ theory [11], [46]. A detailed procedure to compute the VSD
transformation matrix for any asymmetrical multiphase configurations has been
recently published in [48].

The main advantage of the VSD approach consists of the simplicity of the
results. Indeed, among the VSD subspaces, only one is responsible for the
electromechanical energy conversion and in addition with similar equations to the
ones of the three-phase machines [8], [47].
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Fig. 1. 3. Meaning of the VSD approach based on the generalized reference transformation using the
VSD transformation matrix.

Concerning the other subspaces, they are just representative of the additional
degrees of freedom of the machine but without any role in the torque production as
they have the meaning of harmonic and homopolar patterns, as shown in Fig. 1. 3.
Currently, the VSD results the most employed modelling approach and a deeper
analysis will be reported next.

Multi-Stator (MS) approach

The main alternative to the VSD modelling is represented by the Multi-Stator
approach (MS). Developed for the first time in [49] for a 6-phase asymmetrical
induction machine, this approach is convenient when the machine is configured as
multiple /-phases sets. The main advantage of the MS approach is the high degree
of modularity which allows the clear separation of the flux and torque contributions
belonging to each set. In addition, the number of /-phases belonging to each set can
be arbitrary since the MS approach uses a dedicated reference transformation for
each of these sets. In this way, each set can be independently treated by the other
ones. As example, if the machine is configured in multiple three-phase sets (/ = 3),
then the MS approach will apply a dedicated Clarke’s transformation for each of
them [13], as shown in Fig. 1. 4.

Therefore, it is possible to understand how the MS approach can deal with any
modular multiphase configuration. Conversely, the validity of the VSD approach is
limited to the symmetrical and asymmetrical multiphase configurations. The only
limit on the use of the MS approach is related to the existence of the specific
reference transformation used to deal with the single set. As example, if a 12-phase
machine in double six-phase configuration is considered, then the MS approach will
apply two specific six-phase reference transformation matrices. Nevertheless, each
of them can be only computed by using the VSD algorithm. According with the
limits of this one, only if each six-phase set is characterized by a symmetrical or
asymmetrical configuration, then the MS approach can be applied. Otherwise, the
transformation matrix of the single set cannot be defined and consequently also the
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MS approach will be unable to deal with that machine configuration. This is the
only case where the MS approach has the same limits of the VSD one.

In terms of obtained electromechanical model, the MS approach leads to a more
complicated equation system with respect to one computed with the VSD
modelling. Indeed, to highlight the torque contribution of each single set, the
electromagnetic model of the machine is characterized by strong magnetic
couplings between the units [13], [50]. This is the main consequence to the full use
ofthe all degrees of freedom offered by the machine compared to the VSD approach
where the electromechanical energy conversion is modelled in average way through
the main subspace only. Recently, the MS approach is gaining a growing attention
by the industry due the relevant implications on the drive control schemes [13].
With the aim at proposing high-performance control techniques for modular
multiphase motor drives, the control schemes developed in this dissertation are MS-
based.

B n Fictitious multiple
g bi-phase machine

Real multiple three-phase ®,,, 1 m
machine

Fig. 1. 4. Meaning of the MS approach based on multiple three-phase Clarke transformation matrices.

Nevertheless, in recent years there have been several attempts into defining new
modelling methods able to combine the benefits of both VSD and MS approaches
[51]. With reference to the technical literature, the most important attempt is surely
represented by the Decoupled Multi-Stator approach (DMS) [52], [53].

Decoupled Multi-Stator (DMS) approach

Starting from the MS-model of the machine, the DMS approach introduces a
further reference transformation able to remove the magnetic couplings between
the units. In this way, the resulting electromagnetic model of the machine becomes
like the one obtained through the VSD approach. Nevertheless, the modularity is
respected since the model is built starting from the MS approach [53]. The
decoupling transformation introduced by the DMS approach is based on the
computation of the common and differential modes of the machine [54], thus
assuming a general validity among the modular multiphase configurations.

10
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Despite the great advantages offered by the DMS approach, it has been applied
only on the 6-phase machine model in double three-phase configuration [53].
Indeed, there are relevant difficulties into defining a general algorithm able to
compute the decoupling transformation for more complicated multiphase
configurations. One of the main contributions of this dissertation consists of the
solution of this issue. In detail, a computation algorithm able to decouple the main
modular multiphase configurations is provided, as it will be shown in the dedicated
chapters.

Application of modelling approaches on drive control strategies

Most of the employed multiphase configurations can be modelled by means of
the VSD and MS approaches. However, the choice of an approach over another
depends by many factors. For some machine configurations, the use of a specific
approach becomes mandatory since the VSD and MS ones are not always
interchangeable. As example, the VSD approach can be just applied on symmetrical
and asymmetrical configurations while the MS one requires a modular
configuration of the machine. Therefore, some multiphase drive strategies must
necessarily be based on a single approach when specific machine configurations are
employed. As example, all the symmetrical configurations having a prime number
of phases (5-phase, 7-phase, ...) can be exclusively modelled by means of the VSD
approach. Being the 5-phase motor drives one of the most employed multiphase
solutions, it is possible to understand how the VSD approach has received more
attention than the MS one.

However, when modular machine configurations are considered, the drive
strategy can be based using both approaches. As example, the 6-phase machine
using both symmetrical and asymmetrical configurations [47], [49]. In this case,
independently by the fact if the drive employs a modular topology with two
independent three-phase units or not, both VSD and MS approaches can be used.
The choice is related to the specifications that the drive strategy must satisfy.
Indeed, the use of the VSD approach allows at highlighting both the energy
conversion and the harmonic pattern of the machine through a simple equation
system. Nevertheless, this approach is not be able to deal with a modular drive
strategy since an average control of the machine power is performed [8], [47].
Conversely, the use of the MS approach can guarantee the direct control of the
currents flowing in each three-phase winding set, thus obtaining a modular drive
strategy despite the energy conversion is modelled with a complex equation system
[13], [49].

In conclusion, the use of both VSD and MS approaches for the implementation
of drive control strategies is quite consolidated. It is not possible to establish the
best approach among them since the choice is related to many factors. Therefore,
in the technical literature there are many research activities where both methods
have been used with satisfying results. Relevant works on the use of the VSD
approach on modular drive topologies can be found in [47], [55]. However, in the
recent years the development of drive strategies based on the MS approach is

11
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gaining an ever more attention [33], [42], especially on the multiple three-phase
drive topologies characterized by a high number of sets. Indeed, in these systems
the modularity of the drive strategy represents the most important feature, as will
be described next.

Last, but not less important, are the attempts on the use of the DMS approach
for six-phase permanent magnet motor drives [52], [53]. In this case, the control
strategy combines the advantages of both VSD and MS approaches with the aim at
obtaining high control performance of the drive. Unfortunately, the six-phase
machine results the only developed case due the difficulties into computing the
decoupling transformation for more complex modular multiphase configurations,
as described in the previous paragraphs.

In conclusion, the multiphase machines modelling can be performed using
different approaches. However, the choice of one approach over another depends
by multiple factors, starting from the considered machine configuration up to the
features required to the drive structure together with the related control algorithm.

1.1.3 Machine design

The research on the multiphase machines typologies has been characterized by
a different development with respect to the three-phase counterparts. Being the
multiphase machines historically used in the high-power applications, the research
has been focused on the most reliable and robust technologies like the induction
motors (IM) one [7], [9], [10]. The choice of the IMs was also justified for their
capability to work with square wave supply employing both Voltage Source
Inverters (VSI) and Current Source Inverters (CSI) typologies.

Nevertheless, in the last two decades the focus of the multiphase machines
design has moved towards the permanent magnet (PM) motors types, due the
needing to improve the performance of the drives under both efficiency and power
density points of view [56]. In detail, the current research regards the development
of both Surface Mount Permanent Magnet (SMPM) and Interior Permanent Magnet
(IPM) machines. Indeed, these machine solutions can become an interesting
alternative for automotive applications due the obtainable advantages not only in
terms of power density and efficiency, but also regarding their inherent fault-
tolerant capability.

Worthy of mentioning are the wound rotor synchronous machines. In the past,
this machine typology had undergoing an impressive development being employed
in the three-phase alternators for the large-scale energy production. Currently, the
wound rotor synchronous multiphase machines represent one the best solutions for
ultra-high-power applications [57] and also in the aircraft sector for their possible
use as starter/alternators. Indeed, the use of PM generators in the aircraft sector is
still strongly hindered by the technical problems related to the no-load back-emf
voltages. The use of wound rotor synchronous multiphase machines solves these
issues since the excitation magnetic field can be easily regulated. In addition, it is

12
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possible to take all the advantages related to the multiphase solutions in terms of
current and voltage levels.

Winding layouts

A relevant aspect related to the multiphase machines design is the winding
layout. Indeed, different solutions can be employed depending by the machine type.
The IM are usually designed with Distributed Winding (DW). Moreover, to avoid
leakage mutual couplings between the stator phases, a full-pitch configuration is
usually recommended. About the synchronous machines, the choice of the winding
layout is strictly related to the target application. Indeed, together with the
conventional DW, there is a growing interest in the use of Fractional-Slot
Concentrated Windings (FSCW). The main advantages of these ones include short
end-turns, high slot fill factor, low cogging torque and the possibility to obtain high
values of the phase inductances [9]. In this way, the short-circuit current of the
machine is limited with relevant improvements of the flux-weakening capability.

In conclusion, the design of multiphase machines is performed similarly to the
one of the three-phase counterparts, thus following the standard rules to obtain an
air-gap magnetomotive force having a specific harmonic content [58].

1.1.4 Power converters and modulation strategies

Most of the solutions are based on 2-levels VSIs as the multiphase systems
allow at keeping both current and voltage levels at acceptable limits, thus avoiding
the use of complex multilevel configurations. In addition, the use of many
conversion levels leads to the implementation of modulation strategies with a low
level of application in the industry. The main limit is represented by the exponential
increment of the power converter’s instantaneous discrete states that depends by
both the number of phases and the number of conversion levels. Indeed, there are
few examples on the use of 3-levels multiphase VSIs. Anyway, their application is
usually limited on the 5-phase and 6-phase configurations [39], [59].

Power converter structures

The structure of the multiphase power converters generally depends by the
supplied machine configuration. As example, for symmetrical multiphase
configurations having a prime number of phases (5-phase, 7-phase, ...) a single
multiphase VSI structure is usually employed [8], [13]. Conversely, when modular
configurations like the asymmetrical ones are employed, also the power converter
is typically structured in a modular way. As example, a power converter feeding
multiple three-phase machines is usually designed as multiple three-phase power
modules operating in parallel [13]. In this way, thanks to the use of the well-
consolidated three-phase technologies, both costs and development times are
significantly reduced [5]. This feature is appreciated by the industrial
manufacturers, thus justifying the growing interest on these specific multiphase
configurations [10].

13
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In the recent years, the use of modular power converters has led to the
development of many “series/paralle]” multiphase configurations [10], [60]-[62].
As example, the solution presented in [63] employs a 6-phase generator connected
to two 3-phase VSIs having their respective dc-links connected in series, thus
forming a high voltage dc transmission system. This kind of multiphase structures
can have great interest in the offshore wind farms where High-Voltage DC (HVDC)
systems are usually employed [64].

Modulation strategies

In the technical literature, the definition of modulation strategies for multiphase
VSIs results one of the most developed research topics [7], [8], [65]. Indeed, each
multiphase VSI modulation technique must be defined by considering many
aspects. Starting from the power converter’s structure up to the employed machine
configuration, each of these factors has a large impact not only in terms of
algorithm’s complexity but also relevant consequences on the drive’s energy
efficiency [47].

Despite the complexity of the issue, the Pulse Width Modulation (PWM)
techniques for multiphase VSIs have been developed with the same mathematical
approaches of the three-phase case like the Carrier-Based PWM (CB-PWM) [66]—
[72] and the Space Vector Modulation (SV-PWM) [73]—[82]. For three-phase VSIs,
the two methods have a good degree of interchangeability since they obtain the
same results with similar computational efforts. Nevertheless, in the multiphase
VSIs the choice of one method over the other one is strictly related to the employed
machine configuration (modular or not) together with the modelling approach upon
which the drive control algorithm is implemented (VSD-based or MS-based).

Space Vector Modulation (SV-PWM)

The multiphase SV-PWM is the generalization of the conventional three-phase
case. Therefore, this method uses a switching pattern that involves all possible
power converter’s instantaneous states. General approaches for the implementation
of n-dimensional SV-PWM strategies can be found in [81], [82]. However, the SV-
PWM techniques are usually combined with the VSD modelling approach due the
great advantage into decomposing the starting n-dimensional space in multiple
orthogonal subspaces having a specific physical meaning each [47]. In detail, a
single main subspace for the energy conversion and the other ones with the meaning
of harmonic and homopolar models of the system, as well-established by the VSD
theory.

The SV-PWM techniques are usually defined to optimize the energy
conversion together with the aim at minimizing the harmonic content [83].
Consequently, the VSD is the most suitable approach since it is possible to
configure the SV-PWM algorithm to generate the voltage vectors for the energy
conversion in the main subspace, while minimizing any possible voltage component
in the other ones, thus avoiding useless harmonic and homopolar currents.
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However, this operation is not easy to perform since each instantaneous state
of the power converter is mapped in all subspaces and with different effects in each
of'them [47], [83], as shown in Fig. 1. 5 - Fig. 1. 6 for a 5-phase system. In addition,
the number of discrete states and the number of subspaces depend by the number
of phases [83]. A relevant attempt for a symmetrical 9-phase machine can be found
in [84].

Finally, another issue into using the SV-PWM techniques is the reconfiguration
of the algorithm after an open-phase fault event. The fault-tolerance operation of
multiphase drives aims at keeping unchanged the torque production to the same
levels before the fault event. However, all the machine’s waveforms (currents,
fluxes) must continue to be within the limits of the power converter/machine and
with a limited harmonic content.

To guarantee these conditions, an SV-PWM technique must be able to keep the
control of all VSD subspaces using the remained discrete states. In addition, due
the asymmetries introduced by the open phase-fault, both harmonic and homopolar
currents must be controlled to a not-zero value.

Fig. 1. 5. S5-phase VSIL.
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Fig. 1. 6. Normalized 5-phase VSI power converter’s discrete states: voltage components on the
main subspace (left) and in the harmonic one (right).
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In case of an open-phase fault event, the number of lost instantaneous states is
x*! where x is the number of conversion levels of the power converter (usually 2-
levels configuration are employed) while y is the number of phases before the open-
phase fault event. As example, a 9-phase power converter having a 2-levels
structure is characterized by 2° (512) instantaneous states. Each of them is mapped
in 4 different subspaces plus a zero-sequence component, as established by the VSD
theory [47], [83]. After an open-phase fault event, the algorithm must be
reconfigured to guarantee the optimal control of all subspaces by means of the 28
(256) remained available states. Therefore, through this example it is possible to
understand why for systems having a high number of phases, the multiphase SV-
PWM techniques (> 6) are not recommended.

Carrier Based PWM (CB-PWM)

The main alternative to the SV-PWM method is represented by the CB-PWM
techniques. The main advantage of these solutions is their simple implementation
since an independent control of each single-phase voltage is performed. This feature
is obtained regardless of whether each single phase is fed by a conventional
“inverter-leg” or even by an “H-bridge” structure. This last configuration is
employed in the open-end winding multiphase machines to improve the fault-
tolerance capability of the drive [13].

All the CB-PWM techniques are based on the computation of the phase duty-
cycle. In addition, the element which distinguishes a technique over another is
represented by the definition of the zero-sequence voltage, as for the three-phase
VSIs [85]. Indeed, among the multiphase CB-PWM techniques it is possible to find
the generalization of the three-phase PWM strategies [86], [87]. Therefore, through
a proper definition of the zero-sequence voltage it is possible to optimize specific
features of the drive such the switching losses or the modulation range [86].

In conclusion, the use of CB-PWM strategies allows at implementing simpler
post-fault reconfiguration of the algorithms.

Modular strategies

Historically, the most employed multiphase solutions are the symmetrical 5-
phase machine and the 6-phase one, using both symmetrical and asymmetrical
configurations. In addition, the stator windings have a single neutral point. These
are the reasons why the concepts about the multiphase modulation strategies have
been mainly developed for these solutions, thus making their validity quite limited.
Nevertheless, with the recent development of the modular multiphase solutions the
results obtained from that research activities are regaining a growing attention.

Up to now, the concept of modularity has been described in terms of machine
configuration and power converter structure. Nevertheless, it can be also extended
from the multiphase PWM strategies point of view. The main advantage on the use
of modular modulation strategies is the possibility to obtain a straightforward
control of multiphase converters having a high number of phases. However, such
techniques can be implemented only when both machine and power converter
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employ a modular configuration. As example, in the multiple three-phase machines,
the stator winding is structured in multiple independent three-phase windings which
operate in parallel. In this case, each three-phase set can be fed by an independent
three-phase VSI, thus allowing the voltage control of each single unit by means of
a conventional three-phase PWM technique [86], [87]. Through this example, it is
possible to understand how there is not a specific limit on the number of three-phase
sets since the PWM strategy is implemented in modular way.

Nevertheless, these configurations can be implemented only if the winding
belonging to each set has an its neutral point physically isolated by the other ones,
as shown in Fig. 1. 7. In fact, the use of a modular modulation technique implies
the application of a specific zero-sequence voltage for each set. Consequently, the
overall combination of these ones can lead to a relevant voltage excitation of the
homopolar subspaces of the machine, as highlighted by the VSD modelling [47],
[83]. Therefore, the only way to avoid useless homopolar currents is the use of
multiple independent neutral points.

The example of the multiple three-phase structures can be extended to more
complex multiphase configurations. As example, a 15-phase machine using a
“triple five-phase” configuration employs three 5-phase windings with three
isolated neutral points. In this case, each set is fed by an independent 5-phase VSI,
thus with the possibility at implementing a 5-phase PWM strategy for each of them.
In addition, in this case the adoption of a CB-PWM technique over an SV-PWM
one is not so relevant since the 5-phase case is the easiest to manage [78]. This
example is the proof how the results obtained by the modulation strategies defined
on multiphase machines using a single neutral point are still useful and with a
current practical interest.

Finally, the modular modulation techniques usually do not need any
reconfiguration of the algorithm after an open-phase fault event. Indeed, the
modular multiphase drives are generally designed with the goal to disconnect the
whole faulty set from the power supply (including the converter) [13]. In terms of
modulation strategy, this operation corresponds into disabling the execution
algorithm of the PWM voltage control related to the faulty set.

DC inputs

o—

Fig. 1. 7. Multiple three-phase machine fed by multiple VSI three-phase units.
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In conclusion, the recent development of modular modulation strategies is
allowing the overcoming of the issues related to the voltage control of multiphase
VSIs having a high number of phases. In addition, a straightforward reconfiguration
of the PWM algorithms after an open-phase fault event is obtained. For these
reasons, the interest on modular multiphase solutions is growing ever more in the
industry, thus leading to a replacement process of the historical multiphase
configurations.

1.1.5 Drive topology

The concept of drive topology has been partially introduced through the
previous paragraphs. However, more specifically it corresponds with the definition
of the whole drive system in terms of power converter structure and machine
configuration. With reference to the technical literature [8], [13], the most
employed drive topologies are the following:

= Conventional multiphase structure with single neutral point
=  Modular structure with independent /-phase units

As previously described, the single neutral point configurations have
represented a standard in the context of the multiphase electrical solutions. To this
category belong the multiphase drives having a prime number of phases (5-phase,
7-phase, ...). In these machine configurations, the stator winding cannot be set in
modular way. Therefore, the symmetrical configuration with single neutral point
represents the simplest solution despite it does not fulfil the requirements of fault-
tolerance operation [13], [88]. Indeed, for these drive topologies the power
converter consists of a conventional multiphase VSI, as shown in Fig. 1. 8.
Nevertheless, this drive topology still today results largely employed, especially the
5-phase case [7], [9].

The main alternative to the single neutral point configurations is represented by
the modular structures. Most of the multiphase solutions belong to this category and
currently there is a growing interest in their development.

DC/AC

o—

DC input, n,,-phase output

Fig. 1. 8. Multiphase drive topology with single neutral point.
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The concept of modularity has been expressed under many points of view,
starting from the machine configurations up to the implementation of PWM
strategies. Despite the modularity of a drive topology can be obtained in many
ways, two specific configurations are collecting the interest of the industry. The
first one consists of a solution where multiple of independent single-phase units are
employed. In this case, each machine phase is fed by a dedicated single-phase
inverter [13], [88], as shown in Fig. 1. 9. This solution possesses the highest degree
of modularity together with the best fault-tolerant operation of the drive. Indeed, in
case of fault each single-phase converter can be easily disconnected from the supply
source. In addition, to improve the fault-tolerance capability of the system, this
drive topology is usually used to fed FSCW synchronous machines. Finally, another
interesting advantage is related to the output voltage range of the converter.
Usually, each single-phase power converter consists of a H-bridge structure fed by
a DC source [13]. Therefore, through this solution the widest output voltage range
is obtained since the maximum peak of the phase voltage corresponds with the DC
source voltage.

oO—

DC/AC
o_

o—-
DC/AC /> ;@z
o—]

1
DC input, 1-phase output
n,, conversion units
1

o—

DC/AC

o—

Fig. 1. 9. Multiphase drive topology using multiple single-phase units.

The second most employed modular drive topology is represented by the
multiple three-phase solutions. For these solutions, the machine stator consists of
independent three-phase windings with isolated neutral points [8], [13]. Indeed,
each three-phase set is fed by an independent three-phase converter (Fig. 1. 10),
thus making possible the use of a modular modulation strategy. From the fault-
tolerant point of view, this topology offers less degrees of freedom with respect to
the previous one. Indeed, when a fault occurs, the whole three-phase faulted unit
(three-phase winding set plus dedicated converter) is disconnected from the DC
power supply [13]. The main advantage of the multiple three-phase drives is the
possibility to use the well-consolidated three-phase technologies, thus leading to a
significant reduction of the costs and design times. According with the introduction,
this dissertation is focused on the development of control strategies for multiple
three-phase motor drives and therefore more details will be provided later.
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Fig. 1. 10. Multiphase drive topology with multiple three-phase units.

The drive topology has a large influence on the definition of the control
strategy. Indeed, most of the control algorithms for multiphase motor drives are
based on the employed modelling approach (VSD - MS). However, these ones have
been developed upon base of the main multiphase machine configurations.

Therefore, once the drive topology has been chosen, the control strategy is de
facto defined even if marginally.

1.1.6 Drive control solutions

The versatility of the multiphase solutions in terms of machine configurations,
modelling approaches and power converter structures has led to the development
of an impressive variety of drive control techniques. In terms of electromechanical
energy conversion, the multiphase machines control has strong similarities with the
one of the three-phase counterparts. Indeed, thanks to the application of the
multiphase modelling approaches (VSD - MS), most of the concepts related to the
vector control of three-phase machines are still valid [8]. However, the complexity
of the topic makes necessary the classification of the multiphase drive control
techniques upon base their main features.

From technical literature [7]-[9], [13], the control techniques discussed
according to the following aspects:

e Control scheme
e Regulation type

An in-depth analysis about each of these aspects is reported below.

Control scheme

The development of control strategies for multiphase electrical machines can
be considered similar to the one of the three-phase counterparts. Indeed, thanks to
the VSD and MS modelling approaches, it has been possible to adapt most of the
control typologies developed on the three-phase drives [7]-[9]. Nevertheless, it is
necessary to highlight how the higher degrees of freedom offered by the multiphase
machines have also represented a strong hinder in the implementation of several
control strategies like the well-known Direct Torque Control (DTC) [8], [9].
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Typology References
VC [42], [52], [53], [89]-[110], [112], [113]
DTC [118]-[129]
DFVC [33]
Table 1. 1. Multiphase drive control techniques.

Anyway, the level of know-how in this field of the research makes necessary a
classification of the main control strategies developed for the multiphase motor
drives. With reference to the technical literature, the following control schemes can
be mainly distinguished (Table 1. 1):

= Vector Control (VC)
= Direct Torque Control (DTC)
= Direct Flux Vector Control (DFVC)

An in-depth analysis about each of these control techniques are reported in the
following subsections.

Vector Control (VC)

The definition of VC scheme is quite general and can be referred to different
variables (flux, currents). However, the most developed variant is represented by
the Current Vector Control (CVC) schemes in which a direct regulation of the stator
currents to get the required electromagnetic torque together with a specific level of
the machine’s flux is performed (Table 1. 2). Because of the operating principles of
the multiphase machines are the same of three-phase ones, the CVC can be
implemented in a rotating (d,q) frame, thus obtaining a Field Oriented Control
(FOC) scheme [89], [90]. The meaning of d-axis is the same of the three-phase
motor drives, independently by the employed modelling approach (VSD, MS,
DMS). Therefore, it corresponds with the electrical rotor position for synchronous
machine. Conversely, for asynchronous machines the d-axis usually represents the
position of the rotor flux vector with respect to a stationary frame [89].

A multiphase CVC scheme can be implemented in many ways, depending by
the employed modelling approach and the considered reference frame (stationary
or rotating). However, as confirmed by the technical literature, the most employed
control scheme for multiphase drives is the FOC one based on the VSD approach
[7], [9]. The reasons of this are many. One over all, it represents the simplest
extension of the FOC schemes applied on the conventional three-phase motor
drives. Indeed, the VSD approach allows at decomposing the machine original
space in multiple orthogonal subspaces where only the main one is responsible for
the electromagnetic torque production (sinusoidal machines). Moreover, with
similar equations to the ones of the three-phase machines. Therefore, through the
VSD approach, it is possible to adopt any three-phase FOC scheme to perform the
electromechanical energy conversion of a multiphase machine [91]-[105]. The only
element to add is the control of the harmonic and homopolar subspaces (these latter
depending by the machine configuration in terms of neutral point status).
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Nevertheless, unlike the main subspace where the variables (flux, currents) in
steady-operation are dc quantities, in the harmonic and homopolar subspaces they
are ac quantities [8], [47]. Therefore, due the limited performance of the
conventional Proportional Integral (PI) controllers, the use of the Proportional
Resonant (P-RES) ones becomes necessary to guarantee a proper operation of the
drive [91], [92]. Nevertheless, the tuning of these kind of regulators is not easy since
the resonant frequency of each of them must be updated according to the motor
fundamental frequency in which the electromechanical energy conversion is
performed. In addition, when the ratio between the switching frequency and the
fundamental one becomes too low, the performance of the P-RES controllers
drastically drop due to the combination of discretization issues together with the
down-sampling ones. Only the discretization issues can be solved properly by
means of the use of strict analytical methods [106].

If a modular drive topology is employed, the use of P-RES controllers can be
avoided if FOC schemes based on the MS approach are implemented. In this case,
the control strategy consists of multiple FOC sub-schemes which operate in parallel
[42], [107]-[110]. One for each /-phases unit. Indeed, the MS approach decomposes
the original machine model in n overlapped subspaces, where 7 is the number of
units composing the drive [8], [13]. Each subspace is representative of a specific
unit. Therefore, the equation system associated to each subspace is representative
of the torque contribution due to a single set. For this reason, upon the equation
system of each subspace/unit a dedicated FOC scheme is implemented. This way
to manage the degrees of freedom of the machine allows to avoid the use of
harmonic and homopolar patterns. Consequently, regardless of the considered
subspace, all the variables in steady-operation are dc quantities, thus allowing the
use of conventional PI regulators to guarantee a proper operation of the drive [13],
[107]. However, the main disadvantage of a MS-based FOC scheme consists of
strong magnetic couplings between the »n units composing the drive. Therefore,
specific decoupling algorithms must be implemented. As this dissertation concerns
the implementation of MS-based control techniques, further details will be provided
next.

In parallel with the development of the above control solutions, there also
interesting attempts into proposing FOC schemes based on the DMS approach [52],
[53]. A DMS-based scheme is designed starting from a MS-based one, thus
inheriting the advantages in terms of modularity. Nevertheless, unlike the MS-
based schemes, all the magnetic couplings between the units are removed through
the application of a specific decoupling transformation. The effect of this one is to
perform a redefinition of the MS subspaces with the goal at obtaining the common
and differential modes of the machine. In this way, the energy conversion is
concentrated in the common mode subspace while the unbalances between the units
in terms of flux and torque productions are projected in the differential subspaces.
Therefore, the final configuration of a DMS-based scheme is like to the one
obtained with a VSD-based scheme but with the difference that all variables (flux,
currents) in steady-operation are dc quantities, thus allowing the use of PI regulators
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to guarantee a proper operation of the drive. Another advantage of a DMS-based
scheme is the straightforward reconfiguration of the control strategy after an open-
phase fault event since it is just necessary to perform a simple recalculation of the
reference variables belonging to the differential modes’ subspaces. Despite the
great advantages on the use of a DMS-based FOC scheme, it has been implemented
just on a dual three-phase PM motor drive [53] due the issues on the computation
of the decoupling transformation for more complex modular multiphase
configurations.

The technical literature reports different versions of the FOC scheme for
multiphase IM drives. Indeed, as for the three-phase counterparts, there is the
possibility at implementing Indirect FOC (iFOC) schemes in which the rotor flux
position is computed by means of the reference currents values, thus avoiding the
implementation of a flux observer [111]. The iFOC schemes are easy to implement
but they cannot guarantee high dynamic performance in terms of electromagnetic
torque production. Nevertheless, their application on the multiphase IM drives has
received more attention unlike the three-phase counterparts [93]-[96], [109]. The
reason is quite practical. The multiphase solutions have been historical employed
in high power or safety critical applications in which there are not dynamic
requirements, thus making the iFOC schemes a valid control solution.

Finally, together with the development of FOC schemes, there are also several
research activities where CVC schemes operating in the stationary reference frame
(SCC) are proposed. One of the first attempts is reported in [112] for a dual three-
phase IM drive. However, these control solutions are gaining an ever more attention
due the recent development of the predictive control algorithms [9], [113]. More
details about this kind of control strategies will be provided in the next subsections.

Typology Modelling Approach References
VSD [91], [92], [97]-[105]
FOC MS [42], [107]-[110]
DMS [52], [53]
. VSD [93]-[96]
IFOC MS [109]
SCC VSD [112]-[113]

Table 1. 2. Current Vector Control (CVC) techniques.

Direct Torque Control (DTC)

The DTC schemes represent one of the most competitive control solutions for
three-phase motor drives as they can obtain high dynamic performance without the
use of inner current control loops [114]-[116]. The working principle of the DTC
schemes is completely different with respect to the VC ones. Indeed, the
electromechanical energy conversion is performed by means of two parallel scalar
controls corresponding to the regulation of the stator flux and electromagnetic
torque respectively.
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Typology Drive Topology References
5-phase [117]-[119]
ST-FOC
6-phase [120]-[126]
DB-DTC 6-phase [127]

Table 1. 3. Direct Torque Control (DTC) techniques.

In addition, unlike the FOC schemes, the DTC ones can be implemented in the
stationary frame, thus avoiding the use of the rotational transformations.

According with the literature, the DTC schemes can be designed to work with
both variable and constant switching frequency. To the first category belongs to the
well-known Direct Self Control (DSC) and Switching Table based DTC (ST-DTC)
schemes [114], [128]. To the second one belongs the PWM based DTC (PWM-
DTC) where a constant switching frequency is imposed due the use of a PWM
modulator [116].

The performance achieved by the DTC schemes on the three-phase drives have
led to several research works having the goal to extend this control typology also
on the multiphase machines [117]-[127], [129]. Nevertheless, the results obtained
in this field of the research are still today limited to specific machine configurations
like the 5-phase [117]-[119] and 6-phase ones [120]-[127]. It is important to
highlight how most of the efforts have been done in the development of ST-DTC
schemes (Table 1. 3), thus following the same tendency of the three-phase drives.
In addition, to simplify the machine modelling, DTC schemes based on the VSD
approach have been mainly developed.

The design of ST-DTC schemes for multiphase machines having a high number
of phases is strongly hindered by the exponential increment of the power converter
discrete states. In detail, the main issue is the definition of switching tables able to
guarantee the simultaneous control of the all machine subspaces. Indeed, due the
absence of inner control loops, the switching tables must be designed to perform
the electromechanical energy conversion in the main subspace but at the same time
limiting the circulation of harmonic and homopolar currents in the other ones. With
reference to the literature, recent works on the application of ST-DTC schemes on
5-phase motor drives can be found in [117], [119]. Regarding the 6-phase machine,
different switching tables design solutions are experimented in [125] with good
regulation performance. Finally, noteworthy is the solution reported in [127] where
a Dead-Beat DTC (DB-DTC) scheme for dual three-phase IM drives is proposed.

In conclusion, due to the difficulties into limiting the circulation of currents in
the harmonic and homopolar subspaces, the development of DTC techniques for
multiphase drives characterized by a high number of phases is still today considered
an unsolved issue. A possible solution could be the use of PWM-DTC schemes
[116] although there are few attempts into their implementation [127].
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Direct Flux Vector Control (DFVC)

The Direct Flux Vector Control (DFVC) has been recently proposed for three-
phase drives as alternative to the conventional FOC and DTC strategies [130].
Being implemented in the rotating frame defined by the position of the stator flux
vector, the DFVC scheme possesses a high degree of generality. Indeed, it has been
successfully implemented in both induction and synchronous motor drives [131]-
[133], thus assuming the meaning of an unified ac control strategy. The DFVC can
be considered an evolution of the DTC with the advantage of having constant
switching frequency due the use of a PWM modulator. Nevertheless, the state
variables controlled by the DFVC scheme correspond with the stator flux amplitude
and the torque-producing current component, thus combining the advantage of both
FOC and DTC schemes. As for the DTC schemes, the direct stator flux regulation
allows to obtain better performance at high speed together with the flux-weakening
operation of the drive. Nevertheless, the indirect regulation of the torque through
the direct control of the torque-producing current component allows to obtain a
good level of decoupling between the control axes. In this way, similar advantages
of the FOC schemes are obtained.

A recent attempt into applying the DFVC scheme on a dual three-phase IM
drive is reported in [33]. Through this work, it has been possible to demonstrate
how the DFVC can represent a smart control solution for multiple three-phase
motor drives. Indeed, the DFVC scheme allows to overcome all the limits which
characterize the DTC strategies anyway retaining similar dynamic performance, as
shown in [33], [130]. For this reason, one of the main goals of this dissertation
consists of defining a general DFVC scheme for multiple three-phase IM drives
able to obtain high dynamic performance in all operating conditions. Furthermore,
being the proposed control solution based on the MS approach, a full and
independent control of each three-phase unit is obtained, thus implementing the
modularity concept also in terms of drive control strategy. Further details about the
application of the DFVC scheme on multiphase drives will be reported in the
dedicated chapters.

Regulation type

The regulation type consists of the computation method of the power converter
reference commands. It must not be confused with the modulation strategies or the
control scheme. Indeed, the latter just represents a computation method of specific
reference variables (currents, fluxes, torque) able to guarantee the
electromechanical energy conversion. Therefore, the control typology can consist
in a VC scheme or a DTC one depending by the specifications of the drive.
Conversely, the regulation type is the method by which the machine’s variables are
manipulated to satisfy the references.
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Independently by the fact if three-phase or multiphase drives are considered,
the following regulation types are usually employed:

= Regulation with standard controllers
= Regulation with hysteresis controllers
= Regulation by means of predictive algorithms

With reference to the technical literature, there are many other methods that
have been developed for the electric drives (neural networks, fuzzy logics etc.)
[104], [105]. However, the aforementioned are the most relevant as they are also
used in the multiphase solutions.

Although indirectly, the regulation by means of standard controllers have been
introduced in the section related to the control scheme. Indeed, a typical example
of these ones is represented by the use of PI regulators for the implementation of
control loops. In the motor controls context, usually the outputs of the regulators
belonging to the inner loops correspond with the reference voltages to be applied to
the machine. Therefore, the standard controllers’ outputs often represent the inputs
of the algorithms implementing the PWM strategies for the generation of the power
converter commands.

About the regulation by means of hysteresis controllers, a typical application
example is represented by the ST-DTC schemes. In this case, the power converter
commands are generated directly through hysteresis controllers which outputs are
elaborated by predefined tables containing the switching patterns.

However, in this subsection a deeper analysis is dedicated to the third regulation
type related to implementation of predictive algorithms. In the recent years, the
development of predictive control schemes for multiphase drives has gained an
impressive attention such to represent a possible technological evolution in this
field of the research [9], [113]. The implementation of a predictive control scheme
can be performed in many ways. However, in the motor drives context, the Model
Predictive Control (MPC) schemes represent the most developed solution.

Model Predictive Control (MPC)

In the three-phase motor drives, the MPC techniques have recently emerged as
competitive alternative to the conventional feedback control algorithms [134],
[135]. The main advantages on their use are the improvement of the dynamic
performance together with a less demanding control tuning procedure, thus making
these solutions particularly interesting for the application engineers. For these
reasons, in the recent years they have been started several research activities with
the aim at designing MPC schemes for multiphase drives, thus combining their
advantages. Due the complexity of the topic, few control solutions have been
proposed [113]. Nevertheless, these are fairly diversified such to have defined a
good level of know-how in this field of the research.

As previously described, the MPC does not represent a control typology. It just
consists of an alternative computation method of the power converter reference
voltages.
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Two main categories of MPC schemes can be identified from the literature
[134] (Table 1. 4):

=  Finite Control Set MPC (FCS-MPC)
* Continuous Control Set MPC (CCS-MPC)

In the FCS-MPC schemes, the reference voltages are selected among the power
converter’s discrete states according with the optimization of a user-defined cost
function. The FCS algorithms directly perform the computation of the power
converter switching pattern since the PWM modulator is not employed. Therefore,
the FCS-MPC schemes are usually characterized by a variable switching frequency
like the ST-DTC schemes. The main advantage on the use of FCS-MPC schemes is
the possibility to obtain average switching frequencies usually lower than
conventional feedback schemes, thus reducing the switching losses and
nevertheless obtaining similar dynamic performance.

The advantages obtained by the FCS-MPC algorithms on the three-phase drives
have led to many attempts into extending their validity on the multiphase solutions
[136]-[168]. However, as for the ST-DTC schemes, the exponential increment of
the power converter’s discrete states strongly hinders the implementation of
multiphase FCS-MPC schemes. Currently, satisfactory experimental results have
been obtained just on the 5-phase and 6-phase motor drives [113]. The main issues
are exactly the same found in the implementation of multiphase ST-DTC schemes.
The only exception is represented by the replacement of the combination consisted
of hysteresis controllers plus switching tables with an optimization algorithm of the
cost function. However, this operation is even more complex since the cost function
must be evaluated in each possible power converter’s discrete state, thus requiring
impressive computational efforts when multiphase machines with a high number of
phases are considered. Moreover, the reconfiguration of the FCS-MPC schemes
after an open-phase fault event is not easy to perform as the cost function must be
optimized with a lower number of available states, thus encountering similar issues
to the SV-PWM algorithms.

From the literature [113], the multiphase FCS-MPC schemes are more
employed than the CCS-MPC ones. As main consequence, different FCS-based
control schemes have been developed, depending by the optimized variables in the
cost function. Therefore, among all the developed multiphase FCS-MPC schemes,
it is possible to find the following control typologies (Table 1. 4):

= FCS-MPC for CVC schemes implemented in the stationary frame
[136]-[140], [142], [144]-[147], [149], [150], [152], [154], [158]-
[161], [164], [168]; the cost function is designed for current control of
the all VSD subspaces. In detail, this solution aims at controlling the
currents in the main subspace to perform the energy conversion (ac
quantities) and at the same time keeping to zero the currents belonging
to the harmonic and homopolar subspaces.
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MPC Category Control Typology References
[136]-[140], [142], [144][147],
SCC [149], [150], [152], [154],
[158]-[161], [164], [168]
FCS-MPC FOC [143], [148], [151], [163], [165]
DCPC [153], [155]
DTC [141]
CCS-MPC FOC [156], [157], [165]

Table 1. 4. Model Predictive Control (MPC) techniques.

=  FCS-MPC for FOC schemes [143], [148], [151], [163], [165]; the only
difference with respect to the previous case is represented by the
currents belonging to the main subspace which are referred with respect
to the rotating (d,q) frame (dc quantities).

=  FCS-MPC for Direct Control of Phase Currents (DCPC) schemes [153],
[155]; the cost function is designed for the control of the all phase
currents. There is not the use of any reference transformation.

=  FCS-MPC for DTC schemes [141]; the cost function is designed similar
to the CVC and FOC ones. The only difference is represented by the
variables belonging to the main subspace corresponding with the stator
flux amplitude and electromagnetic torque.

It can be noted how all the FCS-MPC schemes have been developed using the
VSD approach to obtain a simple machine model, thus avoiding further
complications. In addition, the CVC schemes implemented in the stationary frame
result the most employed solution due the advantages in the design of the cost
function. Indeed, this one must be designed for the control of a single variable
typology, ac steady-state quantities in this specific case.

