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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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and maximum limit qsk-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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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.  

 

 
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 l 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/(l·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 n 
can be either 4 or 2 depending on if 3-phase (l = 3) or 6-phase (l = 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 (l = 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]. 

72°
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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 l-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 l-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 (l = 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 
of the 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.  

 

 
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.  
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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 
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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 
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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].  
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In the recent years, the use of modular power converters has led to the 
development of many “series/parallel” 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. 5-phase VSI. 

  
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 
xy-1 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 29 (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.  

 

 
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 l-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.  

 

 
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.  

 

 
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: 

• Control scheme 
• 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 l-phases unit. Indeed, the MS approach decomposes 
the original machine model in n overlapped subspaces, where n 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 

FOC 
VSD [91], [92], [97]-[105] 
MS [42], [107]–[110] 

DMS [52], [53] 

iFOC 
VSD [93]–[96] 
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 

ST-FOC 
5-phase [117]–[119] 
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 

FCS-MPC 

SCC 
[136]–[140], [142], [144]–[147], 

[149], [150], [152], [154], 
[158]–[161], [164], [168] 

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: 

• 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.  

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

• Chapter 3 provides the design and digital implementation of a Direct 
Flux Vector Control (DFVC) scheme for multiple three-phase 
Induction Motor (IM) drives.  



Ch. 1 - INTRODUCTION 

33 
 

• 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) 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. 

2) 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 

1) S. Rubino, A. Mazza, G. Chicco and M. Pastorelli, "Advanced control 
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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 

 
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 “ϑ”. The position of each 
magnetic axis is defined with respect to a stationary (α,β) frame. In detail, 
this angle is computed with respect to the α-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 ϑr. 

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: 
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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: 

 2 2
3 3

2 2
3 3

r a rr a

r b r a r

r c r a r

−−

− −

− −

     ϑ ϑϑ     
     π π    ϑ = ϑ + = ϑ +    
     π πϑ    ϑ − ϑ − 

        

  (2.2) 

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

 1 1 0s a s−ϑ = ϑ =   (2.3) 

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 k-set is expressed as follows: 
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        λ = ⋅ + ⋅ + ⋅        
        λ        

∑   (2.4) 
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where: 

- [ ]tsk a sk b sk c− − −λ λ λ  is the vector of the stator fluxes linkage for the three-

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

- [ ]tsk a sk b sk ci i i− − −  is the vector of the stator currents for the three-phase 

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

- [ ]tsz a sz b sz ci i i− − −  is the vector of the stator currents for the three-phase z-

set defined in the own stator phase coordinates (abc)z; 

- [ ]tr a r b r ci i i− − −  is the vector of the rotor currents for the three-phase rotor 

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

while: 

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

- [ ]sk szM −  is the 3×3 mutual magnetizing inductance matrix between the 

stator phase windings of k-set and the stator phase windings of the z-set; 
- [ ]sk rM −  is the 3×3 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 [ ]sk szM −  

and [ ]sk rM −  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: 

 
0 0y x

y x x y
y x x y

x yi i

M M
i i
− −

− −
= =

λ λ
= = =   (2.5) 

The Equation (2.5) must be interpreted as follows. The mutual magnetizing 
inductance y xM −  is related to the flux linkage y x−λ  of the ‘y’ phase winding caused 

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

magnetizing inductance x yM −  is related to the flux linkage x y−λ  of the ‘x’ phase 

winding caused by the current injection yi  in the ‘y’ phase-winding.  

The computation of the mutual magnetizing inductance y xM −  is performed by 

using the scheme shown in Fig. 2. 3.  
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Fig. 2. 3. Scheme for the computation of the mutual magnetizing inductance My-x. 

The current injection xi  in the ‘x’ phase winding generates a magnetomotive 

force vector x xF − which is aligned with the magnetic x-axis. The amplitude of the 

magnetomotive force vector x xF −  is computed as follows: 

 x x x x x xF F N i− −= = ⋅   (2.6) 

where xN  represents the number of turns of the ‘x’ phase-winding. According with 

the initial assumptions, the position xδ  of the magnetic axis belonging to the ‘x’ 
phase winding is computed with respect to the stationary α-axis. The amplitude 
value in (2.6) can be also negative depending by the sign of the current xi .  

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 yδ  the position of the magnetic axis belonging 

to the ‘y’ phase winding, the projection y xF −  of the magnetomotive force vector 

x xF −  on such axis is computed as follows: 

 ( ) ( )cos cosy x y x x x y x x x y xF F F N i− − −= = ⋅ δ − δ = ⋅ ⋅ δ − δ   (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 eqℜ , as shown in Fig. 2. 4.  Therefore, the magnetic flux y x−φ  generated 

by the magnetomotive force vector x xF −  along the magnetic ‘y’ axis is computed 
as follows: 

 ( )cosy x x x
y x y x y x

eq eq

F N i−
− −

⋅
φ = φ = = ⋅ δ − δ

ℜ ℜ
  (2.8) 

 

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

Finally, the flux linkage y x−λ  of the ‘y’ phase winding, caused by the current 

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

 ( )cosx y
y x y y x x y x

eq

N N
N i− −

⋅
λ = ⋅φ = ⋅ ⋅ δ − δ

ℜ
  (2.9) 

where yN  represents the number of turns of the ‘y’ phase winding.  

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

 ( )
0

cos
y

y x x y
y x y x

x eqi

N N
M

i
−

−
=

λ ⋅
= = ⋅ δ − δ

ℜ
  (2.10) 

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: 

 ( ) ( )cos cosx y x y
y x x y y x x y

eq eq

N N N N
M M− −

⋅ ⋅
= ⋅ δ − δ = ⋅ δ − δ =

ℜ ℜ
  (2.11) 

By means of (2.11), the matrices [ ]sk szM −  and [ ]sk rM −  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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−
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set x set y  y ya →ϑ  2 3y yb →ϑ + π  4 3y yc →ϑ + π  

x xa →ϑ  x yϑ −ϑ  2 3x yϑ −ϑ − π  4 3x yϑ −ϑ − π  

2 3x xb →ϑ + π  2 3x yϑ −ϑ + π  x yϑ −ϑ  2 3x yϑ −ϑ − π  

4 3x xc →ϑ + π  4 3x yϑ −ϑ + π  2 3x yϑ −ϑ + π  x yϑ −ϑ  

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 xN  turns. Similarly, the phase windings belonging to 

the ‘y’ set are characterized by yN  turns. 

Therefore, with reference to (2.11) and Table 2. 1, the mutual magnetizing 
inductance matrix [ ]sk szM −  between the stator phase windings of k-set and the 

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

[ ]

( )

( )

( )

2 4cos cos cos
3 3

2 2cos cos cos
3 3

4 2cos cos cos
3 3

sk sz sk sz sk sz

sk sz
sk sz sk sz sk sz sk sz

eq

sk sz sk sz sk sz

N NM

− − −

− − − −

− − −

 π π    ∆ϑ ∆ϑ − ∆ϑ −        
 ⋅ π π   = ⋅ ∆ϑ + ∆ϑ ∆ϑ −    ℜ     
 π π   ∆ϑ + ∆ϑ + ∆ϑ    

    
  (2.12) 
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where: 

- sk sz sk sz−∆ϑ = ϑ −ϑ  is the angular difference among the magnetic axes of 
the first phases belonging to k- and z- sets; 

- skN  is the number of turns characterizing the k-set; 

- szN  is the number of turns characterizing the z-set. 

Similarly, the mutual magnetizing inductance matrix [ ]sk rM −  between the 

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

[ ]

( )

( )

( )

2 4cos cos cos
3 3

2 2cos cos cos
3 3

4 2cos cos cos
3 3

sk r sk r sk r

sk r
sk r sk r sk r sk r

eq

sk r sk r sk r

N NM

− − −

− − − −

− − −

 π π    ∆ϑ ∆ϑ − ∆ϑ −        
 ⋅ π π   = ⋅ ∆ϑ + ∆ϑ ∆ϑ −    ℜ     
 π π   ∆ϑ + ∆ϑ + ∆ϑ    

    
  (2.13) 

where: 

- sk r sk r−∆ϑ = ϑ −ϑ  is the angular difference among the magnetic axes of the 
first phases belonging to k-set and the rotor winding; 

- rN  is the number of turns characterizing the equivalent rotor winding. 

With reference to (2.4), the computation of both [ ]sk szM −  and [ ]sk rM −  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: 

 [ ] [ ],
1

r a r a sz a r an

r b l r r b r sz sz b r r r b
z

r c r c sz c r c

i i i
L i M i M i

i i i

− − − −

− − − − − −
=

− − − −

 λ       
        λ = ⋅ + ⋅ + ⋅        
        λ        

∑  (2.14) 

where: 

- [ ]tr a r b r c− − −λ λ λ  is the vector of the rotor fluxes linkage for the three-

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

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

- [ ]r szM −  is the 3×3 mutual magnetizing inductance matrix between the rotor 

phase windings and the stator phase windings of the z-set; 
- [ ]r rM −  is the 3×3 self-mutual magnetizing inductance matrix of the rotor 

phase windings. 

With reference to (2.11) and Table 2. 1, the mutual magnetizing inductance 
matrix [ ]r szM −  is computed as follows: 

[ ]

( )

( )

( )

2 4cos cos cos
3 3

2 2cos cos cos
3 3

4 2cos cos cos
3 3

r sz r sz r sz

sz r
r sz r sz r sz r sz

eq

r sz r sz r sz

N NM

− − −

− − − −

− − −

 π π    ∆ϑ ∆ϑ − ∆ϑ −        
 ⋅ π π   = ⋅ ∆ϑ + ∆ϑ ∆ϑ −    ℜ     
 π π   ∆ϑ + ∆ϑ + ∆ϑ    

    
  (2.15) 

where: 

- r sz r sz−∆ϑ = ϑ −ϑ  is the 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 [ ]r rM −  of the rotor 

phase windings is computed as follows: 

 [ ]

( )

( )

( )

2 4cos cos cos
3 3

2 2cos cos cos
3 3

4 2cos cos cos
3 3

r r r r r r

r r
r r r r r r r r

eq

r r r r r r

N NM

− − −

− − − −

− − −

 π π    ∆ϑ ∆ϑ − ∆ϑ −        
 ⋅ π π   = ⋅ ∆ϑ + ∆ϑ ∆ϑ −    ℜ     
 π π   ∆ϑ + ∆ϑ + ∆ϑ    

    
  (2.16) 

where: 

- 0r r r r−∆ϑ = ϑ −ϑ = . 