Unlike the FCS-MPC schemes, in the CCS-MPC ones the voltage range
corresponds with the all possible average voltage vectors which the power converter
can apply. Therefore, the CCS-MPC schemes are executed at constant switching
frequency since a PWM modulator is employed [113]. Although the cost functions
can be also implemented in these schemes, the computation of the reference
voltages is usually performed by using a deadbeat approach [169], [170], thus
obtaining high dynamic performance and low harmonic distortion of the machine
waveforms. Therefore, the reference voltages are computed by using the inverse
machine model together with the reference commands and the predicted values of
the control variables, thus making the number of power converter discrete states not
so relevant. As a consequence, the CCS-MPC algorithms can represents a possible
solution into defining general MPC schemes for multiphase machines [113].

Another advantage on the use of CCS-MPC schemes is the versatility in terms
of employed modelling approach. Indeed, unlike the FCS-MPC schemes, the use of
the VSD approach is not mandatory. Therefore, it is possible to implement MS-
based CCS-MPC schemes when modular multiphase configurations are employed,
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thus obtaining the related advantages in terms of modularity of the control strategy
and easy reconfiguration of the algorithm after an open-phase fault event.

Finally, as for the FCS-MPC algorithms, the CCS-MPC ones can be applied on
any control typology. However, with reference to the technical literature (Table 1.
4) there are only few attempts at implementing CCS-MPC algorithms for FOC
schemes [156], [157], [165]. Indeed, the CCS-MPC algorithms can optimize less
variables with respect to the FCS-MPC schemes. Moreover, the implementation of
CCS-MPC algorithms usually require huge computational efforts, especially when
modular configurations of the drive strategy are employed.

1.1.7 Fault analysis and post-fault control strategies

Thanks to their intrinsic fault-tolerant capability, the multiphase drives have
found large employment in the safety-critical applications in which any service
interruption can lead to significant money losses. As example, the oil and gas
applications in which high power modular multiphase solutions are often employed
[57]. Therefore, the development of post-fault drive strategies has resulted one of
the most considered research topics [7], [10].

In the multiphase drives the fault sources are typically represented by the power
converter and the electrical machine [10]. About the first one, the most frequent
faults are usually referable to the power switches. Conversely, the electrical
machines can be subjected to both open and short connection of one or more phases.
From the literature, the open-phase faults events from both power converter and
electrical machine result the most considered cases since they usually do not
compromise the post-fault operation of the drive drastically. However, the
reconfiguration of a drive control strategy after a fault event is usually preceded by
the detection of the same. This operation is not easy to perform especially when the
fault regards the electrical machine [10]. For this reason, among the research
activities focused on the fault-tolerant operation of the multiphase drives, it is
possible to find several contributions in which fault detection techniques have been
developed [171]-[177]. As example, a real-time approach for the detection of faults
in machines having an odd number of phases is reported in [172], [173]. Currently,
there are few contributions into both diagnosis and detection of the failures on
multiphase drives, thus is not yet possible to provide a real state of the art in this
field of the research. Conversely, there are many published works in which different
fault-tolerant control strategies for multiphase drives have been developed [61],
[97], [144], [175], [178]-[199].

By considering an open-phase fault event, a post-fault drive strategy can be
implemented in many ways, depending by which variables it is necessary to
optimize. After an open-phase fault event the multiphase machines can still
guarantee the torque production. In any case, this working condition is usually
characterized by a performance derating. Indeed, when one or more phases are lost,
it is necessary to increase the value of the currents in the healthy ones in order to
keep the torque production level as close as possible to the one preceding the fault
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event. Nevertheless, there is not a univocal method into doing this operation [7],
[8], [10].

Without any limit on the current’s levels, the torque production after an open-
phase fault event is not compromised. However, it is necessary to take in account
the limitations on the maximum current allowed by both power converter and
electrical machine. Regarding the power converter, the overcoming of the current
limits can lead to irreversible damages on the power switches, thus the protection
system of the converter rapidly avoids this condition by stopping the devices
switching. This event must be avoided since it corresponds with the service
interruption of the drive.

Conversely, the machine current limits are usually related to the maximum
allowed thermal stresses beyond which severe damages on the windings insulation
system are caused [200]. With reference to [10], the post-fault strategies can be
categorized in two main groups:

= Minimum Loss (ML) strategies: for a given torque reference the
currents commands are computed according with the minimization of
the copper losses [184], [191]. In the ML strategies, there is no
restriction on the magnitude of the phase currents. Indeed, the post-fault
operation of the drive is often characterized by unequal amplitude
values of the phase currents. Therefore, a detailed thermal analysis is
necessary to avoid local heating.

=  Maximum Torque (MT) strategies: for a given torque reference the
currents commands are computed according with the minimization of
their amplitude [183], [201], [202]. In the MT strategies, equal
amplitudes of the phase currents are imposed, so better heating
operating conditions are obtained.

In any case, both ML and MT post-fault strategies are designed at having
limited torque oscillations, thus avoiding dangerous vibrations [197]. Therefore, the
currents of the healthy phases must continue to generate air-gap magnetomotive
forces with limited harmonic content. This issue is particularly important in
multiphase drives employing a conventional single neutral point configuration.
Indeed, in this drive topology the open-phase fault leads to an asymmetric
configuration of the magnetic axes belonging to the stator phases, thus making more
complex the computation of the currents’ references. Finally, in terms of machine
modelling the post-fault strategies usually do not apply any change in the reference
transformation, especially when the VSD approach is employed [61], [180]. As
main consequence, after an open-phase fault event a specific control of the currents
belonging to the harmonic and homopolar subspaces must be performed.
Nevertheless, there are several attempts in which the recalculation of the reference
transformation is performed [144], [178], [203]-[205], although numerical methods
with limited validity are employed.

Finally, with the recent development of the modular drive topologies also the
post-fault control strategies result simplified. In these configurations, the faulted
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units (stator winding plus power converter) are simply disconnected from the power
supply [13], [33], [113]. For this reason, the post-fault strategy must be simply
designed into computing the reference variables (fluxes, currents) for the remaining
healthy sets. This operation is quite easy to perform being each single unit an
independent polyphase system, thus able to guarantee an optimal torque production
without relevant oscillations [13]. In addition, each set is always characterized by a
uniform amplitude of the phase currents. For this reason, the post-fault drive
techniques for the modular multiphase configurations are usually defined following
a MT strategy.

1.1.8 Conclusion

The most relevant contributions on the development of multiphase motor drives
have been published in the last three decades by covering many technical aspects
[7]-[10], [13]. In this paragraph, a literature survey providing the state of the art in
this field of the research has been reported. With reference to it, the multiphase
solutions have been historically employed in both high power and safety-critical
applications [8]. Currently, they represent a standard in the marine applications for
both ship propulsion and on-board generation. However, in the current scenario in
which the transportation electrification is playing a key-role for the reduction fossil
fuel emissions [1]-[3], the multiphase motor drives can represent a smart and
reliable solution [7], [13].

The research on the multiphase drives has been split up in different subtopics,
thus achieving a high level of know-how under many aspects. Starting from the
machine modelling up to the drive control techniques [7]. Nowadays, the
multiphase solutions can be considered a competitive alternative to the
conventional three-phase ones [7], [9], [10]. Nevertheless, among all the possible
multiphase configurations, there is a strong interest in the development of the
modular ones. With reference to the literature survey, it has been shown how the
modularity of the drive topology leads to several advantages [10], [13]. Among
these, one of the most important is represented by the modular modulation strategies
as they allow a straightforward control of multiphase VSIs having a high number
of phases. Another relevant advantage is the possibility to employ modular
modelling approaches [49], [53] with the aim into implementing modular control
techniques, thus obtaining relevant simplifications also on the post-fault
reconfiguration of the drive strategies [13].

In the recent years, among the modular multiphase configurations, the multiple
three-phase drives have gained a growing attention by the industrial manufacturers
[13], [34], [40], [41]. Indeed, these solutions can use the well-consolidated three-
phase technologies, thus leading to a significant costs reduction [5]. For this reason,
the dissertation is focused on the implementation of high-performance control
techniques for this specific drive topology. In conclusion, the multiple three-phase
drives represent the research context of this dissertation and more details will be
provided in the next paragraph along with the all introduced novelties.
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1.2 Research contributions

This dissertation deals with the analysis, design and implementation of
innovative control techniques for multiple three-phase induction motor drives. The
main goal of the research activity consists of the development of a modular control
scheme able to fully exploit all the degrees of freedom offered by these specific
multiphase drive topologies.

The proposed control techniques have been developed by using the MS-
approach [13], [49]. Conversely, the VSD-approach has been used only for
comparison purposes, being it not suitable for dissertation goal.

The research activity has led to the following major results and novelties:

1) MS and VSD state-space model computation for multiple three-phase
induction machines having an arbitrary number of three-phase winding
sets.

2) Design and implementation of a modular Direct Flux Vector Control
(DFVC) scheme for multiple three-phase induction motor drives
having an arbitrary number of three-phase units. The proposed control
scheme allows at implementing an independent regulation of both
stator flux amplitude and torque contribution belonging to each three-
phase unit.

3) Design and implementation of a Model Predictive DFVC (MPC-
DFVC) scheme for multiple three-phase induction motor drives having
an arbitrary number of three-phase units. To obtain the best dynamic
drive performance, a deadbeat regulation (CCS-MPC) is performed.

In each proposed control solution, the post-fault drive operation has been
implemented. The open-phase fault events due to a power electronics failure have
been considered.

The experimental validation has been performed on a 12-phase asymmetrical
induction machine using a quadruple three-phase configuration.

1.3 Dissertation outline

This thesis is divided into 4 chapters as follows:

e Chapter 1 provides a literature survey of current state of the art in the
multiphase electrical systems. The list follows of research
contributions and discussion of novelties. Finally, the list of
publications derived from the Ph.D. work is reported.

e Chapter 2 provides the general modelling of the multiple three-phase
induction machine using both Multi-Stator (MS) and Vector Space
Decomposition (VSD) approaches.

e Chapter 3 provides the design and digital implementation of a Direct
Flux Vector Control (DFVC) scheme for multiple three-phase
Induction Motor (IM) drives.
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Chapter 4 provides the experimental validation of the proposed
control solution. On the basis of the experimental results, full drive
controllability in all operating condition is validated.

1.4 List of publications

Journal Papers

1)

2)

S. Rubino, R. Bojoi, S. A. Odhano and P. Zanchetta, "Model Predictive
Direct Flux Vector Control of Multi-three-Phase Induction Motor
Drives," in IEEE Transactions on Industry Applications, vol. 54, no. 5,
pp. 4394-4404, Sept.-Oct. 2018.

A. Amerise, M. Mengoni, L. Zarri, A. Tani, S. Rubino and R. Bojoi,
"Open-End Windings Induction Motor Drive with a Floating Capacitor
Bridge at Variable DC Link Voltage," in IEEE Transactions on Industry
Applications (Early Access).

Conference Papers
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3)

4)

5)

6)
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In this chapter, a general Multi-Stator (MS) model of a multiple three-phase
induction machine is reported. The machine uses sinusoidal distribution of
windings and a squirrel cage rotor. The proposed MS modelling is defined for a
machine having an arbitrary number of three-phase winding sets. In addition, to
deal with the most generic case, the stator parameters of the three-phase sets are
considered different from each other.

Finally, a comparison with the results obtained by means of the Vector Space
Decomposition (VSD) approach is reported. In this way, it will be shown why the
MS approach results very convenient for the implementation of modular drive
control schemes.

2.1 Multi-Stator (MS) modelling approach

A generic multiple three-phase induction machine (IM) with the following
hypotheses is considered (Fig. 2. 1):

Fig. 2. 1. Multiple three-phase squirrel cage induction machine.

1) The stator is composed by n three-phase winding sets with arbitrary angle
displacements;

2) Each three-phase winding set is composed by identical single-phase windings
with sinusoidal distribution and with a reciprocal angle displacement of 120°
electrical degrees;

3) Squirrel cage rotor modelled as an equivalent three-phase winding composed
by identical single-phase windings with sinusoidal distribution and with a
reciprocal angle displacement of 120° electrical degrees;

4) Ideal iron characterized by the absence of losses and magnetic saturation
phenomena;

5) The air gap thickness is considered uniform, thus neglecting the presence of
both stator slots and rotor cage;

6) Full decoupling between the leakage fluxes for both stator and rotor windings.
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2.1.1 Electromechanical model in phase coordinates

p-axis
A

Fig. 2. 2. Equivalent MS magnetic scheme of a multiple three-phase squirrel cage induction machine.

With reference to the starting hypotheses 1)-6), it is possible to consider the
machine scheme shown in Fig. 2. 2. For each three-phase winding set the magnetic
axes belonging to phases are highlighted. In addition, the following assumptions
are considered:

Each three-phase winding set is identified by means the position of the
magnetic axis belonging to the first phase. This axis is conventionally
indicated with the letter “a”.

The position of the magnetic axis belonging to the first phase of each three-
phase winding set is indicated with the letter “9”. The position of each
magnetic axis is defined with respect to a stationary (a,f) frame. In detail,
this angle is computed with respect to the a-axis by considering an
anticlockwise rotation direction.

The position of the magnetic axis belonging to each stator winding is
invariant. Conversely, the position of the magnetic axis belonging to the
first phase of the rotor winding corresponds with the real electrical rotor
position 9.

According with the above assumptions, the positions of the magnetic axes
belonging to the phases of a generic three-phase stator k-set is expressed as follows:

8skfa SSk_a SSk
2n 2n
8sk—b = Ssk—a + ? = 8sk + ? (2 1)
8skfc 9 — E 9 — 2_7'C
i i i sk—a 3 ] i sk 3 ]
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Similarly, the positions of the magnetic axes belonging to the phases of the
three-phase rotor winding is expressed as follows:

9, 9 . 9,
21 2
8., =9 +t—|=| 9, +— 22
r—b r—a 3 r 3 ( )
S| |9, _2n 9, 2n
L L 3] L 3 ]

Finally, the position of the stationary a-axis is conventionally made coincident
with the magnetic axis belonging to the first phase of the first set. This condition is
expressed as follows:

9, =9,=0 (2.3)

sl—a sl

With reference to the unified theory of the electrical machines [1], the
electromagnetic model of any multiphase machine in the continuous time-domain
is described by the following equation systems:

o Stator magnetic model
o Rotor magnetic model
o Stator electric model
o Rotor electric model
The complete description of both magnetic and electric models is following
reported. Once the electromagnetic model of the machine is computed, it is possible

to define the electromechanical energy conversion relationships.

Stator magnetic model in phase coordinates

The stator magnetic model consists of the equation system containing all the
current-to-flux relationships of the stator phases. For a multiple three-phase
machine, the number of stator phases is a multiple of three and it depends by the
number of winding sets n. Therefore, the stator magnetic model is composed by 3-n
equations. Each of these describes the relationship between the flux linkage of a
specific phase winding as a function of the all machine currents. Thanks to the
magnetic linearity hypothesis 4), it is possible to apply the superposition principle.
Therefore, the flux linkage contribution related to each machine current can be
computed separately. In addition, according with hypothesis 6), there are not
magnetic mutual leakage phenomena between the stator phases. Consequently, the
magnetic model of each three-phase stator -set is expressed as follows:

A

I I I

sk—a sk—a n sz—a r—a
Mgees | = Lygic | Ems +Z My ]| iy | |+ [ Moy ]| ims (2.4)
. z=1 . .
x’sk—c Lok—c Iy e L.
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where:

- [ksk_a Mooy Ao ]t is the vector of the stator fluxes linkage for the three-
phase k-set defined in the own stator phase coordinates (abc)x;

- [ixk_a lgp  Lge ]t is the vector of the stator currents for the three-phase
k-set defined in the own stator phase coordinates (abc)x;

- [iSH, T T ]t is the vector of the stator currents for the three-phase z-
set defined in the own stator phase coordinates (abc):;

- [i,_a L.y L, ]t is the vector of the rotor currents for the three-phase rotor
set defined in the own rotor phase coordinates (abc):;

while:

- L, is the self-leakage phase inductance for the three-phase k-set;

- [M S,HZ] is the 3x3 mutual magnetizing inductance matrix between the
stator phase windings of k-set and the stator phase windings of the z-set;
- [ M

Sk_r] is the 3x3 mutual magnetizing inductance matrix between the

stator phase windings of k-set and the rotor phase windings.
With reference to (2.4), the mutual magnetizing inductance matrices [M Sk_sz]

and [M sk_,] must be computed. In detail, it is necessary to define the relationship

for the computation of the mutual magnetizing inductance between two generic
phase windings of the machine.

Mutual magnetizing inductance between two generic phase windings

Two generic phase windings ‘x” and ‘y’ are considered. With reference to the
electromagnetic theory [1], the definition of mutual magnetizing inductance is the
following:

(2.5)

iy=0 y i.=0

The Equation (2.5) must be interpreted as follows. The mutual magnetizing
inductance M _ isrelated to the flux linkage A of the )" phase winding caused

by the current injection i, in the ‘x’ phase-winding. Similarly, the mutual

magnetizing inductance M __ is related to the flux linkage A __  of the ‘x” phase

x=y x=y

winding caused by the current injection i, in the ‘)’ phase-winding.

The computation of the mutual magnetizing inductance M ,_, is performed by

X

using the scheme shown in Fig. 2. 3.
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>» o-axis

Fig. 2. 3. Scheme for the computation of the mutual magnetizing inductance M,...

The current injection i, in the ‘x’ phase winding generates a magnetomotive
force vector F.__which is aligned with the magnetic x-axis. The amplitude of the

magnetomotive force vector F,__ is computed as follows:

X

Fo

F =

X=X

=N_-i (2.6)

X X

where N, represents the number of turns of the ‘x’ phase-winding. According with
the initial assumptions, the position & of the magnetic axis belonging to the ‘x’

phase winding is computed with respect to the stationary a-axis. The amplitude
value in (2.6) can be also negative depending by the sign of the current i_ .

Concerning the magnetic effects on the ‘y’ phase winding, they can be
evaluated through the computation of the magnetomotive force acting on the
magnetic ‘y” axis. By indicating with &, the position of the magnetic axis belonging

to the °y” phase winding, the projection F,_  of the magnetomotive force vector

F___ on such axis is computed as follows:

X=X

F_ = |Fy_x

=F, ,-cos(8,-38,)=N,i,-cos(8,-3,) 2.7)

Thanks to hypotheses 4)-5), the machine structure can be considered
magnetically isotropic, leading to a unique value of equivalent air gap magnetic
reluctance R, , as shown in Fig. 2. 4. Therefore, the magnetic flux ¢, generated

by the magnetomotive force vector F, . along the magnetic ‘Y’ axis is computed

as follows:

= ];‘x EAPSL cos(3, -3, ) (2.8)

eq eq

.
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Y ¥ isotropic
condition
F X—X ‘F xX— y‘
— == =R,
|¢x—x | ‘d)x—y ‘
>» 0-axis

Fig. 2. 4. Scheme for the computation of the magnetic fluxes.

Finally, the flux linkage A __ of the ‘y’ phase winding, caused by the current

y—x

injection 7 in the ‘x’ phase-winding, is computed as follows:

N,.-N,
7by—x :Ny '¢y—x =

i -cos(8, -5, ) (2.9)
eq

where N represents the number of turns of the ‘)’ phase winding.

Therefore, according with (2.5), the mutual magnetizing inductance between
the phase windings ‘x’ and ‘y’ is computed as follows:

Mool NN, -cos(8, -8, (2.10)

* =0 eq

The cosine is an even function. Therefore, the mutual magnetizing inductance
does not depend by the phase winding in which the current injection is performed,
leading to the following result:

N_-N N_-N
= -cos(SX —Sy) =2 -cos(Sy —SX) =M

eq eq

(2.11)

y=x x=y

By means of (2.11), the matrices [Msk_sz] and [M

Sk_,] can be computed,

leading to the computation of the stator magnetic model of the machine.

Mutual magnetizing inductance matrix between two generic three-phase
windings

Two generic three-phase windings ‘x’ and ‘y’ are considered. The application
of (2.11) requires the computation of the angular differences among the magnetic
axes belonging to ‘x’ and ‘y’ winding sets, as shown in Fig. 2. 5. According with
(2.1), the angular difference among two generic magnetic axes can be defined using
the positions of the magnetic axes of the first phases belonging to each winding set,
as shown in Table 2. 1.
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set x/set y a, > 9, b, > 9, +2m/3 ¢, >9, +41/3

ax_)S,v S)C_Sy 3x—3y—2n/3 SX_Sy—4TC/3

b,—>9 +2n/3 | 9, -9, +27/3 9,-9, 9, -9, —2n/3
c. >3 +4n/3 9, -9, +4n/3 9.-9, +2n/3 9.-9,

Table 2. 1. Angular differences among the magnetic axes belonging to ‘x’ and ‘y’ winding sets.

Fig. 2. 5. Scheme for the computation of the mutual magnetizing inductance matrix between two

generic ‘x’ and ‘y’ three-phase windings.

According with hypothesis 2), each three-phase winding set is characterized by
a unique number of turns. As a consequence, the phase windings belonging to the
‘x’ set are characterized by N_ turns. Similarly, the phase windings belonging to

the °y” set are characterized by N, turns.

Therefore, with reference to (2.11) and Table 2. 1, the mutual magnetizing

inductance matrix [M

sk—sz

stator phase windings of z-set is computed as follows:

cos(A9,,_ )
n

sk—sz

cosS (AS +

cos (ASS,HZ - 2?“) cos (ASSHZ - 4?“]

| cos (ASS,”Z + ?J cos(A9, )  cos (ASS,”Z -~ Z?RJ

4?%} cos (ASS,”Z + Z?TEJ cos(A9,,_.)

] between the stator phase windings of k-set and the

(2.12)
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where:

- A
the first phases belonging to k- and z- sets;

=9,, -9, is the angular difference among the magnetic axes of

sk—sz sz

- N, is the number of turns characterizing the k-set;

- N, is the number of turns characterizing the z-set.

S.

Similarly, the mutual magnetizing inductance matrix [Msk_,] between the

stator phase windings of k-set and the rotor phase windings is computed as follows:

cos(A9,,_,) cos[ASSk_r —2?7[} cos(ASSk_r —%j

(M, ]= N;‘%;;N" : cos(ASsk_r + 23—“] cos(A9,,_,) COS(ASSk_r —é—nj
cos (ASS,” + 4?“) cos (ASX,” + 23_nj cos(AS,,_,)
_ (2_. 13)
where:
- AS,,_, =9, -9, is the angular difference among the magnetic axes of the

first phases belonging to k-set and the rotor winding;
- N, is the number of turns characterizing the equivalent rotor winding.

With reference to (2.4), the computation of both [M sk_sz] and [M sk_r] leads to

the complete definition of the stator magnetic model in phase coordinates.

Rotor magnetic model in phase coordinates

The rotor magnetic model consists of the equation system containing the
current-to-flux relationships of the rotor cage. Therefore, with reference to
hypothesis 3), the rotor magnetic model consists of 3 equations. The procedure for
the computation of the rotor magnetic model is like the one used for the stator
magnetic model. Consequently, the magnetic model of the rotor winding is
expressed as follows:

QLr—a ir—a n isz—a ir—a

7\1}_1) = Ll,r : irfb + Z [Mrfsz ] ) issz + [Mrfr ] ' irfb (2 14)
. z=1 . .

7\‘r—c L¢ Iy, ¢ L

where:

/)

phase rotor set defined in the own rotor phase coordinates (abc)r;

Aoy M, ]t is the vector of the rotor fluxes linkage for the three-

r—a
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while:

- L, is the self-leakage phase inductance of the equivalent rotor winding;

- [M HZ] 1s the 3x3 mutual magnetizing inductance matrix between the rotor
phase windings and the stator phase windings of the z-set;

- [M r_r] is the 3x3 self-mutual magnetizing inductance matrix of the rotor
phase windings.

With reference to (2.11) and Table 2. 1, the mutual magnetizing inductance

matrix [M ,_sz] is computed as follows:

cos (ASr—sz ) Cos (Agrsz - 23_71:) COS (ASPsz - ?)

[M,_.]= NN, o (AS,,_SZ + 2?%) cos(A9, )  cos (ASHZ - %)

cos (ASHZ + 4?“) cos (ASHZ + Z?Rj cos(A9, )
(2.15)
where:
- A8, =9,-9, isthe angular difference among the magnetic axes of the

first phases belonging to the rotor winding and the stator k-set;

Finally, the self-mutual magnetizing inductance matrix [M ,_,] of the rotor

phase windings is computed as follows:

cos(A9, )  cos (ASM -~ 2?71:) cos [ASH — 4—RJ

3
R 3 3

COS(ASr_r +4?n] cos(ASH +%) cos(A9,_,)

(2.16)

where:

- A8, =9,-9, =0.

r—r r r

With reference to (2.14), the computation of both [M r_sz] and [M r_r] leads to

complete definition of the rotor magnetic model in rotor phase coordinates.

In conclusion, the magnetic model of a multiple three-phase IM machine is
composed by 3-(nt+1) algebraic equations, containing all the current-to-flux
relationships of the phase windings.
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Stator electric model in phase coordinates

The stator electric model consists of the equation system containing all the flux-
to-voltage relationships of the stator phases. Therefore, the stator electric model is
composed by 3-n equations. Using the passive sign convention, for each three-phase
stator k-set the electric equations are as follows:

Vsk-a l—a J Msk—a
Voen | = Ry | Lgep +E Mgk (2.17)
Vek—c - Mge
where:
[vskfa Vb  Veiee ]t is the vector of the stator voltages for the three-phase
k-set defined in the own stator phase coordinates (abc)x;
while:

R, 1s the phase resistance for the three-phase k-set.

With reference to (2.17), the electric model of each three-phase set corresponds
with the application of the Faraday’s law of induction, obtaining the same electrical
equations of a conventional three-phase machine.

Rotor electric model

The rotor electric model consists of the equation system containing all the flux-
to-voltage relationships of the rotor cage. Therefore, with reference to hypothesis
3), the rotor magnetic model is composed by 3 equations. Using the passive sign
convention, the rotor electric model is identical with the one of a conventional three-
phase IM machine:

Vr-a lL—a d }\’r—a
Vo |=R |1, [+—| A 2.18
r=b 4 r=b dt r=b ( )
Viee L—c 7\‘1”70

where:

- [vr_a v, v,,_c]t is the vector of the rotor voltages for the three-phase
rotor set defined in the own rotor phase coordinates (abc):;
while:

- R, is the phase resistance of the equivalent rotor winding.

Because a squirrel cage IM typology is considered, the equivalent rotor winding
is short-circuited, leading to the following equations:

Ve v v] =[0],,=[0 0 o] (2.19)
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In conclusion, the electric model of a multiple three-phase IM machine consists
of 3-(n+1) differential equations, containing all the flux-to-voltage relationships of
the phase windings.

Electromagnetic model in phase coordinates

The computation of both electric and magnetic models has been performed by
considering each three-phase k-set separately. Anyway, with the aim at obtaining
an overall electromagnetic model of the machine, it is necessary to merge the
electromagnetic equations for all sets, including the rotor winding. To avoid a
cumbersome mathematical formulation, each three-phase vector defined in phase
coordinates (abc) will be indicated from now on as follows:

Xsk—a X g
Xekp |~ [xsk,abc:l s X | = [xr,abc] ('x =V, }\’) (220)
Xek—c X ¢

Using (2.20), the Equations (2.4), (2.14) and (2.17)-(2.18) are expressed as
follows:

n

I:Ksk,abc] = Ll,sk ) [isk,abc:l + Z ([Mskfsz ] ’ I:isz,abc :|) + [Mskfr ] ’ I:ir,abc:l (22 1)

z=1

[kr,abc] = Ll,r : I:ir,abc:l + Z ([Mr—sz ] ) |:isz,abc :I) + [Mr—r ] ' I:ir,abc:l (222)
z=1
I:vsk,abc ] = Rsk ’ [isk,abc ] + %[;\’sk,abc:l (223)

I:vr,abc] = Rr ’ I:ir,abc] + %I:}\‘r,abc :I (224)

By merging (2.21) for all sets £=1,2,...,n and including (2.22), the complete
magnetic model of the machine in phase coordinates is obtained as follows:

[Potane] [t ] [t ] [t ]
[Mzane] [ic2ane ] [ic2ase ] [iczane ]
=[L, ]y - p*[Ly]d 0 p=[L]S - (2.25)
e L ]| |
] (i (i i ]
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where:
_Ll,sl '[Id ]3><3 [0]3><3 [0]3><3 [0]3><3 |
[O]3><3 LI,SZ'[[d]M [ ]3><3 [0]3><3
[L,]= :
[O]3><3 [0]3><3 Ly g '[[d ]3><3 [O]3><3
[0]3><3 [0]3><3 [0]3><3 L, '[[d ]3><3 i
(2.26)
(Mgl [Mao] o M) [MaL]]
(Ma] M) 0 [Mo,] [Mg]
[Ly]=] - (2.27)
Moa] Myl M, (M,
M) M) M ] ML
[L]=[L,]+[Ly] (2.28)

Concerning the terms [0] and [I J ]3X3 , they have the following meaning:

3x3
0 100
0 . Malis=|0 1 0 (2.29)
0 00 1

Conversely, by merging (2.23) for all sets £=1,2,...,n and including (2.24), the
complete electric model of the machine in phase coordinates is obtained:

|:vsl,abc:| [isl,abc:l I:Q\‘sl,abc}
|:v32,abc ] [iSZ,abc ] I:XSZ,abc ]
=[R]-3 .. +— (2.30)
[vsn,abc ] [isn,abc ] [}\‘sn,abc ]
I:Vr,abc ] ':ir,abc ] I:}\‘r,abc ]

where:
_Rsl '[Id ]3><3 [O]3><3 [0]3><3 [0]3><3
[O]3><3 R '[[d ]3><3 [0]3><3 [0]3><3
[R]=
[O]3><3 [0]3><3 R, '[Id ]3><3 [0]3><3
[0]3x3 [O]3><3 [0]3><3 R, '[Id ]3><3 i

(2.31)
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With the aim at obtaining a compact formulation, the following variables are
defined:

[Votase ] e ] [ st ]
I:VSZ,abc ] [iSZ,abc ] [XSZ,abc ]
vi=) o bom=l b A=) (232)
I:vsn,abc ] I:isn,abc ] I:}\“sn,abc ]
(o] i [

Finally, by replacing (2.32) in (2.25) and (2.30), the complete electromagnetic
model of an IM in phase coordinates is obtained:

d

Vi =[R]AT+ 1A
Ay =[L]-{1

The equation system (2.33) represents the most generic form by which the

(2.33)

electromagnetic model of an any electrical machine is described [1].

Electromagnetic torque in phase coordinates

The definition of the electromechanical model requires the computation of the
electromagnetic torque generated by the machine. This one can be obtained using
many approaches. A straightforward method consists of the computation of the
energetic balance [2]. According with it, for each differential time range dt, the
electrical machine operation is regulated by the following energetic balance:

Y dt: dE, —dE,, =dE, +dE,, (2.34)
where:

- dEj is the infinitesimal variation of the electrical energy;
- dE,, 1s the infinitesimal variation of the mechanical energy;
- dE; is the infinitesimal variation of the thermal energy;

- dE,, is the infinitesimal variation of the magnetic field energy.

Each of these contributions can be computed directly. Concerning dE, it

corresponds with the temporal integration of the machine electric power:

dE; ={1}' -{V}-dt (2.35)
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The contribution dE,, corresponds to the temporal integration of the

mechanical power generated by the machine electromagnetic torque 7 :

dE, =T-dS, =T- a9, (2.36)

Pp
where:
- d9,, is the infinitesimal variation of the mechanical rotor position;
- d9, is the infinitesimal variation of the electrical rotor position;
- p, is the pole pairs number of the machine.

Thanks to hypothesis 4), the thermal energy is exclusively generated by the
Joule losses of the machine. Therefore, dE, is computed as follows:

dE, ={1}' -[R]-{1}-dt (2.37)
Concerning dE, , it is computed as temporal derivation of the power stored in
the machine magnetic field:
dE, d(1 | QPN
——=—| —{I} -[L|-31 dE, =d| —-{1} -|L|-{1 2.38
e R LR TRt Bt AR TY BCE

By replacing (2.35)-(2.38) in (2.34), the energetic balance is expressed as
follows:

T ds,
Pp

1

(V= D (R 0 ) @39)

Finally, by replacing the left member of (2.39) with the electromagnetic model
of the machine defined in (2.33), the result is as follows:
T dS, d [ 1
. + _

([ =L ) o

p, dt dt

Using some mathematical manipulations, (2.40) is expressed as follows:

r=L, ‘;[9] {1} (2.41)

In magnetic linearity conditions 4), (2.41) allows the electromagnetic torque
computation of any electrical machine. With the aim at obtaining a specific
formulation for this kind of machine, (2.28) is replaced in (2.41), leading to the
following result:

n

o d[M
T=pp'2(|:isk,abc:| ) Yk "] [rabc:IJ (242)

k=1
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From (2.42) it is noted how the electromagnetic torque is the sum of the
contributions of the n stator sets interacting with the three-phase rotor. Finally,
using (2.13), the extended computation of (2.42) leads to the following result:

T=p, Z N N,y (T, + T+ Ty )} (2.43)

k=1 eq

where:
T;,r = (lsk—a ’ lr—a + lsk—b ' lr—b + lsk—c ' lr—c ) ’ Sln(A‘gsk—r)

T:v,r—l = (isk—a ’ ir—c + isk—b ’ ir—a + isk—c : ir—b ) ’ Sil’l (Agsk—i‘ + ?j (244)

. . . . . . . 4t
T:v,rJrl = (lskfa Ly Tlgp o tlg oL, ) -Sin (Agskr +—

With reference to (2.44), each torque contribution is given by the product
between a stator phase current and a rotor phase current, thus respecting the
induction machine operating principle.

Mechanical model

The mechanical model of an electrical machine consists of two equations. The
first one consists of the torque balance on the mechanical shaft. Using the simplest
formulation, this equation can be expressed as follows:

I
o7, =t 4O (2.45)

r-1, =1, .3
p, dt

‘T dt

where:

- T, is the overall load torque, including eventual friction contributions;

- 1, is the overall momentum of inertia around the axis of rotation,
considering both the machine’s rotor and mechanical load;

-, is the mechanical speed of the rotor shaft;

- o, is the electrical speed of the rotor shatft.

The second mechanical equation corresponds with the temporal integration of
the mechanical speed to get the mechanical rotor position:

P L/t (2.46)
dt p, dt p,

o

where:

- 9,, is the mechanical position of the rotor shaft;

- 9, is the electrical position of the rotor shaft.
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Like any ac machine, the relationship between the mechanical and electrical
variables is exclusively related to the number of pole pairs p, of the machine.

Energy conversion model in phase coordinates

The computation of the electromagnetic and mechanical models allows to
define the electromechanical equation system of the machine, describing the energy
conversion processes. In detail, the energy conversion model in phase coordinates
is composed by the combination of the following equation systems:

) :[R]-{I}+%{A} Eq. 233

(A} =[L]-{1} Eq. 233

" . d
T=p, Z([lkb] M[zb]j Eq. 2.42 (2.47)

k=1 d9,
do, P,
L =L (T-T, Eqg. 2.45
at 1, (T-1.) 1
9, _ Eq. 2.46
dt

The equation system (2.47) represents the complete electromechanical MS
model of a generic multiple three-phase induction machine in phase coordinates. In
conclusion, it is described as follows:

- 3'n stator magnetic equations (2.21);

- 3 rotor magnetic equations (2.22);
- 3'n  stator electrical equations (2.23);
- 3 rotor electrical equations (2.24);
-1 electromagnetic torque equation (2.42);

- 2 mechanical equations (2.45), (2.46).

As happens for the three-phase machines, the electromechanical model in phase
coordinates can be manipulated using the reference transformations. In this way, it
is possible to get an equation system able to highlight the flux and torque production
of each single three-phase winding set, resulting suitable for machine control
purposes.

2.1.2 Electromechanical model in stationary coordinates

Like for the three-phase machines, the computation of the electromechanical
model in the stationary (a,B) frame allows to reduce the equation system
complexity, leading to more manageable formulations. Concerning the MS
approach [3], it requires the application of the general three-phase Clarke
transformation to get the machine model in the stationary (a,f) frame [2].

66



Ch. 2 - MODELING OF MULTIPLE THREE-PHASE INDUCTION MACHINE

Using the amplitude-invariant form, the general three-phase Clarke
transformation is defined as follows [2]:

cos(9;) cos(Si +2?n] cos(\‘}i + 43—“]

[T;]==-| sin($9,) sin(8i+23—n) sin(8i+4?nj (2.48)

2
3

1/2 1/2 1/2

where 9, indicates the position of the magnetic axis belonging to the first phase ‘a’

of the considered three-phase i-set. According with the initial assumptions, the
position angle is computed with respect to the stationary a-axis by considering an
anticlockwise rotation direction, as shown in Fig. 2. 2.

With the aim at getting the electromagnetic model of the machine in stationary
coordinates, the application of the Clarke transformation to both electric and
magnetic models is following reported.

Stator magnetic model in stationary coordinates

According with the MS approach, the computation of the stator magnetic model
in stationary (a,f) frame must be performed by considering each three-phase k-set
separately. For convenience, (2.21) is further reported, however with a change in
the notation of the rotor variables:

I:}\’sk,abc] = Ll,sk ’ [isk,abc :| + i ([Mskfsz ] ’ [isz,abc :I) + [Mskfr ] ' I:i:,abc j| (249)
z=l1

The superscript ‘7’ indicates that the considered variable is defined in the rotor
coordinates, making necessary its redefinition to the k-set stator ones. With the aim
at performing this operation, the transformation ratio between the generic stator .-
set and the rotor winding is introduced:

t — Nsk
sk—r N

I

(2.50)

Therefore, the rotor variables can be easily referred to the k-set stator
coordinates as follows:

1 .
.sk .y sk 7 sk r
|:Zr,abc:| = P ’ |:lr,abc:| s [vr,abc:| = tsk—r : |:Vr,abc:| H |:}‘r,abc} = tsk—r ' |:>\’r,abc:'

sk—r
2.51)
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By replacing (2.51) in (2.49), the magnetic model of the stator k-set having
rotor variables defined in the k-set stator coordinates is obtained:

n

[}\’sk,abc:l = Ll,sk ’ |:isk,abc :I + Z ([Mskfsz ] ' I:isz,abc :') + [Mskfr ] : tsk—r ’ |:i:,kabc :| (252)

z=1

Starting from a generic variable in phase coordinates (abc)k, the application of
the three-phase Clarke transformation leads to the definition of the stationary (af0)
components. In terms of mathematical formulation, this operation is described as

follows:
Xsk—o xi]ia
I:xsk,aBO} =| Xa—p | = [Tvk ] : [xsk,abc:l ’ [xfﬁxﬁoJ = xﬁﬁ - [Tr] ' [xj{cabc] (2.53)
Xsk-0 x:/i()
(x =v,i, k)
where:

- [ﬂk] is the three-phase Clarke transformation for the stator k-set, this one
is computed using the position angle 3, ;

- [T,] is the three-phase Clarke transformation for the rotor set, this one is
computed using the rotor electrical position 3, .

Therefore, the application of (2.53) on (2.52) leads to the computation of the .-

set stator magnetic model in terms of stationary (af0) variables, obtaining the
following result:

n

skapo | = Losk | Lk apo |+ skosz.0p0 || Lsz.apo |) | Mskrapo |"Lskmr *| Trapo
[skapo | = Lok Lisopo ]+ 2 ([ Motsapo ] [iapo )+ [ Moo ] s [ g

z=1
(2.54)
where:
3NN 1 00
[Mskfsz,a[i()} = [T;‘k]'[Mskfsz]'[Tsz ]_1 = E% 0 10 (255)
“ 0 0O
3 NN 1 00
[Msk—r,otﬁo:l - [Tsk].[Msk—r]‘[Tr]_l = E SE;; =10 1.0 (256)
“ 0 0 0
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With the aim at obtaining a more compact formulation, the following variables
are introduced:

Nsk 'st
R

My s, =

3 Nk'N
, omy =k 2.57
TS T (2.57)

eq eq

3.
2

By separating the (0,) components from the zero-sequence ‘0’ one, (2.54) is
expressed as follows:

}\‘skfoc isk—ot < iszf(x ijlfot
A Ll,sk N + Z My .| . + My, * tsk—r ’ sk
sk—p Lep | S5 Lz Lg

Mo = Ll,sk Lo

(2.58)

Finally, (2.58) can be further simplified by introducing the complex vector
notation defined as follows:

sk

X X
sk—o | . = r-o | _ sk . sk _ —sk
=Xge—o T J° Xske—p = Xske,ap > sk | X o T X = Xr.ap
Xsk-p Xp

(2.59)
(xzv,i,?»)
where j represents the complex vector operator. By using (2.59), (2.58) is

expressed as follows:

n
_ - - sk
}\‘sk,aﬂ - Ll,sk : lsk,otB + Z(mskfsz ’ lsz,aB ) + Mgy ;- tskfr ’ lr,otB

== (2.60)

Mo = Ll,sk Lo

The computation of (2.60) leads to the definition of the stator magnetic model
in the stationary (af30) coordinates.

Rotor magnetic model in stationary coordinates

The computation of the rotor magnetic model in the stationary (o,p) frame is
performed by following the same procedure used for the computation of the stator
model. Therefore, (2.22) using the notation change of the rotor variables is below
reported:

n

(Mane | =L [ e [+ D (M T e )+ M ] e | 26D

z=l1
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By replacing (2.51) in (2.61), the rotor variables are referred to the k-set stator
coordinates, obtaining the following equation system:

1=t [ Tt (M e )+ (M ] i

z=1

(2.62)

The application of (2.53) on (2.62) leads to the computation of the rotor
magnetic model in terms of stationary (af0) variables, obtaining the following

result:
I:xil,c(xBO] = L?,r ’ tszkfr ’ [l;,kot[SO] + tsk—r ’ Z([Mrfsz,(x[io:l ’ [iSZ,OLBO }) +..
= (2.63)
et tszkfr 'I:Mrfr,aBO] ’ |:ij,kot[50:|
where:
1 00
[EZ A T V0 N e R R B G 20
2 Ny 0 0 0
1 00
(Mo ) =L =220 1 0] @69)
2 %y 0 00

With the aim at obtaining a more compact formulation, the following variables
are introduced:

m = Ne Ne o, 3 NN, (2.66)
2w, 2 W,

By separating the (0,) components from the zero-sequence ‘0’ one, (2.63) is
expressed as follows:

}\’jk . l-sk n i l-Sk

— r 2 r—ao SZ—0L 2 r—o

sk = LIJ’ ' tsk—r ’ sk + tsk—r : Z mr—sz ’ i + m,._, - tsk—r ' sk
xrf[’) lrf[i z=1 sz lrfB

sk gr 2 .sk
7\“;’70 - L/,r 'tskfr ’ lr70
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Finally, by using (2.59), (2.67) is expressed in complex vector notation as
follows:

n

Ask  _ gr 2 sk - 2 sk
}\‘r,(xﬁ - L/,r ) tsk—r ’ lr,(xﬁ + tsk—r ’ Z(mr—sz ’ lsz,aB ) + m,._,.- tsk—r ’ lr,(xB

== (2.68)

sk _ gr 2 .5k
}\‘r—O - Ll,r 'tsk—r .lr—O

The equation system (2.68) represents the rotor magnetic model in the
stationary (afj0) coordinates, however having rotor variables referred to the k-set
stator coordinates.

Stator electric model in stationary coordinates

The procedure for the computation of the stator electric model in stationary
(a,p) frame is simpler than the one used for the computation of the magnetic
equations. Starting from the k-set stator electric model in phase coordinates (2.23),
the application of (2.53) leads to the following result:

I:vsk,aﬁo] =Ry '[isk,ocﬁo] +%|:}\“sk,aﬁo:| (2.69)

It is noted how the stator electric model in stationary (o,f) frame is formally
identical with the one in phase coordinates (2.23). The only difference is that all
vectors (voltage, flux and current) are referred to the stationary coordinates (af0)
instead of the phase ones (abc)kr. As for the magnetic models, the (a,3) components
can be separated from the zero-sequence ‘0’ one, leading to the following result:

vsk—ot isk—a d A‘Skfot
= Rsk . +—
Vsie-p lyp | dt 7\‘sk—[3

(2.70)
Vo o =Ry i, o+—Ah
sk—0 sk “sk—0 dt sk—0
Finally, by using (2.59), (2.70) is expressed as follows:
Vaeap = Ry 'Zk,on[?) +_ka,a;3
dt @271

Vae—o = Ry “Ig—o +E}\“sk—0

Sk—!

With reference to (2.71), the electric model in stationary (ap0) coordinates of
each stator k-set corresponds with the one of a conventional three-phase machine.
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Rotor electric model in stationary coordinates

The computation of the rotor electric model in the stationary (a,p) frame is
performed by following the same procedure used for the computation of the
magnetic models. Therefore, (2.24) using the notation change of the rotor variables
is below reported:

I:vr abc:l Rr I:.rrabcj| j [7\‘: abc] (272)

By replacing (2.51) in (2.72), the rotor variables are referred to the k-set stator
coordinates, obtaining the following equation system:

[V:f(abc] =R 15, '[i:,kabc:| ;Jt [}\’ikabc] (2.73)

The application of (2.53) on (2.73) leads to the computation of the rotor electric
model in terms of stationary (af0) variables, obtaining the following result:

[vhan]= B0 [ [+ g 01 (10T ) (] 279

where:
0 10
[T,](%[Tr]‘l]: -1 0 0|=w,|-1 0 0 (2.75)
0 00 0 0

By separating the (a,) components from the zero-sequence ‘0’ one, (2.75) is
expressed as follows:

" ita | d| N 0 1] |45
. | =Rt £, . R el DT R O R 1w
v iy | de| Ak, -1 0] A%,

(2.76)
d .
R}" . + }\,S
vk r ol 0 dt r—0
Finally, by using (2.59), (2.76) is expressed as follows:
d -
—sk _ pr sk n sk
rocB R vk r'rocB+d;LocB ]O‘) 7\‘1',&[3
(2.77)

d
r sk
R sk r'10+dt7\’r—0

With reference to (2.77), the rotor electric model in stationary (af0) coordinates
corresponds with the one of a conventional three-phase machine.
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Electromagnetic torque in stationary coordinates

Starting from (2.42), the computation of the electromagnetic torque in
stationary (ap0) coordinates is performed. Therefore, (2.42) using the notation
change of the rotor variables is below reported:

I'=p, 'Zn:U:isk,abc T '%'[iﬁabc ]J (2.78)

k=1
By replacing (2.51) in (2.78), the rotor variables are referred to the k-set stator
coordinates, obtaining the following equation:

n

T=p, -Z[[z;k,abc ] %r -[z‘f,’;,,c]j (2.79)

k=1 r

The application of (2.53) on (2.79) leads to the computation of the
electromagnetic torque in terms of stationary (af0) variables, obtaining the
following result:

n

r=p, 'Z[[iskﬂw]l ()] Bl -[ii,’;m}rmj (230)

k=1 r

where:

0
0 (2.81)
0

By replacing (2.81) in (2.80), the relationship of the electromagnetic torque is
as follows:

T=p, -Zn:B-tsk_r -%-(z‘:’ja S AP )} (2.82)

k=1 eq

Finally, by using (2.57) and (2.59), (2.82) is expressed as follows:

n

T= % P ’Z[tsk—r Mgy '(ir,séﬁ X it ap )] (2.83)
k=1

where x indicates the cross-product operator. It is noted how each stator k-set

torque contribution is given by the cross-product between the stator k-set current

vector and the rotor one, thus respecting the induction machine operating principle.

With the aim at obtaining a torque expression using only stator variables, (2.60) is

manipulated as follows:

n
sk N - 2 : -
msk—r : tsk—r ' lr,(xﬁ = }\’sk,aB - Ll,sk ’ lSk,OLB - (msk—sz ’ lsz,aB) (284)
z=1
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By replacing (2.84) in (2.83), the electromagnetic torque is computed as
follows:

T:%-Pp-zn:{(quaﬁ _katB) Zn:[msk—sz'(gzocﬁ _;kaﬁ)}} (2.85)

k=1 z=1

Using the anticommutative propriety of the cross-product, it is demonstrated as
follows:

(Zz ocﬁ _sk aﬁ) (sk aB L aﬁ) ZZ[ Mg sz ( L. aB sk aB):|:O (286)

k=1 z=1

Therefore, by replacing (2.86) in (2.85), the electromagnetic torque expression
is simplified as follows:

T =2 (Fop ¥ (2.87)
k=1

According to (2.87), the electromagnetic torque is given by the sum of the
contributions of the » stator sets that interact with the three-phase rotor. Each stator
k-set contribution is given by the cross-product between the k-set stator flux-linkage
vector and the k-set stator current vector, highlighting the full modularity of the MS
approach.

Electromagnetic model in stationary coordinates

In summary, the electromagnetic model in stationary (a,p) frame is composed
by the combination of the following equation systems:

- Stator k-set Magnetic Model

n
'y - - sk
ksk,a[i = Ll,sk ’ lsk,OLB + Z(msk—sz ’ lsz,(xB ) + Mgy, tsk—r ’ lr,(xﬁ (288)

z=1

- Rotor Magnetic Model

n

k 2 ~sk - 2 sk
}\’i ap = = L;,r ' tsk—r ’ lr,saB + tsk—r ' z (mr—sz ’ lsz,otB ) + m,._, - tsk—r : lr,saﬁ (289)

z=1

- Stator k-set Electric Model

— - d res
Vsk,(xB = Rsk ’ lsk,ot[i + Exsk,aﬁ (290)
- Rotor Electric Model
v =R T = d Ak o A (2.91)
Ve 0B k—r  ‘r,op dt r,oB -J r r,op :
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Together with the (a,) components, the MS approach defines (n+1) zero-
sequence ‘0’ electromagnetic models. These are computed as follows:

Stator k-set Magnetic Model
Moo = Ly g Lo (2.92)

Rotor Magnetic Model
kilio = L;,r 'tszk—r 'irsfo (2.93)

Stator k-set Electric Model

. d
Ve = Ry “igo + Eksk—o (2.94)
- Rotor Electric Model
v =R ity (2.95)

It is noted how the rotor magnetic and electric equations are both referred to
the k-set stator phase coordinates. Therefore, depending be the considered stator -
set, the rotor electromagnetic model requires the computation of the k-set
transformation ratio (2.50), making necessary the definition of n rotor models
operating in parallel. With the aim at solving this issue, the following hypothesis is
introduced:

7) The number of turns characterizing the three-phase stator sets are
considered identical from each other.

This condition is typical for the multiple three-phase machines as a uniform
design of the three-phase winding sets is performed. In terms of mathematical
formulation, hypothesis 7) is expressed as follows:

N,=N_=N, VkVz (2.96)

S

As a consequence of (2.96), a unique machine transformation ratio is defined,
leading to following result:

N, N,
G === Vk 2.97
sk—r Nr Nr s—r ( )

In addition, the parameters in (2.57) and (2.66) are computed as follows:

NS' i NV

2
3 N 3
sk—sz — My g = 5 ’ iReq s My, =m,_,=mg_, = E :

(2.98)

eq
Therefore, by combining (2.97) and (2.98), the following results are obtained:

My, - ) =m

s
sk—r r—sz ‘sk—r r—r Ysk—r =mg_ = Lm

sk—sz

(2.99)
L;,r ’ tzkfr = L;,r > Rir ’ tszkfr = R:

Y
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Finally, by replacing (2.99) in (2.88)-(2.91), the electromagnetic model in
stationary (a,p) frame is computed as follows:

n
Mop = Lisk bk ap + Loy Z Ioap T Lo igp k=12,...n
z=1
—_— J— n — _
xi,aﬁ = L;,r ’ ir,sotB + Ljn ’ Z lzcz,a[} + Ljn ’ irfaﬁ
= (2.100)
J— - d N
vsk,ocﬁ = Rsk ’ lsk,(xB +E}\’sk,q[3 k= 1, 2,...,}’1
Veap = By o "’Z rap =S O g

where L represents the magnetizing inductance. Concerning the (n+1) zero-

sequence ‘0’ electromagnetic models (2.92)-(2.95), the application of (2.99) leads
to following equation system:

Mg = Ll,sk Lo k=12,..,n

s _ s S
kr—O _Ll,r lr—O

., (2.101)
Vai—o = Ry “Tgo +E7“sk—o k=12,..,n

S

k=12..,n

Vsl,aﬁ

Vsk of

stator zero - sequences '0' rotor zero - sequence '0'
k=12..n

Fig. 2. 6. Equivalent MS circuit of a multiple three-phase squirrel cage IM in stationary (ap0)
components.
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According to (2.100), the MS approach defines n stator flux-linkage vectors
and n stator current vectors which are defined in n overlapped stationary (a,p)
frame. Each stator k-set interacts with the rotor, leading to a modular
electromagnetic torque production. Concerning the zero-sequence ‘0’ components
(2.101), they do not provide any contribution to the electromechanical energy
conversion, leading to considerations identical to those of the three-phase machines.
Therefore, the equivalent circuit of the machine, corresponding to the MS
modelling approach in stationary components (af0), is shown in Fig. 2. 6.

Energy conversion model in stationary coordinates

Since no magnetic and electric variables are involved, the mechanical model
(2.45)-(2.46) is not affected by the application of the reference transformations,
making it still valid. Therefore, the electromechanical model of the machine in
stationary (af0) components is defined as follows:

Xsk,(x[i = Ll,sk ’ isk,ot[i + Lin ’ Z isz,o.B + Lfn ) ir,SaB k= 19 29-“9 n

z=1
_ _ n _ _
Xi,aﬁ = L;,r ’ ir,saB + Lin ) Z isz,(xﬁ + Lfn ’ ir,s(xB
. Eq. 2.100
vsk,aﬁ =Ry - isk,aﬁ +_}\’sk,a|3 k=12,...,n

dt

v;’S,OLB = Rif ' lrfaﬁ + Eki,aﬁ - -] : 0‘)}’ . }\‘f’,ocﬁ

Mmoo =Ly gk "igo k=12,...,n

soo_ s ;8
}\’rfo _Ll,r Lo

7

; Eg. 2.101
Vsk—O Rsk lsk—0+E7\’sk—0 k:1,2, ,Nn
CamRta
3 Lo
Tza'pp'Z(ksk,aBXIsk,aB) Eq. 2.87
k=1
do, P,
L=——(T-T, Eqg. 2.45
a1, (T-1.) 9
dj’ =, Eq. 2.46
t
(2.102)
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It is noted how (2.102) has the same structure of the electromechanical model
in phase coordinates (2.47). The only difference is related to electromagnetic model
together with the torque relationship, which are expressed in a form more suitable
for control purposes.

2.1.3 Electromechanical model in rotating coordinates

Like the three-phase machines, the stator and rotor models can be referred to a
generic rotating frame, obtaining a suitable formulation for most of the machine
control schemes like the Vector Control (VC) ones.

axis

Fig. 2. 7. Representation of stationary (a,p) frame, rotating (d,q) frame and generic (x,y) frame.

With reference to the three-phase IM theory [2], the rotating d-axis usually
corresponds with the position of the rotor flux vector A, , being this angle defined
with respect to the stationary a-axis. For consistency, this naming convention is
here respected, thus indicating with (x,y) the generic rotating frame, as shown in
Fig. 2. 7. To obtain the highest degree of versatility, the position of the rotating x-
axis 9" is defined in terms of deviation angle 8" with respect to the position of the
electromagnetic d-axis 3,, leading to the following formulation (Fig. 2. 7):

9 =9,+8 (2.103)
In this way, by defining 9  properly, it is possible to select any frame as
follows:
(a) 8 =0 = 8*:3d = (x,y)E(d,q)
b) & =-9 9 =0 ,y)=(o,
(¢) & =-9, = 9§ =9, = (x,y)=(d..q,)
(d) 8 =gry—41, = 9 =9,, = (ny)=(di.q,)
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The condition (2.104)(a) is useful for Field Oriented Control (FOC) with rotor
flux orientation. The condition (2.104)(b) corresponds to make coincident the
rotating (x,y) frame with the stationary (a,) one, resulting suitable for the
implementation of Stationary Current Control (SCC) schemes. Conversely, (2.104)
(c) corresponds to make coincident the x-axis with the rotor electrical position, thus

setting &  equal to the negation of the rotor flux vector’ slip angle 9,,. Finally,

(2.104)(d) corresponds to make coincident the x-axis with the position 3, , of the

k-set stator flux vector A, , thus setting 8" equal to the load angle of the k-set unit.

This condition is useful when Direct Torque Control (DTC) and Direct Flux Vector
Control (DFVC) schemes must be implemented.

The MS approach requires the application of the rotational transformation to
get the machine model in the generic rotating (x,y) frame; this one is defined as
follows:

005(8*) sin(S*)
[7.]= ; . (2.105)
—sin(S ) cos(S )

Starting from a generic variable defined in the stationary (a,B) frame, the
application of the rotational transformation (2.105) leads to the computation of the
rotating (x,)) components. In terms of mathematical formulation, this operation is
described as follows:

a2 o]+ (o] 27 [ ] (=i
(2.106)

In terms of complex notation, (2.106) is expressed as follows:
Esk,xy = [T;’o ] ’ Esk,(x[i ’ Er,xy = [Trot ] 'Er,(xﬁ (Z =V, i’ }\’) (2 107)

Using the same procedure for the computation of the electromagnetic model in
stationary (af0) coordinates, the application of the rotational transformation to both
electric and magnetic models is following reported.

Stator magnetic model in rotating coordinates

According with the MS approach, the computation of the stator magnetic model
in rotating (x,y) frame must be performed by considering each k-set separately. For
convenience, the stator magnetic model in stationary (a,B) frame (2.100) is
following reported:

7\‘S/’C,OLB = Ll,sk ) isk,aB + Lm ) Z isz,a[i + Lm ) ir,aB (2108)

z=1
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It is noted how the superscript ‘s’ on the rotor variables is not used, since a
unique machine transformation ratio has been defined (2.97), leading to a simpler
notation of the equations.

To have more manageable equations, this simplification will also be extended
on the rotor parameters, leading to use the same names already employed in the
phase coordinates model. Since this one will not be used anymore, no ambiguity
case will arise.

The application of (2.107) on (2.108) leads to the computation of the k-set stator
magnetic model in terms of rotating (x,y) components, obtaining the following
result:

n
M = Lisk T ¥ Lo D Ty + L oy (2.109)
z=1

It is noted how the stator electric model in rotating (x,y) frame is formally
identical with the one in stationary (a,3) coordinates (2.100). The only difference is
that all vectors (voltage, flux and current) are referred to the rotating (x,y)
coordinates instead of the stationary ones (a.,f3).

Concerning the zero-sequence ‘0’ model, this is not involved by the rotational
transformation, making the equation (2.101) still valid.

Rotor magnetic model in rotating coordinates

Concerning the computation of rotor magnetic model in the rotating (x,y) frame,
they are valid the same considerations made for the computation of stator model.
Therefore, the application of (2.107) on (2.100) leads to the following result:

A‘r,xy = Ll,r Z,xy +Lm ’ ZZz,xy + Lm .Z,xy (21 10)
z=1

Similarly, the zero-sequence ‘0’ model is not involved by the rotational
transformation, making the equation (2.101) still valid.

Stator electric model in rotating coordinates

The procedure for the computation of the stator electric model in rotating (x,y)
frame is similar to the one used for the computation of the magnetic equations.
Starting from the k-set stator electric model in stationary (a.,f) frame, the application
of (2.107) on (2.90) leads to the following result:

= . d= d[T, T
Vsk,xy = Rsk ) lsk,xy +Eksk,xy +[Trot].%.7\’sk,xy (21 1 1)
where:
d[T, ] 49" [0 -1 0 -1
T, | —2—-= : - - — o 2.112
L d L 0} @ [1 o} /e 2.112)
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In (2.112), the variable o represents the synchronous speed of the rotating
(x,y) frame which meaning depends by (2.104). By replacing (2.112) in (2.111), the
k-set stator electric model in rotating (x,y) frame is as follows:

vsk,xy = RSk .Zk,xy sk,xy + ] ’ 0‘)* : }\’Sk,xy (21 13)

Ly
dt
Like for the three-phase machine, the application of the rotational
transformation leads to the introduction of motional voltage terms in the stator
electric model. Therefore, they are valid the same considerations of the three-phase
case. Finally, the zero-sequence ‘0’ model is not involved by the rotational
transformation, making the equation (2.101) still valid.

Rotor electric model in rotating coordinates

The computation of the rotor electric model in the rotating (x,y) frame is
performed by following the same procedure used for the computation of the stator
model. Starting from the rotor electric model in stationary (a,p) frame, the
application of (2.107) on (2.100) leads to the following result:

_ - d=- ar, ' - . -
vrsXy :Rr.lraXy+E}\Jr,xy+[7-;0t]. dtt .Kr’xy_‘]'o\)r'kr,xy (2.114)
By replacing (2.112) in (2.114), the rotor electric model in rotating (x,y) frame

is computed as follows:

— . . *
vr,xy = Rr ' lr,xy +E}\‘r,xy +.] .('OSI }\‘

(2.115)

r,Xy

where oo:l is the slip speed of the rotating (x,y) frame and it is computed as follows:

* *

O, =0 —O (2.116)

/%

The rotor electric model in rotating (x,y) frame is identical with the one of the
conventional three-phase IM. Therefore, they are valid the same considerations of
the three-phase case. Finally, the zero-sequence ‘0’ model is not involved by the
rotational transformation, making the equation (2.101) still valid.

Electromagnetic torque in rotating coordinates

With reference to (2.87), the electromagnetic torque expression consists of the
sum of n torque contributions, each of this is given by the cross-product between
the k-set stator flux-linkage vector and the k-set stator current vector.

As the cross-product depends only by the position of one vector with respect to
the other one, (2.87) is valid in any frame, leading to the following result:

0D NI ANEED N (A AN AL

k=1 k=1
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Therefore, (2.117) is formally identical with the electromagnetic torque
expression in stationary (a,f) frame (2.87). The only difference is that all vectors
(flux and current) are referred to the rotating (x,y) coordinates instead of the
stationary ones (a.,f3).

Electromagnetic model in rotating coordinates

As both magnetic and electric models have been computed, the electromagnetic
model of the machine in rotating (x,y) frame is defined as follows:

Xsk,xy = Ll,sk .Zk,xy +Lm 'zzz,xy +Lm 'Tr,xy k = la 2,...,71 Eq 2109

z=1

Xr,xy = Ll,r 'Z,xy +Lm 'ZZz,xy +Lm 'Tr,xy EC[ 2.110
z=1

_ — d- R

vsk,xy = Rsk : lsk,xy +E}\'sk,xy +j- O 'ksk,xy k= L 2:---9” Eq 2.113

— - d — - _

vr,xy = Rr ’ lr,xy +E>\‘r,xy +J ((D _Cor)'xr,xy Eq 2.115

(2.118)

Concerning the zero-sequence electromagnetic model, (2.101) is still valid.

Moo =Lyig g o k=12,..,n

s o_ s s
}\‘r—O _Ll,r Lo

; (2.101)
Vak—o = Ry o +E7\‘sk—0 k=L2,...n
v =R i, +%7‘io

Energy conversion model in rotating coordinates

Since no magnetic and electric variables are involved, the mechanical model
(2.45)-(2.46) is not affected by the application of the rotational transformation,
making it still valid. Therefore, the electromechanical model of the machine in
rotating (xy0) components is defined as follows:
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Xsk,xy lsk +L Z L, xy r,x k=1,2,...,7’l
Xr,xy = Ll,r 'Tr,xy + Lm ) ZZz,xy + Lm .Z,xy
“ Eq. 2.118
— d — . —
vSk,xy = Rsk ' ltvk,xy +E}\‘sk,xy +j.(’0 '}\’sk,xy k = 19 29 N
— 7 d — N _
Ve :Rr Xy z}\' ((x) _mr)'x‘r,xy
Mo =L "igo k=12,...n
}\’r—O :Ll,r 'ir—()
., Eq. 2.101
Vo =Ry igo+—Ng_ k=12,...n
sk—0 k  “sk—0 dt k—0
d
V. o=R i _o+—A\
r—0 r ‘r-0 dt r—0 i
3 & -
T:E'pp.Z(}\’sk,xyxlsk,xy) Eq 2.117
k=1
do, P,
=TT Eq. 2.45
eI, (T-1.) 1
5, =0, Eq. 2.46
dt
(2.119)

It is noted how (2.119) has the same structure of the electromechanical model
in stationary (af0) coordinates (2.102). The main difference consists of the
definition of both electric stator and rotor models, containing motional voltage

terms introduced by the synchronous speed @ of the rotating (x,y) frame. It is
necessary to highlight how this variable must not be computed as it represents an
additional degree of freedom of the system, which is introduced for control
purposes only.

The electromechanical equation system in rotating (x)0) coordinates represents
the most generic modelling level for this kind of machine. However, with the aim
at implementing MS-based control schemes, it is necessary to compute the state-
space model of the machine, thus starting from the equation system (2.119).
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2.1.4 State-space model in rotating coordinates

Like for the three-phase machines, the state-space model is the starting point
for the implementation of any control scheme. For a multiple three-phase IM, the
use of the MS modelling leads to heavy magnetic couplings among the three-phase
winding sets, resulting in a complicate equation system (2.119). As a consequence,
the computation of the state-space model is characterized by many mathematical
manipulations. With the aim at simplifying the analysis, a fast-computational
procedure will be shown, giving the possibility to compute the state-space model in
straightforward way.

According with the MS modelling, the zero-sequence components do not
provide any contribution to electromechanical energy conversion, resulting in an
equation system totally independent from the one defined in (x,y) rotating frame.
As a consequence, the state-space model related to the zero-sequence variables is
computed separately.

State-space model of rotating frame components

With reference to (2.118), the magnetic model of a generic stator k-set defined
in the rotating (x,y) frame is as follows:

7\‘sk Xy Ll sk sk Xy + L z L, xy r,x (2 120)

By considering another generic stator A-set, (2.120) is rewritten as follows:

>|

sh,xy lsh Lon +L Z szxy r,x (2121)

Therefore, by comparing (2.120) with (2.121), the following comparative
magnetic equation is computed:

Zh,xy = ﬁ ) [(Xsh,xy - xsk,xy ) +L g 'Zk,xy ] (2.122)

Finally, by applying the temporal derivation operator on (2.122), the following
time differential equation is obtained:

d - 1 d - d - d —
S S Iy W N Ay 2.123
i lgh,xy Ll’sh |:( dt sh,xy dt sk,xy] 1,sk dt lsk,xyj| ( )

With reference to (2.118), the electric model of a generic stator k-set defined in
the rotating (x,y) frame is as follows:

d ~ _ - . —

Pt =Tk~ R Ty =00 R (2.124)

sk,xy sk ,xy sk,xy
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By considering another generic stator A-set, (2.124) is rewritten as follows:

d — _ - .ok =
E}\'sh,xy = vsh,xy _Rsh ' lsh,xy -] - A

(2.125)

sh,xy

Therefore, by comparing (2.124) with (2.125), the following comparative
electrical equation is computed:

d — d ~ — — - -
(E}\‘sh,xy _E}\’sk,xyj = (Vsh,xy Ve xy ) + (Rsk gy T Rsh “Lpxy ) +..
(2.126)

. * N
et jo '(}\‘sk,xy _}\‘sh,xy

By replacing (2.122) in (2.126), the following time differential equation is
obtained:

(%ka,xy _%Xﬂc,xyj B (vSh,xy _Vsk,xy ) + (RS/‘ 'Zk,xy — Ry, 'Zh’xy ) e
) (2.127)
+]C0* '(Ll,sk .isk,xy _Ll,sh lSh xy)

Finally, by replacing (2.127) in (2.123), the following comparative
electromagnetic equation is computed:

d - — — - -
d 1 Ll,sk ) E lsk,xy + (vsh,xy - vsk,xy ) + (Rsk ) lsk,xy - Rsh ) lsh,xy ) +..

—1 ="
h,xy
dt sh, L . * - -
1,sh et o '(Ll,sk Lk xy _Ll,sh 'lsh,xy)

(2.128)

For reasons better explained later, (2.128) is used to extrapolate the following
equation:

Z%Zh,xy: ZLL .{L/,Sk.%zk’x)’_(vskﬁﬁy R Ty =0 Ly S"xy)}L"
h=l1

h=1 “l,sh
h#k h#k

n

1 -

...+Z -(vS/’l,Xy _RSh . lsh,xy ] (1) Ll Sh Sh xy)
h 1,sh

h#k

(2.129)

To obtain a compact formulation of the next equations, the following variables
are defined:

L L L,
=—m _ f,=—" = , C,=)YC 2.130
' Lm + Ll,r * Lm + Ll,sk ! Ll7sh ¢ Z ' ( )

h;ék
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Finally, by using (2.130), (2.129) is expressed as follows:

kr Llr Zdl shxy lsk Eisk,xy_'_
/1¢k
"'_ck'(vsk,xy_Rsk'isk,xy J 0) Llsk Akxy)—l_ (2131)
+Z|: ( Vsn Xy sh ’ ish,xy _j "0 'Ll,sh ’ ish,xy )j|
h#-k

Up to now, only the magnetic and the electric stator models have been
manipulated. By using (2.120), the rotor current vector is expressed as follows:

- X Ll,sk - ——

P %— Ty . (2.132)

‘m m z=1

With reference to (2.118), the rotor magnetic model defined in the rotating (x,y)
frame is as follows:

X’axy - Ll,r 'Z,xy +L, Zszy +L, 'z,xy (2.133)

By replacing (2.132) in (2.133), after several mathematical manipulations
involving the variables defined in (2.130), the rotor magnetic model is computed as
follows:

— 1 _ — n _
7\’r,xy = k_ }\‘sk,xy — Ok Lsk ’ lsk,xy - kr ’ L[’r . Z lsh,xy (2 134)
” ok
where:
O :l_ksk 'kr > Lsk =Lm +L],Sk (2135)

By applying the temporal derivation operator on (2.134), the following time
differential equation is obtained:

d — 1 | d= d— "d—
_kr,x =—. _7\‘sk,x —0y Ly —ly =k Lo Y —0 (2.136)
e "V k| dt Y dr > %dt i’
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By replacing (2.124) and (2.131) in (2.136), after some mathematical
manipulations the following equation is obtained:

_ - d -
(1+Ck)'(vsk,xy _Rsk ’ lsk,xy)_(ck 'Lsk +ck 'Ll,sk)'Elsk,xy +..

Re— J® -ck-L,,Sk-zsijy—]-oo -ksk’xy+...

n

"'_Z[Ch '(vsh,xy _Rsh ’ lsh,xy -] o 'Ll,sh : lsh,xy )j|
h=1
h#k

(2.137)

With reference to (2.118), the rotor electric model defined in the rotating (x,))
frame is as follows:

_ _ d- . _
Vi = Rr by +E7\’r,xy +J '((D _mr)'?\‘r,xy (2138)

To reduce the complexity of the state-equations, the rotor time constant is
introduced:

L, +L,J
" R

7

T

(2.139)

Finally, by replacing (2.132), (2.134) and (2.137) in (2.138), after several
mathematical manipulations involving (2.139), the following equation is obtained:

d_
(Gk Ly +c; 'Lz,sk)‘Eisk,xy =

sk

- |:Rr. k, +R, .(1+ck)}+j-[co* '((Sk L, +c, ~L,,Sk)—03, -0, -Lsk}}zk,xy#..

"'_Z{[(Rr k. —c, 'Rsk)_j'(wr “Cp Ly g ):|'Tsh,xy}+"'

h=1
h#k
1 _ n
-t __j'(’orj'}\‘sk,xy +(1+ck)'vsk,xy _Z(ch 'Vsh,xy)_kr 'Vr,xy
Ty =
h#k

(2.140)

As a squirrel-cage IM is considered, the rotor voltage v, _ corresponds to zero.

r,xy
However, with the aim at keeping the most general form of the state-space model,
the rotor voltage v, ., is not explicated.
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With the only exception of v,

,.xy» 1t 1s noted how in this equation no rotor
variables are used, making this formulation useful for control schemes like DTC
and DFVC. However, this aspect will be better exploited in the next chapter.

The equation (2.140) does not represents the state equation of the k-set stator

current because the k-set stator flux A is not explicated. To solve this issue,

sk,xy
(2.134) is replaced in (2.140), obtaining the following result:

d -

(Gk Ly e Ly g ) I Lk xy =

k . -
=— {Rr-k’ +Rsk~(1+ck)—%-c5k~Lsk}+j-[m '(Gk'Lsk+Ck‘Lz,sk)]}isk,xy+---

sk r

n

1) —
_Z [Rr 'kr _ch .Rsk _kr 'Ll,r _j ish,xy:|+"'
T

h=1 r
h+k

otk i_j'(’orj'xr,xy (14 ¢ ) Vi _i(ch 'Vsh,xy)_kr Ve

h=1
h#k

(2.141)
With the computation of (2.141), the state equation of the k-set stator current

z:k’xy is obtained. It is noted how the dynamic of the stator current in each k-set

depends only partially on the k-set stator voltage vy, .

Indeed, according with the
MS-approach [3], [4], there are relevant coupling effects between the sets. Both are
reported under the summation operator in (2.141). The first coupling effect is in
terms of current while the other one in terms of voltage. In detail, the voltage
coupling between the sets is dangerous because it can cause instability of a MS-
based machine control scheme [5], especially when the number of three-phase sets
is relevant (n > 2). Therefore, in the machine control scheme, decoupling algorithms
with the aim at mitigating these phenomena must be implemented.

With the aim at defining the state-space model in the canonical form of the

linear systems [6], (2.141) is expressed in matrix form as follows:

%[isk,xy] =[ 4 | [ |+ ;([ Ao Lo 1)+ At ][R ]+

n

.t ':bi,kk ] . [vsk,xy ] + Z(I:bi,kh } : I:vshgcy :|) + [bi,kr ] ' [vr,xy:'

h=1
h#k

(2.142)
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where the matrices in (2.142) are defined as follows:

| Yige—xx Qi fk—xy b 7=
[Aiskk] - [ i,kk} =
_ai,kk—yx ai,kk—yy |

[A } | Yikh-xx Y jh—xy [b ] _
LRh dpzn LRk djen

_ai,khfyx ai,khfyy |

a a

_ i,kr—xx ikr—xy _
I:Ai,kr:l - I:bi,kr:| -
a a

L ikr—yx i,kr—yy

S
S

S
S

S
S

S
S

S
S

S
S

(2.143)

According with (2.141), the matrices’ coefficients in (2.143) are computed as

follows:

7

R -k, ki + Ry -(1+c)-1.'

a, =a, =—
1,kk—xx i,kk—yy
Oy Lyt+c Ly

*

ai,kk—xy = _ai,kk—yx =0

S r

R}" 'kr —Ch 'Rk _kr .Ll,r 'T_l

a. =dAa. = —
i, kh—xx i,kh—yy
O Ly +¢p Ly

ai,kh—xy = ai,kh—yx =0

-1
k.-t

Oy Ly+cp L

a =da

i,kr—xx ikr—yy =

k,-o,

A fr—xy = "L fr—yx =

Oy Ly +cp Ly g

l1+c
— _ k
bi,kkfxx - b -

i,kk—yy

Oy Ly +cp L g

bi,kk—xy = bi,kk—yx =0

Ch

b. =b =—
i, kh—xx i,kh—yy
O Ly +¢p-Lyg

b',kh—xy = b

i i,kh—yx

=0

(2.144)

(2.145)

(2.146)

(2.147)

(2.148)
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b =b = K
ijr—xx — Yijr—yy T
Oy Lyt L

(2.149)
b

i,kr—xy = bi,kr—yx

=0

Finally, like for the three-phase IM machine, the full definition of the state-
space model requires the computation of the state equation related to the rotor flux

vector Xr,xy. This is computed by replacing (2.133) in (2.138), obtaining the

following result:

d =~ 1 - ST
— =—L—+ J(o —w,)]x,,’xy TRk Y Ty TV, (2150)

h=1

r

Like for the state equation of the stator current (2.141), (2.150) is expressed in
matrix form as follows:

)= (s L) [ ] ] -

h=1

(2.151)
ot g([bm]-[vsh,xy]) b ][V ]
where the matrices in (2.142) are defined as follows:
R Manibved IR Faaiyed
I . (2.152)
L e N LYSE

According with (2.150), the matrices’ coefficients in (2.152) are computed as
follows:

ak,rhfxx = ak,rhfyy = Rr ’ kr (2 153)
a?»,rh—xy = a?»,rh—yx =0
Ay rr—xx = Ay, r—yy _T;l
’ ’ . (2.154)
ak,rr—xy = _ak,rr—yx =0 _(Dr
{bk,rh—xx = bk,rh—yy = bhrh—xy = bk,rh—yx =0 (2155)
b b =1
A Fr—xx A rr—yy (2156)
bk,rr—xy b?»,rr—yx =0
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The combination of the state equations (2.142) and (2.151) represents the state-
space model of the machine in the rotating (x,y) frame. According with the MS
modelling, it is composed by 2-n state equations related to the » stator current
vectors and two state equations related the rotor flux vector.

State-space model of zero-sequence components

With reference to (2.101), the electromagnetic zero-sequence ‘0’ model of the
machine is as follows:

Mo = Ll,sk Lo k=12,..,n

}\‘r—O = Ll,r 'ir—O
. (2.157)
Vo o =R, i, o+—A\ k=12,...,n
k-0 sk “sk—0 dt sk—0

SK—!

Vo= Rr 'l‘rfo +E7\’r 0

By using simple mathematical manipulations, (2.157) is expressed as follows:

d R,
—ig ==, oV k=12,...n
dt sk—0 L[ . sk—0 k-0
’ (2.158)
i}b __R A4y
dt r—0 Ll,r r—0 r—0

As a squirrel cage IM is considered, the zero-sequence rotor voltage v, , is

zero, leading to the following result:

d R
vV, 0=0 = —A _,=—"T-1 2.159
r—0 dt r—0 Ll r—0 ( )

The equation system (2.158) represents the state-space model of the machine’
zero-sequence components. According with the MS modelling, it is composed by »
stator equations and one rotor equation.

Like for the three-phase machines, the dynamic of the zero-sequence stator
currents is related to the machine neutral points configuration. Concerning the zero-
sequence rotor flux, (2.159) shows how it is always zero. Indeed, the state-space
model computation has led to a homogenous differential equation, thus without any
rotor voltage excitation.
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State space model of the machine

The computation of the state equations for both rotating frame and zero-
sequence components allows to define the state space model of the machine. With
the aim at obtaining compact formulations, both rotating and zero-sequence
components of each variable are merged in a single vector as follows:

Zgh—x Zr—x
[Zsk,xyOJ =1 Zsk-y ’ [Zr,xyoj =| % (Z - V,l,}b) (2160)
Zsk-0 Zr-0

Concerning the full computation of the state equation belonging to each k-set
stator current, the following 3x3 matrices are defined:

I:Ai,kk sz 0 i joe—xx i -y 0
Ai,kk—xy0:| = 0 Ry [T Y-y Yie-yy 0 (2.161)
Ll,sk 0 0 - Rsk / Ll,sk
[ 4 ] 0 Qi kh-xx L fh-xy 0
i kh _
[Ai,kh—xyo}kih ={ 0 ezl 0] = Digh-yx  Yifh—yy 0 (2.162)
0 0 0
I:A‘k :I 0 Qi jr-xx  ijr-xy 0
[Ai,/a‘—xyOJ = o = ai,kr—yx ai,kr—yy 0 (2163)
0 0 0 0 0
[b ] 0 bi,kk—xx bi,/ck—xy 0
i ke
[bi,kk—xyO} = { 0 1] = bije—yx  Dipieyy O (2.164)
0 0 1

O} bi,kh—xx bi,kh—xy 0

b,
[bf,khxyo]ﬁf[[ ””’0]’“” o| 7| Bt Butaey 0 (2.165)
0 0 0
b, b,
b. 0 i,kr—xx ikr—xy
[bi,kr—xy0i|:|:[ l(,)kr:l 0]: bi,kr—yx bi,kr—yy 0 (2166)
0 0 0
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Therefore, by using (2.161)-(2.166), the merging operation between (2.142)
and (2.158) by means of (2.160) is performed as follows:

dr. , C ,
a I:lsk,xyO] = ':Ai,kk—xyO ] ' |:lsk,xy0 ] + Z (I:Ai,kh—xyo:l ' ':lsh,xyo }) + I:Ai,kr—xyO ] ' |:}\‘r,xy0j| T

h=1
h#k

et ':bi,kkfxyo J : I:vsk,xyO ] + ; (I:bi,khfxyo J : I:vsh,xyO J) + [bi,krfxyo ] ' I:vr,xyO J

h#k

(2.167)

Similarly, with the aim at computing the state equation belonging to the rotor
flux, the following 3%3 matrices are defined:

i R U
4.1 0 : oy
[Ak,rh—xyO] = [ 76 h:| O:| = |:a)»,rhyx a?»,rh—yy 0:| (2168)
- 0 0 0
_[AK,W:I 0 ak,rrfxx ak,rrﬂg/ 0
[Ak,rrfxyo:l = 0 _i = ak,rrfyx ak,rrfyy 0 (2169)
L Ll,r 0 0 _Rr/Ll,r
—bk h— bX rh—x 0
b ) 0 Jrh—xx , y
[bk,rh—xyO] = [I: 7‘(’) h:l 0] = bk,rh—yx bk,rhfyy O:, (2170)
0 0 0
I:b :| 0 _bhrr—xx bk,rr—xy 0
[bk,rr—xyo] - [ X(,)rr O} - b’»,rr—yx bk,rr—yy 0 (2.171)
0 0 1

Therefore, by using (2.168)-(2.171), the merging operation between (2.151)
and (2.158) by means of (2.160) is performed as follows:

%[}\’r,xyO] = Z(I:Ak,rh—xyO] ’ I:ish,xyo }) + I:Ak,rrfxyO] ' I:}\‘r,xy0i| +...

h=1

et ; ([bx,rh—xyo } ' I:Vsh,xyO ]) + [bx,rr—xyo } ' I:vr,xyO ]

(2.172)
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By merging (2.167) for all sets k=1,2,...,n and by including (2.172), the
complete state-space electromagnetic model of the machine in generic rotating
(xy0) coordinates is obtained as follows:

I:Vsl,xy0:|

|:lsl,xy0:| [lsl,xyO:I
[ZSZ,xinI [ZSZ,xyO} I:Vs2,xy0}

im0 ]
[ %00

(2.173)

where:

(400 ][40 ]
|:Ai,21—xy0i| |:Ai,22—xy0]

[4mwo] [ 4o
[Ax,rl—xyo] [AX,VZ—xyO:|

[bi,l l—xy0:| [bi,lz—xyo:'
I:bi,2l—xy0} [bi,22—xy0}

[Bisto0 | [Biaswo |

[bx,rl—xyo } [bx,rz—xyo }

(o] [Ar-wo] |

':Ai,2n—xy0} [Ai,Zr—xin'
[Amwo] [ Aimroo]

[ P —
.