With reference to (2.14), the computation of both [ ]r szM −  and [ ]r rM −  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·(n+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: 

 
sk a sk a sk a

sk b sk sk b sk b

sk c sk c sk c

v i
dv R i
dt

v i

− − −

− − −

− − −

λ     
     = ⋅ + λ     
     λ     

 (2.17) 

where: 

- [ ]tsk a sk b sk cv v v− − −  is the vector of the stator voltages for the three-phase 

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

while: 

- skR  is 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: 

 
r a r a r a

r b r r b r b

r c r c r c

v i
dv R i
dt

v i

− − −

− − −

− − −

λ     
     = ⋅ + λ     
     λ     

 (2.18) 

where: 

- [ ]tr a r b r cv v v− − −  is the vector of the rotor voltages for the three-phase 

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

while: 

- rR  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: 

 [ ] [ ] [ ]3 10 0 0 0t t
r a r b r cv v v− − − ×

= =  (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: 

 ( ), ,, , ,
sk a r a

sk b sk abc r b r abc

sk c r c

x x
x x x x x v i
x x

− −

− −

− −

   
      = = = λ      
      

 (2.20) 

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

 [ ]( ) [ ], , , , ,
1

n

sk abc l sk sk abc sk sz sz abc sk r r abc
z

L i M i M i− −
=

       λ = ⋅ + ⋅ + ⋅       ∑  (2.21) 

 [ ]( ) [ ], , , , ,
1

n

r abc l r r abc r sz sz abc r r r abc
z

L i M i M i− −
=

       λ = ⋅ + ⋅ + ⋅       ∑  (2.22) 

 , , ,sk abc sk sk abc sk abc
dv R i
dt

     = ⋅ + λ       (2.23) 

 , , ,r abc r r abc r abc
dv R i
dt

     = ⋅ + λ       (2.24) 

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

 [ ] [ ]

1, 1, 1,

2, 2, 2,

, , ,

, , ,

... ... ...

s abc s abc s abc

s abc s abc s abc

L M

sn abc sn abc sn abc

r abc r abc r abc

i i

i i

L L

i i

i i

         λ         
         λ             = ⋅ + ⋅    
    
     λ         

    
     λ            

[ ]

1,

2,

,

,

...

s abc

s abc

sn abc

r abc

i

i

L

i

i

      
        = ⋅  
  

    
  

       

 (2.25) 
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where: 

 [ ]

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]

, 1 3 3 3 3 3 33 3

, 23 3 3 3 3 33 3

,3 3 3 3 3 33 3

,3 3 3 3 3 3 3 3

0 ... 0 0

0 ... 0 0

... ... ... ... ...

0 0 ... 0

0 0 ... 0

l s d

l s d

L

l sn d

l r d

L I

L I

L
L I

L I

× × ××

× × ××

× × ××

× × × ×

 ⋅
 

⋅ 
 =  
 ⋅
 
 ⋅ 

  (2.26) 
 

 [ ]

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]

1 1 1 2 1 1

2 1 2 2 2 2

1 2

1 2

...

...
... ... ... ... ...

...

...

s s s s s sn s r

s s s s s sn s r

M

sn s sn s sn sn sn r

r s r s r sn r r

M M M M
M M M M

L
M M M M
M M M M

− − − −

− − − −

− − − −

− − − −

 
 
 
 =
 
 
  

 (2.27) 

 
 [ ] [ ] [ ]L ML L L= +  (2.28) 

Concerning the terms [ ]3 30
×  and [ ]3 3dI

× , they have the following meaning: 

 [ ] [ ]3 3 3 3

0 0 0 1 0 0
0 0 0 0 , 0 1 0

0 0 0 0 0 1
dI

× ×

   
   = =   
      

 (2.29) 

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

 [ ]

1, 1, 1,

2, 2, 2,

, , ,

, , ,

... ... ...

s abc s abc s abc

s abc s abc s abc

sn abc sn abc sn abc

r abc r abc r abc

v i

v i
dR
dt

v i

v i

         λ         
         λ             = ⋅ + ⋅    
    
     λ         

    
     λ            










 

 (2.30) 

where: 

 [ ]

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]

[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]

1 3 3 3 3 3 33 3

23 3 3 3 3 33 3

3 3 3 3 3 33 3

3 3 3 3 3 3 3 3

0 ... 0 0

0 ... 0 0

... ... ... ... ...

0 0 ... 0

0 0 ... 0

s d

s d

sn d

r d

R I

R I

R
R I

R I

× × ××

× × ××

× × ××

× × × ×

 ⋅
 

⋅ 
 =  
 ⋅
 
 ⋅ 

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

 { } { } { }

1, 1, 1,

2, 2, 2,

, , ,

, , ,

V ... , ... , ...

s abc s abc s abc

s abc s abc s abc

sn abc sn abc sn abc

r abc r abc r abc

v i

v i

v i

v i

         λ         
         λ             = Ι = Λ =    
    
     λ         

    
     λ            










 

 (2.32) 

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

 
{ } [ ] { } { }

{ } [ ] { }

V dR
dt

L

 = ⋅ Ι + Λ

 Λ = ⋅ Ι


 (2.33) 

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

 : E M T Wdt dE dE dE dE∀ − = +  (2.34) 

where: 

- EdE  is the infinitesimal variation of the electrical energy; 

- MdE  is the infinitesimal variation of the mechanical energy; 

- TdE  is the infinitesimal variation of the thermal energy; 

- WdE  is the infinitesimal variation of the magnetic field energy. 

Each of these contributions can be computed directly. Concerning EdE , it 
corresponds with the temporal integration of the machine electric power: 

 { } { }Vt
EdE dt= Ι ⋅ ⋅  (2.35) 
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The contribution MdE  corresponds to the temporal integration of the 
mechanical power generated by the machine electromagnetic torque T : 

 r
M m

p

ddE T d T
p
ϑ

= ⋅ ϑ = ⋅  (2.36) 

where: 

- mdϑ  is the infinitesimal variation of the mechanical rotor position; 

- rdϑ  is the infinitesimal variation of the electrical rotor position; 

- pp  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, TdE  is computed as follows:  

 { } [ ] { }t
TdE R dt= Ι ⋅ ⋅ Ι ⋅  (2.37) 

Concerning WdE , it is computed as temporal derivation of the power stored in 
the machine magnetic field:  

 { } [ ] { } { } [ ] { }1 1
2 2

t tW
W

dE d L dE d L
dt dt

   = ⋅ Ι ⋅ ⋅ Ι ⇒ = ⋅ Ι ⋅ ⋅ Ι   
   

 (2.38) 