[bi,ln—xy0:| [b[,lr—xyo:| |

':bi,Zn—xyOJ I:bi,Zr—xin|

B0 | [ Biwrso |
(Dm0 | [ Brrrso ]

174)

(2._175)

With the aim at obtaining a compact formulation of (2.175), the following
variables are introduced:

[lsl,xy0j|
[ZSZ,xinI

(2.176)
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Finally, by replacing (2.176) in (2.173), the state-space model of the machine
in the canonical form of the linear systems [6] is obtained:

(= [A]-{x) +[b] {u) 177

The equation system (2.177) represents the state-space MS model of a multiple
three-phase squirrel cage IM. Because of the model is defined in the generic rotating
(xy0) coordinates, according with (2.104), it is possible to make the equation system

referring to any frame. In detail, by defining @ properly, the following frames can
be selected:

*

o =0, = (x0)=(dq,0)

©'=0 = (x20)=(wp0) (2.178)
o=0 = (x»0)=(d.,q,0)

o =0y, = (%0)=(d;,q,.0)

The meaning of the frames defined in (2.178) corresponds with the one of
(2.104). In conclusion, with the definition of the state-space model, the MS
modelling of the machine is fully defined. It is noted how the MS approach allows
the highlight the flux and torque contribution belonging to each three-phase
winding set, resulting suitable for the implementation of a modular drive scheme
able to guarantee the direct control of each unit.

2.2 Vector Space Decomposition (VSD) modelling
approach

The VSD approach represents the main alternative to the MS modelling. With
reference to the technical literature [7], [8], it results the most employed modelling
approach. Therefore, it is possible to find many paper contributions concerning the
application of the VSD approach on IM, including the multiple three-phase
configurations [7], [9]. As the proposed control schemes are MS-based, the VSD
modelling must be considered beyond the scope of this dissertation. Consequently,
a synthetic analysis is following reported, showing the main differences of the VSD
modelling compared to the MS one.

2.2.1 Electromechanical model in phase coordinates

With respect to the MS approach, the following initial hypotheses must be
added:

8) The stator is composed by n three-phase winding sets with angle
displacements such to implement a symmetrical or asymmetrical
machine configuration;

9) The three-phase winding sets are considered identical from each other,
therefore characterized by the same values of the stator parameters;
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10) Squirrel cage rotor modelled as an equivalent multiple three-phase
winding, thus emulating the stator winding configuration.

In terms of mathematical formulation, hypotheses 9) is expressed as follows:

Nsk = st = Ns
R,=R_=R  VkVz (2.179)
Ll,sk = Ll,sz = Ll,s

The conditions (2.179) highlights how the VSD approach is characterized by
less degrees of freedom compared to the MS one, including the angle displacements
of the winding sets. Concerning hypothesis 9), it leads to the equivalent magnetic
scheme shown in Fig. 2. 8.

p-axis
A -
Stator Winding

k=12,..,n

\ ' Ss‘k
N ag; N
P 3
9s1 l '
=—=—> (I-axiIs

Equivalent
Rotor Winding
k=12,..,n

Fig. 2. 8. Equivalent VSD magnetic scheme of a multiple three-phase squirrel cage induction
machine.

96



Ch. 2 - MODELING OF MULTIPLE THREE-PHASE INDUCTION MACHINE

Therefore, according with the above assumptions, the positions of the magnetic
axes belonging to the phases of a generic rotor k-set are expressed as follows:

Srk—a 8rk—a 8rk

Sucs |=| Buca+ o |= 8+ (2.180)
S| |9, 2| |g 2"

i ] i rk—a 3 | i rk 3 |

The procedure for the computation of the VSD electromagnetic model in phase
coordinates is similar to the one used for the MS modelling. Therefore, only the
main differences will be reported.

Stator magnetic model in phase coordinates

According with hypothesis 10), it is necessary to take in account the different
rotor winding structure compared to the MS modelling. By considering (2.179), the
magnetic model of each three-phase stator k-set is expressed as follows:

kskfa lskfa n lszfa n irzfa
}\’skfb = Ll,s : ixkfb + Z [Mskfsz ] ’ issz + Z [Mskfrz ] ’ irsz
. z=1 . z=1 .
7\‘Sk—c Lik—c Ly c Ly
(2.181)

where:

[irz_a oy b ]t is the vector of the rotor currents for the three-phase

rotor z-set defined in the own rotor phase coordinates (abc):z;
while:

- [M S,HZ] is the 3x3 mutual magnetizing inductance matrix between the

stator phase windings of k-set and the rotor phase windings of the z-set.

With reference to (2.11), (2.179) and Table 2. 1, [M ] is computed as

sk—rz
follows:
2 47 |
cos(A9,,_,.) COS(AQS,”,Z _?nj COS(AQS,”Z _?ch
VSD

[M,_.]= NN cos(ASvkn +2—RJ cos(AY,,_,.) cos(ASvkﬂ —2—TEJ

S EReq S 3 K S 3

cos (Af}sk_rz + 4?%} cos (Af}sk_rz + Z?Rj cos(A9,,_,.)

(2.182)
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where:

N"? = N, [\In is the number of turns of each rotor phase winding, such at

keeping the equivalence with the rotor winding structure used in the MS
modelling;
- AS,_,. =9, —9,, is the angular difference among the magnetic axes of the

first phases belonging to the stator k-set and the rotor z-set.

sk—rz

Rotor magnetic model in phase coordinates

According with hypothesis 10), the magnetic model of each three-phase rotor
k-set is expressed as follows:

i I

}\‘rk—a Lik—a n sz—a n rz—a
er—b = Ll,r : irkfb + Z [Mrkfsz ] : issz + Z [Mrkfrz ] : irsz (2 1 83)
. z=1 . z=1 ;
A’rk—c L Ly e Ly ¢
where:

[X,,k,a Micp Mpee ]t is the vector of the rotor fluxes linkage for the three-

phase rotor k-set defined in the own rotor phase coordinates (abc);

while:
- [M rk—sz
phase windings of k-set and the stator phase windings of the z-set;
- [ M

rotor phase windings of k-set and the rotor phase windings of the z-set.

] is the 3x3 mutual magnetizing inductance matrix between the rotor

] is the 3x3 mutual magnetizing inductance matrix between the

rk—rz

With reference to (2.11), (2.179) and Table 2. 1, [M ,k_sz] and [Mrk_,z] are

computed as follows:

cos(A8,, ) COS(ASrk_SZ —2?“] COS(AS,.HZ —43—nj
2

VSD
M, .]= Nsm# | cos ( AS, _+ ?nj cos(A9,_.)  cos (ASFHZ -~ 23—“)

eq

cos (AS,,”Z + 4?“} cos (AS,,,”Z - 23—“) cos(AS,,_..)

(2.184)

98



Ch. 2 - MODELING OF MULTIPLE THREE-PHASE INDUCTION MACHINE

cos(AS, )  cos (ASrkrz —~ 2%) cos (ASr,”Z - 4—TEJ

3
VSD  A7VSD
[Mrk_rz ] = % .| cos (Af}rk_rz + %) cos (AS},,HZ ) cos (ASV,HZ - 2775}

eq

rk—rz rk—rz

COS(AS +4?nj cos(AS +%] cos(ASrk_rz)

(2.185)
where:
- AS,_,. =9, —9,, isthe angular difference among the magnetic axes of the
first phases belonging to the rotor k-set and the stator z-set;
- AS,,_,. =9, -9, isthe angular difference among the magnetic axes of the

first phases belonging to the rotor k-set and the rotor z-set.

In conclusion, the VSD magnetic model of a multiple three-phase IM machine
is composed by 3-(nt+n) algebraic equations, containing all the current-to-flux
relationships of the phase windings.

Stator electric model in phase coordinates

The stator electric model in phase coordinates is identical to the one computed
with the MS modelling, leading to the equation system (2.17). However, with the
application of (2.179), the electric model of each three-phase stator k-set is
expressed as follows:

sk—a sk—a d sk—a
vskfb = RS ' l‘skfb + E 7\‘sk7b (2 1 86)
vsk—c isk—c 7\’ sk—c

Rotor electric model

According with hypothesis 10), the electric model of each three-phase rotor -
set (using the “passive sign” convention) is expressed as follows:

rk—a rk—a d rk—a
Vike-b | = Rr ) irk—b + E A‘rk—b (2 1 87)
vrk—c irk—c 8 rk—c

where:

- [vrkfa Vieeh  Vikee ]t is the vector of the rotor voltages for the three-phase

rotor k-set defined in the own rotor phase coordinates (abc):;
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Because a squirrel cage IM typology is considered, the equivalent rotor winding
is short-circuited, leading to the following equations:

t

=[0],,=[0 0 o] (2.188)

[Vrk—a vrk—b vrk—c ]

In conclusion, the electric model of a multiple three-phase IM machine is
composed by 3-(nt+n) differential equations, containing all the flux-to-voltage
relationships of the phase windings.

Electromagnetic model in phase coordinates

With the aim at obtaining an overall electromagnetic model of the machine, it
is necessary to merge the electromagnetic equations. Using (2.20), the Equations
(2.181), (2.183), (2.186)-(2.187) are expressed as follows:

e 1= Lo L 1+ (M) T )+ (Mo [ ) 2189
z=1

z=l1

n n

[}\’rk,abc:l = Ll,r ) I:irk,abc :I + Z ([Mrk—sz ] ) I:isz,abc }) + Z ([Mrk—rz ] ) [irz,abc :I) (2 1 90)
z=1 z=1

I:vsk,abc :I = RS ' ':isk,abc ] + % I:A‘sk,abc :| (2 19 1)

I:vrk,abc:l = Rr 'I:irk,ahc] +%|:}\‘rk,abc:| (2192)

By merging (2.189) for all sets £=1,2,...,n, the stator magnetic model of the
machine in phase coordinates is obtained as follows:

I:}\‘Sl,abc i| I:lsl,abc :' I:lsl,abc i| [lrl,abc :'

|:7\’S2,abc:| _Ll . I:iSZ,abc] +[LSS]' I:iSZ,abc] +[LSR]' [irZ,abc] (2193)

[ksn,abc ] ':lsn,abc ] [lsn,abc ] |:lm,abc :I

where:
o] Mae] o (M)
SN 20 A0 S (05 N
Moa] o] o (M)
o] Man] e M)
e Mol Dlaal o M, 105
Mon] Moa] o M)
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Conversely, by merging (2.190) for all sets £=1,2,...,n, the rotor magnetic
model of the machine in phase coordinates is obtained as follows:

|:7\‘rl,abc i| I:lrl,abc ] [lsl,abc :' [lrl,abc :'

[}\’r2,abcj| _ Ll,r . [irZ,abc:I + [LRS ] . I:iSZ,abc] + [LRR ] . [ir2,abc:| (2 196)

I:A‘rn,abc :' |:lm,abc :I ':lsn,abc ] |:lm,abc ]

where:
(M,a] [Map] e M)
TN L 740 R A7 | I,
M) Man] o [M])
(M) [Man] e [Ma]]
I
M) M) D,]

Concerning the electric models, by merging (2.191) for all sets £=1,2,...,n, the
stator electric model of the machine in phase coordinates is obtained as follows:

[Vsl,abc j| ':isl,abc :I [}\’sl,abc ]

[Vorane ]| R - iv2ane ] NS [Poz.ane] (2.199)

[vsn,abc ] ':isn,abc ] |:}\‘Sn,abc ]

Similarly, by merging (2.191) for all sets &=1,2,...,n, the rotor electric model
of the machine in phase coordinates is obtained as follows:

I:vrl,abc :| I:irl,abc :I I:}\‘rl,abc :I

[Vrzﬂch —R. [irlabc:l +i. [k"z’”’”] (2.200)

|:vrn,abc :I |:lrn,abc ] [}\’rn,abc ]
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With the aim at obtaining compact formulations, the following variables are
introduced:

I:vsl,abc :I [isl,abc :' I:y\‘sl,abc :I
I:VSZ,abc :I [isZ,abc :I I:}\‘SZ,abc }

I:Vsn,abc :I [isn,abc j| I:}\‘sn,abc ]

[Vrl,abc ] I:irl,abc :I I:x’rl,abc ]
[er,abc ] [ir2,abc ] I:}\‘rZ,abc ]

(2.201)

I:vm,abc :| |:im,abc :I I:}\‘m,abc :|

Therefore, by using (2.201), the Equations (2.193), (2.196), (2.199)-(2.200) are
expressed as follows:

(A =L, {1} +[Los |- {1} +[Lsr |- {1, } (2.202)
(A Y=L, AL} +[Lps |- {1} + [ Lrr ] {1} (2.203)
{V,} =R, -{IS}+%{AS} (2.204)
VI=R (1) +%{Ar} (2.205)

To compute the machine electromagnetic model, the following vectors are

defined:
i) o) ] e

In addition, in similar way to the MS modelling, the machine inductances
matrix is defined as follows:

(L] {Lz,s [Za Sy +[Lss] [Lse ] }

[LRS] LIJ’ ) [Id ]3n><3n + [LRR]

indicates the identity matrix having a (3n-3n) dimensions. Finally,

(2.207)

where [/, ]3nx3n

by using (2.206)-(2.207), the models (2.202)-(2.205) are merged as follows:

(2.208)
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Like for the MS modelling, (2.208) represents the most generic form by which
the electromagnetic model of an electrical machine can be described [1].

Electromagnetic torque in phase coordinates

Because of the electromagnetic model of the machine is expressed using the
generic form (2.208), the electromagnetic torque is computed by means of (2.41).
With the aim at obtaining a specific formulation for the VSD modelling, (2.207) is
replaced in (2.41), leading to the following result:

. d[L
T=p,{L} -%-{Ir} (2.209)

Energy conversion model in phase coordinates

Since no magnetic and electric variables are involved, the mechanical model
(2.45)-(2.46) is not affected by the employed modelling approach. Therefore, the
electromechanical VSD model of the machine in phase coordinates is defined as
follows:

(VI=[R]-{1}+ A} Eg. 2208
(A =[L]H{L Eq. 2208
d[L

T=p, {1} C[ZSSR].{L} Eq. 2.209 (2.210)
do, D,

F=——(T-T, Eq. 2.45
dt 1, (T-1.) q
5 = o, Eq. 2.46
dt

According with (2.210), the electromechanical VSD model of the machine in
phase coordinates is composed as follows:

- 3'n  stator magnetic equations (2.189);

- 3'n  rotor magnetic equations (2.190);

- 3'n stator electrical equations (2.191);

- 3'n  rotor electrical equations (2.192);

-1 electromagnetic torque equation (2.209);
- 2 mechanical equations (2.45), (2.46).

The electromechanical model in phase coordinates can be referred to the
stationary ones using the VSD reference transformation. In this way, it will be
demonstrated how this approach is not able to highlight the flux and torque
production of each single three-phase winding set, resulting not suitable for the
implementation of modular machine control schemes.
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2.2.2 Electromechanical model in stationary coordinates

The VSD approach decomposes the machine original space into several
orthogonal subspaces, using a transformation matrix having a dimension equal to the
total number of phases. The VSD transformation matrix is computed using an algorithm
based on the harmonic decoupling [7], [10], [11]. According with this, the VSD
transformation matrix of a multiple three-phase machine has a (3-#) x (3-n) dimension.

With the aim at computing the VSD transformation matrix for a multiple three-
phase machine, it is necessary to define the vector of the positions corresponding to the
magnetic axes of the phases, considering both stator and rotor windings. Starting from
(2.1) and (2.180), the positions of the magnetic axes belonging to the phases of a
generic three-phase k-set are expressed as follows:

8x/c—a Sxk—a SXk
= stat
[S}xk’a,m]: S, 1= Sy +23—7T =19, +2?n x:[s _S ator (2.211)
r =rotor
21 27
] BT BT

By merging (2.211) for all sets k=1,2,...,n, the vector of the angle
displacements corresponding to the magnetic axes of the phases is defined as follows:

S = stator

<®x>1><3n = {I:le,abc T |:8x2,abc :|t I:Sxk,abc:r} X :{ (2212)

r = rotor

To obtain a compact formulation of the VSD transformation matrix, the
following trigonometric operators are defined:

p-C<l~®>lxm=p-{cos(l-31) cos(1-9,) .. COS(Z"gm)}

p-S(1-©), =p-{sin(l-9,) sin(/-9,) .. sin(/-9,)}

(2.213)

With reference to [10], [11], by considering the amplitude invariant form, the
VSD transformation matrix for a multiple three-phase machine is computed as
follows:
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symmetrical machine configuration

n=odd :[];VSDJ:

n=even = [TXVSD ]

2.
3-n

W
.|N
S

- c@e ]

%C 3.n.®x>lx3n

_%.C 3.%.®x>lx3n_

3n

/<

’ s = stator
x =
r = rotor

3n
2
S

<

tator

b SE
x:
r = rotor
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asymmetrical machine configuration

_C<1.®X>l><3n |
S(1-0,

1x3n

(I
(s
(5

C ®x>1x3n
S(5-0,).,. 3.
[TXVSD]:L- ' - , l=5,7,11,...<7n x:{sz_stamr
3-n ) [£3-i . ieN r =rotor
C<l'®x>]><3n
S<Z.®x>1><3n
I [ZS] |
_C<3'®X>1x3n |
S<3.®x>1x3n
| m=3-(2-i+1) , ieN
e N nedt
C(m-©,)., (2.214)
_S<m X>1><3n_

The application of (2.214) leads to the definition of the stationary components
of each variable defined in phase coordinates. In terms of mathematical
formulation, this operation is described as follows:
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Xs—a Xr—a
X X
s—B r—B
Kslp+ Xrl-p+
xslfp.f xrl—pf
X X
Sy —H+ VSD Py =M+ VSD
{XS,VSD} - _[Ts ]{Xs} > {Xr,VSD} - —|:Tr :|'{Xr}
xsnhrm —ut xrnhrm —ut
Xs1o+ Xrl-o+
Xs1—0- Xrl-o-
SNy, =0+ ‘xrn,,mlfo+
L thmp —0— B _xrnhmp —0—
(X=V,LA)

(2.215)

According with [7], [10], the application of the VSD transformation on the
machine original space leads to definition of (3:7)/2 orthogonal subspaces. If the
total phases number is odd, then the last subspace consists of a zero-sequence
component, leading to the removal of the last row in the vectors of (2.215). The
VSD subspaces are classified in three categories. The first one corresponds to the
stationary (o,p) frame, having the meaning of fundamental model of the machine.
The other two subspace types correspond to harmonic and homopolar patterns,
without any contribution in the flux and torque production. The main advantage of
the VSD approach is the possibility to obtain a harmonic decoupled model of the
machine. In this way, each temporal harmonic is mapped in a specific subspace,
leading to the use of a couple of resonant controllers for its regulation. Conversely,
the MS modelling does not have this propriety as each temporal harmonic is
mapped in the all subspaces, thus requiring a couple of resonant controllers for each
of them. Other details about the harmonic propriety of the VSD transformation can
be found in [10].

In conclusion, the application of the VSD transformation matrix (2.214) leads
to the decomposition of the machine original space as follows:

-1 main subspace (a,p);
- nmm  harmonic subspaces (p+, p-);
- nmmp homopolar subspaces (o+,0-).
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Using the same procedure for the computation of the electromagnetic model in
phase coordinates, the application of the VSD transformation to both electric and
magnetic models is following reported.

Stator magnetic model in stationary coordinates

According with the VSD approach, the computation of the stator magnetic
model in stationary coordinates must be performed by considering the equation
system including all stator winding sets. For convenience, (2.202) is further
reported:

(A =L, {1 +[Los {1} +[Lge )17 (2.216)

The superscript ‘7’ indicates that the considered variable is defined in the rotor
coordinates, making necessary its redefinition to the stator ones. With the aim at
performing this operation, according with (2.179) , the transformation ratio between
the stator winding and the rotor one is introduced:

3P =
S—r VSD
NS

—I " (2.217)

Therefore, the rotor variables can be easily referred to the stator coordinates as
follows:

—_—

I B\ BTG BV BT

By replacing (2.218) in (2.217), the stator magnetic model having rotor
variables defined in stator coordinates is obtained:

(A =L, L +[Los {1} +[ L ]2 {13} (2.219)

The application of (2.214) on (2.219) leads to the computation the stator
magnetic model in terms of stationary variables, obtaining the following result:

{AS,VSD } =L {IS,VSD } + I:LSS,VSD ] : {IS,VSD } + I:LSR,VSD ] 157 {I:,VSD } (2.220)

where:

1 0
0 1
[LSS,VSD:| Z[EVSD}'[LSS]'[RVSD ]_] =3-Tn. Ng;%. N, 0O 0 0 .. 0 (2.221)
eq
10 0 0 0
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1 0 O 0
O 1 0 .. O
-1 . .
[LSR,VSD}'t;/iD = [TSVSD]'[LSR]'[];VSD] 't:—sf) =3Tn' NESR N, 40 0 0 .. O
eq
00 0 ... 0]
(2.222)

With the aim at obtaining a compact formulation of the equations, (2.98)-(2.99)
are replaced in (2.221)-(2.222). Therefore, by isolating each subspace’ components
from the other ones, (2.220) is expressed as follows:

Ao i i i
e =L, T 4n-L | T 40 L :“
Mg | . i i

Ao i
sh-p+ | _ L .Sh—u+ h=12,..,n,, (2.223)
7\4sh_u+ i ’ lSh—},l—

A i

sz—o+ _| L sz—o—

Ao ] i
Sz—o+ SZ—o+
{ =L - z=12,.,m,,

Finally, (2.223) is further simplified by introducing the complex vector
notation, leading to the following result:

N s

?\/ ﬁ:LZ,S'lTS,(XB—I—n.LS 'T'(Xﬁ—l—n.Lf'n.l.}’,O.B

5,0 m. S,
Tesrgerne = Loy s h=1,2,.,n, (2.224)
}\'SZ,0+O— = Ll,s ’ lsz,0+0— zZ= 1’ 2""’ nhmp

The computation of (2.224) leads to complete definition of the stator magnetic
model in the stationary coordinates.

Rotor magnetic model in stationary coordinates

The procedure for the computation of the rotor magnetic model in stationary
coordinates is similar to the one used for the computation of stator model.
Therefore, (2.203) with the notation change of the rotor variables is reported:

(ATy =, {1+ [ Les ]{1 )+ [ Lee {17} (2.225)

By replacing (2.218) in (2.225), the rotor magnetic model having rotor
variables defined in stator coordinates is obtained:

(A =1f, (6 )2 AT +257 [ Les ]-{1} +(tfff)2 (L] {1} @226)
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Therefore, the application of (2.214) on (2.226) leads to the computation the
rotor magnetic model in terms of stationary variables, obtaining the following

result:
{Ai,VSD} = L?,r '(tsV—Sf) )2 ‘{Ii,VSD} + t;/—SrD ":LRS,VSD] ) {IS,VSD} T
) (2.227)
et (tszrD ) ) [LRR,VSD ] ’ {Ii,VSD}
where:
1o -
0 1
[Laswso =122 [ 17 ] [Las | [T =37”NmN 000 . 0
10 0 0 .. 0]
(2.228)
(t;/f? )2 '[LRR,VSD] - (tszf )2 '[TrVSD:| ' [LRR]'[TrVSD ]_1 =
10 0]
0 1 0
:3'T”~N;R'NS- 0 0 0
eq
10 0 0 0|
(2.229)
4, (82) =n-p, (1) =n-L;, (2.230)

With the aim at obtaining a compact formulation of the equations, (2.98)-(2.99)
are replaced in (2.228)-(2.229). Therefore, by isolating each subspace’ components
from the other ones, (2.227) is expressed as follows:

}\’s_ ] _l.f_ i - ' l-s_
“en-L | " 0L | T 40 L]
s Ir .5 mo| g m .5

g Lrp 5 frp

I e
T aner, | T h=1,2,...n,, (2.231)
}\’rh—u— ] _lrh—p,—

7\'5‘ ] —-S
rz—o+ _ LS er—0+ _1 2
=n-L,- z=12,..,n,,

A T v

rz—o— | L “rz—o—
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Finally, (2.231) is further simplified by introducing the complex vector
notation, leading to the following result:

as _ s TS s T s TS
7\’;’,(15 =n .Ll,r ) lr,aB +n 'Lm ’ ls,otﬁ tn- Lm ’ lr,ocﬁ
~s _ s s _
7\"’}’,“‘*”_ =n- Ll,r ' lrh,lﬁ'}l_ h= 1, 2,..., Ny (2232)
A _ s s _
7\‘rz,oJrof =n 'Ll,r ’ lrz,o+07 zZ= 19 29 S nhmp

The computation of (2.232) leads to complete definition of the rotor magnetic
model in the stationary coordinates.

Stator electric model in stationary coordinates

Starting from the stator electric model in phase coordinates (2.204), the
application of (2.215) leads to the following result:

d

+ E{AS’VSD} (2.233)

{Vs,vsn} =R, '{IS,VSD}

It is noted how the stator electric model in stationary coordinates is formally

identical with the one in phase coordinates (2.204). The only difference is that all

vectors (voltage, flux and current) are referred to the stationary coordinates instead

of the phase ones. By isolating each subspace’ components from the other ones,
(2.233) is expressed as follows:

v, | i A
s=o | RS . :v—a +i s—a
VS—B | _lS—B dt 7\‘s—

— - A
|:Vsh!-l+ _R. lshp+j| + d |: shlrl+j| h :1329"'9nhrm (2234)

s | 1,
Vsh—p+ ] _lshfpf dt 7"sh¢l+
Vsz—o+ Liz—o+ d 7\’sz—o+
=R, - +— z=12,..,n,,
Sl dt| A v
Vsz—o- _ _lsz—o— sz2—0—

Finally, (2.234) is further simplified by introducing the complex vector
notation, leading to the following result:

_ - d —
Vs,aB = Rs ' ls,aB +Eks,a[3
_ - d —
T S P +E}‘sh,u+u— h=12,..,n,, (2.235)
_ - d —
vsz,0+o— = Rs ' lsz,o-%—o— + E}\‘sz,oﬂ)— z= 1’ 2’ °te nhmp

With reference to (2.235), the electric model in stationary (o,) frame
corresponds with the one of a conventional three-phase machine.
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Rotor electric model in stationary coordinates

The procedure for the computation of the rotor electric model in stationary
coordinates is similar to the one used for the computation of the magnetic model.
Therefore, (2.205) with the notation change of the rotor variables is reported:

(Vi) =R} + 27}

By replacing (2.218) in (2.236), the rotor electric model having rotor variables
defined in stator coordinates is obtained:

where:

(Vih=n-r {1

n-R =R (£

s=r

T

e i)

Z:n'Rf' t_ ’
J =ner(c)

(2.236)

(2.237)

(2.238)

The application of (2.214) on (2.237) leads to the computation the rotor electric
model in terms of stationary variables, obtaining the following result:

{VerSD} =n-R; '{I:,VSD} + %{Aivsn} + [TrVSD } [

where:

[

™) (_

d

[7]")-

dt

0) .

r

0

d

dt

0

0

(71 J_lj-{AiVSD} (2.239)

(2.240)

0

Therefore, by isolating each subspace’ components from the other ones, (2.239)

is expressed as follows:

S ]
Vr—oc

N
Vr_B |

—_ . s
=n-R,

_ s
=n-R

—_— . s
=n-R,

B .S
l -
S
Lir-p

Mo
lrh*],l‘F
.5
_Zrh—p—

d Pi_a
+ . S
dr| 32,

d }‘ih—pw
4+ —
dt }\’ih—u—

|

d

dt

o
1
-0+
. rz—o }_}_
LAY
_lVZ—O—

7\‘f‘z—o-#
xs

rz—0o0—

|

L

0

1
0

i

A
N
7\4’,_6

|

h=12,..n,,

Z:1,2,...,nhmp

(2.241)
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Finally, by introducing the complex vector notation, (2.241) is expressed as
follows:

— d — —
—s s TS s . s
Viap =1 'Rr “Loap +E}Lr,aﬁ -] o, 'xr,(x[}
Ve =1 RT3 LY h=1,2 2.242
Vrh,erp— =ncAs lrh,uﬂlf + dt rh,p+p— =L4ses Ny ( . )
—s _ Rs s d Xs -1.2
Vizoro- =T IG by 516 +Z rz,0+0— z=L2,..,n,,

The computation of (2.242) leads to complete definition of the rotor electric
model in the stationary coordinates.

Electromagnetic torque in stationary coordinates

Starting from (2.209), the computation of the electromagnetic torque in
stationary coordinates is performed. Therefore, (2.209) using the notation change
of the rotor variables is below reported:

_ t d[LSR] r
7= by (L) =l (2.243)

By replacing (2.218) in (2.243), the rotor variables are referred to the stator
coordinates, obtaining the following equation:

_ t d[LSR] VSD r
T=p,{L} -d—gr-ts_r e (2.244)

The application of (2.215) on (2.244) leads to the computation of the
electromagnetic torque in terms of stationary variables, obtaining the following
result:

T =pp'{Is,vsn}t-[[TSVSD]_lT-d[LSR].[T,VSD]‘I A1) (2245)

d9,
where:
(1 0 0 0
17t d[L ] 0 9.’12 N -N 0 0O ... 0
[[TSVSD] ]—S‘R-[T,VSD] A2 0 0 0 .. 0] (2.246)
ds, 4 R,
0 0 0 .. 0]

By replacing (2.246) in (2.245), the relationship of electromagnetic torque is as
follows:

9-n* N,-N, (v . . .
T=py— =i icg =iy i) (2.247)
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Finally, by using (2.99), (2.247) is expressed as follows:

3. s
T:Tn'Pp'Lm'(

T lap) (2.248)
With the aim at obtaining a torque relationship using only stator variables,
(2.224) is replaced in (2.248), leading to the following result:
3 ‘n ~ -
T==>p, (Rgap XTogp ) (2.249)
According to (2.249), the electromagnetic torque is given by the cross-product
between the stator flux-linkage vector and the stator current vector, both belonging
to the main (a,3) subspace.

Electromagnetic model in stationary coordinates

In summary, the electromagnetic model of the machine in the main (a,p)
subspace is composed by the combination of the following equation systems:

A

m S

= LI,S .ZTS,U.B +n 'LS .lT’aB +n 'Lin .lTF;YQB Eq_ 2_224

5,0

Mop=n-Ly, i5g+n-L 0 g+n-L, 1%  Eq. 2232

14

J (2.250)
vs of Rs ' is,aﬁ +E7“s ap Eq 2.235
Vi =R T+ = = o, R Eq. 2.242

Concerning the electromagnetic models of the harmonic and homopolar
subspaces, they are composed by the following equation systems:

Mo = Lo T h=12,..,n,  Eq. 2224
Mppene =1L, T h=12,..,m,,  Eq 2232

J (2.251)
vsh,pﬂ,k = Rs .Zh,uﬂ,lf +E7\’sh,p+p— h= 1, 29"-, Ry EC] 2.235
—s s TS d aAs
Vo = n-R - Iy +E}”rh,u+u— h=12,..,n,,, Eq. 2.242
Moo =Ly T o0 z=12..,n,, Eq. 2224
Ao =1L 05 z=12,..,n,, Eq. 2232

J (2.252)
Vi orom = R gron +EXSZ’O+O_ z=12,.,n,, Eq. 2235

_ d —

Vi = RIS +E7”iz’”*”‘ z=12,..,n,, Eq. 2242
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main subspace (a, )

s K . ~s
.8 n- Ll,l‘ n-R J o, }\‘r,aﬁ

ls,aﬁ

vs,aﬁ

(o,

harmonicsubspaces (ut, p-)

h=12,..,n,, . .
lT Rs Ll,s ?S n- Rr n-L,
'sh,u+p— rhu+u—
Vsh,pru-
o
homopolarsubspaces (o+,0-)
z=12,..,n,,
— _ s 78
i Rs Ll,s =S n- Rr n Ll,r
52,0+0— 72,0+0—
Vsz,0+0—

oO—>

Fig. 2. 9. Equivalent VSD circuit of a multiple three-phase squirrel cage IM in stationary
components.

With reference to (2.250)-(2.252), the main subspace (a,f) contains the flux-
and torque-producing current components, while the other subspaces contain
harmonics and homopolar components with no contribution to the
electromechanical energy conversion. It is noted how the electromagnetic model of
the main subspace (a,p) is identical with the one of a conventional three-phase IM.
Therefore, the equivalent circuit of the machine, corresponding to the VSD
modelling approach in stationary coordinates, is shown in Fig. 2. 9.

Energy conversion model in stationary coordinates

Since no magnetic and electric variables are involved, the mechanical model
(2.45)-(2.46) is not affected by the application of the reference transformations,
making it still valid. Therefore, the electromechanical VSD model of the machine
in stationary coordinates is defined as follows:
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_ -~ S -~ S -
7\45’(113 _Ll,S .ZS,U.B +}’I'Lm .lS,(X.B +I’l'Lm 'lr
s _ s K
Mpap=n-Ly, i og+n-L, i a+n-L
_ d —

Vs.op Rs L op +E}\‘s af
S RS S +i}\' —
Vy af n-K, -1, opf dt r,ap J o,
}\’sh,p.ﬂ,k = Ll,s ’ ish,p+pf
as _ s TS
A‘rh,u-%—u— =n: Ll,r ’ lrh,p,+u—
_ - d =~
vsh,u-%—p— = RS ' lsh,u+u— +E}\‘sh7u+u—
— d —
—s _ s TS s
Vimpip- =1 Rr b +E}\’rh,u+u7
$Z,0+0— = Ll,s ’ lsz,0+0—
as _ s TS
xrz,oJro— =n: Ll,r ’ lrz,o+07
_ d -
vsz,o+o— = Rs ’ lsz,o+o— +E}\’s2,o+o—
— d —

—s _ s s s
Vrz,0+0— =n: Rr ’ lrz,o+o— +E7\‘rz,o+o—
3 ‘n ~ -

F=3 (g T
do, P
L=—L.(T-T,)
a1,
a9, _
dt '

N

op

r,0p
h=1,2,
h=1,2,
h=1,2,
h=1,2,
z=12,
z=1,2,
z=1,2,
z=1,2,

ceey l’lhrm

ceey I’lhrm

ceey I’lhrm

oo Wy

ceey nhmp

oo My

TS I’lhmp

ceey nhmp

Eq. 2.250

Eg. 2.251

Eq. 2.252

Eq. 2.249

Eq. 2.45

Eq. 2.46

(2.253)

It is noted how (2.253) has the same structure of the electromechanical model
in phase coordinates (2.210). The only difference is related to electromagnetic
model together with the torque relationship which are both expressed using the

stationary coordinates.

2.2.3 Electromechanical model in rotating coordinates

Thanks to the application of the VSD modelling, the electromagnetic model of
the machine in the stationary (a,p) frame is identical to the one of a three-phase IM,
as shown in (2.250). As a consequence, the computation of the electromagnetic
model in generic rotating coordinates is performed in conventional way.
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Therefore, to get the machine model in the generic rotating (x,)) frame, the
application of the well-known rotational transformation (2.105) is required. Like
for the MS modelling, its application does not change the magnetic models and the
torque expression. Indeed, they are formally identical to the ones defined in the
stationary (o,p) frame. The only difference is that all vectors (voltage, flux and
current) are referred to the rotating (x,y) coordinates instead of the stationary (a.,p)
ones. As a consequence, both stator and rotor magnetic models in the rotating (x,))
frame are computed as follows:

}\‘S,xy = Ll,s 'Z,xy +n Lm 'Z,xy +tn Lm 'Z,xy (2254)
Xi’,xy =n 'Ll,r .Z,xy +n 'Lm .Z,xy +n Lm 'Tr,xy (2255)

With reference to (2.254)-(2.255), the superscript ‘s’ on the rotor variables is
not used anymore, thus simplifying the formulation of the equation system.
Concerning the electromagnetic torque, it is computed as follows:

3 ‘n ~ -
T==>p, (Mg %) (2.256)

Like for the three-phase IM modelling, the application of the rotational
transformation has relevant effects just on both stator and rotor electric models,
introducing the well-known motional voltage terms. Therefore, the application of
(2.105) on (2.235) and (2.242) leads to the following result:

p— - d re . * T
oy = By +E7xs,xy +jo Ay, (2.257)
V= 7o+43 (o A 2.258
Vi =1 'Rr by +E Xy +J (('0 _(Dr). Xy ( . )

Like for the MS modelling, by defining " properly, the following frames can
be selected:

=0, = (x0)=(dq0)
: =0 0)= 0
620 = (n0)=(wh0 250
o =0, = (x0)=(d.,q,0)
0)* :0)‘9—% = (x’yﬁo)E(ds’qs’O)

The meaning of the frames defined in (2.259) corresponds with the one of
(2.104), excepting for the last case where the synchronous speed is defined as
follows:

d d - - d
0= (9,+9,) ZE[S" +(4h, - 40, | = —[9.+8] (2260

where 9, represents the average load angle of the machine. In summary, the

electromagnetic model of the machine in the rotating (x,y) frame is composed by
the combination of the following equation systems:
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_S,xy = Ll,s 'Z,xy +n Lm 'chy +n 'Lm 'Tr,xy Eq 2.254
Xr,xy =n 'Ll,r 'Z,xy +n 'Lm 'Z,xy +n 'Lm .Tr,xy Eq 2.255
J (2.261)
Vi =R, ny +Ek”y +j.0)* sy Eq. 2.257
VV,X)/ =n .Rr ’ lr,xy +E>\’r,xy +.] ((D _(Dr)'}\‘r,xy Eq 2.258

Therefore, the electromechanical VSD model of the machine in rotating
coordinates is defined as follows:

Xs,xy =L . +n-L, - +n-L, Loy

Xr,xy =n-L, bt n-L, ot n-L,-i.

xy
Eq. 2.261
Vs,xy = Rs 'l_s,xy +E}\‘s,xy + J ‘0‘)* .xs,xy
vr’x)/ = nRr 'Zaxy +EX7‘,X_}/ +‘]((D* _(Dr).xr,xy
7\‘sh,p+p— = Ll,s 'Zh,w—pf h = 1, 2a~-~a nhrm
}\"ih,uﬂ,l— =n-: L;,r 'Z/f,p.ﬂ,l— h = 1’ 2’ (] nhrm
Eq. 2.251
vsh,uﬂl— = Rs ) ish,u+u— +E;\’sh,u+p— h= 17 2a"'v Ny
= s TS d 3s
Vipipe =1 R0 +E7‘rh,u+uf h=12,.,n,,,
_sz,o+0— = Ll,s 'Zz,0+o— z= 19 29-'-: nhmp
XAliz,oﬂ)f =n: L?,r .ZZS,OJraf zZ= 19 29“'9 nhmp
., Eq. 2.252
Vsz,o-m— = Rs Ly oto- +E}\’sz,o+o— z= 1’ 2""’ nhmp
—S s TS d as
R L 221,201y, (2.262)
r=3" (R X, Eq. 2.256
_7'pp'( s,xyxls,xy) q. =
do, P,
r_ 2P (T_T Eqg. 2.45
eI, (T-1.) 1
D _ o, Eq. 2.46
dt
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With the computation of the electromechanical model in rotating coordinates
(2.262), the VSD modelling of the machine is complete. Unlike the MS modelling,
the state-space model of the machine in rotating coordinates is not computed.
Indeed, by considering the equation system of the main subspace, it corresponds
with the one of a conventional three-phase IM [2]. In addition, the control schemes
proposed in this dissertation are MS-based, thus making the computation of the
VSD state-space model not necessary.

2.2.4 Comparison between VSD and MS modelling approaches

The computation of the machine model using both VSD and MS approaches
allows to make some considerations. It is noted how the VSD approach allows to
model the energy conversion in simpler way compared to the MS one. Indeed, the
application of the VSD transformation matrix allows to obtain an electromagnetic
model which is identical to the one of a three-phase IM. As a consequence, an
‘average’ machine model is obtained, without emphasizing the contribution of the
single three-phase stator units. The proof of this is represented by the reference
transformation used for each modelling approaches. Indeed, by comparing the
three-phase Clarke transformation (2.48) with the VSD one (2.214), the following
relationship between the VSD and MS variables is extrapolated:

Zyop = Zzbkaﬁ z szy z=,i,\) (2.263)

With reference to (2.263), independently by the considered frame (stationary
or rotating), each variable belonging to the VSD main subspace is computed as
average value of the corresponding MS ones. Nevertheless, because of each MS
variable is related to a specific winding set, it follows that each VSD variable is
representative of the average behaviour of the all winding sets.

Therefore, despite the MS approach leads to a complicate electromagnetic
model, characterized by strong couplings among the sets, it results the only
approach able to highlight the stator flux and torque production belonging to each
stator winding set. As a consequence, with the aim at implementing a machine drive
scheme able to deal with a direct control of each three-phase unit, the MS approach
results more convenient compared to the VSD one. For this reason, the machine
control schemes proposed in this dissertation are MS-based, thus justifying the
computation of the related state-space model.
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2.3 Conclusion

In this chapter, the modelling of a multiple three-phase induction machine (IM)
using both Multi-Stator (MS) and Vector Space Decomposition (VSD) approaches
has been reported. With reference to the technical literature, the following novelties
have been introduced:

Generic MS modelling of a multiple three-phase IM, considering an
arbitrary number of three-phase winding sets together with different
stator parameters among the units;

Generic VSD modelling of a multiple three-phase IM, considering an
arbitrary number of three-phase winding sets and by considering both
symmetrical and asymmetrical configurations.

According with the obtained results, the most relevant conclusions are the

following:

The MS approach considers the machine as multiple three-phase units
operating in parallel, highlighting the flux and torque contributions
produced by each individual stator winding set. This aspect represents
the most important feature for the implementation of a modular control
scheme able to deal with an independent control of each three-phase
unit. Nevertheless, the MS approach leads to an equation system
characterized by strong magnetic couplings between the units, thus
requiring the definition of specific decoupling algorithms when MS-
based control schemes are implemented.

The VSD approach decomposes the machine original space into several
orthogonal subspaces, using a transformation matrix based on the
harmonic decoupling of the machine model. In this way, the
electromechanical energy conversion is performed in a single subspace,
having the meaning of fundamental model of the machine and
characterized by an equation system which is identical to the one of a
three-phase machine. Despite the VSD approach leads to a simpler
electromagnetic model than the MS modelling, it is not suitable for the
implementation of modular control schemes. Indeed, the energy
conversion is modelled in average way, without highlighting the flux
and torque contributions produced by each individual stator winding
set.
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This chapter deals with the design and implementation of a Direct Flux Vector
Control (DFVC) scheme for multiple three-phase Induction Motor (IM) drives. The
proposed control solution performs a direct and independent regulation of both
stator flux amplitude and torque contribution belonging to each three-phase
winding set, thus defining an equivalent modular Direct Torque Control (DTC)
scheme for this kind of machines. The proposed control scheme is designed to be
fully compatible with the multiple three-phase drive topologies, using modular
Voltage Supply Inverter (VSI) structures together with independent Pulse Width
Modulation (PWM) voltage control of each three-phase power converter unit.

According with the machine modelling, the proposed solution is based on the
Multi-Stator (MS) approach, thus extending the modularity of the multiple three-
phase IM drives also in terms of machine control scheme.

3.1 Main objectives and features

The solution proposed in this dissertation is specifically designed for the control
of multiple three-phase IM with a squirrel cage rotor structure. With reference to
the technical literature, several attempts on the use of this machine typology for the
implementation of “series/parallel” configurations have been proposed [1], [2].
Nevertheless, few control solutions able to deal with a direct control of the main
variables (current, flux, torque) belonging to each three-phase winding set have
been developed [2]-[6], thus exploiting all the degrees of freedom offered by the
multiple three-phase IM drives. For this reason, the main goal of this work is to
extend the modularity of the multiple three-phase IM structures also in terms of
drive control scheme, thus without limiting itself to the machine configuration and
power converter structure.

An interesting attempt to propose a Field Oriented Control (FOC) scheme able
to deal with an independent control of the currents belonging to each three-phase
winding set is proposed in [2]. As this control solution is based on the Vector Space
Decomposition (VSD) modelling, the active regulation of the harmonic and
homopolar subspaces to manage any possible unbalances among the three-phase
winding sets is performed. Nevertheless, this control approach performs the
computation of the reference currents belonging to the VSD’ subspaces as a
function of the reference (d,q) ones computed by means of the MS modelling. This
aspect is a further proof how only MS-based control schemes are able to deal with
a modular control of the multiple three-phase machines, as already shown in the
chapter of the machine modelling (Ch. 2). Therefore, according with the main goal
of the work, a MS-based control scheme is proposed.

With reference to the technical literature, no attempt to implement an
independent regulation of both stator flux amplitude and torque contribution
belonging to each three-phase winding set has never been reported. There are many
advantages of such control solution. Like for the three-phase motor drives, the
direct regulation of the stator flux amplitude allows at obtaining high dynamic
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performance in the flux-weakening operation of the drive [7], including load-angle
limitation that avoids the machine pull-out. Concerning the independent regulation
of the torque contribution belonging to each three-phase winding set, this feature
allows at implementing power sharing strategies among the three-phase winding
sets, resulting useful for the proper operation of the “series/parallel” configurations
[1]. With the aim at implementing such features on the drive, the Direct Flux Vector
Control (DFVC) scheme is proposed [4], [7].

With reference to [7], the DFVC scheme represents a competitive alternative to
the DTC ones because conventional PWM modulators are employed. Therefore,
neither hysteresis regulators nor switching tables are necessary, thus overcoming
the main issues related to the implementation of the Switching Table — DTC (ST-
DTC) schemes on multiple three-phase motor drives characterized by a high
number of units. In addition, with respect to the DTC, the DFVC linearizes the
machine control as the torque is regulated indirectly by means of the direct control
of the torque-producing current component, obtaining a high level of decoupling
between the control axes. Therefore, the DFVC represents a competitive alternative
to a DTC scheme, thus justifying its choice in this dissertation.

According with the introduction (Ch. 1), the multiple three-phase drives are
usually designed to implement modular fault-tolerance strategies. After a fault
event, the faulty three-phase unit is simply disconnected from the DC power supply,
stopping the execution of the PWM algorithm dedicated to its voltage control [8].
Therefore, the proposed control scheme is designed to guarantee the proper
operation of the motor drive after sudden turn-off of one or more three-phase units
due to a fault on the power electronics side. Nevertheless, no faults detection
algorithms will be provided as their implementation is beyond the scope of this
dissertation. As a consequence, it is considered that each three-phase power
converter unit provides a feedback signal to the control scheme, thus reporting a
possible fault event. This is a standard for power modules that exhibit a dedicated
fault output pin.

In conclusion, the research contributions and novelties introduced by the
proposed control solution are below summarized. With the aim at proposing a
modular MS-based DFVC scheme for multiple three-phase IM drives, for each
three-phase unit the following features are implemented:

e Independent stator flux amplitude regulation
(as for a DTC scheme)
e Independent torque-producing current component regulation
(as for a FOC scheme)
e High performance in deep flux-weakening operation
(as for a DFVC scheme)
e Independent load-angle limitation
(aims at implementing modular strategies that avoid pull-out)
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e Independent voltage and current operational limits
(full modularity of the drive scheme with independent control of each
three-phase unit)

e Independent operating conditions
(implementation of a decoupling algorithm to compensate the MS
couplings among the three-phase units)

e Straightforward post-fault reconfiguration
(implementation of modular fault-tolerance strategies)

The chapter is organized as follows. Firstly, the description of the drive scheme
configuration is reported. Secondly, the machine control scheme together with the
full analysis of the proposed control solution is provided. Nevertheless, no
experimental results are shown, thus providing the experimental validation in the
next chapter.

3.2 Drive scheme configuration

The proposed control solution is designed for multiple three-phase IM drives
having an arbitrary number 7 of three-phase conversion units. To deal with the most
generic case, each DC source supplying any of the three-phase VSI units is
considered independent from the other ones, leading to the drive topology shown
in Fig. 3. 1.

DC-Bus 1 «— _

DC-Bus k «—

DC-Bus n «—

DC input, 3 - phase output, n conversion units

Fig. 3. 1. Multiple three-phase drive topology with independent DC sources.

According with the configuration of the multiple three-phase drives [8], each
three-phase winding set has an independent and isolated neutral point. Therefore,
the drive scheme configuration can be described by considering each three-phase
k-unit separately.
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In detail, for each three-phase unit & the following aspects are considered:

e PWM voltage control
e Measurements and feedback for the control scheme

The first point concerns the analysis of the zero-sequence variables (voltage
and current) belonging to each three-phase winding set, thus demonstrating how the
PWM voltage control of each unit can be performed using standard three-phase
PWM modulators. The second aspect regards the description of the measurements
and feedback required by the proposed control scheme in order to guarantee its
specifications and features.

3.2.1 PWM voltage control of each VSI unit

As the outputs of the proposed control scheme correspond with the phase
voltages references, each VSI unit may consist in any multilevel three-phase
structure. However, 2-level VSI units are considered, corresponding to the most
employed industrial configuration. Therefore, the analysis of the PWM voltage
control of each three-phase unit £ is performed using the scheme shown in Fig. 3.
2. With reference to it, an ideal 2-level VSI is considered, neglecting both Dead-
Time (DT) effects and voltage drops related to the power switches. With reference
to the figures of this chapter, the use of the Insulated Gate Bipolar Transistor
(IGBT) switches is purely figurative.

It is considered that each inverter leg “x’ is controlled by the switching function
signal S, as follows:

S,_, =0 Upper Switch OFF - Lower Switch ON
x=a,b,c (3.1)

S, =1 Upper Switch ON - Lower Switch OFF

+o0

Skea _)% Sy _)_| Sh-c _)%

Vdek — — —
-0 — =
ask bsk csk
Q o <€ Q
. vsk-ab vsk-bc
3-Phase Unit &
k=12, m %T” gT‘,M %T""
sk-a S, sk-c
Ns,k

Fig. 3. 2. Generic three-phase winding set & fed by a 2-level VSI.

128



Ch. 3 - DIRECT FLUX VECTOR CONTROL OF MULTIPLE THREE-PHASE
INDUCTION MOTOR DRIVES

By considering each winding set of the machine as a symmetrical three-phase
system, the relationships between the line voltages and the phase voltages
belonging to each three-phase unit & are expressed as follows:

Vsk—ab 1 -1 0 Vsk—a Vsk—a
Vane =10 1 =L v, | =4 ] vay (32)
O 1 1 1 vskfc Vskfc

According with (3.1), by combining the switching functions S, . and the DC-

link voltage v, , , the line voltages are expressed as follows:

vskfab 1 _1 0 Skfa Skfa
Vape |=|0 1 =185, 'Vdc,kz[Bv]' Sk Ve k (3.3)
0 0 0 0[S, S, .

Therefore, by replacing (3.3) in (3.2), the phase voltages are expressed as
follows:

vskfa Sk—a Skfa
Vo—b | = Ve ,k '[Av]_l '[Bv]' Siob | = Vack '[Cv]' Sk-b (3.4)
Vk—c Sk—c Sk—c

where:
2/3 -1/3 -1/3
[Cv]z -1/3 2/3  -1/3 (3.5)
-1/3  -1/3 2/3
According with Chapter 2, the variables expressed in phase coordinates are

referred to the stationary (af0) ones by using the three-phase Clarke transformation
defined as follows:

COS(Ssk) COS(Ssk +23_ch cos (Ssk +4:7)_ch
2 . ) 21 ) 4m
[Tk] =3 sin(9,,) s1n(85k +Tj s1n(8sk +?J (3.6)

1/2 1/2 1/2

where 9, indicates the position of the magnetic axis belonging to the first phase

‘a’ of the considered three-phase k-set. The position angle is computed with respect
to the stationary a-axis by considering an anticlockwise rotation direction.

129



Ch. 3 - DIRECT FLUX VECTOR CONTROL OF MULTIPLE THREE-PHASE
INDUCTION MOTOR DRIVES

Therefore, by applying (3.6) to (3.4), the k-set phase voltages are computed in
stationary (00) coordinates as follows:

Vsk—ot Sk—a Sk—a
Vek—p | = Ve k [Tk ] : [Cv ] | Skb | = Vaew [Tswk:l | Sk (3.7)
Vsk—O Skfc Sk—c

where:

cos(9,;) cos(83k+%j cos(85k+47nj

| sin(9y;) sin[\‘}sk+23—n] sin(Ssk+43—nj (3.8)

[T ]=

[SSRRN)

0 0 0

Finally, the extended computation of (3.7) leads to the definition of the k-set
voltage vectors components in the stationary (af0) coordinates as follows:

Voo :é-vdc’k -{Sk_a -cos(Ssk)th‘k_l7 -cos(Ssk +2?nj+sk_c 'COS(Ssk +43_nﬂ
vsk—ﬁ :g' Ve k .|:Sk—a .Sin(gsk)-’_ Sk—b 'Sin(gsk +2TTC) + Sk—c ) Sin(gsk +%j:|
Vek—0 = 0

(3.9)

Like for a 2-level three-phase VSI, there are 2> = 8 possible configurations of
the switching network, corresponding to the all permutations of the switching

functions [S,_, S;_, Si_. ]t . It is noted how, independently by the considered unit

k, the zero-sequence voltage component v, _, is always zero. With reference to the

MS modelling (Chapter 2), the electromagnetic state equation of each k-set zero-
sequence current component is computed as follows:

d . R

sk
lek—o e Lge—o T Voo
1,sk

Eq. 2.158 , Ch.2 (3.10)

Therefore, by replacing (3.9) in (3.10), the following equation is obtained:

d . R, .
—1i =——3 . 3.11
dl sk—0 Ll’sk sk—0 ( )

The Equation (3.11) shows how the zero-sequence current component i, , is

always zero because a homogenecous differential equation is obtained, therefore
without any voltage excitation.
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This is an expected result since each three-phase winding set has two
independent phase currents due to the isolated neutral point which imposes the
following condition:

isk—O = isk—a + isk—b + isk—c =0 (3 12)

Concerning the (o,B) voltage vectors components, it is noted how (3.9)
corresponds with the formulations of a conventional 2-level three-phase inverter
[9]. The only difference is related to the position angle 9, whose main

consequence is to introduce a rotational effect of the voltage vectors when these are
mapped in the machine (a,p) subspace. However, this effect is automatically
compensated by the machine control scheme whose outputs consist with the k-set
phase voltages references, being these defined in the k-set phase coordinates (abc)x.
In this way, the algorithms implementing the consolidated PWM three-phase
modulation techniques [9] can still be used without any change.

In conclusion, in a multiple three-phase drive, each three-phase unit is
characterized by the following features:

= Physical rejection of the zero-sequence voltage component;

= Absence of the zero-sequence current component;

= Voltage vectors components in the stationary (a,p) subspace identical
to the ones of a three-phase inverter.

As consequence of this, the PWM voltage control of each unit can be performed
independently by the other ones, using a conventional three-phase PWM modulator
based on a Carrier-Based approach (CB-PWM) [9]. For each unit & three duty-cycle

signals [d;abc} corresponding to the moving-average values of the switching

functions [S,_, S, Sk_c]t are computed as follows:

dp_, o [se 1/2 Vaea | | dico
|:dZ—abc:|= dy =F'JT Sy | dt=|1/2 +v 1V [+ diy | (B:13)
.| Sk-c 2] N dr,

where:

* * * t
- [vskfa Veon vskfc] are the phase voltage references generated by the

machine control scheme;
- T, represents the switching period, corresponding to the time window in

which the moving-average values of the switching functions are computed,
- d;_o corresponds with a zero-sequence signal by means of which any

modulation technique can be implemented [9].
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In this dissertation, the PWM voltage control of each VSI unit is performed
using the ‘Min-Max’ modulation [4], [9]. In this way, like for the three-phase case,
it is possible to extend the sinusoidal voltage range of each VSI unit by a factor near
to 15%, leading to relevant performance improvements especially in the flux-
weakening operation of the drive.

3.2.2 Measurements and feedback for the control scheme

The control of each three-phase unit is performed using the drive scheme shown
in Fig. 3. 3. It is noted how it corresponds to the one of a three-phase drive, thus
without requiring additional measurements. In detail, for the control of each three-
phase unit £, the following feedback are required:

t
- Phase currents measurements: ':lskﬂbc:l = [zsk_a Ly s zsk_c} ;

- DC-link voltage measurement: v, , ;

- Rotor mechanical position measurement: 3, ;
- VSl unit status: x,, (0= OFF/Faulty, 1 = ON/Healthy).

The mechanical position feedback is shared with the control schemes belonging
to the other units. Concerning the details about the measurement methods, they are
beyond the scope of this dissertation. As a consequence, they are not reported here.

PWM
trigger Control ) Drive Scheme — Unit k&
carrier
yy A k=1,2,..,n
* T+l * 4
dk b |:dk abc:|
[ = ] |: - Mog‘Yzll\;lor k Multiple Three - Phase
. u Induction Machine
Machine
Control [S k,abc:l
T + Windi
T Ve |: Viekr |O ] inding
DFVC { - -l k =§et2k n
o— 9 &yeeey
Unitk x;’_k B xj;k I
k=1,2,.,n| . T .
‘|:lsk,abc ] r. [lsk,abc]
e | [¢
A A
o, | 8, S
L ~
Speed
Computation
Digital Controller

Fig. 3. 3. Drive scheme of a generic three-phase unit .
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According with the current technological scenario, the proposed control
solution is implemented using a digital control platform (e.g. a microcontroller).
Therefore, with reference to Fig. 3. 3, the above measurements are subjected to the
conventional sampling and conversion operations, leading to the definition of their
discrete values. These are indicated with the superscript 1, representing the
considered sample time instant.

Concerning the outputs of each single unit control scheme, they correspond
with the duty-cycles signals. These are indicated with the superscript (t+1) to
highlight their application for the next sample time instant, thus considering the
execution delay of the digital controller.

Thanks to the use of PWM modulators, the machine control is performed at
constant switching frequency. With reference to the sampling frequency, it is set
identical to the switching one, thus dealing with the simplest case.

3.3 Machine control scheme configuration

The proposed control solution has a high degree of versatility such that it can
be used for both motoring and generator operating modes of the machine.
Nevertheless, the full modularity of a multiple three-phase drive scheme is de facto
required when the machine operates as generator together with the needing to
implement an independent control of each three-phase unit. A typical application
example consists of the Wind Energy Conversion Systems (WECS). In this case,
the DC-buses of the three-phase VSI units can be connected in different ways
depending by the implemented topology [2] (parallel machine-side configurations,
cascaded DC-link structures, back-to-back VSIs feeding both dc or ac microgrids).

For this reason, in this dissertation a generic configuration of a multiple three-
phase drive is considered, as shown in Fig. 3. 4. Each unit £ has its own references

in terms of flux amplitude sz and torque contribution 7 ,t . These are provided by
an outer controller which is not faced here being it beyond the scope of this

dissertation. In addition, different values of the maximum phase-current /

max,

. and
load-angle 8;% . limits among the three-phase units are considered. Therefore, the
goal of the proposed control solution is to implement an independent regulation of
both stator flux amplitude and torque contribution belonging to each three-phase
unit k£ according with the limitations of this one in terms of DC-link voltage v, , ,
phase currents amplitude and load-angle.

The structure of the proposed control solution consists of multiple three-phase
DFVC schemes which operate in parallel, as shown in Fig. 3. 4. Each of these is

dedicated to the control of the stator flux and torque contribution of a single three-
phase unit.
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Fig. 3. 4. Modular DFVC scheme for multiple three-phase IM drives.

It is noted how for each DFVC scheme, the outputs do not correspond with the
reference voltages for the considered VSI unit. Indeed, being the proposed control
solution based on the MS approach, it is necessary to perform a decoupling action
to compensate the electromagnetic coupling among the three-phase winding sets.

The control solution shown in Fig. 3. 4 allows at obtaining the highest degree
of freedom in terms of configuration of the drive scheme. Nevertheless, in many
cases the use of a single outer controller allows to satisfy the specifications of the
drive. For example, the multiple three-phase drives topologies characterized by a
common DC source shared by the all VSI units. In this case, the drive could operate
in motoring mode, thus using the sum of the mechanical powers belonging to the
units for the control of the machine mechanical speed. Conversely, the machine
could operate as main alternator, thus using the sum of the electrical powers
belonging to the units for the control of the DC source voltage.

For cases like these, both references of flux amplitude and torque contribution
belonging to each unit can be computed using the scheme shown in Fig. 3. 5. This
is designed for multiple three-phase IM drives characterized by identical three-
phase units from both electrical machine and power converter point of views. In
terms of mathematical formulation, these conditions are expressed as follows:

I I Vk=l+n (3.14)

max,k — * max

Rsk :Rs ’ Ll,sk =L

l,s °
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Fig. 3. 5. Drive scheme using a single outer controller.

If the conditions (3.14) are satisfied, by using the experimental procedure
defined in [10], it is possible to compute the optimal stator flux amplitude profiles
of the machine in both healthy and fault conditions, thus performing the Maximum
Torque per Ampere (MTPA) operation of the drive. This feature allows the full
exploitation of the maximum phase-current limit 7/, , together with the possibility
of increasing the machine efficiency. With reference to [10], the computation of the
machine optimal stator flux amplitude depends by the number of active three-phase
units n,, leading to the qualitative profiles shown in Fig. 3. 6. It is necessary to

highlight how these have the meaning of optimal stator flux amplitude values
belonging to the active three-phase units.

Al
s,opt
A
n,=n
x’s,opt—max <
n,<n _ n,=n _ *
N ks,optfmax h S 7\‘s,opt f(T )
s,rated € ;
n,=l p— _ 7\"7“<" _ (T
7\’s,optfma.’c s,0pt f
n=1 _ *
- 7\“9,0[)[ - f(T )
Yl Y - Y > ‘T
n,= n,<n n,=n
opt—max Toptfmax T, opt—max
(Imax,k = Imax s Ll,sk = Ll,s V=1 +I’l) Ref. [8]

Fig. 3. 6. Optimal stator flux amplitude profiles of the machine in healthy and fault conditions.
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It is noted how, for a given maximum phase-current limit /. the reduction

max >

of n, leads to lower values of the maximum obtainable torque 7% (absolute

opt-max

nd
s,opt-max *

value) and maximum optimal stator flux amplitude A This result is quite

obvious as the reduction of n, leads to a natural derating of the machine

performance. Concerning the optimal stator flux amplitude profiles, it is noted how
the reduction of n, leads to require a higher value of the optimal stator flux

amplitude A’

s for a given value of the absolute reference torque |T *| . The reason

is related to the increment of the stator flux leakage contribution due to the
increment of the current injected in the healthy units to guarantee the same torque

production. More details can be found in [10]. To simplify the description, from

now on the optimal stator flux amplitude profiles of the machine will be simply
called as MTPA profiles.
Coming back to the scheme shown in Fig. 3. 5, according with the previous

considerations, the total torque required to the machine T;t is provided by a single

outer controller. Therefore, by using the feedback signals providing the status of
each VSl unit x; , the number of active units n, is computed as follows:

n
na=Y %, (3.15)

z=1
As a consequence, by using the MTPA profiles, it is possible to define both
values of maximum obtainable torque 7%, and maximum optimal stator flux
amplitude Ag: . . Therefore, the external torque reference T, is eventually

saturated to the maximum obtainable torque value (absolute limit), leading

Topi-max
to the definition of the machine torque reference 7°. Finally, by using the MTPA
profiles, the torque reference T~ allows to compute the optimal stator flux amplitude

nll
value A, .

The definition of the stator flux amplitude reference K: can be performed by

selecting one of the below three options:

*

S)\, :1 - 7\‘_5' = X:"?{)pt
=2 (310
8, = 3> 7‘-? = A’s,rated (< 7\‘:5’0‘”)

The first choice consists of to use the optimal value of the stator flux amplitude
Al

s,opt >

thus performing the MTPA operation of the drive. Nevertheless, this choice

is not convenient in the case of high-dynamic torque regulations must be performed.
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Unlike the stator fluxes amplitudes, the dynamic of the rotor flux amplitude is
strongly limited by its time constant. Therefore, like for a three-phase IM, high-

dynamic variations of the stator flux amplitude reference 7»2 may lead to relevant

over-currents in the active units, corresponding to the large increments of the stator
fluxes leakage contributions.
The second choice consists of using the maximum value of the optimal stator

na
s,opt-max *

flux amplitude A Below the base speed of the machine, both stator and rotor

fluxes amplitudes are not affected by the torque reference 7 variations, allowing

its regulation with high-dynamic performance. However, this condition
corresponds to the injection of the maximum magnetizing current of the machine
even under low-load conditions, thus leading to a reduction of the drive efficiency.

Finally, the third choice represents a compromise solution as it corresponds into

use the rated stator flux amplitude of the machine A . In this way, the injection

srated
of magnetizing current in the machine is reduced. At the same time, below the base
speed of the machine, both stator and rotor fluxes amplitudes are not affected by
the torque variations. However, this solution does not allow the full exploitation of
the maximum phase-current limit /

max

leading to a reduction of the maximum
obtainable torque compared to the first two choices. Finally, being the rated stator

flux amplitude of the machine A defined in healthy conditions, this value

s,rated

should be saturated to the maximum value of the optimal stator flux amplitude

Al according with Fig. 3. 6.

s,opt-max >
Once the selection of the stator flux amplitude reference A, has been

performed, this corresponds with the reference value for each unit, as shown in Fig.
3.5.

When the drive scheme employs a single outer controller, usually no torque
sharing strategies are implemented, especially in the case of the maximum phase-
current limits among the units are identical from each other. In this case, balanced
operation of the active three-phase units is performed, corresponding to the most
efficient condition of the machine [10], [11]. In terms of torque reference of the
generic unit k, this condition corresponds to as follows:

*

T, =x,4 i— (3.17)

To exploit the additional degrees of freedom given by the multiple three-phase
structures, it is possible to implement the so called “torque sharing”, i.e. the three-
phase sets can have different torque contributions. In this case, the generic k-unit
torque reference can be defined as follows:

* *

Ty =Xty T (3.18)
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With reference to (3.18), each k-unit torque sharing coefficient 7, , must be

defined to guarantee the following condition:

Zn:xf,z g =1 = ZT =T (3.19)
z=1 z=1

In this way, the sum of the torque references belonging to the units corresponds
to the machine torque reference 7" . Finally, each k-unit torque sharing coefficient

f;, must be defined in order to guarantee the implementation of the k-unit torque

reference T’ Z , according with the k-unit maximum phase-current limit 7

max,k *
In conclusion, independently by the fact if single or multiple outer controllers
are employed, each three-phase unit & is characterized by its own references in terms

flux amplitude A,, and torque contribution 7). Therefore, the DFVC scheme
dedicated to the control of the considered unit £ must be able to guarantee their

regulation, according with the k-unit limitations in terms of DC-link voltage v;c i

phase-current amplitude /7, , and load-angle 3, ,. Therefore, it follows the full

description of the DFVC scheme dedicated to the control of each three-phase unit
k.

3.4 Modular Direct Flux Vector Control (DFVC) scheme

The DFVC scheme of each three-phase unit k& is implemented in the rotating k-
unit stator flux frame (dsk gsk). Therefore, the position of the ds-axis corresponds

with the one 9, , of the k-unit flux vector A, , as shown in Fig. 3. 7.
The load-angle &, of each unit & is defined as the angular difference between
the k-unit flux vector A, and the rotor flux vector A, (Fig. 3. 7).
4 B-axis
< d , -axis

\_\ ~
g-axis .

‘"quk -axis

Fig. 3. 7. Rotating stator flux frame (dsqsx) of a generic three-phase k-unit.
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According with the MS machine electromechanical model (2.119), the k-unit
electric equation defined in the rotating (ds,gsk) frame is computed as follows:

d :
vsk,dqsk = Rsk ’ lsk,dqsk +Z7\‘sk,dqyk +J O }\‘sk,dqsk (320)

where o, represents the synchronous speed of the rotating (dsgsk) frame with

respect to the stationary (a,f3) one. This is defined as follows:

Oy :% (3.21)

Therefore, with reference to (3.20), the k-unit stator electric equation along the
dsk-axis is computed as follows:

) d
Voea, = Roe"lgea, + Exsk (3.22)

It is noted how the dyu-axis voltage component v, , of the unit k allows at

performing the direct regulation of the k-unit flux amplitude A, .

Concerning the regulation of the k-unit torque contribution, it is necessary to
consider the machine electromagnetic torque expression defined in the rotating
(dsk,gsk) frame (2.119):

I= % "Pp 'i(xsk,dqsk X lTsk,quk ) (3.23)
k=1

By isolating the k-unit torque contribution 7, from (3.23), the following result

is obtained:

3 = 3

T=5 P (P, Taan ) =5 2y (i) (324)

It is noted how the k-unit torque contribution can be regulated by means of the

gs-axis current component iy . of the unit k. This can be considered as an

equivalent torque-producing current. Therefore, its regulation allows at obtaining a
high level of decoupling among the (dsgst) control axes compared to a direct
control of the k-unit torque contribution.

In conclusion, for each three-phase unit 4, the Equations (3.22), (3.24) leads to
the following considerations:

* The direct and independent regulation of the k-unit flux amplitude A,

is performed by acting on the dw-axis voltage component v, , of the

unit &;
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* The independent regulation of the k-unit torque contribution 7, is

performed by regulating the gs-axis current component iy , —of the i-

unit, thus acting on the gsw-axis voltage component v,, , — of the unit £.

It follows the full description of the DFVC scheme for the control of a generic
three-phase unit 4. In detail, two regulation type are shown:

e Regulation of both stator flux amplitude and torque contribution by
means of standard Proportional-Integral (PI) controllers;

e Regulation of both stator flux amplitude and torque contribution by
means of Dead-Beat (DB) controllers.

It is shown how the DB-regulation leads to a control structure requiring higher
computational efforts than the PI one, however able to guarantee the best dynamic
performance of the drive.

In schematic way, the PI-DFVC scheme of each three-phase unit & is composed
by the following main blocks:

Control Inputs Elaboration
Flux Observer

Control Structure

e Decoupling Algorithm

Concerning the DB-DFVC scheme, it uses the same blocks of the PI-DFVC
scheme with the addition of the following one:

e Model Predictive Estimator

An in-depth analysis about each of these blocks is reported below.

3.4.1 Control Inputs Elaboration
According with the drive scheme configuration, the inputs of a k-unit DFVC
scheme correspond with the digital values of k-unit currents [isk,abc ]T , k-unit DC-

link voltage v,.," and rotor mechanical position 3, .

In addition, the k-unit duty-cycles [d;abc ]T computed in the previous sample

time instant (t-1) are known. However, they are implemented in the considered one
(t) due the execution delay of the digital controller.
Therefore, the following preliminary operations are performed:

- Reconstruction of the k-unit ideal voltages [vsk_m,’abc ]T ;

- Estimation of the Dead-Time (DT) voltage errors [Gdt_k,abc :'T introduced by
the VSI unit £.
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Both operations lead to the computation of variables defined in the k-unit phase
coordinates (abc)r. Concerning the reconstruction of the k-unit ideal voltages, this
is performed by applying the moving-average operation on (3.4), leading to the
following result:

di
=V * [dz,abc:| - d[t_o (325)
d;

T

':vsk—rec,abc ]T =Vaeu'[C ] [dZ,ach

-0

where:

* * *
Jo= dig+di,+d,
k-0 =
3

(3.26)

Conversely, the estimation of the k-unit DT voltage errors [ﬁdt_k’abc T is
performed using the procedure described in [12], thus requiring the k-unit stator

currents [isk’abc]T .
. . . T .. T .
Finally, k-unit currents [zsk’abc} , k-unit ideal voltages I:vsk—rec,abc:l and k-unit

DT voltage errors [ﬁdkk’abc T are expressed in stationary coordinates (af0), using

the three-phase Clarke transformation defined in (3.6). In this way, the following
stationary variables are defined:

Liapo | =[] [iane |
icrecapo | =[] [Votorecuase | (3.27)

I:‘;dt—k,ocﬁo ]t =[] [ﬁdt—k,abc ]T

For control purposes, the zero-sequence components of the variables are not
used. For this reason, they are discarded, thus allowing the use of the complex

vectors defined in the (a,B) frame.

Concerning the feedback of rotor mechanical position S , this is used to

compute the rotor electrical position 9, as follows:
8, =p,9, (3.28)
The rotor mechanical position is represented as a rotating versor as:
oM =/ :cos(8;)+j-sin(8fn) (3.29)

Finally, the mechanical coordinates (3.29) are elaborated by a conventional
Phase Locked Loop (PLL) in order to compute the rotor mechanical speed ®,, . The

PLL design is not reported, being this beyond the scope of this dissertation [13].
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Once the rotor mechanical speed @) has been obtained, the rotor electrical

speed @ is computed as follows:

T _
O, =p, O

(3.30)

In conclusion, with reference to the execution scheme shown in Fig. 3. 8, the
elaboration scheme of the k-unit DFVC inputs leads to the computation of the

following variables:

- Current vector of the unit & in the stationary (o) frame: ZIE,GB

- Ideal voltage vector of the unit k in the stationary (a,p) frame:

—1
vsk—rec,OLB

- Estimated DT error voltage vector of the unit & in the stationary (a,) frame:

=1
Vit—k,op

- Rotor electrical position: 9,

- Rotor mechanical speed: ®;,

- Rotor electrical speed: ®;

Finally, it is necessary to highlight how the rotor electrical position together
with both mechanical and electrical speeds are shared by the DFVC schemes

belonging the other units.
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Fig. 3. 8. Execution scheme for the control inputs elaboration of the generic k-unit DFVC scheme.
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3.4.2 Flux Observer

The DFVC scheme of each three-phase unit £ is implemented in the rotating -
unit stator flux frame (dsgsk). Therefore, it is necessary to implement a flux
observer to get the k-unit flux vector in terms of amplitude and angular position.

Each unit & uses a flux observer consisting of the combination of two model-
based estimators, as shown in Fig. 3. 9. At high speed, the flux observer is based on
the “stator electric model” (blue-window). Conversely, at low speed, the flux
observer is based on the “rotor electromagnetic model” (red-window). By means of
a “correction mechanism” (green-window), it is established the transition operation
between the two models [14].

~ e

=1 =1 =1

Vk-rec,ap + Vokop + ~Eskap + T, 1 }\‘:k,a[i
——»( ——( —( — > — —e >
T B B I z—1 z 1
di—k,ap -4
Zl: op ~ I Tg\fk op | *
? R 2 () k < O
K ¢ |

v

A
~
t
=

v
‘»1
- 1
T A
i
N qa
Q
=

A\ 4

of > +C ' T, r.dq, |dg,
dq, B » J. z—1 | B

Fig. 3. 9. Flux observer structure for the generic unit &.

According with the MS machine electromagnetic model (2.71), the k-set
electric equation in the stationary (a,f) frame is computed as follows:

Vakap = Ry 'Zk,(xB +Z7Lsk,a[5 (3.31)

The “stator electric model” of the flux observer corresponds with the digital
implementation of (3.31). In detail, with the aim at obtaining the (a,3) components

of the k-unit flux vector Xsk’aﬁ , the direct integration of the k-unit back-emf vector

g 1s performed.

skoc
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The integration of the k-unit back-emf vector is performed by using the
backward-Euler method. In this way, due the execution delay of the digital
controller, a straightforward prediction of the A-unit flux vector for the next sample
time instant (t+1) is obtained.

At high-speed, the “stator electric model” is able to guarantee an accurate
estimation of the k-unit flux vector as both k-unit DT voltage errors and k-unit
resistance detuning have negligible effects on the estimation of the k-unit back-emf
vector.

Concerning the “rotor electromagnetic model”, (2.100) is considered as
follows:

n
7\‘sk,0c[3 = Ll,sk ’ l:vk,o.[} + Lm ' Z lzvz,a[?) + Lm ’ ir,ot[?)

nzzl (3.32)
}\‘r,a[} = Ll,r ’ ir,(xﬁ + Lm ’ Z isz,(xB + Lm ’ ir,(xB

z=1

After some mathematical manipulations, (3.32) is expressed as follows:

Xsk,oc[} = Ll,sk ' Zk,(xﬁ + kr ’ L/,r ’ ZZz,aﬁ + kr ' xr,(xﬁ (333)

z=l1
According with the MS state-space model of the machine (2.150), the state
equation of the rotor flux in the generic rotating (x,y) frame is computed as follows:

%XW = —Li+ J(0 -o, )} Koy + R K, ZIT (3.34)

I

With the aim at removing the motional terms, (3.34) is computed in the rotor
(dr,gr) frame (2.104,c), leading to the following result:

d —

1 - a
Exm,qr - = Merdy +R, K- ZI: Loag (3.35)

The “rotor electromagnetic model” corresponds with the digital
implementation of (3.33) and (3.35), as shown in Fig. 3. 9. It can be noted how the
stator voltage reconstruction is not required, making this estimator quite robust
against the DT voltage errors. For this reason, at low speed, the “rotor
electromagnetic model” allows at performing a good estimation of the k-unit flux
vector. However, this estimator results quite sensitive to the detuning of the rotor

time constant 7, , thus affecting the starting operation of the machine. Concerning

the inputs of this estimator, it is noted how it requires the stationary (o,f)
components of the current vectors belonging to all # units, thus introducing a slight
level of interaction between the » DFVC schemes. However, this aspect does not
affect the modularity of the proposed control solution.
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Finally, by means of the “correction mechanism”, it is possible to establish the
transition electrical frequency (rad/s) between the two models. With reference to
Fig. 3. 9, it corresponds with the k-unit observer gain ®,, implementing the

following transition law:

A

sk,of =

>0

Dc +(e§k’“'3}- = (3.36)

.
P rro, | L) LHoy

where:

- Lrepresents the Laplace variable;

- ksk’aﬁ is the k-unit flux vector estimate provided by “rotor electromagnetic

model”;

A

- Mg qp 1s the k-unit observed flux vector.

According with (3.36), in case of the electrical frequency is lower than o, , the

observed k-unit stator flux vector corresponds with the estimate provided by “rotor
electromagnetic model”. Conversely, it corresponds with the integration of the .-
unit back-emf vector if the electrical frequency is higher than o, .

In conclusion, with reference to Fig. 3. 9, the outputs of the k-unit flux observer
are the following:
- Observed k-unit flux vector in the stationary (o,p) frame: X;kﬂﬁ

- Predicted k-unit flux vector in the stationary (a,) frame: X;,:’]aﬁ

Once the observed k-unit flux vector A* g 1s obtained, by using (3.33), the

sk,ou

observed rotor flux vector A «p 18 computed.

Concerning the positions of both stator and rotor fluxes vectors, they are
represented by rotating versors as:

3 3t
7\‘sk,(x[3 _ }\’sk,(x[?)

O, =e/ V= cos(@i_sk)+j-sin(9;_sk) == = (3.37)
Al A
sk o :
n . irﬂ itﬂ
Oy = ¢/ =cos(8;7, )+ osin (§1, ) = el = Tkl (335)
S ; sl }\'T‘Fl
sk,ap sk
L . Q1 A A if ir
5, =% =cos(§_,) +j-sin(§] ) = ok = (3.39)
el M
r,oB r
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Finally, the observed k-unit trigonometric coordinates (3.37) are elaborated by
a Phase Locked Loop (PLL) to compute the synchronous speed ®;, of the rotating

(dsk,qsk) frame.

In conclusion, with reference to the execution scheme shown in Fig. 3. 10, the
elaboration of the k-unit flux observer outputs leads to the computation of the
following variables:

T

- Observed rotor flux vector in the stationary (a,f) frame: XWB

- Amplitude of observed k-unit flux vector: A7,

- Amplitude of predicted k-unit flux vector: A7}’

- Versor of observed k-unit flux vector: (:);_Sk
T+l

- Versor of predicted k-unit flux vector: ©;",

- Versor of observed rotor flux vector: ©; _,

- Synchronous speed of the rotating (ds,gst) frame: @,

n

-1
Z lsz,(xB
z=I

i;koc + A,
B ‘O ’ +O r,op

T

i
sk,o3 =
Ll,sk
3T =+l
sk s O, 0
7y
v & T+l
| | 7\’sk >
L'C
h—sk
At AT
sk.ap ; O
=+ > PLL ——
A
T
| . | }\‘sk R
2 2
A.r,n'_ﬁ N < ®7L7r R
A
\ 7’;:

Fig. 3. 10. Execution scheme for the elaboration of the k-unit flux observer outputs.
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3.4.3 Model Predictive Estimator

Like for the three-phase drives [15], [16], a DB regulation requires the
prediction of the control variables for the next sample time instant (t+1). Therefore,
the MS state-space model of the machine (2.142) must be converted into its discrete
time equivalent. However, according with [17], this operation is not easy to
perform, especially for a high-order system like the considered one (2.177). For this
reason, as for most of the three-phase predictive controls, the backward-Euler
discretization [17] is proposed.