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

 { } { } { } [ ] { } { } [ ] { }1V
2

t t tr

p

dT dR L
p dt dt

ϑ  Ι ⋅ = ⋅ + Ι ⋅ ⋅ Ι + ⋅ Ι ⋅ ⋅ Ι 
 

 (2.39) 

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:   

 { } [ ] { }( ) { } [ ] { }1
2

t tr

p

dd T dL L
dt p dt dt

ϑ  Ι ⋅ ⋅ Ι = ⋅ + ⋅ Ι ⋅ ⋅ Ι 
 

 (2.40) 

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

 { } [ ] { }1
2

t
p

r

d L
T p

d
= ⋅ ⋅ Ι ⋅ ⋅ Ι

ϑ
 (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: 

 [ ]
, ,

1

n
t sk r

p sk abc r abc
rk

d M
T p i i

d
−

=

 
   = ⋅ ⋅ ⋅    ϑ 

∑  (2.42) 



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

65 
 

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: 

 ( ), , 1 , 1
1

n
sk r

p s r s r s r
eqk

N NT p T T T− +
=

 ⋅
= ⋅ ⋅ + + 

ℜ  
∑  (2.43) 

where: 

 

( ) ( )

( )

( )

,

, 1

, 1

sin

2sin
3

4sin
3

s r sk a r a sk b r b sk c r c sk r

s r sk a r c sk b r a sk c r b sk r

s r sk a r b sk b r c sk c r a sk r

T i i i i i i

T i i i i i i

T i i i i i i

− − − − − − −

− − − − − − − −

+ − − − − − − −


= ⋅ + ⋅ + ⋅ ⋅ ∆ϑ


 π = ⋅ + ⋅ + ⋅ ⋅ ∆ϑ +  

 
 π = ⋅ + ⋅ + ⋅ ⋅ ∆ϑ +  

 

 (2.44) 

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: 

 eqm r
L eq L

p

Id dT T I T T
dt p dt
ω ω

− = ⋅ ⇒ − = ⋅  (2.45) 

where: 

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

- eqI  is the overall momentum of inertia around the axis of rotation, 

considering both the machine’s rotor and mechanical load; 
- mω  is the mechanical speed of the rotor shaft; 

- rω  is the electrical speed of the rotor shaft. 

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

 1m r r
m m

p p

d d
dt p dt p
ϑ ϑ ω

ω = ⇒ω = ⋅ =  (2.46) 

where: 

- mϑ  is the mechanical position of the rotor shaft; 

- rϑ  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 pp  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: 

 

{ } [ ] { } { }

{ } [ ] { }

[ ]

( )

, ,
1

V I . 2.33

I . 2.33

. 2.42

. 2.45

. 2.46

n
t sk r

p sk abc r abc
rk

pr
L

eq

r
r

dR Eq
dt

L Eq

d M
T p i i Eq

d

pd T T Eq
dt I

d Eq
dt

−

=


= ⋅ + Λ



 Λ = ⋅


      = ⋅ ⋅ ⋅     ϑ 
 ω = ⋅ −


 ϑ

= ω


∑  (2.47) 

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 (α,β) 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 (α,β) frame [2].    
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Using the amplitude-invariant form, the general three-phase Clarke 
transformation is defined as follows [2]: 

 [ ]

( )

( )

2 4cos cos cos
3 3

2 2 4sin sin sin
3 3 3

1/ 2 1/ 2 1/ 2

i i i

i i i iT

 π π    ϑ ϑ + ϑ +        
 π π   = ⋅ ϑ ϑ + ϑ +    

    
 
 
 

 (2.48) 

where iϑ  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 α-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 (α,β) 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: 

 [ ]( ) [ ], , , , ,
1

n
r

sk abc l sk sk abc sk sz sz abc sk r r abc
z

L i M i M i− −
=

      λ = ⋅ + ⋅ + ⋅       ∑  (2.49) 

The superscript ‘r’ 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 k-
set and the rotor winding is introduced: 

 sk
sk r

r

Nt
N− =  (2.50) 

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

 , , , , , ,
1 , ,sk r sk r sk r

r abc r abc r abc sk r r abc r abc sk r r abc
sk r

i i v t v t
t − −

−

           = ⋅ = ⋅ λ = ⋅ λ           

  (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: 

[ ]( ) [ ], , , , ,
1

n
sk

sk abc l sk sk abc sk sz sz abc sk r sk r r abc
z

L i M i M t i− − −
=

      λ = ⋅ + ⋅ + ⋅ ⋅       ∑  (2.52) 

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 (αβ0) 
components. In terms of mathematical formulation, this operation is described as 
follows: 

 [ ] [ ]

( )

, 0 , , 0 ,

0 0

,

, ,

sk
rsk

sk sk sk
sk sk sk sk abc r r r r abc

sk
sk r

xx
x x T x x x T x

x x
x v i

−α−α

αβ −β αβ −β

− −

  
         = = ⋅ = = ⋅         
      

= λ

(2.53) 

where: 

- [ ]skT  is the three-phase Clarke transformation for the stator k-set, this one 

is computed using the position angle skϑ ; 

- [ ]rT  is the three-phase Clarke transformation for the rotor set, this one is 

computed using the rotor electrical position rϑ . 