With reference to the A-unit flux observer, the predicted k-unit flux vector

x;;}aﬁ defined in the stationary (o,p) frame is already available. For this reason,

only the prediction of the k-unit current vector must be performed. With the aim at
performing this operation, (2.141) computed in terms of stationary (a,f3) coordinates
is considered, leading to as follows:

d —
(Gk Ly +cp Ly g ) I Lk ap =

sk

:—{[Rr~:’ +R, ‘(1+ck)}—j'(03r Oy 'Lsk)}Zk,a[s BT

...—i{[(Rr ko—c. Ry )—j(o,c.- L, )} -ZZ’GB} +..
z=1

z#k

...+(i—f-wr}'lk,aﬁ+(1+ck)-ﬂk,aﬁ—2(cz-w)

TV z=1
z#k

(3.40)

To obtain a more compact formulation, the following variables are defined:

Ly=0c,-Ly+c¢-Lg

R, =R - it +Ry -(1+¢;)
sk

Xy =-0,-0,-Ly (3.41)

Rz = Rr ’ kr —-C, - Rsk

XZ :_(DV'CZ.LI

5z
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By replacing (3.41) in (3.40), the following result is obtained:
d

Lk'EZ]@uB_ (Ry+JXi) Tyap Z[ R +j-X.) YZOLB]-"
ok (3.42)
...+(T;1—j‘0)r) xgkq[}—'—(l—i_ck) Vsk,ap Z( AMB)
z=1
z#k

To compute the prediction of the k-unit current vector i ,EJ;IB for the next sample

time instant (t+1), the backward-Euler discretization of (3.42) is implemented,

leading to the following result:

n

(R4 X ) Teag = 2 (R4 XD T |+ -

z=1
z#k

1
+(%;1_]0‘):) X:l:aﬁ+(l+ck) skaB Z(”T _STZOCB)

z=1
z#k

. _ T s
L op = Lk,op +Z_’

(3.43)

1
AT+
where A, 24 corresponds with the bilinear discretization of the k-unit flux vector

[18]. According with the k-unit flux observer outputs, this is computed as follows:

1 T A T
L‘H—E }\4 sk,op +}\'Sk ,ap

Mgeop = 5 (3.44)

The bilinear discretization of the A-unit flux vector is necessary to obtain an
accurate prediction of the k-unit current vector. Indeed, according with the MS
modelling, (3.40) does not represents a state equation because the k-unit flux vector
cannot be considered as state variable. However, this formulation results quite
useful as both observed and predicted k-unit flux vectors are characterized by a
high-level of accuracy.

It is noted how the k-unit predicted current vector is denoted with the
superscript ~, thus giving the meaning of estimated variable. Indeed, (3.43)
represents the implementation of a Model Predictive Estimator (MPE).

Finally, it is noted how the implementation of (3.43) requires high
computational efforts of the dedicated digital controller. In addition, it must be
computed for the » DFVC schemes of the drive, corresponding to the » three-phase
winding sets of the machine.

Similar to the flux observer, it is noted how the MPE requires the stationary
(o) components of both current and voltage vectors belonging to all » units.
Nevertheless, the prediction of k-unit current vector must not be affected by fault
events regarding the other units.

148



Ch. 3 - DIRECT FLUX VECTOR CONTROL OF MULTIPLE THREE-PHASE
INDUCTION MOTOR DRIVES

Therefore, to consider the VSI units’ status, compared to the definition given
in (2.130), the coefficients ¢, and ¢, are re-defined as follows:

Lk

n
oot ~ ~
C, L~ Xf,k , G = c,

1,5z z=1

z#k

(3.45)

Once the k-unit predicted current vector is obtained, the prediction of the k-unit
DT voltage error vector @Tttlk’aﬁ for the next sample time instant (t+1) is performed,
using the same procedure shown in the “Control Inputs Elaboration” block.

Finally, according with the execution scheme shown in Fig. 3. 11, the predicted
k-unit DT voltage error vector in the rotating (ds,gsk) frame

=1+]

Vik.dq, 18 computed.
This operation is performed by means of the rotational transformation (2.105),

using the trigonometric coordinates of to the k-unit predicted flux vector (?);flsk .

In conclusion, with reference to the execution scheme shown in Fig. 3. 11, the

prediction of the k-unit current vector components leads to the computation of the
following variables:

Predicted k-unit current vector in the stationary (o,3) frame:

1+l
ZSI‘CE,OLB
- Predicted k-unit DT voltage error vector in the rotating (dsk,gsk) frame:
g g q
=1+l
Vit-k.dg,,
g
%‘r
1+n,
el MPE
il_
Snod Stator Current
AL . 4. -
sk Prediction Z/ftlp‘
AT+ . — >
hskap | Unit L . .
X% Dead-Ti Var-kop |ap /| Vir-k.dg,
£ len cad-Time R n
=) Eq.(3.43) Computation | g,
O)T I TS R A
z—1 (:);»tlsk
Rsl—n Ll,s1+n Lm Rr Ll,r

Fig. 3. 11. Execution scheme for the prediction of k-unit stator current vector and A-unit DT voltage
error vector.
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3.4.4 Control Structure

The k-unit DFVC scheme uses a control structure which is similar to the one
defined for the three-phase drives [7]. In this dissertation, two configurations of the
k-unit DFVC structure are shown, corresponding to the implementation of PI and
DB regulation types. To avoid confusion, these are described separately.

Control structure using PI controllers

With reference to the execution scheme shown in Fig. 3. 12, the structure of the
k-unit PI-DFVC scheme is composed by several blocks, thus implementing
different control features. These are classified as follows:

o Stator flux amplitude limitation (green blocks)
o Torque-producing current limitation (yellow blocks)
o Unit control (blue block)

The “unit control” corresponds with the regulation of the k-unit flux amplitude
and the &-unit torque-producing current. For the considered case, this is performed
by means of PI regulators.

T
Vidck | Max Voltage
Eq.(3.46) .
Vsk—max
T v T
g Max Flux sk,max
—

Eq.(3.50)
R T [ Mok

Rsk

Lo Lok d sk .
Isk.ap [ap tdg,, @ —— Unit |

dqsk

N - . P Control |,
®;—sk T} El_'|:, — Lste.q, J|Fig. (3.15)
T T I
v T _ Sy
Imax,k Max Current Lk qqy—Mmaxi
| Eq.(3.52)
T max
6max,/c Max Load - Angle lsk,qu ~lim3 min
- Fig.(3.14)
T T T T PI-DFVC Structure
R R Unit &

2 —r o -
kSk,(XB lsk,(xB ®7»—r Lk

Fig. 3. 12. PI-DFVC structure for the control of the generic unit .
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Because a regulation type using PI controllers is considered, the computation

of the k-unit current vector in the rotating (d.gst) frame i dq, 18 performed.
Therefore, by using the trigonometric coordinates of the observed k-unit flux vector
®; ;. the rotational transformation (2.105) on the k-unit current vector Z,f’aﬁ
defined in the stationary (o) frame is implemented (Fig. 3. 12).

Concerning the observed k-unit flux amplitude ?A»;k , this is provided by the -

unit flux observer, as shown in Fig. 3. 9.

Stator flux amplitude limitation

The PWM voltage control of each VSI unit £ is performed using the ‘Min-Max’
modulation [9]. As a consequence, the k-unit phase-voltage limit is computed as
follows:

T v:ic,k
Vk-max = \/g (346)
By computing the k-unit electric equation (3.20) in steady-state conditions, the
following result is obtained:

Vikda, =R Lpaq, 7 Og - N aq, (3.47)

Therefore, according with the k-unit phase-voltage limit, (3.47) is subjected to
the following constraint:

Zk,dqlsk | = V;:kfmax (348)

Finally, by combining (3.47)-(3.48), after several mathematical manipulations,
the k-unit flux amplitude limit is computed as follows:

2 .
A< \/Vsk—max - (Rsk ’ [sk,dxk ) —Ry - [sk7q5k ) Slgn(msk)
sk =

O

(3.49)

Therefore, with reference to (3.49), the computation of the k-unit flux amplitude

limit A}, , . is implemented as follows:

I =k

sk—max A—max

~ 2 ~
T 2 - T -T . JaN
\/vsk—max o (Rsk Yk, ) - Rsk Lk g, "SIEN ((DSk )
/ (3.50)
O

where k, . represents the exploitation degree of the k-unit DC-link voltage. This

gain must be designed to guarantee a proper voltage margin to the k-unit inner
controllers, especially when flux-weakening operation is performed. A reasonable
value of such gain is 0.9, thus corresponding to 90% utilization of the k-unit phase-
voltage limit.
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With reference to the execution scheme shown in Fig. 3. 12, the k-unit flux

amplitude reference k:k is eventually saturated to the limit (3.50), thus allowing

the proper operation of the unit £ under its voltage constraint (3.46). It is noted how
(3.50) allows to implement a straightforward flux-weakening regulation law,
without employing any outer voltage controller.

According with both references of k-unit flux amplitude K:k and k-unit torque

K

1, k* , the computation of the k-unit torque-producing current reference iy , s

performed. This operation corresponds with the digital implementation of (3.24)
performed as follows:

(g, =5t (3.51)

Nevertheless, (3.51) must be limited according with the £-unit maximum phase-

current amplitude 7, , and k-unit maximum load-angle &

3. 12.

as shown in Fig.

max.k >

Torque-producing current limitation

With reference to the execution scheme shown in Fig. 3. 12, the k-unit torque-

*

producing current reference i

s.q, 1S subjected to two consecutive limitations,

corresponding to the constraints of k-unit maximum phase-current amplitude 7, ,

and k-unit maximum load-angle 6,,,. ;-

Concerning the constraint of k-unit maximum phase-current amplitude, it leads

to the definition of the saturation limit indicated as i (Fig. 3. 12).

sk,qy —maxi

According with the dsw-axis current component of the unit 4, this is computed as
follows:

3 = ack” —i5ka,” (3.52)

lsk,qsk —max i

The limit (3.52) is applied independently by the sign of the torque-producing
current reference. Therefore, it leads to the following saturation law:

*

lSk’qsk

< (3.53)

sk,qg —max i

Concerning the constraint of k-unit maximum load-angle, the magnetic
equation (3.33) is considered. After some mathematical manipulation involving
(3.41) and (3.45), this is expressed as follows:

Xsk,otB = ka,ocB +1L, ":k,aﬁ (3.54)
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where:

}\“bk,(xﬁ = kr 'Ll,r ’ ZZZ,U,B + kr ’ 7\‘r,OLB (355)
z=1
z#k

For convenience, from now on the variable A ., is named as “k-unit base flux

vector’. To highlight the relationship between the equation system (3.54)-(3.55) and
the k-unit load-angle J,, , the vector diagram is shown in Fig. 3. 13. According with

this, after some trigonometric considerations, the following equation is computed:

=7Lﬂ-sin(83k 9, i 19,,) (3.56)

k

Lok Ak

where A,, and 9, ,, correspond with amplitude and position of the k-unit base flux

vector respectively. Concerning the position of the k-unit base flux vector, this is
defined with respect to the stationary o-axis by considering an anticlockwise
rotation direction, as shown in Fig. 3. 13.

According with the k-unit maximum load-angle 6 (3.56) is subjected to

max k>

the following constraint:

6sk

<3 (3.57)

= Ymax,k

Therefore, by combining (3.56)-(3.57), the operative limits of the torque

*

producing current reference i are computed as follows:

sk sk

~9, i +9, ) (3.58)

A * A
bk | i - bk . i
- -sm(SmaLk +8 —SkF) S gy, S 7 -sm(SmaLk

Lk k

-axis , - axi
q B - axis ’dsk axis

g - axis

Ly iy

> (k-L,-1.)

N ‘| sk z=l,z#k

! = » ( -axis
~~~~~ ] 9 — A
el I bk kr . 7»,, f
~~~~~ 1 8}_—1
1
~~~~~~~ oL - axis

Fig. 3. 13. Vector diagram representing the magnetic model of the generic unit £.
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As a consequence, it is proposed the digital implementation of (3.58),
corresponding to the execution scheme shown in Fig. 3. 14. By means of it, the &-

max

unit torque-producing current limits 7, 4, —tims| . implementing the k-unit load-
> min

angle limitation are computed. These limits are then used to implement the

¥

saturation of the k-unit torque producing current reference i, , , leading to the

computation of its definitive value, as shown in Fig. 3. 12.

It is noted how the k-unit load-angle limitation is performed without the use of
any external controller [7], leading to a model-based regulation that avoid
demanding tuning procedures.

With reference to [19], in balanced operation of the units, the load angle limit
that avoid pull-out corresponds with 45 electrical degrees, thus performing the
Maximum Torque per Voltage (MTPV) drive operation. However, in the proposed
control solution, arbitrary values of the k-unit load angle limit can be set, obtaining
the highest degree of modularity of the proposed control solution.

max

—
7\.;/{,0([3 + 7\,17/(,(15 - ®7\,—bk 'Smax,k _» sk,q,—1limd min
g ] ] & E T

—;

Fig. 3. 14. Execution scheme performing the load angle limitation of the unit £.

Once the k-unit references in terms of flux amplitude X:k and torque producing

current i, are computed, the unit control is performed, as shown in Fig. 3. 12.

sk

Unit Control

The unit control corresponds with the regulation of the k-unit flux amplitude
and the k-unit torque-producing current. A regulation type using two PI controllers
is considered, as shown in Fig. 3. 15. The first PI controller implements the closed
loop regulation of the k-unit flux amplitude according with the feedback provided
by the k-unit flux observer. The second controller implements the closed loop
regulation of the k-unit torque-producing current according with the feedback
provided by the k-unit measurements. It follows the analysis and design of both
regulation loops. However, to avoid confusion, they are considered separately
below.
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T
Vsk—max
vsk,dsk —max

Vi T+l
> sk,q, —max
v T
7\‘* A2
sk Stator .
Flux + | sk,dy
o Amplitude +C —
— | PI - Controller T y
dsk 7ffw
T
sk—max 1 > 42_ .
L) > F;'k
——»
T ,
sk,q,, —max -

ok v
Lok

T4w | Torque- |-

Producing + o

;T — > —
Lsk,q,, Current A —

— *| PI - Controller T F

qq—fiw

Fig. 3. 15. Execution scheme of the unit control £ by means of PI controllers.

Design of flux amplitude control loop

The k-unit stator electric equation along the ds-axis (3.22) is considered. For
convenience, this is further reported below:

Vota, = Rox "lgea, +E7\‘sk

(3.59)

According with (3.59), the dwu-axis voltage component v , —of the unit &

allows the direct regulation of the k-unit flux amplitude A, . Therefore, by means

of the simplified schematic scheme in the Laplace domain shown in Fig. 3. 16, the
design of the PI controller implementing the k-unit flux amplitude regulation is

7\’sk

\4

performed.
%k
Ve, v Ry igq
A J ;
% % -
sk + L-k,, +k; + dy 1 dy + 1
— 5 Pl bho —p I 5 —
T
sk
=1 |«
Observation

Fig. 3. 16. Schematic block of the A-unit flux amplitude regulation loop.
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The PI flux controller gains are the proportional gain &, and the integral
gain k;, . The effects of both DT voltage errors and parameter detuning are

neglected in flux estimation.

Finally, to take in account the execution times of both digital controller and
PWM modulator, the VSI unit £ is modelled as a delay element (yellow block)
whose time constant 7, is defined as follows:

1, =15T, (3.60)
With reference to Fig. 3. 15 and Fig. 3. 16, the k-unit flux amplitude regulation

consists of the combination of the flux amplitude PI controller plus a feed-forward

. *
compensation v, _, defined as:

V:gk— v = Rsk ) isrk,a'sk (3.61)

The feed-forward term (3.61) allows at improving the performance only when
the resistive drop is relevant. Otherwise, this compensation results quite useless.
Concerning the design of the PI gains, it is considered the open-loop transfer
function H,, (L) of the schematic block shown in Fig. 3. 16. This is computed as

follows:

ki,ksk 1 1
Hkk(ﬁ)z(kpmsk-i_ I J‘z.1+£-‘t (362)
d

With reference to (3.62), the asymptotical Bode plot of the open-loop transfer
function magnitude is shown in Fig. 3. 17. The Bode frequency (rad/s) is denoted
with the symbol .

\

0dB

Fig. 3. 17. Asymptotic Bode plot of the open-loop transfer function magnitude for the A-unit flux
amplitude regulation loop.
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By performing the computation of both magnitude and phase belonging to the

open-loop transfer function (3.62), the following results are obtained:

2
) 1+(Wl.€kp,ksk \]
H \V _ i sk . i,\sk
| Mk ( )| \Ijz 1+(\V’Ed )2 (3.63)

v kp,xsk

ZH,, (\p):—n+arctan( ]—arctan(\u-rd)

i,Ask

By computing (3.63) at the cross-over frequency v, , when the open-loop

transfer function exhibits unitary magnitude (0 dB), the following equation system

2
1+ [\Vc,kk 'kp,xsk j
kz‘,ksk . ki,}usk — 1

Wi,kk 1+(\|JCM ‘T, )2

is obtained:

(3.64)

Wc,kk : kp,ksk

Ok = arctan[ ]—arctan(\ut,kk -’Ed)

i,\sk

where ¢, ,, represents the phase-margin of the k-unit flux amplitude regulation

pm,A
loop. Finally, by performing several reasonable approximations, (3.64) is simplified
as follows:

kp,ksk = \Vc,kk
2
Ve ak

tan [‘bpm,xk + arctan (‘Vc,xk Ty )]

(3.65)

ki,ksk =

i
(|)pm’x,( < E—arctan(q;c’xk .rd)

According with the computation of the closed-loop transfer function, the cross-
over frequency results very close to the bandwidth (rad/s) of the k-unit flux

amplitude loop. Therefore, when the crossover frequency becomes equal to the
reciprocal of the VSI time constant t,,', the theoretical limit of the bandwidth is

reached, leading to the following result:

_ 1 f.
< ! = < = <=3 3.66
Ve =Ty Wk 15.T Wk 15 ( )

N

where f, represents the switching/sampling frequency (Hz).
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Finally, by combining (3.66) with (3.65), the following equation system is
obtained:

kp,xsk =Wk
2
Wk

tan [¢pm,m + arctan (\uc,x,{ ‘T, )]

ki,xsk =

(3.67)

i
(I)pm,xk < 5— arctan (WC,?»k T, )

-1
Yok <Tg

According with the selected values of bandwidth and phase margin, the design
of the PI controller implementing the k-unit flux amplitude regulation is performed
using (3.67). It is noted how this does not depend on the k-unit parameters, nor the
k-unit operating point.

Concerning the voltage margin of the k-unit flux amplitude regulation, this is

limited to a predefined value denoted with v, as shown in Fig. 3. 15. In this

way, a useless reduction of the voltage margin for the k-unit torque-producing
current regulation is avoided. However, the limit v, _,, must ensure the k-unit

flux amplitude regulation in all operating conditions.
Finally, the output of the A-unit flux amplitude regulation corresponds with the

dsi-axis voltage reference V:k, 4, of the unit k. However, due the execution delay of

the digital controller, this is applied in the next sample time instant (t+1). Therefore,

according with (3.46), the maximum value of the gsu-axis voltage reference

T+l
vsk,qs —ma

. of the unit & for the next sample time instant (t+1) is computed as follows:

T+l _ T 2 * 2
vsk,qufmax - \/vskfmax - Vsk,dxk (368)

In conclusion, because (3.59) does not contain any coupling term with the other
units, the &-unit flux amplitude regulation is performed using the ds-axis voltage
component of the unit & directly. Therefore, no decoupling action is required.

Torque-producing current loop design

The k-unit torque-producing current corresponds with the gs-axis current
component of the unit k. Therefore, if (2.141) is computed in the rotating (dsk,gsk)
frame then:

158



Ch. 3 - DIRECT FLUX VECTOR CONTROL OF MULTIPLE THREE-PHASE
INDUCTION MOTOR DRIVES

d —
(Gk Ly e Ly ) T Lk dg, =
k, . -
= _{|:Rr T +Ry '(1+ck )}'] '|:(Dsk '(Gk Ly +c¢; 'Lz,sk)_@r Oy ‘Lsk]}'lsk,dqyk +e.
sk

SR k=R = (0,1 )] T o
z=1

z#k

n

1 . = _ _
...+(T——] JoR -ksk’dqu +(1+ck)~vsk,dqu —Z(cz 'vsz,dqsk)

' vt
(3.69)
By isolating the gst-axis component from (3.69), then:
d .
(Gk Ly e Ly ) k=
k, . ;
= _{|:Rr . p +Rsk ‘(1+Ck) “Lieg, +[msk -(Gk -Lsk +c, -Ll,sk)—(or e -Lsk]lsk’dﬂ}ﬁ..
sk
e DNk = Ry )iy —(0, e Ly )iy [
2
=@, g (16 ) Vg, —Z(cz ~vsz’qu)
i
(3.70)

To obtain a compact formulation, (3.41) is replaced in (3.70), leading to as
follows:

n

d . . . . .
Lk '_lsk,q = _Rk .lsk,qv _ka 'lsk,d_ - Rz 'lsz,qv +Xz .lsz,d_ +...
dt sk sk sk sk sk

z=1

z;tnk (371)
-, '}\“Sk +(1+ck).V5kaqu _Z(CZ 'Vsz,qsk)

z=1
z#k

where:

Xy =0y L —®,-0,-Ly (3.72)
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With reference to (3.71), the gs-axis voltage component v, .~ of the unit &

allows to perform the regulation of the k-unit torque-producing current iy , .

However, according with the MS modelling, there are relevant coupling effects
between the units. Both are reported under the summation operator in (3.71). The
first coupling effect is in terms of current while the other one in terms of voltage.

Because of the voltage coupling, the k-unit torque-producing current is partially
controlled also by the regulators belonging the other units. For this reason, the
output of the k-unit torque-producing current regulator must not be considered as
gsk-axis voltage reference of the unit k. Otherwise, this would lead to relevant
conflicts with the torque-producing current regulations performed in the other units,
causing the instability of the machine control scheme [20].

With the aim at solving this issue, it is proposed to consider the output of each
torque-producing current regulator as combination of the voltage references
belonging to all n units. Therefore, according with (3.71), the k-unit torque-

producing current regulator output is defined as follows:

n

=(1+¢) Vg, =D (Ve ) (3.73)

z=1
z#k

F,

sk sk

As a consequence, (3.73) is replaced in (3.71), leading to the following result:

d . . : C : ,
Lk .zlsk,qsk = _Rk ) lsk,ql.,f - ka ) lsk,dxk - Z[Rz ) lsz,qx,f + Xz ’ lsz,dsk :| +o.
t — (3.74)
z#k

...-(Dr .}\‘Sk +F;kaqu

To obtain a compact formulation, the following variable is defined:

n
quk = ka ) isk,dsk + Z I:Rz ’ isz,qsk + Xz ’ isz,dxk :' + ®, }\’sk (375)
z=1

z#k

Finally, by replacing (3.75) in (3.74), it is obtained as follows:

d

Lk 'Eigk,q&k = —Rk * isk’q&'k - fq.sk + F‘;k’qsk (3.76)

Therefore, by means of the simplified schematic scheme shown in Fig. 3. 18,
the design of the PI controller implementing the k-unit torque-producing current
regulation is performed. With reference to it, the Equation (3.76) is modelled using
the green blocks. Conversely, the red blocks implement the k-unit torque-producing
current regulation. It is noted how the PI torque-producing current controller is

modelled by means of the conventional proportional &

»ig, andintegral k;;, ~ gains.

Concerning the k-unit torque-producing current measurement process, this is
considered ideal.
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Measurement

Fig. 3. 18. Schematic block of the k-unit torque-producing current regulation loop.

According with (3.76), the yellow block is representative of the all VSI units.
However, the transfer function defined for a single one (3.60) can still be considered
valid.

With reference to Fig. 3. 15 and Fig. 3. 18, the k-unit torque-producing current
regulation consists of the combination of the torque-producing current PI regulator

plus a feed-forward compensation F[Z - According with (3.75), the last should

k.

be computed as follows:

Fy =X g, + Y| Ril, + Xk, |+op-is, (3.77)
gt

It is noted how (3.77) needs the (dsk,gsx) components of the current vectors
belonging to the other (n-1)-units, thus requiring high computational efforts of the
dedicated digital controller. Indeed, this operation must be performed for the
torque-producing current regulations belonging to all n-units, thus leading to the
implementation of (n-1)*> additional rotational transformations. However, in the
case of balanced operation of the machine, (3.77) is drastically simplified as

follows:

Fyogp =Xy i, + Q[ REvily + XD, Jroldl (G78)
!

Compared to (3.77), (3.78) needs the (ds:,qs:) components of the current vectors
belonging to the other (n-1)-units. Nevertheless, according with the control
structure shown in Fig. 3. 12, these are already computed in the DFVC schemes of
the other units. Therefore, no additional rotational transformations are required.
Nevertheless, by accepting a slight performance drop of the A-unit torque producing
current regulation, (3.77) can be further simplified as follows:

* ~

Fqsk_ﬁw = X]’{rk ) i;k,dsk + (DZ ’ 7\':;]( (3.79)

Compared to (3.77), (3.79) corresponds with the simple compensation of the k-
unit back-emf contribution plus the cross term related to the ds-axis current
component of the unit k, thus neglecting the coupling effects in terms of current.
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However, this operation does not imply any instability in the k-unit torque-
producing current regulation. Indeed, because each three-phase winding set is fed
by a VSI, the coupling effects among the units in terms of current must be
considered as simple additive disturbance in the k-unit torque-producing current
regulation. Therefore, its compensation is not mandatory.

Concerning the design of the PI gains, it is considered the open-loop transfer

function H, (L) of the schematic block shown in Fig. 3. 18. This is computed as

follows:

ki 1 1
H,(L£)= k,; +—%|- : (3.80)
ok L 1+L"Cd Rk+£.Lk

The design of the torque-producing current PI regulator can be performed in
many ways. In this case, the pole-zero cancellation method is proposed,
corresponding into making coincident the PI’s zero with the k-unit pole. In terms of
mathematical formulation, this operation is expressed as follows:

ki R
— =k (3.81)

kp’iqsk Lk

By replacing (3.80) in (3.81), the open-loop transfer function is simplified as
follows:

Kpie 11
H,(L)= : — (3.82)
L, 1+L-t; L

With reference to (3.82), the asymptotical Bode plot of the open-loop transfer
function magnitude is shown in Fig. 3. 19.

4 |Hik (‘V)|
N
—20dB/dec
0dB T,
» log), (\V)
\V;,ik

—40dB/dec

Fig. 3. 19. Asymptotic Bode plot of the open-loop transfer function magnitude for the k-unit
torque-producing current regulation loop.

162



Ch. 3 - DIRECT FLUX VECTOR CONTROL OF MULTIPLE THREE-PHASE
INDUCTION MOTOR DRIVES

By performing the computation of both magnitude and phase belonging to the
open-loop transfer function (3.82), the following results are obtained:

k.
|Hik (‘lf)|: Pt l 1

L v \1+(y-t,)

(3.83)

ZH, (y)= —g—arctan(w-rd)

By computing (3.83) at the cross-over frequency v, , corresponding to the

condition in which the open-loop transfer function exhibits unitary magnitude (0
dB), the following equation system is obtained:

kpi 1 1
L Weu 1+(\|}C’ik-’td)2

=1
(3.84)

O ik = g —arctan (\Vc,ik "Ta )

where ¢, ., represents the phase-margin of the k-unit torque-producing current

regulation loop. Finally, by performing several reasonable approximations, (3.84)
is simplified as follows:

kp,iqs,c = \I/c,ik ) Lk
n (3.85)
(I)pm,ik = E —arctan (Wc,ik ’ Td )

Because of the initial condition (3.81), it is noted how (3.85) does not allow the
setting of both phase-margin and cross-over frequency, thus making necessary to
perform a trade-off choice among the desired values of these. Therefore, in case the
phase-margin is chosen as main variable, by combining (3.81) and (3.85), it is
obtained as follows:

o L
Pty Td 'tan((bpm,ik) 3 86
R, -

ki =

Aask ‘Ed'tan((l)pm,ik)

Conversely, by choosing the cross-over frequency as main variable, the
combination of (3.81) and (3.85) leads to as follows:

{kp,iqsk = Wc,ik ' Lk

3.87
ki,iqsk =V, ik Ry ( )
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According with the computation of the closed-loop transfer function, the cross-
over frequency results very close to the bandwidth (rad/s) of the A-unit torque-

producing current regulation loop. Therefore, when the crossover frequency
becomes equal to the reciprocal of the VSI time constant rj, the theoretical limit
of the bandwidth is reached, leading to the following result:

_ 1 f
<ty ., < =y, , <2 3.88
\Vc,zk d Wc,zk 15 . T \Vc,lk 15 ( )

N

By replacing (3.88) in (3.85), the phase-margin limit condition is computed as
follows:

/I
<= 3.89
5 (3.89)

—= d)pm,ik

4

Therefore, by replacing (3.89) in (3.86), the following equation system is
obtained:

Ly
T, - tan (¢pm,ik )
~ Rk

i9iqsk -
T, - tan (¢pm,ik )

p *lq.vk

(3.90)

T T
—< ¢pm,ik <z

4 2

By replacing (3.88) in (3.87), the following equation system is obtained:

kp,iqsk = Wc,ik ’ Lk
ki =W R (3.91)

-1
Vi STy

With reference to (3.90) and (3.91), according with the trade-off choice among
the desired values of bandwidth and phase margin, the design of the PI controller
implementing the k-unit torque-producing current is performed. Compared to the .-
unit flux amplitude regulation, it is noted how the one for the k-unit torque-
producing current strictly depends by the k-unit parameters.

Finally, with reference to Fig. 3. 15, the voltage margin of the A-unit torque-

producing current regulation F . 18 computed as follows:

Sksqsk —m
2_*r 2
F;lli,qu —max — \/Fslltc—max - vsk7dsk (392)
where F,_,  corresponds with the voltage limit of the unit control k. This value

must be defined to ensure the k-unit torque-producing current regulation in all
operating conditions. However, as the output of the A-unit torque-producing current

164



Ch. 3 - DIRECT FLUX VECTOR CONTROL OF MULTIPLE THREE-PHASE
INDUCTION MOTOR DRIVES

regulation F, ]

sk,q, corresponds with the definition given in (3.73), F; ... mustbe

defined according with the implemented torque-sharing strategies. However, in the

case of balanced operation of the machine, F, can be set equal to the k-unit

sk—max

phase-voltage limit v

sk—max >

T _ T 2 * 2
F;k,qd_k —-max ~ \/vsk—max - vsk,dsk (393)

In conclusion, due to the voltage coupling among the units, the k-unit torque-

leading to as follows:

producing current regulation cannot be performed using the gs-axis voltage
component of the unit k directly. Therefore, according with (3.73), the k-unit
torque-producing current regulator output must consist in a linear combination of
the gsi-axis voltage references belonging to all units. As consequence, with the aim
at extrapolating the gs-axis voltage reference of the unit &, a decoupling action must
be implemented.

DFVC structure using DB controllers

With reference to Fig. 3. 20, the structure of the k-unit DB-DFVC scheme is
similar to that using the PI controllers (Fig. 3. 12). Indeed, because in this case a
DB-regulation is performed, the main difference among the two structures consists
of the definition of the unit control block.

Because the k-unit DB-DFVC scheme performs a predictive regulation of -
unit flux amplitude and A-unit torque producing current, the computation of the

predicted k-unit current vector in the rotating (ds,gsk) frame ilfj%k is performed.
Therefore, by using the trigonometric coordinates of the predicted k-unit flux vector

@fﬂlsk , the rotational transformation (2.105) on the predicted k-unit current vector
defined in the stationary (o,p) frame i,f;lﬁ is implemented (Fig. 3. 20).

Concerning the predicted k-unit flux amplitude 71’;;1 , this is provided by the -

unit flux observer, as shown in Fig. 3. 9.

Unit Control

According with the DB approach [15], [16], the k-unit control corresponds with
the predictive regulation of k-unit flux amplitude and k-unit torque-producing
current. However, compared to a Model Predictive Control (MPC) scheme, no cost
function is implemented. Indeed, with the aim computing the k-unit control outputs,
the k-unit DB regulation uses the discrete k-unit electromagnetic equations, leading

the execution scheme shown in Fig. 3. 21.
For the sake of clarity, it follows a brief description of the DB regulation.
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T
Vdck | Max Voltage
> Eq.(3.46) .
v

\4 T

@;k Max Flux sk,max
" Eq.(3.50) j
~ * % v
RskT o Ak =] Mgk
] ———— ¢ >
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1+l 1+l l iTH
Lic,ap [ap Lk, dg,, @ sk Unit N
af [ F
P : Control | _s¢
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O) EI . Sk 4y |Fig.(3.21)
] -‘E S{‘ dqs/
max,k Max Current Lsk,q, —max i
Eq.(3.52) .
-T
8max,k Max Load - Angle 'sk.q,limd ’min
Fig.(3.14)
. T T T T DB -DFVC Structure
A Unit k

T T ~T g
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Fig. 3. 20. DB-DFVC structure for the control of the generic unit k.

Vsk—max
vsk,dsk —max
vi T+
— vsk,qsk—max
v Uy —u
7\‘* 22
sk Stator Flux *
. Amplitude — Vsk.d,
Tt DB - Controller —~
sk
—> Eq.(3.96)
v %k
sk—max 1 2 ol 7
— |y —uy [ Fy
T
Sk:Q.:k_max >
K v
Lsk q
otk Torque - F*
. A
» Producing Current 1 Lsk,g,
Lik,q,, DB - Controller ~—
— Eq.(3.100)

Fig. 3. 21. Execution scheme of the unit control £ by means of DB controllers
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Because of the digital controller execution delay, the k-unit control outputs are
applied in the sample time instant (t+1), thus defining the values of the k-unit state
variables for the next step (1+2). As a consequence, by considering the backward-
Euler discretization of each k-unit state equation [17], it is possible to assert as
follows:

=T (3.94)

where x, represents the generic k-unit state variable whose dynamic evolution is
established by the generic k-unit forcing term f, .
Therefore, with the aim at setting the value of the generic k-unit state variable

to a reference target xz , (3.94) must be inverted as follows:

* T+l
= % (3.95)

S

The application of (3.95) corresponds into implementing a DB regulation of the
generic k-unit state variable. As a consequence, with reference to the k-unit control
scheme shown in Fig. 3. 21, both regulations of k-unit flux amplitude and k-unit
torque-producing current correspond to the implementation of (3.95) on their
respective control equations. However, to avoid confusion, they are considered
separately below.

Deadbeat regulation of stator flux amplitude

The k-unit stator electric equation along the ds-axis is considered. Therefore,
the application of (3.94) on (3.59) leads to as follows:

.~
* _ D T+l }\’sk _%’sk
Voea, = R “lgea, +—T (3.96)

N

With reference to (3.96), the DB regulation of the A-unit flux amplitude results
quite simple and robust, especially in the high-speed range of the machine. In these
operating conditions, the k-unit flux observer allows at obtaining an accurate
prediction of the k-unit flux amplitude, thus leading to high regulation performance
of (3.96).

As regards the estimation error on the predicted value of dsw-axis resistive
voltage drop, this has negligible effects on the A-unit flux amplitude regulation,
especially in case of the k-unit stator resistance exhibits a low value.

Like for the PI-DFVC scheme, the voltage margin of the A-unit flux amplitude

regulation is limited to the predefined value vy , thus leading to the same

—max ?

considerations (Fig. 3. 21).
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Finally, with reference to the execution scheme shown in Fig. 3. 21, the

maximum value of the gs-axis voltage reference v of the unit £ for the next

sk ,qg —max
sample time instant (t+1) is computed as in (3.68).

In conclusion, the regulation of the k-unit flux amplitude using a DB controller
is quite similar to one defined for the PI-DFVC scheme. The only difference is
related to dsk-axis voltage reference computation, which is performed by means of
a predictive algorithm, thus without using any PI regulator.

Deadbeat regulation of torque-producing current

Like for the PI-DFVC scheme, the output of the k-unit torque-producing current
regulation must be defined as (3.73), thus leading to the same considerations.
Therefore, the application of (3.94) on (3.76) is considered, leading to as follows:

K T+l
~ ~ 1 —1 ~
* _ T+l skoqg  “sk.qg T+l
skqy Rk ' lSkaqu + Lk ) T + ‘f;[sk (397)
s
where:
n
71+l _ oyt T+l DT T+l vt T+l T AT+l
Jpqu - ka ' lsk,dxk + Z[Rz ' lsz,qsk + Xz ' lsz,dsk :| + (Dr ’ }\’sk (398)
z=1
z#k

Similar to (3.77), the Equation (3.98) needs the predicted (ds,gsx) components
of the current vectors belonging to the other (n-1)-units, thus requiring high
computational efforts of the dedicated digital controller. Indeed, this operation must
be performed for the torque-producing current regulations belonging to all z-units,
thus leading to the implementation of (n-1)? additional rotational transformations.
However, in the case of balanced operation of the machine, (3.98) is drastically
simplified as follows:

Frt = Xpoigs, + Y[Rz + X205 J+er Ay (3.99)
z=1

z#k

Compared to (3.98), (3.99) needs the predicted (dsz,gsz) components of the
current vectors belonging to the other (n-1)-units. Nevertheless, according with the
control structure shown in Fig. 3. 20, these are already computed in the DB-DFVC
schemes of the other units, thus without requiring additional rotational
transformations.

In any case, with reference to (3.97), it is noted how the k-unit torque-producing
current regulation could be characterized by steady state permanent error. The main
causes are the employed discretization method and the machine parameters
detuning. Concerning the backward-Euler discretization, it loses its accuracy when
the ratio between the sampling frequency and the fundamental electrical frequency
of the machine becomes too low (< 20).
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With the aim at solving this issue, the proposed implementation of the k-unit
torque-producing current regulation is:

* _p Tt sk,q 71+l T
seq, =R iy, L EE-— + qu + feomp (3.100)
s
where:
T _ -l ¥ .7
fcomp - f;‘omp + ]; ’ kcomp '(lsk,qu _lsk,qu ) (3101)

It is noted how (3.101) represents an integral regulation of the A-unit torque-
producing current. Nevertheless, this must be designed just to compensate the
inaccuracy of (3.97). As a consequence, the steady state permanent error converges

to zero with a dynamic related to both integral gain value £ and allocated

comp
voltage margin for the integral regulation (a good compromise is 5+10% of the .-

unit phase voltage limit v

mae )- 1t 18 necessary to highlight how the integral
compensation (3.101) does not affect the dynamic behaviour of the k-unit torque-
producing current regulation but only the steady state operation.

Finally, like for the PI-DFVC scheme, the voltage margin of the k-unit torque-

producing current regulation is limited by the value F (Fig. 3. 20), thus

sk,qg —max
leading to the same considerations.

In conclusion, the regulation of the k-unit torque-producing current using a DB
controller is quite similar to one defined for the PI-DFVC scheme. The only
difference consists of the output computation which is performed by means of a
predictive algorithm. However, with the aim at compensating the inaccuracy of this
last one, a slight integral compensation action must be implemented.

3.4.5 Decoupling Algorithm

Regardless of the regulation type performed in the k-unit DVFC scheme, the
outputs of this correspond to as follows:

. . *
- dg-axis reference voltage of the unit k: vy ,

- gsk-axis reference voltages combination belonging to the all units: FSZ ”

With reference to the figures of this chapter, for the generic unit & this couple
of values is merged in a single vector indicated as F, .

Therefore, with the aim at extrapolating the gs«-axis reference voltage of the
unit k£, a decoupling algorithm must be implemented. In this way, both (ds,gsk)
reference components of the k-unit voltage vector are obtained, thus allowing their
elaboration in order to compute the duty-cycle commands of the VSI unit £, as
shown in Fig. 3. 22.

It follows the mathematical description of the decoupling algorithm.
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Fig. 3. 22. Execution scheme for the computation of the duty-cycles belonging the all VSI units.

With reference to (3.73), the output of each k-unit torque-producing current
regulation is defined as follows:

n

Fig =(148)vi, =D (& v, ) (3.102)
z=1
z#k
where:
v:k,qgk represents the reference k-unit voltage vector defined in the k-unit

rotating (dsk,gsk) frame;

*

v represents the reference z-unit voltage vector defined in the k-unit

Sz 2 qu

rotating (dsk,gsk) frame.

To highlight the relationship between the k-unit rotating (dsk,gsk) frame and the
z-unit rotating (dsz,gs:) frame, the vector diagram is shown in Fig. 3. 23. According
with this, after some trigonometric considerations, the following equation system is
computed:
= cos(SSz -0 )-vsz’d_ —sin(é‘)sz -0 ) Y

SZ,4,

(3.103)

v, = sm (Ssz - 8sk ) ) vsz,d‘yz +cos (Ssz - Ssk ) ) vsz,qx:

According with (3.103), each single unit DFVC scheme is implemented in the
own rotating stator flux frame. Therefore, the angular difference among two generic
rotating frames corresponds with the load-angles difference belonging to the
considered units.
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A g-axis

Fig. 3. 23. Vector diagram representing the relationship between the k-unit rotating (ds«,qsx) frame
and z-unit rotating (ds:,qs;) frame.
By considering the second equation of (3.103), the following result is
extrapolated:

*

Vi, = sin (85" —=85") v, +cos (8 -85 )-v (3.104)

Sz,4 SZ,4,.
With reference to (3.104), the angular difference between the predicted load-
angles values is considered. Because of the digital controller execution delay, the
reference voltages computed in the current sample instant (1) are applied in the next
step (t+1), thus justifying this choice.
By replacing (3.104) in (3.102), the following k-unit equation is obtained:

n

" _ - * ~ * s (Sl QT+l
ka,qu — (1+ck)'vsk,qsk _Z[cz Vezd. -Sln(asz _Ssk )} +...

n j;}( (3.105)
.“_;[52 .v;’qﬁ -COS(SZ;’I _8;1_:1 )J

z#k

Compared to (3.102), it is noted how (3.105) allows at highlighting the gs-axis
reference voltage of the generic unit z, thus representing one of the decoupling
algorithm results. Concerning the ds--axis voltage component of the generic unit z,
this value is provided by the z-unit flux amplitude regulation directly, as shown in
Fig. 3. 15 and Fig. 3. 21. Therefore, to obtain a compact formulation of the next
equations, the already known voltage terms are combined follows:

Cotgy = Fiau * 2[5 Vi, sin(87 -85 (3.106)
z=1

z#k
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Finally, by replacing (3.106) in (3.105), the output of each k-unit torque-
producing current regulation is expressed as follows:

n

Chrgy =(14E) Vg, =D &ovh, eos(8=85") | 3.107)

z=1
z#k

To avoid any confusion, the following notation change of (3.45) is introduced:

N -k n n
T~ _ Ty r T ~ ~ T
d..=c¢, = 7 Xep 5 G = E C, = E d.. (3.108)
1,5z z=1 z=1
z#k z#k

Therefore, by using (3.108), (3.107) is formally changed as follows:

n

Corgy =1 D05 i, - D[, cos(82-85)] 3109
z=1

z=1
z#k z#k
By merging (3.109) for all units k=1,2,...,n, the following equation system is
obtained:

* 1+l T+l + ] * *

Coga | [ Mo = Mgy = M) | | Vag, Vst

* T+l T+l T+l * T+l *

Corgs |=| Mty = My My | Voka [ZIM] | Vig, | B:110)
* T+l T+l T+l * *

_Cv”’qsrz _ _m(nal) o m(n’k) o m(",”) i _vsn’qsn _ _Vs”=qsn _

where the coefficients belonging to the matrix [M ]Hl are defined as follows:

T+ z=1 '
il = 3 (3.111)
—dNT»cos(Sm—S’ﬂ) i#j

With the aim at computing the gsi-axis reference voltage v:k’ g, of the generic

unit 4, (3.110) must be inverted as follows:

¥ * *
Vsl,qsl CSl’qsl Csl,qsl
-1
* T+l * T+l *
vskﬂxk = ([M] ) ’ Csk,qsk = [S] : CSk’qsk (31 12)
* « N
_Vsn,qm i L sn.qy, | L sn.qy, |
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where:
s(rlfll) i S(T]T]i) . s(rl:)
[ST™ =[sihy  Sihy S (3.113)
S‘E+1 St+l S‘H—l
i (}’1,1) e (n,k) e (n,n)_

With reference to (3.112)-(3.113), the real-time computation of the coefficients
belonging to the matrix [S ]H1 must be implemented, corresponding to the more

complex operation performed in the proposed decoupling algorithm. After several
mathematical manipulations, it is demonstrated how the computation of (3.113)
leads to as follows:

f+1-<1+o7;,->+1-(1+20?§,z SE =
S 2 z=l1

st = - i (3.114)

i,j) 1
1 It c It T+l . .
o dc,j-[nzczm] o i#
z=1

where:

S = (1+Zdj ZZ[QI ,.sinz(égl—ég,“)} (3.115)

z=1 [=]

S5 = Z;[d -, -sin’ (87 87! )J (3.116)
z#i 1#i

st =(1+d5, +d7 ) )- 005(85;1—8;1)+Zn:[cﬁz-cos(s;ﬂ—8;'1)-(:05(8;1—8;:1)}
z=1
Z#I, ]

(3.117)

Finally, the computation of the gs-axis reference voltage belonging to the unit
k is performed as follows:

Vieaw =5k Cleas +Z[ oy Coog. | (3.118)

Z#k
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To implement (3.118), high computational efforts of the dedicated digital
controller are required, especially in case multiple three-phase IM drives having a
high number of conversion units z are considered. However, in the case of balanced
operation of the machine, corresponding into having same load-angles values
among the units, (3.118) is drastically simplified as follows:

-1
I 2(675,2 F., )} : (1 + Z c?;ZJ (3.119)
z=1 z=1

As the coefficients (3.108) are defined by considering the VSI units’ status, the
decoupling action of (3.118) is not affected by fault events, thus obtaining fault-
tolerance capability of the proposed solution.

With reference to (3.114), the computation of the angular differences among
the predicted load-angles values of the units is required. However, these are always
expressed in terms of sine and cosine values, thus allowing their computation by
means of the stationary (a,f) versors belonging to the predicted flux vectors of the
units (3.38). Therefore, by considering two generic units (i,j), the following is
implemented:

cos(gi;fl ~&! ) = cos(?‘)T+1 ) -COS (8“1 ) + sin(EAST+1 ) : sin(ST.+1 ) = @;:1“_ .0

sj Si sj Si sj A—sj

s &+l STl dt+l s [ &+l s QT+l ael) _ St St
s1n(8s,. -0 )—cos(ésj )-sm(Ssi )—sm(Ssj )-cos(ési )-@ x 0"

A—gj
(3.120)

The implementation of (3.120) results quite fast and robust, thus without
requiring the computation of the load angle value belonging to each unit.

In conclusion, by means of (3.118), the gsk-axis reference voltage v:k’ g, ofthe

unit & is computed. Finally, this value is eventually saturated to the gst-axis voltage
limit v of the unit k (3.68), as shown in Fig. 3. 24.

sk,qy—m

> Voltage Decoupling
e Algorithm
k-0 Eq.(3.118) ‘ T ‘ di—kdg.y

T+l
H H vqsk —max

=4l It
®7»—sl+n d

c,l+n

5
(

v
|
|
a
=

Fig. 3. 24. Execution scheme of the voltage decoupling algorithm.
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If a DB-DFVC scheme is implemented, the prediction of the k-unit DT voltage

=1+l

error vector in the rotating (dsk gs«) frame v~ , is performed, as shown in Fig. 3.

11. Therefore, with reference to the execution scheme shown in Fig. 3. 24, a
predictive compensation of the DT voltage errors introduced by the VSI unit £ is
implemented. In this way, relevant improvements in the k-unit currents waveforms
are obtained, especially at low speed and for no-load condition.

With reference to Fig. 3. 22, once the k-unit reference voltage vector in the

rotating (dsk gsk) frame V;{’ 4, 1s obtained, this is computed in terms of k-unit phase

coordinates (abc)x.
Therefore, by using the trigonometric coordinates of the predicted A-unit flux

vector @{ﬂqk , the inverse rotational transformation (2.105) on the k-unit reference

voltage vector in the rotating (dsk gsk) frame V;’ dq,, 18 implemented. In this way, the

k-unit reference voltage vector in the stationary (a,p) frame v,

skop 1S computed.

Finally, by discarding the zero-sequence voltage reference, the inverse Clarke
transformation (3.6) on the k-unit reference voltage vector in stationary (af0)
coordinates is implemented, thus leading to the computation of the k-unit reference

voltage vector [vsk’abC] in the k-unit phase coordinates (abc)x.

With reference to Fig. 3. 22, once the k-unit reference voltage vector in the k-
unit phase coordinates (abc)k is obtained, the computation of the k-unit duty-cycles

* | . . . . . .
[dk,abc} 1s performed. According with the previous considerations, the ‘Min-

Max’ modulation is implemented [9], leading to execution scheme shown in Fig. 3.

25. Therefore, with reference to (3.13), the zero-sequence signal d Z—o is computed

as follows:
* *
v v
[ k,ab ] . [ k,ab ]
d*70=—— max | = ic + min % (3.121)
Vdc vdc
%
2
l d* T+1
t/\ |: k,abz?:| R
> >
+
P»| max *

[v:k,abc ] - l di g

> : _CT>—>

VL/(', k min

Fig. 3. 25. Execution scheme implementing the “Min-Max” modulation of the unit 4.
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3.4.6 Schematic block diagram of the k-unit DFVC scheme

In summary, each unit £ is characterized by its own references in terms of -
unit flux amplitude and 4-unit torque contribution. The k-unit DFVC scheme must
be able to guarantee their regulation, according with the k-unit limitations in terms
of DC-link voltage, phase-current amplitude and load-angle.

Two regulation types have been shown:

e Regulation by means of Proportional-Integral (PI) controllers, leading
to a PI-DFVC scheme;

e Regulation by means of Dead-Beat (DB) controllers, leading to a DB-
DFVC scheme.

The schematic block diagram of the k-unit PI-DFVC scheme is shown in Fig.
3. 26. With reference to it, the following main blocks are individuated:

= Control Inputs Elaboration (Section 3.4.1)
This block implements the elaboration of both mechanical and electrical
feedback belonging to the k-unit PI-DFVC scheme. By elaborating the
electrical feedback, the computation of k-unit current and k-unit voltage
in stationary coordinates is performed. Concerning the rotor mechanical
position feedback, this is used to perform the computation of the rotor
electrical position together with both mechanical and electrical speeds.

= Flux Observer (Section 3.4.2)
By implementing a flux observer, the computation of the A-unit flux
vector in terms of amplitude and angular position is performed. Two
estimates are carried out, corresponding to the observed and predicted
components of the k-unit flux vector in stationary coordinates. These
are then used to obtain the observed and predicted position of the A-unit
flux vector together with the estimation of the k-unit synchronous speed.
In addition, the computation of the rotor flux vector in terms of
amplitude and angular position is performed.

= Control Structure (Section 3.4.4)
This block implements the k-unit DFVC structure. According with the
k-unit limitations in terms of DC-link voltage, phase-current amplitude
and load-angle, the k-unit references in terms of flux amplitude and
torque-producing current are properly computed. Finally, by using PI
controllers, the k-unit control is performed.

= Decoupling Algorithm (Section 3.4.5)
To extrapolate the k-unit reference voltage vector components, a
voltage decoupling algorithm is implemented. It follows the
computation of the k-unit phase voltage references. Finally, by
implementing the selected PWM modulation technique, the k-unit duty-
cycles are computed, corresponding to the outputs of the k-unit DFVC
scheme.
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Fig. 3. 26. Schematic block diagram of the k-unit PI-DFVC scheme.
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Fig. 3. 27. Schematic block diagram of the k-unit DB-DFVC scheme.

The schematic block diagram of the k-unit DB-DFVC scheme is shown in Fig.

3. 27. Concerning the Control Structure block (Section 3.4.4), the only difference
consists of performing the k-unit control by means of DB controllers. Compared to
k-unit PI-DFVC scheme, the following additional block is individuated:

= Model Predictive Estimator (Section 3.4.3)
Implementation of a model-based estimator for the prediction of the k-
unit current vector, thus allowing the DB regulation of the k-unit torque-
producing current. In addition, with the aim at improving the k-unit
phase currents waveforms, it follows the prediction of the k-unit DT
voltage errors, thus allowing their feed-forward compensation.
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3.5 Conclusion

In this chapter, the design and digital implementation of a Direct Flux Vector
Control (DFVC) scheme for multiple three-phase Induction Motor (IM) drives has
been reported. The proposed control solution is based on the Multi-Stator (MS)
approach, thus allowing a straightforward control of the main variables (current,
flux, torque) belonging to each three-phase unit. In this way, the modularity of the
multiple three-phase IM drives is extended also in terms of control scheme, without
limiting itself to the machine configuration and power converter structure.

With reference to the technical literature, the research contributions and
novelties introduced by the proposed control solution are below summarized. With
the aim at proposing a modular MS-based DFVC scheme for multiple three-phase
IM drives, for each three-phase unit the following features have been implemented:

e Independent stator flux amplitude regulation

e Independent torque regulation

e Independent voltage and current operational limits
e Independent load-angle limitation

e Independent post-fault reconfiguration

The proposed control solution has been developed by considering two different
regulation types, corresponding to as follows:

e Regulation by means of Proportional-Integral (PI) controllers, leading
to a control scheme characterized by good dynamic performance and
acceptable computational efforts in order to be implemented;

e Regulation by means of Dead-Beat (DB) controllers, leading to a
control scheme characterized by high dynamic performance but high
computational efforts in order to be implemented;

According with proposed control solution, for each DFVC scheme dedicated to
the control of a generic unit, the most relevant conclusions are the following:

= The torque contribution is regulated by means of the torque-producing
current component, thus obtaining a high level of decoupling between
the control axes;

= The control scheme is implemented in the rotating stator flux frame,
thus requiring the implementation of a flux observer to get the stator
vector in terms of amplitude and position;

= The control structure allows a straightforward regulation of the stator
flux amplitude and torque contribution, however considering the
limitations in terms of DC-link voltage, phase-current amplitude and
load-angle;

= The regulation using DB controllers requires the prediction of the stator
current vector, leading to the implementation of a model-based
predictive estimator;
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= Due the voltage coupling introduced by the MS approach, the output of
the torque-producing current regulation must be considered as
combination of the voltage references belonging to all units, thus
requiring the implementation of a voltage decoupling algorithm;

= The computation of the duty-cycles can be performed using any of the
conventional three-phase PWM modulation techniques.
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Fig. 4. 15. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured dsi-axis current (A); single
units measured gst-axis current (A); single units observed load-angle (deg).

Fig. 4. 16. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds-
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Fig. 4. 21. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).
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Fig. 4. 22. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured ds-axis current (A); single
units measured gst-axis current (A); single units observed load-angle (deg).

Fig. 4. 23. For each k-unit DFVC scheme, from top to bottom: reference and
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Fig. 4. 26. From top to bottom: single units observed torque (Nm); single units
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axis current (A); reference and measured gsi-axis current (A); observed load-angle
(deg).

Fig. 4. 28. Chl: isi (10 A/div), Ch2: is2-« (10 A/div), Ch3: is3-a (10 A/div), Ch4: iss-
a (10 A/div).

Fig. 4. 29. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 30. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured dsi-axis current (A); single
units measured gsi-axis current (A); single units observed load-angle (deg).

Fig. 4. 31. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds-
axis current (A); reference and measured gss-axis current (A); observed load-angle
(deg).

Fig. 4. 32. Chl: isi-« (10 A/div), Ch2: is2-a (10 A/div), Ch3: is3-a (10 A/div), Ch4: iss-
a (10 A/div).

Fig. 4. 33. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 34. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured ds-axis current (A); single
units measured gst-axis current (A); single units observed load-angle (deg).

Fig. 4. 35. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds-
axis current (A); reference and measured gsi-axis current (A); observed load-angle
(deg).

Fig. 4. 36. Chl: isi (10 A/div), Ch2: is2-« (10 A/div), Ch3: is3-a (10 A/div), Ch4: iss
a (10 A/div).

Fig. 4. 37. Machine phase-currents for 200% of the rated torque (32 Nm) in
generation at -3500 r/min using the optimal stator flux amplitude reference. Chl:
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isi-a (7.5 A/div), Ch2: is2 (7.5 A/div), Ch3: is3« (7.5 A/div), Ch4: issa (7.5 A/div).
Time resolution: 10ms/div.

Fig. 4. 38. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 39. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured dsi-axis current (A); single
units measured gsi-axis current (A); single units observed load-angle (deg).

Fig. 4. 40. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds-
axis current (A); reference, measured and maximum limit gs-axis current (A);
observed load-angle (deg).

Fig. 4. 41. From top to bottom: measured speed (10 - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 42. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured dsk-axis current (A); single
units measured gsi-axis current (A); single units observed load-angle (deg).

Fig. 4. 43. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds-
axis current (A); reference and measured gsi-axis current (A); observed load-angle
(deg).

Fig. 4. 44. Chl: isia (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3« (7.5 A/div), Ch4:
is¢-a (7.5 A/div).

Fig. 4. 45. Chl: isi- (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3-« (7.5 A/div), Ch4:
is¢-a (7.5 A/div).

Fig. 4. 46. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 47. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured dsi-axis current (A); single
units measured gst-axis current (A); single units observed load-angle (deg).

Fig. 4. 48. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured dsi-
axis current (A); reference and measured gsi-axis current (A); observed load-angle
(deg).

Fig. 4. 49. Chl: isia (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3« (7.5 A/div), Ch4:
is4-a (7.5 A/div).

Fig. 4. 50. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 51. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured dsi-axis current (A); single
units measured gsi-axis current (A); single units observed load-angle (deg).

Fig. 4. 52. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds«-
axis current (A); reference, measured and maximum limit gs-axis current (A);
observed load-angle (deg).
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Fig. 4. 53. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 54. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured ds-axis current (A); single
units measured gsi-axis current (A); single units observed load-angle (deg).

Fig. 4. 55. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds«-
axis current (A); reference, measured and maximum limit gs-axis current (A);
observed and maximum limit load-angle (deg).

Fig. 4. 56. Chl: isi-a (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3« (7.5 A/div), Ch4:
is4-a (7.5 A/div).

Fig. 4. 57. Chl: isi-a (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3« (7.5 A/div), Ch4:
is¢-a (7.5 A/div).

Fig. 4. 58. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 59. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured dst-axis current (A); single
units measured gst-axis current (A); single units observed load-angle (deg).

Fig. 4. 60. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds-
axis current (A); reference, measured and maximum limit gs-axis current (A);
observed and maximum limit load-angle (deg).

Fig. 4. 61. From top to bottom: measured speed (10° - r/min); reference and
observed machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 62. From top to bottom: single units observed torque (Nm); single units
observed flux amplitude (mVs); single units measured ds-axis current (A); single
units measured gst-axis current (A); single units observed load-angle (deg).

Fig. 4. 63. For each k-unit DFVC scheme, from top to bottom: reference and
observed torque (Nm); reference and observed flux amplitude (mVs); measured ds-
axis current (A); reference, measured and maximum limit gs-axis current (A);
observed and maximum limit load-angle (deg).

Fig. 4. 64. Single units flux amplitude and rotor flux amplitude (mVs).

Fig. 4. 65. From top to bottom: measured speed (10° - r/min); reference, observed
and predicted machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 66. From top to bottom: single units observed and predicted torque (Nm);
single units observed and predicted flux amplitude (mVs); single units measured
and predicted ds-axis current (A); single units measured and predicted gs-axis
current (A); single units observed and predicted load-angle (deg).

Fig. 4. 67. For each k-unit DFVC scheme, from top to bottom: reference, observed
and predicted torque (Nm); reference, observed and predicted flux amplitude
(mVs); measured and predicted ds-axis current (A); reference, measured and
predicted gsi-axis current (A); observed and predicted load-angle (deg).
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Fig. 4. 68. For each k-unit model predictive estimator (MPE), from top to bottom:
reference, observed and predicted torque (Nm); (a,f3) observed and predicted fluxes
(mVs); (a,p) measured and predicted currents (A).

Fig. 4. 69. From top to bottom: measured speed (10* - r/min); reference, observed
and predicted machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 70. From top to bottom: single units observed and predicted torque (Nm);
single units observed and predicted flux amplitude (mVs); single units measured
and predicted ds-axis current (A); single units measured and predicted gsi-axis
current (A); single units observed and predicted load-angle (deg).

Fig. 4. 71. For each k-unit DFVC scheme, from top to bottom: reference, observed
and predicted torque (Nm); reference, observed and predicted flux amplitude
(mVs); measured and predicted ds-axis current (A); reference, measured and
predicted gsi-axis current (A); observed and predicted load-angle (deg).

Fig. 4. 72. For each k-unit model predictive estimator (MPE), from top to bottom:
reference, observed and predicted torque (Nm); (a,3) observed and predicted fluxes
(mVs); (a,p) measured and predicted currents (A).

Fig. 4. 73. Chl: isi-« (10 A/div), Ch2: is2-a (10 A/div). Time resolution: 5 ms/div.
Fig. 4. 74. From top to bottom: measured speed (10° - r/min); reference, observed
and predicted machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 75. From top to bottom: single units observed and predicted torque (Nm);
single units observed and predicted flux amplitude (mVs); single units measured
and predicted ds-axis current (A); single units measured and predicted gsi-axis
current (A); single units observed and predicted load-angle (deg).

Fig. 4. 76. For each k-unit DFVC scheme, from top to bottom: reference, observed
and predicted torque (Nm); reference, observed and predicted flux amplitude
(mVs); measured and predicted ds-axis current (A); reference, measured and
predicted gsi-axis current (A); observed and predicted load-angle (deg).

Fig. 4. 77. For each k-unit model predictive estimator (MPE), from top to bottom:
reference, observed and predicted torque (Nm); (a,f) observed and predicted fluxes
(mVs); (a,) measured and predicted currents (A).

Fig. 4. 78. Chl: isr-a (10 A/div), Ch2: is2-« (10 A/div). Time resolution: 5 ms/div.
Fig. 4. 79. From top to bottom: measured speed (10° - r/min); reference, observed
and predicted machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 80. From top to bottom: single units observed and predicted torque (Nm);
single units observed and predicted flux amplitude (mVs); single units measured
and predicted ds-axis current (A); single units measured and predicted gs-axis
current (A); single units observed and predicted load-angle (deg).

Fig. 4. 81. For each k-unit DFVC scheme, from top to bottom: reference, observed
and predicted torque (Nm); reference, observed and predicted flux amplitude
(mVs); measured and predicted ds-axis current (A); reference, measured and
predicted gsi-axis current (A); observed and predicted load-angle (deg).

Fig. 4. 82. For each k-unit model predictive estimator (MPE), from top to bottom:
reference, observed and predicted torque (Nm); (a,f3) observed and predicted fluxes
(mVs); (a,p) measured and predicted currents (A).
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Fig. 4. 83. Chl: is;.a (10 A/div), Ch2: is2.a (10 A/div). Time resolution: 5 ms/div.
Fig. 4. 84. From top to bottom: measured speed (10° - r/min); reference, observed
and predicted machine torque (Nm); estimated mechanical power (kW).

Fig. 4. 85. From top to bottom: single units observed and predicted torque (Nm);
single units observed and predicted flux amplitude (mVs); single units measured
and predicted ds-axis current (A); single units measured and predicted gsi-axis
current (A); single units observed and predicted load-angle (deg).

Fig. 4. 86. For each k-unit DFVC scheme, from top to bottom: reference, observed
and predicted torque (Nm); reference, observed and predicted flux amplitude
(mVs); measured and predicted ds-axis current (A); reference, measured, predicted
and maximum limit gs-axis current (A); observed, predicted and maximum limit
load-angle (deg).

Fig. 4. 87. Single units flux amplitude and rotor flux amplitude (mVs).
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This chapter deals with the experimental validation of the Direct Flux Vector
Control (DFVC) scheme for multiple three-phase Induction Motor (IM) drives. The
proposed control solution has been validated with a multi-modular power converter
feeding a quadruple three-phase induction machine prototype.

According with the previous chapter, two regulation types have been
implemented. The first one has led to a DFVC scheme employing standard
Proportional-Integral (PI) controllers. The second regulation type has consisted of
the implementation of a Dead-Beat (DB) control solution, thus obtaining the best
dynamic performance of the drive. Due to the high computational efforts required
to the digital controller, the experimental validation of the DB scheme has been
performed on the prototype configured as an asymmetrical 6-phase machine.

The chapter is organized as follows. The first section concerns the test rig, thus
including the data of power converter and machine prototype. It follows the
presentation of the obtained experimental results, thus providing the experimental
validation of the proposed control solutions.

4.1 Testrig

The experimental validation has been carried using a test rig consisted of the
following main elements:

e Quadruple three-phase induction machine prototype
e Multiphase modular power converter
e Digital controller

With the aim at testing the machine in open-loop torque control mode, the rotor
shaft has been coupled to a driving machine acting as active mechanical load, as
shown in Fig. 4. 1.

Fig. 4. 1. View of the machine under test (right) and the driving machine (left).
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Finally, according with the power converter structure (Section 4.1.2), a single
DC voltage source is employed. This consisted of a battery emulator whose details
are beyond the scope of this dissertation.

The description of the main elements composing the test rig is provided below.

4.1.1 Quadruple three-phase induction machine prototype

The machine used for the experimental validation is an asymmetrical 12-phase
squirrel cage induction prototype (Fig. 4. 2). The main features of the machine are
reported in Table 4. 1 [1]. The stator has twelve phases with one slot/pole/phase,
forming a quadruple three-phase winding with a phase shift of 15 electrical degrees
among two three-phase winding sets, as shown in Fig. 4. 3. The machine has been
designed with distributed windings and full-pitch layout, thus avoiding leakage
mutual couplings between the stator phases. The three-phase winding sets are
characterized by identical parameters, thus leading to univocal values of both stator
resistance and mutual leakage inductance.

Fig. 4. 2. View of the 12-phase induction machine prototype.
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Fig. 4. 3 Asymmetrical 12-phase induction machine configuration.
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Design Data
Phase number 12 (4x3-phase)
Rotor type Squirrel-cage
Winding configuration Asymmetrical
Pole number 4
Slot/pole/phase number 1
Winding type Distributed
Winding layout Full-pitched
Cooling system Forced air ventilation
Mechanical Data
Rated power 10 kW
Rated speed 6000 r/min
Maximum speed 15000 r/min
Electrical Data
Rated phase-voltage 115V (rms)
Rated current 10 A (rms)
Rated frequency 200 Hz
Overload capability 150% - 5 min / 200% - 5 sec
Machine Parameters
Stator resistance Rs 145 mQ
Stator leakage inductance Lis 0.94 mH
Magnetizing inductance Lm 4.3 mH
Rotor resistance Rr 45 mQ
Rotor leakage inductance Li» 0.235 mH
Rated stator flux As,rared 0.115Vs

Table 4. 1. Main data of the quadruple three-phase induction machine prototype.

By using the experimental procedure defined in [2], the computation of the
machine optimal stator flux amplitude profiles in both healthy and fault conditions
has been performed. In this way, according to experimental results shown in the
next paragraph, the Maximum Torque per Ampere (MTPA) operation of the drive
has been tested.

With reference to Chapter 3 (Section 3.3), the maximum phase-current limit of
the units has been defined to meet the overload requirement (Table 4. 1), thus
leading to the results shown in Fig. 4. 4, synthetically reported in Table 4. 2.
According to these, it is noted how the fault-tolerance capability is extremely
compromised if a single unit is active, leading to a maximum stator flux amplitude
value lower than the rated one, as shown in Table 4. 1.

Finally, with the aim at implementing a multiple three-phase topology, each
three-phase winding sets have isolated neutral points.
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Maximum optimal limits of stator flux amplitude and torque @ 1, =24A
Active Units Stator Flux Amplitude (Vs) Torque (Nm)
n, Asopt-mas T opi-ma
1 0.0934 3.8
2 0.1324 12.8
3 0.1459 23.0
4 0.1535 33.4

Table 4. 2. Optimal maximum reference values.

Optimal Stator Flux Amplitude Profiles
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Fig. 4. 4. Optimal stator flux amplitude profiles of the machine in healthy and faulty conditions.

Asymmetrical 6-phase configuration

With reference Fig. 4. 3, the quadruple three-phase prototype employs an open-
end winding configuration, thus allowing the series connection of the following
three-phase winding sets:

a, —>a, ag —>ayg,
(Set 1> Set2) = {b, —>b, ; (Set3—Setd) = b, —>b, (4.1)
g > Cy3 = Cyy

By performing the series connections (4.1), an asymmetrical 6-phase induction
prototype has been obtained, leading to the features reported in Table 4. 3 [3]. With
reference to these, the stator has six phases with two slot/pole/phase, forming a
double three-phase winding with a relative shift of 30 electrical degrees among the
three-phase winding sets, as shown in Fig. 4. 5.
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Design Data
Phase number 6 (2x3-phase)
Rotor type Squirrel-cage
Winding configuration Asymmetrical
Pole number 4
Slot/pole/phase number 2
Winding type Distributed
Winding layout Full-pitched
Cooling system Forced air ventilation
Mechanical Data
Rated power 10 kW
Rated speed 6000 r/min
Maximum speed 15000 r/min
Electrical Data
Rated phase-voltage 230 V (rms)
Rated current 10 A (rms)
Rated frequency 200 Hz
Overload capability 150% - 5 min / 200% - 5 sec
Machine Parameters
Stator resistance Rs 289 mQ
Stator leakage inductance Lis 1.88 mH
Magnetizing inductance Lm 15.7 mH
Rotor resistance R, 181 mQ
Rotor leakage inductance Li» 0.94 mH
Rated stator flux As,rared 0.230 Vs

Table 4. 3. Main data of the asymmetrical 6-phase prototype.