Therefore, the application of (2.53) on (2.52) leads to the computation of the k-
set stator magnetic model in terms of stationary (αβ0) variables, obtaining the 
following result: 

( ), 0 , , 0 , 0 , 0 , 0 , 0
1

n
sk

sk l sk sk sk sz sz sk r sk r r
z

L i M i M t iαβ αβ − αβ αβ − αβ − αβ
=

          λ = ⋅ + ⋅ + ⋅ ⋅           ∑
  (2.54) 

where: 

 [ ] [ ] [ ] 1
, 0

1 0 0
3 0 1 0
2

0 0 0

sk sz
sk sz sk sk sz sz

eq

N NM T M T −
− αβ −

 
⋅    = ⋅ ⋅ = ⋅ ⋅   ℜ

  

 (2.55) 

  

 [ ] [ ] [ ] 1
, 0

1 0 0
3 0 1 0
2

0 0 0

sk r
sk r sk sk r r

eq

N NM T M T −
− αβ −

 
⋅    = ⋅ ⋅ = ⋅ ⋅   ℜ

  

 (2.56) 
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With the aim at obtaining a more compact formulation, the following variables 
are introduced: 

 3 3,
2 2

sk sz sk r
sk sz sk r

eq eq

N N N Nm m− −
⋅ ⋅

= ⋅ = ⋅
ℜ ℜ

 (2.57) 

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

 
,

1

0 , 0

skn
sk sk sz r

l sk sk sz sk r sk r sk
sk sk szz r

sk l sk sk

i i i
L m m t

i i i

L i

−α −α −α −α
− − −

−β −β −β= −β

− −

  λ       
 = ⋅ + ⋅ + ⋅ ⋅         λ          



λ = ⋅


∑
 (2.58) 

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

 
( )

, ,,

, ,

sk
sk r sk sk sk

sk sk sk r r rsk
sk r

x x
x j x x x j x x

x x

x v i

−α −α
−α −β αβ −α −β αβ

−β −β

  
= + ⋅ = = + ⋅ =  

    

= λ
 (2.59) 

where j  represents the complex vector operator. By using (2.59), (2.58) is 
expressed as follows: 

 
( ), , , , ,

1

0 , 0

n
sk

sk l sk sk sk sz sz sk r sk r r
z

sk l sk sk

L i m i m t i

L i

αβ αβ − αβ − − αβ
=

− −


λ = ⋅ + ⋅ + ⋅ ⋅


 λ = ⋅


∑
 (2.60) 

The computation of (2.60) leads to the definition of the stator magnetic model 
in the stationary (αβ0) coordinates.  

Rotor magnetic model in stationary coordinates 

The computation of the rotor magnetic model in the stationary (α,β) 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: 

 [ ]( ) [ ], , , , ,
1

n
r r r r
r abc l r r abc r sz sz abc r r r abc

z

L i M i M i− −
=

      λ = ⋅ + ⋅ + ⋅      ∑  (2.61) 
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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: 

[ ]( ) [ ]2 2
, , , , ,

1

n
sk r sk sk
r abc l r sk r r abc sk r r sz sz abc sk r r r r abc

z

L t i t M i t M i− − − − −
=

      λ = ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅      ∑
  (2.62) 

The application of (2.53) on (2.62) leads to the computation of the rotor 
magnetic model in terms of stationary (αβ0) variables, obtaining the following 
result: 

 

( )2
, 0 , , 0 , 0 , 0

1

2
, 0 , 0

...

...

n
sk r sk
r l r sk r r sk r r sz sz

z

sk
sk r r r r

L t i t M i

t M i

αβ − αβ − − αβ αβ
=

− − αβ αβ

       λ = ⋅ ⋅ + ⋅ ⋅ +      

  + ⋅ ⋅   

∑
 (2.63) 

where: 
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 (2.64) 
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eq

N NM T M T −
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 (2.65) 

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

 3 3,
2 2

sz r r r
r sz r r

eq eq

N N N Nm m− −
⋅ ⋅

= ⋅ = ⋅
ℜ ℜ

 (2.66) 

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

2 2
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2
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sk sk skn
r r sz rr

l r sk r sk r r sz r r sk rsk sk sk
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 (2.67) 
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Finally, by using (2.59), (2.67) is expressed in complex vector notation as 
follows: 

 
( )2 2

, , , , ,
1

2
0 , 0

n
sk r sk sk
r l r sk r r sk r r sz sz r r sk r r

z

sk r sk
r l r sk r r
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αβ − αβ − − αβ − − αβ
=

− − −


λ = ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅


 λ = ⋅ ⋅


∑
 (2.68) 

The equation system (2.68) represents the rotor magnetic model in the 
stationary (αβ0) 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 
(α,β) 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: 

 , 0 , 0 , 0sk sk sk sk
dv R i
dtαβ αβ αβ     = ⋅ + λ       (2.69) 

It is noted how the stator electric model in stationary (α,β) 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 (αβ0) 
instead of the phase ones (abc)k. As for the magnetic models, the (α,β) components 
can be separated from the zero-sequence ‘0’ one, leading to the following result: 
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−α −α −α

−β −β −β
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 λ     
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 = ⋅ + λ


 (2.70) 

Finally, by using (2.59), (2.70) is expressed as follows: 

 
, , ,

0 0 0

sk sk sk sk

sk sk sk sk

dv R i
dt
dv R i
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αβ αβ αβ

− − −

 = ⋅ + λ

 = ⋅ + λ


 (2.71) 

With reference to (2.71), the electric model in stationary (αβ0) 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 (α,β) 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: 

 , , ,
r r r r
r abc r r abc r abc

dv R i
dt

     = ⋅ + λ       (2.72) 

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

 2
, , ,

sk r sk sk
r abc r sk r r abc r abc

dv R t i
dt−     = ⋅ ⋅ + λ       (2.73) 

The application of (2.53) on (2.73) leads to the computation of the rotor electric 
model in terms of stationary (αβ0) variables, obtaining the following result: 
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where: 
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 (2.75) 