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Fig. 4. 5. Asymmetrical 6-phase induction machine configuration.
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Compared to the quadruple three-phase configuration, the machine optimal
stator flux amplitude profiles have not been computed, thus representing a future
work of this research activity. As for the quadruple three-phase configuration, both
three-phase windings have isolated neutral points.

By using the machine asymmetrical 6-phase configuration, the experimental
validation of the DB-DFVC scheme has been carried out, thus overcoming the
limits of the digital controller in terms of computational power.

Machine sensors

The machine prototype has two integrated sensors. The first one consists of a
thermocouple used to monitor the stator winding temperature. This can be used to
implement a protection procedure to reduce the demanded power or even the drive
shut-down. The other sensor consists of an incremental encoder having a resolution
of 1024 pulses/rev (Fig. 4. 2), thus obtaining the rotor mechanical position
measurement. This has represented the mechanical feedback of the proposed
control scheme.

4.1.2 Multiphase modular power converter

The power converter is consists of six Power Electronic Building Block
(PEBB) units [4]. Each of these consists of a three-phase Voltage Supply Inverter
(VSI) with local controller implemented on a Field Programmable Gate Array
(FPGA) board, as shown in Fig. 4. 6.

nVDOn nVDCn nVDCn nVDCn nVDOn ”VDC”
U U U U U
Y Tl i T Tl a1
9] o aJ 9y J aJ
gy o wJ o J w
= N @ BN (@) (@)
o oo o oo o oo o oo o oo 0o oo
Va Vs Ve Va Vs Ve Va Vs Vo Va Vs Vo Va Vs Ve Va Vs Vo

@ |

ControlDesk 32 hit
Q dSPACE ) FPGA

— e DSMO3 Digital I/O
——

Motherboard

Fig. 4. 6. Schematic block of the modular power converter [4].
Picture reported by courtesy of the authors.
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Fig. 4. 7. Schematic block of a single PEBB [4].
Picture reported by courtesy of the authors.

Fig. 4. 8. View of a single PEBB [4].
Picture reported by courtesy of the authors.

The power converter digital controller is the dSPACE® “DS1103 PPC
Controller Board” [5]. The communication between the dSPACE board and the VSI
units is performed by means of an FPGA-based motherboard, using a 32-bit I/O bus
with dedicated communication protocol (Fig. 4. 6). Conversely, the
communications between the FPGA motherboard and the VSI units are performed
by means of optical fibers.

Each single PEBB unit consists of one three-phase Intelligent Power Module
(IPM) with local DC-link obtained by means of two series-connected
polypropylene capacitors, as shown in Fig. 4. 7 and Fig. 4. 8. Concerning the IPM
modules, rated 100A-1200V, are the Infineon® “MIPAQ” series [6], using the
Insulated Gate Bipolar Transistor (IGBT) technology.
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With reference to Fig. 4. 7, each single PEBB unit is equipped with several
boards. According to the dissertation scope, the most relevant ones are the
following:

= Command board (CMD) — receives the switching commands for the
IGBTs and transmits the feedback fault signals generated by the IPM;

= Hall-effect board — contains 3 Hall-effect sensors performing the
measurement of the PEBB output currents;

* Control board — acquires the PEBB output currents and DC-link
voltage.

Each single PEBB unit can be fed by an independent DC source. Nevertheless,
due to several reasons beyond the scope of this dissertation, the power converter
structure has been designed to be fed by a single DC source, shared by all six PEBB
units.

A general view of the power converter structure is shown in Fig. 4. 9. With
reference to it, the cooling system consists of six fans whose speed is regulated by
the FPGA motherboard according with the highest temperature among the ones
belonging to the PEBB units.

Finally, the communications performed by the FPGA motherboard include the
one with the machine mechanical sensor, thus allowing the reception of the rotor
mechanical position feedback by the dSPACE board.

Fig. 4. 9. View of the modular power converter [4].

Picture reported by courtesy of the authors.
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4.1.3 Digital controller

According with Section 4.1.2, the control algorithm has been implemented on
the development system dSPACE® “DS1103 PPC Controller Board” [5] (Fig. 4.
10). The description of the digital controller is not reported, being it beyond the
scope of this dissertation.

By using the experimenting software dSPACE® “ControlDesk”, the on-line
operations of setup and monitoring of the experimental tests have been performed,
including the real-time data acquisition. Finally, concerning the control algorithm
this has been totally developed in C-code environment.

Fig. 4. 10. View of the digital controller DS1103 PPC Controller Board (left) and the power
converter FPGA motherboard (right).

4.1.4 Schematic block diagram of the test rig

The schematic block diagram of the test rig is shown in Fig. 4. 11 and Fig. 4.
12. With reference to it, the following elements are individuated:

= DC Source
It consists of a battery emulator system, thus allowing the regulation of
the DC source voltage feeding the VSI units.

= Modular power converter (Section 4.1.2)
It consists of six independent three-phase VSI units. Depending on if a
double or quadruple three-phase machine configuration is considered,
two or four VSI units are employed.

= Quadruple three-phase induction machine prototype (Section 4.1.1)
Depending on the tested control scheme (PI-DFVC or DB-DFVC), a
double or quadruple three-phase machine configuration is implemented.

= Active mechanical load
It consists of a driving machine. In this way, the open-loop torque

control operations are tested.
= Digital controller (Section 4.1.3)
It consists of the dSPACE® control board.
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Fig. 4. 11. Schematic block diagram of the test rig for the experimental validation of the DFVC scheme
using PI controllers.
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Fig. 4. 12. Schematic block diagram of the test rig for the experimental validation of the DFVC
scheme using DB controllers.
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4.2 Experimental results

The experimental results concerns the validation of the DFVC scheme for both
solutions employing PI and DB regulators respectively. However, to avoid
confusion, these are considered separately.

As the power converter employs a single DC voltage source, a drive scheme
using a single outer controller has been tested, thus referring to the units’ references
generation system shown in Fig. 3. 5. For convenience, this is further reported in
Fig. 4. 13. Therefore, according with the Chapter 3 - Section 3.3, the definition of
the flux reference belonging to all the units has been performed by selecting one of
the below three options:

S =1 - )\: = }\‘Zfopt
5, =2 > A=A Eq. (3.16) (4.2)
S?» =3 - )L: = xs,rated (< }L?jopl)

Concerning the torque reference of the generic unit 4, this has been generated
as follows:

T =x 4ty T Eq. (3.18) (4.3)

By setting the input conditions (4.2)-(4.3) properly, each proposed
experimental test has uniquely been defined.

The experimental results are related to the drive operation in open loop torque
control and closed loop speed control. In the first case, the machine torque reference

T" has been set by the user directly. Conversely, in the case of closed loop speed
control, the machine torque reference has been provided by the outer controller
shown in Fig. 4. 13, corresponding to a simple PI regulator.

Due to the mechanical limitations of the driving machine, the speed has been
limited at 6000 r/min. Therefore, to perform deep-flux weakening drive operation,
the DC source voltage has been imposed to lower values than the rated one. With
reference to Table 4. 1 and Table 4. 3, the rated DC source voltage values
correspond at 270 V for the quadruple three-phase configuration and 550 V for the
double three-phase one.

For each VSI unit, the Dead-Time (DT) value has been set to 1.5 ps.

Finally, the sampling frequency and the VSI units switching frequency have
been set to proper values such to guarantee the real-time execution of the control
algorithm, thus overcoming the limits of the digital controller in terms of
computational power. However, this aspect represents a further validation element
because it provides a realistic scenario that is representative of the industrial
implementations.
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Fig. 4. 13. Drive scheme using a single outer controller.

4.2.1 Experimental validation of the PI-DFVC scheme

The validation of the PI-DFVC scheme has been carried out on the quadruple
three-phase configuration.

According with the descriptions of both electrical machine and power
converter, the DFVC schemes of the units have been designed using common
values of the respective control parameters, as reported in Table 4. 4.

Flux Observer
Observer gain ®ck 125 rad/s
Control Structure
DC-link voltage exploitation degree ki-max 0.9
Maximum phase-current limit Jmnax x 24 A
Unit Control — Flux Amplitude PI Controller
Proportional gain kp,sk 1250 rad/s
Integral gain kiask 132000 rad/s?
Unit Control — Torque-producing current PI Controller
Proportional gain kp,i gsk 23 V/A
Integral gain ki gsk 380 V/(A-s)

Table 4. 4. Values of the control parameters belonging to the k-unit PI-DFVC scheme (k=1,2,3,4).
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In the next subsections, the obtained experimental results for the following tests
are provided:

e Open loop torque control
- Fast torque transients in healthy conditions
- Fault ride-through capability for open three-phase set
- Optimal torque control operation
- Torque sharing operations
e Closed loop speed control
- Deep flux-weakening operation

Open loop torque control tests

The mechanical speed has been imposed by the driving machine (speed
controlled), while the machine under test was torque controlled. The experimental
results concerns the drive operation under healthy and open-winding fault
conditions.

The faulty condition means open phases after sudden shut-off of one or more
VSI units due to a failure in power electronics.

Fast torque transients in healthy conditions

The drive has been tested in both motoring and generating operation. With
reference to (4.2)-(4.3), the following conditions have been set:

f,=5kHz
Vs =270V (k=1+4)
®,, =—6000r/min
8 i = 45° (k=1+4) (4.4)
5 =3 7”: =Ny rated
. T
T, = o (k=1+4)

Settings (4.4) correspond to the balanced operation of the machine. Since the
drive is characterized by identical three-phase units, this testing condition
represents a realistic operating scenario for the considered machine.

It is noted how the tests have been performed by imposing the machine’s rated
flux value to all units (0.115 Vs), allowing high-dynamic torque variations together
with a proper magnetizing current injection.

The execution of the fast torque transients has led to the performance validation
of each k-unit PI-based regulation (k=1,2,3,4). In addition, the effectiveness of the
proposed decoupling algorithm has been verified.
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The experimental results for the fast torque transient (10 Nm/ms) from -24 Nm
to +24 Nm (150% of rated value) are shown in Fig. 4. 14 - Fig. 4. 16. Each three-
phase winding set provides a quarter of the total torque, corresponding to +6 Nm.
In motoring mode, the drive has been operated under both unit limitations in terms
of voltage (flux-weakening) and current, thus not allowing the satisfaction of the
torque target.

Despite the high slew-rate of the mechanical power from -15 kW to +15 kW in
just 5 ms, the good dynamic torque response is noted, as shown in Fig. 4. 14 and
Fig. 4. 16. Due to internal asymmetries, the three-phase set 2 is imbalanced with
respect to the other ones, leading to more oscillations in terms of torque contribution
and (ds2,gs2) currents.

In addition, the phase currents of the unit 2 are more distorted with respect to
the ones belonging to the other units. This is confirmed in Fig. 4. 20 that shows the
machine currents (is/-a,is2-a,is3-a,is3-a) for the fast torque transient (10 Nm/ms) from
zero up to 24 Nm (Fig. 4. 17 - Fig. 4. 19). Despite these asymmetries related to the
machine manufacturing, each k-unit DFVC scheme is able to deal with the direct
and independent control of both k-unit flux amplitude and k-unit torque
contribution.
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Experimental results for fast torque transient (10 Nm/ms) from 150%
rated torque in motoring to 150% rated torque in generation at -6000 r/min
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Fig. 4. 14. From top to bottom: measured speed (10° - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).
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observed load-angle (deg).
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Fig. 4. 16. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured ds-axis current (A); reference and measured
gsk-axis current (A); observed load-angle (deg).
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Experimental results for fast torque transient (10 Nm/ms) from no-load
(0 Nm) up to 150% rated torque (24 Nm) in generation at -6000 r/min
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Fig. 4. 17. From top to bottom: measured speed (10 - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).

DFVC - All Units (a,b,0) , k= (1,2,3,4)

E 3 — . '
€ o—1Iy —1y —1I; —1]
o 4
g 2
ﬁ [N
20 -15 -10 -5 0 5 10 15 20
g 130 T 1 [ I I
g 120 - —— : - -
= 110 - = = =
5 100 ==L — AL — AL — AL ' ' ' |
= 90 ‘ ‘ : - : ' '
20 15 -10 -5 0 5 10 15 20
16 : :

a7 s T aT . T
" le.d,,l zs?,d¥2 "'53,05,;; ILS",‘:.CL;;]

Angle (deg) Current (A) Current (A)

-20 -15 -10 -5 0 5 10 15 20
Time (ms)

Fig. 4. 18. From top to bottom: single units observed torque (Nm); single units observed flux amplitude
(mVs); single units measured ds-axis current (A); single units measured gs«-axis current (A); single units
observed load-angle (deg).
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Fig. 4. 19. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured ds-axis current (A); reference and measured

qsk-axis current (A); observed load-angle (deg).
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Fault ride-through capability for open three-phase set

The drive has been tested in generating operation. With reference to (4.2)-(4.3),
the following conditions have been set:

f., =5kHz
Vaer =270V (k=1+4)
®,, =—6000r/min
O s = 45° (k=1+4) (4.5)
5,=3 > = A rated
T,::x}’k-ni (k=1+4)

To demonstrate the drive “fault ride-through” capability when one or more VSI
units are suddenly disabled, they are shown the experimental results for the
following tests:

- Open-phase operation for sudden VSI 2 turn-off at the rated torque
16 Nm (Fig. 4. 21 - Fig. 4. 24);

- Open-phase operation for sudden VSI 3 turn-off with VSI 2 already
OFF at 10 Nm (Fig. 4. 25 - Fig. 4. 28);

- Open-phase operation for sudden VSI 4 turn-off with VSIs 2-3 already
OFF at 2 Nm (Fig. 4. 29 - Fig. 4. 32).

It is noted how the healthy units exhibit sinusoidal currents that increase within
the allowed limits to keep the same torque and machine flux, as shown in Fig. 4.
24, Fig. 4. 28 and Fig. 4. 32. However, the phase-currents amplitudes for the
healthy units are slightly different, demonstrating some machine asymmetries that
is mitigated without problem by the control scheme. This is the proof of the
modularity of the MS-based control schemes, with the maximum degree of freedom
in the control of each single unit.
Finally, to demonstrate the torque capability with one or more disabled VSI units,
the fast torque transient (10 Nm/ms) from no-load up to 10 Nm using only the VSI
units 1 and 4 is shown in Fig. 4. 33 - Fig. 4. 36.
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Experimental results for sudden VSI 2 turn-off during generation mode
with torque control at -6000 r/min with 16 Nm (rated torque)
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Fig. 4. 22. From top to bottom: single units observed torque (Nm); single units observed flux amplitude
(mVs); single units measured ds-axis current (A); single units measured gs-axis current (A); single units
observed load-angle (deg).
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DFVC - Unit 3 (a,b,c)
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Fig. 4. 23. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured dsx-axis current (A); reference and measured
gsk-axis current (A); observed load-angle (deg).
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Experimental results for sudden VSI 3 turn-off with VSI 2 already OFF
during generation mode with torque control at -6000 r/min with 10 Nm
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Fig. 4. 25. From top to bottom: measured speed (10 - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).
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Fig. 4. 27. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured ds-axis current (A); reference and measured
gsk-axis current (A); observed load-angle (deg).
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Experimental results for sudden VSI 3 turn-off with VSIs 2-3 already OFF
during generation mode with torque control at -6000 r/min with 2 Nm

DFVC - Torque Control
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Fig. 4. 29. From top to bottom: measured speed (10 - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).

DFVC - All Units (a,b,0) , k= (1,2,3,4)

g 3 S - : :
& 225 ||—1T7 —1T; — I3 —1
g 1.5 i
& 0757
e 0 by

20 -15 -10 -5 0 5 10 15 20
= 135 e : : .
7125 Hm—=Xy — AL — X5 — A, i
E 115
5105 I X
E 95 1 I I | | 1 o

20 -15 -10 5 0 5 10 15 20
Q 32 = I o= I pe = T T T
- A ‘_Zslvd.ﬂ =—lsod, =la3dy " lsad,
=TI = -
- 8 — 1 | .
g ¢ 1
a . : . . .

20 15 -10 5 0 5 10 15 20
Q 16 . T — - - T T T
S g, —hy, — i, — ] | —]
% 4 W
U O 1 | 1 1 1

20 15 -10 5 0 5 10 15 20
@ 8 — T — T — — T T T
= 6 ‘_‘5;1 —dg =0 =4,
o 4D |
)
é O L L N L L

20 -15 -10 -5 0 5 10 15 20

Time (ms)

Fig. 4. 30. From top to bottom: single units observed torque (Nm); single units observed flux amplitude
(mVs); single units measured ds-axis current (A); single units measured gs«-axis current (A); single units
observed load-angle (deg).

219



Ch. 4 — EXPERIMENTAL VALIDATION

Flux (mVs) Torque (Nm)

Current (A) Current (A)

Angle (deg)

Current (A)  Flux (mVs) Torque (Nm)

Angle (deg) Current (A)

3 — T T T
2.25 =T —17 - e
1.5 n
0.75 | N
0 | | 1 1 1
-20 -15 -10 -5 0 5 10 15 20
130 T T T T T
120 - ! ! { -
110 -
100 [} —33| | ]
90 | 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20
24 T T T T
o ]
16 .
8 | 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20
8 _ T — T T T
6 :1,q!1 _@gl,qﬁl
4
2
0
-20 -15 -10 -5 0 5 10 15 20
8 — T T T T T
;
2 WW
O | 1 1 1 1
-20 -15 -10 -5 0 5 10 15 20
Time (ms)
See figure caption: Fig. 4. 31
DFVC - Unit 2 (a,b,c)
2 T T sz T
l ( —
0
=1 —T} 1
_2 | 1 1 1
-20 -15 -10 -5 0 5 10 15 20
135 ! — I T T T
125 || ATy o AT, i
115
105 - -
95 1 L 1 1 1 1 .
-20 -15 -10 -5 0 5 10 15 20
2 T T T T T
1 [ -
0
-1 H=—"%524,, ]
g | I —
-20 -15 -10 -5 0 5 10 15 20
2 T T T T T
] - -
0
-:12 7‘_ :qui«2 1;:27?'«2 | 1 | ]
-20 -15 -10 -5 0 5 10 15 20
4 — T I T T T
3 =10
2 — ! -
1
O 1 | 1 1 |
-20 -15 -10 -5 0 5 10 15 20

DFVC - Unit 1 (a,b,c) |

Time (ms)
See figure caption: Fig. 4. 31

220



Ch. 4 — EXPERIMENTAL VALIDATION
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Experimental results for fast torque transient (10 Nm/ms) from no-load
(0 Nm) up to 10 Nm using the VSI units 1 and 4 during generation mode with
torque control at -6000 r/min
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Fig. 4. 33. From top to bottom: measured speed (10° - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).
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Fig. 4. 35. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured dsu-axis current (A); reference and measured
gsk-axis current (A); observed load-angle (deg).
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Optimal torque control operation

The drive has been tested in generating operation. With reference to (4.2)-(4.3),
the following conditions have been set:

f, =5kHz
Vaer =270V (k=1+4)
®,, =—35001/min
O i = 45° (k=1+4) (4.6)
s, =1>A = k;’jopt
- (k=1+4)

To obtain the full exploitation of the VSI units current limit, the Maximum Torque
per Ampere (MTPA) operation of the drive has been tested. Therefore, according with
the machine torque reference, the flux amplitude reference of the units has been
computed using the experimental optimal profiles shown in Fig. 4. 4. Nevertheless,
because the validation of these is beyond the scope of this dissertation, only the optimal
stator flux amplitude profile in healthy condition has been tested.

According with Chapter 3 — Section 3.3, the MTPA drive operation does not allow
high-dynamic torque regulations. As a consequence, to avoid over-currents in the units,
a very slow torque transient (32 Nm/s) from zero up to 32 Nm (200 % of the rated
torque) has been performed, leading to the experimental results shown in Fig. 4. 37 -
Fig. 4. 40. With reference to these, it is noted how the maximum torque condition (32
Nm) corresponds with the maximum current injection in the machine (24 A), thus
providing the validation of the optimal stator flux amplitude profile in healthy
condition.

Finally, it is noted how initially the rotor flux amplitude has not followed the torque
variations, leading to a relevant increment of the units’ load-angles (Fig. 4. 40).
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Experimental results for torque transient (32 Nm/s) from no-load up to
200% rated torque (32 Nm) in generation at -3500 r/min using the optimal
stator flux reference profile
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Fig. 4. 38. From top to bottom: measured speed (10° - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).
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Torque sharing operations

The proposed control solution allows to implement an independent regulation
of the torque contribution belonging to each unit. As a consequence, to validate the
performance of the proposed control scheme also in case of different operating
conditions among the units, specific torque sharing strategies have been tested. The
main goal of these has consisted into obtaining large differences among the load-
angle values of the units, allowing the full validation of the proposed decoupling
algorithm. In detail, they are provided the experimental results related to the
following tests:

- Power recirculation between the units

- Sinusoidal torque sharing under voltage constraint

- Sinusoidal torque sharing under both voltage and current constraints

- Sinusoidal torque sharing under both voltage and load-angle constraints
- Sinusoidal torque sharing in deep flux-weakening conditions

Experimental results for power recirculation between the units

The following conditions have been set:

f, =4kHz
Vaer =270V (k=1+4)
®,, =—6000 r/min
5, = 45° (k=1-4) “7)
S = 3> 7\’? = Xs,rated
7" =0

With reference to (4.7), the machine torque reference has been set to zero.
Nevertheless, the torque references of the units have been set as follows:

T/ =T, =+6 Nm
(4.8)

T, =T, =—6 Nm

According with Table 4. 1, (4.8) corresponds into overloading each unit by a
factor equal to 175% . Nevertheless, two units are controlled in motoring mode (unit
s 2 and 3) while the other two in generation mode (units 1 and 4), thus implementing
a mechanical power recirculation. As a consequence, despite the mechanical power
related to each unit is near to 3.8 kW (absolute value), the overall one of machine
1s zero.

This test is useless from the practical point of view. In addition, it leads to
relevant distortion effects on the magnetomotive force at the machine air-gap.
Indeed, the stator currents waveforms results quite distorted, as shown in Fig. 4. 44.
However, it has been possible to obtain opposite load-angle values among the units
controlled in motoring mode and the ones controlled in generation mode, as shown
in Fig. 4. 41 - Fig. 4. 44. It can be noted how in each unit the reference torque has
been fulfilled without any problem.
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DFVC - Torque Control
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Fig. 4. 41. From top to bottom: measured speed (103 -
(Nm); estimated mechanical power (kW).
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Fig. 4. 43. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured dsx-axis current (A); reference and measured

gsi-axis current (A); observed load-angle (deg).
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Fig. 4. 44. Ch1: isia (7.5 A/div), Ch2: isz-q (7.5 A/div), Ch3: iss-a (7.5 A/div), Ch4: iseq (7.5 A/div).

Time resolution: 2 ms/div.

Experimental results for sinusoidal torque sharing operation under

voltage constraint

The drive has been tested in generating operation. The following conditions have

been set:
f, =4kHz
Vger =135V (k=1+4)
=—4000 r/min
O ek =45° (k=1+4)
5, =30 = Ay rated
Ty =ty T (k=1+4)

(4.9)

With reference to (4.9), the DC source voltage has been reduced to an half of
the rated value, thus allowing to test the flux-weakening drive operation. The
machine torque reference has been set to 6 Nm, corresponding at an overall
mechanical power of 2.5 kW. Concerning the torque sharing coefficients, they have

been defined as follows:

1 1
t,, =—+—- sm 275 10-¢
sh,1 4 2 )
1 1
t,,=—+— 2110t —=
sh,2 4 2 ( j
¢ —l+l sin(2n-10-7— )
sh,3 4 2
ty =+ Loin[ 271020
’ 4 2 2

(4.10)
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According with (4.10), for each unit a base torque reference value of 1.5 Nm in
generation has been set. In addition, a torque reference oscillation having an
amplitude of 3 Nm and frequency of 10 Hz has been added. Nevertheless, with the
aim at forcing strong differences among the load-angle values of the units, the
torque oscillations references have been temporally shifted each other in order to
emulate a symmetrical four-phase system. In this way, the overall torque of the
machine has been kept constant (6 Nm), but instant by instant the torque
contributions of the units have been always kept different each other. Therefore, at
any moment some units have operated in generation mode, while the others have
operated in motoring mode to keep the total torque constant at 6 Nm, as shown in
Fig. 4. 45 - Fig. 4. 48. Although this test does not have a direct application, it has
preliminary demonstrated the torque sharing capability of proposed scheme.

The phase currents of the units are characterized by oscillations which are quite
similar to the ones of the radio waves using an amplitude modulation, as shown in
Fig. 4. 45. However, for each unit this amplitude modulation corresponds to a
mechanical power oscillation of 1.2 kW having a frequency of 10 Hz and
superimposed to an average value of 600 W.
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Fig. 4. 45. Ch1: is1-« (7.5 A/div), Ch2: is2-« (7.5 A/div), Ch3: is-. (7.5 A/div), Ch4: ise.q (7.5 A/div).
Time resolution: 50 ms/div.
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—~ DFVC - Torque Control
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Fig. 4. 46. From top to bottom: measured speed (103 -
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Experimental results for sinusoidal torque sharing under both voltage and

current constraints

9). The

The drive has been tested in generating operation, using the settings (4.
machine torque reference has been set to 9 Nm, corresponding at an overall

conditions of the units. Therefore, for each of these a base torque reference value
of 2.25 Nm in generation has been set. However, from a certain moment of time
onwards, the torque sharing operations (4.10) have been suddenly enabled. As a
consequence, for each unit a torque reference oscillation having an amplitude of 4.5
Nm and frequency of 10 Hz has been added, leading to the experimental results

mechanical power of 3.75 kW. Initially, the drive has operated in balanced
shown in Fig. 4. 49 - Fig. 4. 52.
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DFVC - Torque Control
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Fig. 4. 50. From top to bottom: measured speed (10 - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).
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Fig. 4. 51. From top to bottom: single units observed torque (Nm); single units observed flux amplitude
(mVs); single units measured ds-axis current (A); single units measured gs«-axis current (A); single units
observed load-angle (deg).
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Fig. 4. 52. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured ds-axis current (A); reference, measured and
maximum limit gg-axis current (A); observed load-angle (deg).
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Compared to the previous test, it is noted how the torque reference of each unit
k has not continuously been fulfilled. Indeed, with the aim at keeping the k-unit
phase-currents within the maximum allowable amplitude limit, the k-unit DFVC
scheme has performed a proper saturation of the k-unit torque-producing current
reference. Therefore, through this test it has been demonstrated the torque sharing
capability of the proposed scheme however considering the maximum phase-
current limit of each unit.

Experimental results for sinusoidal torque sharing under both voltage and
load-angle constraints

The drive has been tested in generating operation. The following conditions have
been set:

f, =4kHz
Vier =135V (k=1+4)
®,, =—6000 r/min
ey = 25° (k=1:4) “-11)
5, =3—> k: =N rared
T =ty T (k=1+4)

The machine torque reference has been set to 9 Nm, corresponding at an overall
mechanical power of 5.7 kW. Concerning the torque sharing coefficients, they have
been defined as follows:

1 2
t,,=—+—- sm 2n 10-¢
sh,1 4 5 )
1 2
t,,=—+— 21-10-t ——
" 4 5 ( j (4.12)
1 2 ’
bz =—+— (2n 10-£— n)
4 5
tsh4=l+2 sin| 2r-10- t—3—7T
T4 05 2

According with (4.12), for each unit a base torque reference value of 2.25 Nm
in generation has been set. In addition, a torque reference oscillation having an
amplitude of 3.6 Nm and frequency of 10 Hz has been added, leading to the
experimental results shown in Fig. 4. 53 - Fig. 4. 56.

Similar to the previous case, it is noted how the torque reference of each unit £
has not continuously been fulfilled. Indeed, with the aim at keeping the k-unit load-
angle within the maximum allowable limit (4.11), the k-unit DFVC scheme has
performed a proper saturation of the k-unit torque-producing current reference.
Therefore, through this test it has been demonstrated the torque sharing capability
of the proposed scheme however taking in account the maximum load-angle limit
of each unit.
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Finally, it is noted how the load-angle limit has arbitrary been set to the value
of 25° for all units, thus highlighting one of the many degrees of freedom
characterizing the proposed control solution.
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Fig. 4. 53. From top to bottom: measured speed (10 - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).

DFVC - All Units (a,b,0) , k= (1,2,3 4)

‘ A'A'AA'A'l"A'A'A'A'A""""""""v""""""‘"

Flux (mVs) Torque (Nm)

i 4 « 47 d RN WS M B e e | 4 474
srmmuitmmmmmnmmml y
Ry [—

Current (A)

[—r

slq] qu - 53115_

0 60 120 180 240 300 360 420 480

JNNNNNNNJRJMMNNMNNNNMMMHMN&

—( =0, =0 53 —00

0 60 120 180 240 300 360 420 480
Time (ms)

Angle (deg) Current (A)
LI
[}

Fig. 4. 54. From top to bottom: single units observed torque (Nm); single units observed flux amplitude
(mVs); single units measured ds«-axis current (A); single units measured gs-axis current (A); single units
observed load-angle (deg).
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Fig. 4. 55. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);

reference and observed flux amplitude (mVs); measured ds-axis current (A); reference, measured and

maximum limit gu-axis current (A); observed and maximum limit load-angle (deg).
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Fig. 4. 56. Ch1: is1-« (7.5 A/div), Ch2: is2.« (7.5 A/div), Ch3: is;-. (7.5 A/div), Ch4: ise.q (7.5 A/div).
Time resolution: 20 ms/div.

Experimental results for sinusoidal torque sharing in deep flux-weakening
conditions

The drive has been tested in generating operation. The following conditions have
been set:

f, =4kHz
Vs =100V (k=1+4)
®,, =—6000 r/min
8poes = 45° (k=1:4) ¢-13)
5,230 =N e
T =ty T (k=1+4)

With reference to (4.13), it is noted how the DC source voltage has been
reduced to about one third of the rated value, thus allowing to test the deep flux-
weakening drive operation. Concerning the torque sharing coefficients, they have
been defined as follows:

1 1 .
t,, =—+—-sin(2n-10-¢
sh,1 4 2 ( )
i, =2+ Lgin 2n10-0 -
’ 4 2
(4.14)
¢ —l+l sin(2m-10-¢—1)
sh,3 4 2
’ 2
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Initially, the machine has operated in no-load condition, leading to a balanced
operation of the units. From a certain moment of time onwards, the machine torque
reference has suddenly been set to 5 Nm. In addition, the also the torque sharing
operations (4.14) have been enabled. Therefore, for each unit a base torque
reference value of 1.25 Nm in generation has been set. In addition, a torque
reference oscillation having an amplitude of 2.5 Nm and frequency of 10 Hz has
been added, leading to the experimental results shown in Fig. 4. 57 - Fig. 4. 60.

It is noted how the torque reference of each unit £ has not continuously been
fulfilled. Indeed, like for the previous test, the k-unit DFVC scheme has performed
a proper saturation of the k-unit torque-producing current reference, thus allowing
to keep the k-unit load angle within the maximum allowable limit (4.13).

Nevertheless, with reference to Fig. 4. 54, in this case the load-angles of the
units have been limited to the critical value that avoids the machine pull-out.
Therefore, through this test it has been demonstrated the torque sharing capability
of the proposed scheme in the most critical drive operating condition,
corresponding to the Maximum Torque per Volt (MTPV) operation under deep
flux-weakening.

Finally, with reference to Fig. 4. 59, it can be noted how the load-angle value
of each unit has oscillated within the range of (-7.5 degrees, 45 degrees), thus
leading to strong angular differences among the stator flux frames of the units (up
to 52.5 degrees). Therefore, through this test, the full validation of the proposed
decoupling algorithm has been also performed.
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Time resolution: 20 ms/div.

249



Ch. 4 — EXPERIMENTAL VALIDATION

Power (kW) Torque (Nm) Speed (krpm)

DFVC - Torque Control

-5.5

-5.75 "_wm

|
an
T

-6.25

1
@
L
b2
[

-60 0 60 120 180 240 300 360

-60 0 60 120 180 240 300 360

-60 0 60 120 180 240 300 360
Time (ms)

Fig. 4. 58. From top to bottom: measured speed (10 - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).
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Fig. 4. 59. From top to bottom: single units observed torque (Nm); single units observed flux amplitude
(mVs); single units measured ds-axis current (A); single units measured gs«-axis current (A); single units
observed load-angle (deg).
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Fig. 4. 60. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured ds-axis current (A); reference, measured and
maximum limit gu-axis current (A); observed and maximum limit load-angle (deg).
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Closed loop speed control test

In this test, the driving machine has been switched-off, thus acting as passive
inertial load. Due to the mechanical limitations of the test rig, the speed has been
limited within the range of £6000 r/min. Therefore, the DC source voltage has been
reduced to test the flux-weakening and MTPV operation below the speed limit of
the test rig. Concerning the other testing conditions, they have been set as follows:

f, =5kHz
Vaer =100V (k=1+4)
6ma)c,k = 400 (k - 1_4) (415)
S = 2> }\‘t = szopt—max
. T
]}{ :T (k = 1—4)

It is noted how the test has been performed by imposing the machine’s
maximum optimal flux value to all units (0.1535 Vs), allowing high-dynamic torque
variations together with the full exploitation of the VSI units current limit.

The machine torque reference has been provided by an outer speed controller.
This has consisted of a PI regulator whose design is beyond the scope of this
dissertation. The obtained results for a step speed reference from zero up to 6000
r/min are shown in Fig. 4. 61 - Fig. 4. 63.

At low speed and without any voltage limitation, the torque has been limited
only by the VSI units current limit. The single units torques are slightly different due
to the difference values of the dw-axis currents which define the torque-producing
current limits of each unit. The flux-weakening becomes active for a speed that is near
to 1500 r/min. The stator fluxes and stator currents are perfectly controlled, as shown
in Fig. 4. 63. The MTPV limitation becomes active when the maximum load-angle is
reached, at a speed of about 2500 r/min. For safety, the maximum load angle has been
set to 40 degrees to avoid the pull-out of the machine. It is noted how the load-angles
of the units are perfectly limited, as shown in Fig. 4. 62. The results presented at flux-
weakening with closed loop speed control clearly have demonstrated that the proposed
scheme is able to work properly under MTPV conditions with load-angle limitation.

Finally, it is noted the deep flux-weakening operation, corresponding to a ratio
1:5 in terms of stator flux amplitude and 1:8 for the rotor one, as shown in Fig. 4.
64.
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Experimental results for speed control with inertial load from zero up to
6000 r/min

DFVC - Speed Control
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Fig. 4. 61. From top to bottom: measured speed (10 - r/min); reference and observed machine torque
(Nm); estimated mechanical power (kW).
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Fig. 4. 62. From top to bottom: single units observed torque (Nm); single units observed flux amplitude

(mVs); single units measured ds-axis current (A); single units measured gs-axis current (A); single units
observed load-angle (deg).
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Fig. 4. 63. For each k-unit DFVC scheme, from top to bottom: reference and observed torque (Nm);
reference and observed flux amplitude (mVs); measured ds-axis current (A); reference, measured and
maximum limit gg-axis current (A); observed and maximum limit load-angle (deg).
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Flux Weakening - All Units (a,b,c)sk k=(1,2,3,4)
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Fig. 4. 64. Single units flux amplitude and rotor flux amplitude (mVs).
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4.2.2 Experimental validation of the DB-DFVC scheme

The validation of the DB-DFVC scheme has been carried out on the
asymmetrical 6-phase configuration. Due to the high computational efforts required
to the digital controller, only the balanced operation of the machine has been tested.

According with the descriptions of both electrical machine and power
converter, the DFVC schemes of the units have been designed using common
values of the respective control parameters, as reported in Table 4. 5.

For the all performed experimental tests, the sampling frequency and the VSI
units switching frequency have been set at 6 kHz.

In the next subsections, the obtained experimental results for the following tests
are provided:

e Open loop torque control

- Fast torque transients in healthy conditions

- Fault ride-through capability for open three-phase set
e Closed loop speed control

- Deep flux-weakening operation

Flux Observer
Observer gain mcx 125 rad/s
Control Structure
DC-link voltage exploitation degree k-max 0.9
Maximum phase-current limit Jnax.x 24 A
Maximum load angle dmax.k 40°
Unit Control — Torque-producing current Integral Compensator
Integral gain kcomp 100 V/(A-s)
Voltage margin 0.1 (p.u.)

Table 4. 5. Values of the control parameters belonging to the k-unit DB-DFVC scheme (k=1,2).
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Open loop torque control tests

The mechanical speed has been imposed by the driving machine (speed
controlled), while the machine under test was torque controlled. The experimental
results concerns the drive operation under healthy and open-winding fault
conditions.

Fast torque transients in healthy conditions

The drive has been tested in both motoring and generating operation. With
reference to (4.2)-(4.3), the following conditions have been set:

Vs =550V (k=1,2)
®, =—6000r/min
S?» = 3 - 7\“? = ks,rated (416)
. (k=1

The execution of the fast torque transients has led to the performance validation
of each k-unit DB-based regulation (k=1,2). In addition, the effectiveness of the
proposed decoupling algorithm has been verified.

The experimental results for the fast torque transient (40 Nm/ms) from -24 Nm
to +24 Nm (150% of rated value) are shown in Fig. 4. 65 - Fig. 4. 68. Each three-
phase winding set has produced a half of the total torque, corresponding to £12 Nm.
In motoring mode, the target torque is not reached due to the voltage and current
limitations. Conversely, in generation mode the target torque can be reached, as
shown in Fig. 4. 67 - Fig. 4. 68.

With reference to Fig. 4. 68, it is clearly noted the one-step ahead prediction of
the currents and fluxes belonging to each unit, as well as the DB torque response,
despite the high slew-rate of the torque reference that corresponds to an inversion
of the mechanical power from -15 kW to +15 kW in just 1.5 ms (Fig. 4. 65).

The currents of the units are perfectly balanced under both no-load and load
conditions. This is demonstrated by the experimental results related to the fast
torque transients (40 Nm/ms) from zero up to -24 Nm in motoring (Fig. 4. 69 - Fig.
4. 73) and from zero up to 24 Nm in generation (Fig. 4. 74 - Fig. 4. 78).
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Experimental results for fast torque transient (40 Nm/ms) from 150%
rated torque in motoring to 150% rated torque in generation at -6000 r/min
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Fig. 4. 65. From top to bottom: measured speed (10° - r/min); reference, observed and predicted machine

torque (Nm); estimated mechanical power (kW).
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Fig. 4. 66. From top to bottom: single units observed and predicted torque (Nm); single units observed
and predicted flux amplitude (mVs); single units measured and predicted ds-axis current (A); single
units measured and predicted gs-axis current (A); single units observed and predicted load-angle (deg).
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Fig. 4. 67. For each k-unit DFVC scheme, from top to bottom: reference, observed and predicted torque
(Nm); reference, observed and predicted flux amplitude (mVs); measured and predicted ds-axis current
(A); reference, measured and predicted gs«-axis current (A); observed and predicted load-angle (deg).
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Fig. 4. 68. For each k-unit model predictive estimator (MPE), from top to bottom: reference, observed
and predicted torque (Nm); (a,p) observed and predicted fluxes (mVs); (a,p) measured and predicted
currents (A).
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Experimental results for fast torque transient (40 Nm/ms) from no-load
(0 Nm) up to 150% rated torque (24 Nm) in motoring at -6000 r/min
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Fig. 4. 69. From top to bottom: measured speed (10° - r/min); reference, observed and predicted machine
torque (Nm); estimated mechanical power (kW).
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Fig. 4. 70. From top to bottom: single units observed and predicted torque (Nm); single units observed
and predicted flux amplitude (mVs); single units measured and predicted ds-axis current (A); single
units measured and predicted gs-axis current (A); single units observed and predicted load-angle (deg).
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Fig. 4. 71. For each k-unit DFVC scheme, from top to bottom: reference, observed and predicted torque
(Nm); reference, observed and predicted flux amplitude (mVs); measured and predicted dsx-axis current
(A); reference, measured and predicted gs«-axis current (A); observed and predicted load-angle (deg).
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See figure caption: Fig. 4. 72
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Fig. 4. 72. For each k-unit model predictive estimator (MPE), from top to bottom: reference, observed
and predicted torque (Nm); (a,p) observed and predicted fluxes (mVs); (a,p) measured and predicted
currents (A).
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Experimental results for fast torque transient (40 Nm/ms) from no-load
(0 Nm) up to 150% rated torque (24 Nm) in generation at -6000 r/min
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Fig. 4. 74. From top to bottom: measured speed (10° - r/min); reference, observed and predicted machine
torque (Nm); estimated mechanical power (kW).
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Fig. 4. 75. From top to bottom: single units observed and predicted torque (Nm); single units observed
and predicted flux amplitude (mVs); single units measured and predicted ds-axis current (A); single
units measured and predicted gs-axis current (A); single units observed and predicted load-angle (deg).
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Fig. 4. 76. For each k-unit DFVC scheme, from top to bottom: reference, observed and predicted torque
(Nm); reference, observed and predicted flux amplitude (mVs); measured and predicted ds«-axis current
(A); reference, measured and predicted gs-axis current (A); observed and predicted load-angle (deg).
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Fig. 4. 77. For each k-unit model predictive estimator (MPE), from top to bottom: reference, observed
and predicted torque (Nm); (a,p) observed and predicted fluxes (mVs); (a,p) measured and predicted
currents (A).
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Fault ride-through capability for open three-phase set

The drive has been tested in generating operation. With reference to (4.2)-(4.3),

the following conditions have been set:

Vyr =550V (k=1,2)
®,, =—6000r/min
S?» =3-> 7\’; = ks,rated
]_}::x}7k.i (k=1,2)
n,

4.17)

To demonstrate the drive “fault ride-through” capability when one VSI unit is
suddenly disabled, they are shown the experimental results for the open-phase

operation for sudden VSI 2 turn-off at 10 Nm (Fig. 4. 79 - Fig. 4. 83).

It is noted how the healthy unit exhibits sinusoidal currents that increase within
the allowed limits to keep the same torque and machine flux, as shown in Fig. 4.
83. The torque response and the torque-producing current response of the healthy
unit exhibit slight overshoots due to the shut-off dynamic of the faulty unit. Indeed,
the current transient of the faulty unit is slow and acts as disturbance on the DB
regulation of the healthy unit (Fig. 4. 81). Nevertheless, this test has provided the
proof of the modularity of the MS-based control schemes, with the maximum

degree of freedom in the control of each single unit.
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Experimental results for sudden VSI 2 turn-off during generation mode
with torque control at -6000 r/min with 10 Nm (rated torque)
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Fig. 4. 79. From top to bottom: measured speed (10° - r/min); reference, observed and predicted machine
torque (Nm); estimated mechanical power (kW).
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Fig. 4. 80. From top to bottom: single units observed and predicted torque (Nm); single units observed
and predicted flux amplitude (mVs); single units measured and predicted ds-axis current (A); single
units measured and predicted gs-axis current (A); single units observed and predicted load-angle (deg).
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Fig. 4. 81. For each k-unit DFVC scheme, from top to bottom: reference, observed and predicted torque
(Nm); reference, observed and predicted flux amplitude (mVs); measured and predicted ds«-axis current
(A); reference, measured and predicted gs-axis current (A); observed and predicted load-angle (deg).
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See figure caption: Fig. 4. 82
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Fig. 4. 82. For each k-unit model predictive estimator (MPE), from top to bottom: reference, observed
and predicted torque (Nm); (a,p) observed and predicted fluxes (mVs); (a,p) measured and predicted
currents (A).
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Closed loop speed control test

In this test, the driving machine has been switched-off, thus acting as passive
inertial load. Due to the mechanical limitations of the test rig, the speed has been
limited within the range of £6000 r/min. Therefore, the DC source voltage has been
reduced to a half of the rated value, thus testing the flux-weakening and MTPV
operation below the speed limit of the test rig. Concerning the other testing
conditions, they have been set as follows:

Var =275V (k=1,2)
S}\. =3-> 7\: = Xs,rated (418)
. T
T, =— k=12
1= (k-12)

It is noted how the tests have been performed by imposing the machine’s rated
flux value to all units (0.23 Vs), allowing high-dynamic torque variations together
with a proper magnetizing current injection.

The machine torque reference has been provided by an outer speed controller.
This has consisted of a PI regulator whose design is beyond the scope of this
dissertation. The obtained results for a step speed reference from zero up to 6000
r/min are shown in Fig. 4. 84 - Fig. 4. 87.

At low speed and without any limitation, the torque has been limited only by
the current limit of the VSI units. The flux-weakening becomes active for a speed that
is near to 3000 r/min. The stator fluxes and stator currents are perfectly controlled, as
shown in Fig. 4. 86. The MTPV limitation becomes active when the maximum load-
angle is reached, at a speed of about 4500 r/min. For safety, the maximum load angle
has been set to 40 degrees to avoid the pull-out of the machine. It is noted how the load-
angles of the units are perfectly limited, as shown in Fig. 4. 85. The results presented
at flux-weakening with closed loop speed control clearly have demonstrated that the
proposed scheme is able to work properly under MTPV conditions with load-angle
limitation.

Finally, it is noted the deep flux-weakening operation, corresponding to a ratio
1:2 in terms of stator flux amplitude and 1:4 for the rotor one, as shown in Fig. 4.
87.
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Experimental results for speed control with inertial load from zero up to
6000 r/min

DFVC - Speed Control
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Fig. 4. 84. From top to bottom: measured speed (10° - r/min); reference, observed and predicted machine
torque (Nm); estimated mechanical power (kW).
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Fig. 4. 85. From top to bottom: single units observed and predicted torque (Nm); single units observed
and predicted flux amplitude (mVs); single units measured and predicted ds-axis current (A); single
units measured and predicted gs-axis current (A); single units observed and predicted load-angle (deg).
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Fig. 4. 86. For each k-unit DFVC scheme, from top to bottom: reference, observed and predicted torque
(Nm); reference, observed and predicted flux amplitude (mVs); measured and predicted ds«-axis current
(A); reference, measured, predicted and maximum limit gs-axis current (A); observed, predicted and
maximum limit load-angle (deg).
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4.3 Conclusion

In this chapter, the experimental validation of the Direct Flux Vector Control
(DFVC) scheme for multiple three-phase Induction Motor (IM) drives has been
reported.

The proposed control solution has been validated with a multi-modular power
converter feeding a quadruple three-phase induction machine prototype. The digital
controller has consisted of a rapid-prototyping development board. Concerning the
control algorithm, it has been totally developed in C-code environment.

Two regulation types have been tested, corresponding to the implementation of
the DFVC scheme using Proportional-Integral (PI) and Dead-Beat (DB) controllers
respectively. The experimental validation of the DB regulation has been performed
on a double three-phase configuration, this obtained by reconfiguring the stator
winding of the quadruple three-phase prototype properly.

The experimental results have been related to the drive operation in healthy and
open-winding fault conditions, as well as open loop torque control and closed loop
speed operation. The faulty condition has consisted of open phases after sudden
shut-off of one or more three-phase inverter power modules.

According with the obtained experimental results, the most relevant conclusions
are the following:

* The DFVC scheme obtains a direct and independent control of both
stator flux amplitude and torque contribution belonging to each three-phase
unit, however taking in account the limitation of this in terms of DC-link
voltage, phase-current amplitude and load-angle;

* The implementation of the DFVC scheme using PI controllers (PI-DFVC)
has required acceptable computational efforts to the digital controller. As
a consequence, many kinds of experimental tests have been performed like
the ones concerning the torque sharing strategies;

= The PI-DFVC scheme has allowed at obtaining good dynamic performance
of the drive in all operating conditions, including Max Torque per Volt
(MTPV) operation in deep flux-weakening;

= Due to the high computational efforts required to the digital controller, the
validation of the DFVC scheme using DB controllers (DB-DFVC) has
been performed by only testing the balanced operation of the units;

= The DB-DFVC scheme has led to the best dynamic performance of the
drive in all operating conditions, especially in the fast torque transients
thanks to the one-step ahead prediction of the fluxes and currents belonging
to each unit.
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CONCLUSIONS

The dissertation has dealt with the analysis, design and implementation of
high-performance control techniques for multiphase induction motor drives
using multiple three-phase configurations.

In detail, the main goal of the research activity has consisted in the development
of'a modular control scheme able to fully exploit all the degrees of freedom offered
by the multiple three-phase structures.

The dissertation has been structured in the following main chapters:

e Chapter 1 - Introduction

e Chapter 2 - Machine modelling

e Chapter 3 - Control scheme

e Chapter 4 - Experimental validation

Chapter 1 - Introduction

A literature survey providing the state of the art on the multiphase systems has
been reported, with a particular focus on:

- Applications

- Machine configurations and modelling

- Machine design

- Power converter and modulation techniques

- Drive topologies

- Drive control techniques

- Fault analysis and post-fault control strategies

The literature survey empathizes the reasons why the multiple three-phase
drives are gaining a growing attention in the current technological scenario, thus
justifying their choice as main research context of this dissertation.

Chapter 2 - Machine modelling

The general modelling of a multiple three-phase induction machine (IM) using
both Multi-Stator (MS) and Vector Space Decomposition (VSD) approaches has
been reported. With reference to the technical literature, the following contribution
has been introduced:

= Generic MS state-space model of a multiple three-phase IM,
considering an arbitrary number of three-phase winding sets together
with different stator parameters among the units.
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To show how the MS modelling allows to better highlight the flux and torque
contributions produced by each individual stator winding set, a generic VSD
modelling of a multiple three-phase IM has been reported. This model considers an
arbitrary number of three-phase winding sets and both symmetrical and
asymmetrical configurations. In this way, it has been demonstrated how the MS
results the most suitable modelling approach for the implementation of modular
control schemes able to deal with a direct and independent control of each three-
phase unit.

Chapter 3 - Control scheme

The design and digital implementation of a Direct Flux Vector Control (DFVC)
scheme for multiple three-phase IM drives has been reported. The proposed control
solution is based on the MS approach, thus allowing a straightforward control of
the main variables (current, flux, torque) belonging to each three-phase unit. In this
way, the modularity of the multiple three-phase IM drives has been extended also
in terms of control scheme, without limiting itself to the machine configuration and
power converter structure.

The proposed control scheme has been designed to be fully compatible with the
multiple three-phase drive topologies, using modular Voltage Supply Inverter (VSI)
structures together with independent Pulse Width Modulation (PWM) voltage
control of each three-phase power converter unit.

With reference to the technical literature, the research contributions and
novelties introduced by the proposed control solution are summarized below. With
the aim at proposing a modular MS-based DFVC scheme for multiple three-phase
IM drives, for each three-phase unit the following features have been implemented:

= Independent stator flux amplitude regulation

= Independent torque regulation

= Independent voltage and current operational limits
= Independent load-angle limitation

= Independent post-fault reconfiguration

Finally, the proposed control solution has been developed by considering two
different regulation types, corresponding to as follows:

o Regulation by means of Proportional-Integral (PI) controllers, leading
to a control scheme (PI-DFVC) characterized by good dynamic
performance and acceptable computational efforts in order to be
implemented;

o Regulation by means of Dead-Beat (DB) controllers, leading to a
control scheme (DB-DFVC) characterized by high dynamic
performance but high computational efforts in order to be implemented.

According with the technical literature, the DB-DFVC scheme represents the
first ever made attempt to implement a multiphase predictive solution having the
features above summarized.
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Chapter 4 - Experimental validation

The experimental validation of the proposed control scheme has been reported.
The test rig has consisted of a multi-modular power converter feeding a quadruple
three-phase induction machine prototype. Concerning the digital controller, it has
consisted of a rapid-prototyping development board.

Two regulation types have been tested, corresponding to the implementation of
the DFVC scheme using Proportional-Integral (PI) and Dead-Beat (DB) controllers
respectively. The experimental validation of the DB regulation has been carried out
with an asymmetrical 6-phase machine, this obtained by reconfiguring the stator
winding of the quadruple three-phase prototype properly.

The experimental results have been related to the drive operation in healthy and
open-winding fault conditions, as well as open loop torque control and closed loop
speed operation. The faulty condition consisted of open phases after sudden shut-
off of one or more three-phase inverter power modules.

According with the obtained experimental results, the most relevant conclusions
have been the following:

= The PI-DFVC scheme has led to good dynamic performance of the drive
in all operating conditions, including Max Torque per Volt (MTPV)
operation in deep flux-weakening;

= The DB-DFVC scheme has led to the best dynamic performance of the
drive in all operating conditions, especially in the fast torque transients
thanks to the one-step ahead prediction of the fluxes and currents belonging
to each unit.

In conclusion, the experimental results have demonstrated the full drive
controllability in all operating conditions, thus providing the validation of the
proposed control solution.

Future research work

The future research work includes:

e Extension of the MS-based DFVC scheme to the multiple three-phase
synchronous motor drives.
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