By separating the (α,β) components from the zero-sequence ‘0’ one, (2.75) is 
expressed as follows: 
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Finally, by using (2.59), (2.76) is expressed as follows: 
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 (2.77) 

With reference to (2.77), the rotor electric model in stationary (αβ0) 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 (αβ0) coordinates is performed. Therefore, (2.42) using the notation 
change of the rotor variables is below reported:  

 [ ]
, ,

1

n
t sk r r

p sk abc r abc
rk

d M
T p i i

d
−

=

 
  = ⋅ ⋅ ⋅    ϑ 

∑  (2.78) 

By replacing (2.51) in (2.78), the rotor variables are referred to the k-set stator 
coordinates, obtaining the following equation: 
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The application of (2.53) on (2.79) leads to the computation of the 
electromagnetic torque in terms of stationary (αβ0) variables, obtaining the 
following result: 
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where: 
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 (2.81) 

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

 ( )
1

9
4

n
sk sksk r

p sk r r sk r sk
eqk

N NT p t i i i i− −α −β −β −α
=

 ⋅
= ⋅ ⋅ ⋅ ⋅ ⋅ − ⋅ 

ℜ  
∑  (2.82) 

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

 ( ), ,
1

3
2

n
sk

p sk r sk r r sk
k

T p t m i i− − αβ αβ
=

 = ⋅ ⋅ ⋅ ⋅ × ∑  (2.83) 

where ×  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: 
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By replacing (2.84) in (2.83), the electromagnetic torque is computed as 
follows: 

 ( ) ( ), , , ,
1 1

3
2

n n

p sk sk sk sz sz sk
k z

T p i m i iαβ αβ − αβ αβ
= =
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Using the anticommutative propriety of the cross-product, it is demonstrated as 
follows: 
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Therefore, by replacing (2.86) in (2.85), the electromagnetic torque expression 
is simplified as follows: 

 ( ), ,
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p sk sk
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T p iαβ αβ
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= ⋅ ⋅ λ ×∑  (2.87) 

According to (2.87), the electromagnetic torque is given by the sum of the 
contributions of the n 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 (α,β) frame is composed 
by the combination of the following equation systems: 

- Stator k-set Magnetic Model 
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- Rotor Magnetic Model 
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- Stator k-set Electric Model 

 , , ,sk sk sk sk
dv R i
dtαβ αβ αβ= ⋅ + λ  (2.90) 

- Rotor Electric Model 

 2
, , , ,
sk r sk sk sk

r r sk r r r r r
dv R t i j
dtαβ − αβ αβ αβ= ⋅ ⋅ + λ − ⋅ω ⋅λ  (2.91) 
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Together with the (α,β) components, the MS approach defines (n+1) zero-
sequence ‘0’ electromagnetic models. These are computed as follows: 

- Stator k-set Magnetic Model 

 0 , 0sk l sk skL i− −λ = ⋅  (2.92) 

- Rotor Magnetic Model 

 2
0 , 0

sk r sk
r l r sk r rL t i− − −λ = ⋅ ⋅  (2.93) 

- Stator k-set Electric Model 

 0 0 0sk sk sk sk
dv R i
dt− − −= ⋅ + λ  (2.94) 

- Rotor Electric Model 

 2
0 0 0

sk r sk sk
r r sk r r r

dv R t i
dt− − − −= ⋅ ⋅ + λ  (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 k-
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: 

 ,sk sz sN N N k z= = ∀ ∀  (2.96) 

As a consequence of (2.96), a unique machine transformation ratio is defined, 
leading to following result: 
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In addition, the parameters in (2.57) and (2.66) are computed as follows: 
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Therefore, by combining (2.97) and (2.98), the following results are obtained: 
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Finally, by replacing (2.99) in (2.88)-(2.91), the electromagnetic model in 
stationary (α,β) frame is computed as follows: 
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where s
mL  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:  
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Fig. 2. 6. Equivalent MS circuit of a multiple three-phase squirrel cage IM in stationary (αβ0) 

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 (α,β) 
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 (αβ0), 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 (αβ0) components is defined as follows: 
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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.  

 
Fig. 2. 7. Representation of stationary (α,β) 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 rλ , being this angle defined 
with respect to the stationary α-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 *ϑ  is defined in terms of deviation angle *δ  with respect to the position of the 
electromagnetic d-axis dϑ , leading to the following formulation (Fig. 2. 7): 

 * *
dϑ = ϑ + δ  (2.103) 

In this way, by defining *ϑ  properly, it is possible to select any frame as 
follows: 
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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 (α,β) 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 *δ  equal to the negation of the rotor flux vector’ slip angle slϑ . Finally, 

(2.104)(d) corresponds to make coincident the x-axis with the position sk−λϑ  of the 

k-set stator flux vector skλ , thus setting *δ  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: 

 [ ]
( ) ( )
( ) ( )

* *

* *

cos sin

sin cos
rotT

 ϑ ϑ
 =
 − ϑ ϑ 

 (2.105) 

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

[ ] [ ] ( ), , , ,, , ,sk x r x
sk xy rot sk r xy rot r

sk y r y

z z
z T z z T z z v i

z z
− −

αβ αβ
− −

   
      = = ⋅ = = ⋅ = λ         

   
  (2.106) 

In terms of complex notation, (2.106) is expressed as follows: 

 [ ] [ ] ( ), , , ,, , ,sk xy rot sk r xy rot rz T z z T z z v iαβ αβ= ⋅ = ⋅ = λ  (2.107) 

Using the same procedure for the computation of the electromagnetic model in 
stationary (αβ0) 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 (α,β) frame (2.100) is 
following reported: 
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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: 

 , , , , ,
1

n

sk xy l sk sk xy m sz xy m r xy
z

L i L i L i
=

λ = ⋅ + ⋅ + ⋅∑  (2.109) 

It is noted how the stator electric model in rotating (x,y) frame is formally 
identical with the one in stationary (α,β) 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 (α,β).  

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: 
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=

λ = ⋅ + ⋅ + ⋅∑  (2.110) 

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 (α,β) frame, the application 
of (2.107) on (2.90) leads to the following result: 
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In (2.112), the variable *ω  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: 

 *
, , , ,sk xy sk sk xy sk xy sk xy

dv R i j
dt

= ⋅ + λ + ⋅ω ⋅λ  (2.113) 

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 (α,β) frame, the 
application of (2.107) on (2.100) leads to the following result: 

 [ ] [ ] 1

, , , , ,
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r xy r r xy r xy rot r xy r r xy
d Tdv R i T j

dt dt

−

= ⋅ + λ + ⋅ ⋅λ − ⋅ω ⋅λ  (2.114) 

By replacing (2.112) in (2.114), the rotor electric model in rotating (x,y) frame 
is computed as follows: 

 *
, , , ,r xy r r xy r xy sl r xy

dv R i j
dt

= ⋅ + λ + ⋅ω ⋅λ  (2.115) 

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

 * *
sl rω = ω −ω  (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: 
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Therefore, (2.117) is formally identical with the electromagnetic torque 
expression in stationary (α,β) 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 (α,β).  

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:  
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  (2.118) 

Concerning the zero-sequence electromagnetic model, (2.101) is still valid. 
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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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  (2.119) 

It is noted how (2.119) has the same structure of the electromechanical model 
in stationary (αβ0) 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 *ω  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 (xy0) 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).   

 
 
 



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

84 
 

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: 
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By considering another generic stator h-set, (2.120) is rewritten as follows: 
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Therefore, by comparing (2.120) with (2.121), the following comparative 
magnetic equation is computed: 

 ( ), , , , ,
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1
sh xy sh xy sk xy l sk sk xy
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i L i

L
 = ⋅ λ −λ + ⋅   (2.122) 

Finally, by applying the temporal derivation operator on (2.122), the following 
time differential equation is obtained: 
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 (2.123) 

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

 *
, , , ,sk xy sk xy sk sk xy sk xy

d v R i j
dt
λ = − ⋅ − ⋅ω ⋅λ  (2.124) 
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By considering another generic stator h-set, (2.124) is rewritten as follows: 

 *
, , , ,sh xy sh xy sh sh xy sh xy

d v R i j
dt
λ = − ⋅ − ⋅ω ⋅λ  (2.125) 

Therefore, by comparing (2.124) with (2.125), the following comparative 
electrical equation is computed: 
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By replacing (2.122) in (2.126), the following time differential equation is 
obtained: 
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Finally, by replacing (2.127) in (2.123), the following comparative 
electromagnetic equation is computed: 
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For reasons better explained later, (2.128) is used to extrapolate the following 
equation: 
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  (2.129) 

To obtain a compact formulation of the next equations, the following variables 
are defined: 
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Finally, by using (2.130), (2.129) is expressed as follows: 

( )

( )

, , , ,
1

*
, , , ,

*
, , , ,

1

...

... ...

...

n

r l r sh xy k l sk sk xy
h
h k

k sk xy sk sk xy l sk sk xy

n

h sh xy sh sh xy l sh sh xy
h
h k

d dk L i c L i
dt dt

c v R i j L i

c v R i j L i

=
≠

=
≠

⋅ ⋅ = ⋅ ⋅ +

− ⋅ − ⋅ − ⋅ω ⋅ ⋅ +

 + ⋅ − ⋅ − ⋅ω ⋅ ⋅ 

∑

∑

 (2.131) 

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

 ,1 ,k sk r sk m l skk k L L Lσ = − ⋅ = +  (2.135) 

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

 , , , , ,
1

1 n

r xy sk xy k sk sk xy r l r sh xy
r h

h k

d d d dL i k L i
dt k dt dt dt=

≠

 
 

λ = ⋅ λ −σ ⋅ ⋅ − ⋅ ⋅ 
 
 

∑  (2.136) 
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By replacing (2.124) and (2.131) in (2.136), after some mathematical 
manipulations the following equation is obtained: 

( ) ( ) ( )

( )

, , , ,

* *
, , , ,

*
, , , ,

1

1 ...

1 ... ...

...

k sk xy sk sk xy k sk k l sk sk xy

r xy k l sk sk xy sk xy
r

n

h sh xy sh sh xy l sh sh xy
h
h k

dc v R i L c L i
dt

d j c L i j
dt k

c v R i j L i
=
≠

 
 

+ ⋅ − ⋅ − σ ⋅ + ⋅ ⋅ + 
 
 

λ = ⋅ − ⋅ω ⋅ ⋅ ⋅ − ⋅ω ⋅λ + 
 
 

 − ⋅ − ⋅ − ⋅ω ⋅ ⋅   
 

∑

  (2.137) 

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

 ( )*
, , , ,r xy r r xy r xy r r xy

dv R i j
dt

= ⋅ + λ + ⋅ ω −ω ⋅λ  (2.138) 

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

 ,m l r
r

r

L L
R
+

τ =  (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: 

( )

( ) ( )

( ) ( ){ }

( )

, ,

*
, ,

, ,
1

, ,

1 ...

... ...

1... 1

k sk k l sk sk xy

r
r sk k k sk k l sk r k sk sk xy

sk

n

r r h sk r h l sh sh xy
h
h k

r sk xy k sk xy h
r

dL c L i
dt

kR R c j L c L L i
k

R k c R j c L i

j c v c

=
≠

σ ⋅ + ⋅ ⋅ =

    = − ⋅ + ⋅ + + ⋅ ω ⋅ σ ⋅ + ⋅ −ω ⋅σ ⋅ ⋅ +       

 − ⋅ − ⋅ − ⋅ ω ⋅ ⋅ ⋅ + 

 
+ − ⋅ω ⋅λ + + ⋅ − τ 

∑

( ), ,
1

n

sh xy r r xy
h
h k

v k v
=
≠

⋅ − ⋅∑

  (2.140) 

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

However, with the aim at keeping the most general form of the state-space model, 
the rotor voltage ,r xyv  is not explicated.  
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With the only exception of ,r xyv , it is 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 ,sk xyλ  is not explicated. To solve this issue, 

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

( )

( ) ( )

( )

, ,

*
, ,

, ,
1

,

11 ...

1... ...

1... 1

k sk k l sk sk xy

r
r sk k k sk k sk k l sk sk xy

sk r

n

r r h sk r l r sh xy
rh

h k

r r r xy k
r

dL c L i
dt

kR R c L j L c L i
k

R k c R k L i

k j c

=
≠

σ ⋅ + ⋅ ⋅ =

    = − ⋅ + ⋅ + − ⋅σ ⋅ + ⋅ ω ⋅ σ ⋅ + ⋅ ⋅ +    τ   

  
− ⋅ − ⋅ − ⋅ ⋅ ⋅ +  τ  

 
+ ⋅ − ⋅ω ⋅λ + + ⋅ τ 

∑

( ), , ,
1

n

sk xy h sh xy r r xy
h
h k

v c v k v
=
≠

− ⋅ − ⋅∑

  (2.141) 

With the computation of (2.141), the state equation of the k-set stator current 
,sk xyi  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 ,sk xyv . 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: 

( )

( )

, , , , , , ,
1

, , , , , ,
1

...

...

n

sk xy i kk sk xy i kh sh xy i kr r xy
h
h k

n

i kk sk xy i kh sh xy i kr r xy
h
h k

d i A i A i A
dt

b v b v b v

=
≠

=
≠

            = ⋅ + ⋅ + ⋅ λ +            

          + ⋅ + ⋅ + ⋅          

∑

∑

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

 

, , , ,
, ,

, , , ,

, , , ,
, ,

, , , ,

i kk xx i kk xy i kk xx i kk xy
i kk i kk

i kk yx i kk yy i kk yx i kk yy

i kh xx i kh xy i kh xx i kh xy
i kh i khk h k h

i kh yx i kh yy i kh yx i kh yy

i

a a b b
A b

a a b b

a a b b
A b

a a b b

A

− − − −

− − − −

− − − −

≠ ≠
− − − −

   
   = =      

   
   

   = =      
   

, , , ,
, ,

, , , ,

i kr xx i kr xy i kr xx i kr xy
kr i kr

i kr yx i kr yy i kr yx i kr yy

a a b b
b

a a b b
− − − −

− − − −

   
   = =      

   

 (2.143) 

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

( )1 1

, ,
,

*
, ,

1r r sk sk k r k sk
i kk xx i kk yy

k sk k l sk

i kk xy i kk yx

R k k R c L
a a

L c L

a a

− −

− −

− −

 ⋅ ⋅ + ⋅ + − τ ⋅σ ⋅
= = −

σ ⋅ + ⋅

 = − = ω


 (2.144) 

 
1

,
, ,

,

, , 0

r r h sk r l r r
i kh xx i kh yy

k sk k l sk

i kh xy i kh yx

R k c R k L
a a

L c L

a a

−

− −

− −

 ⋅ − ⋅ − ⋅ ⋅ τ
= = −

σ ⋅ + ⋅

 = =


 (2.145) 

 
1

, ,
,

, ,
,

r r
i kr xx i kr yy

k sk k l sk

r r
i kr xy i kr yx

k sk k l sk

ka a
L c L

ka a
L c L

−

− −

− −

 ⋅ τ
= = σ ⋅ + ⋅


⋅ω = − = σ ⋅ + ⋅

 (2.146) 

 

, ,
,

, ,

1

0

k
i kk xx i kk yy

k sk k l sk

i kk xy i kk yx

cb b
L c L

b b

− −

− −

+ = = σ ⋅ + ⋅

 = =


 (2.147) 

 

, ,
,

, , 0

h
i kh xx i kh yy

k sk k l sk

i kh xy i kh yx

cb b
L c L

b b

− −

− −

 = = − σ ⋅ + ⋅

 = =


 (2.148) 
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, ,
,

, , 0

r
i kr xx i kr yy

k sk k l sk

i kr xy i kr yx

kb b
L c L

b b

− −

− −

 = = − σ ⋅ + ⋅

 = =


 (2.149) 

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 ,r xyλ . This is computed by replacing (2.133) in (2.138), obtaining the 

following result: 

 ( )*
, , , ,

1

1 n

r xy r r xy r r sh xy r xy
r h

d j R k i v
dt =

 
λ = − + ⋅ ω −ω ⋅λ + ⋅ ⋅ + τ 

∑  (2.150) 

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

 

( )

( )

, , , , ,
1

, , , ,
1

...

...

n

r xy rh sh xy rr r xy
h

n

rh sh xy rr r xy
h

d A i A
dt

b v b v

λ λ
=

λ λ
=

        λ = ⋅ + ⋅ λ +        

      + ⋅ + ⋅      

∑

∑
 (2.151) 

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

 

, , , ,
, ,

, , , ,

, , , ,
, ,

, , , ,

rh xx rh xy rh xx rh xy
rh rh

rh yx rh yy rh yx rh yy

rr xx rr xy rr xx rr xy
rr rr

rr yx rr yy rr yx rr yy

a a b b
A b

a a b b

a a b b
A b

a a b b

λ − λ − λ − λ −
λ λ

λ − λ − λ − λ −

λ − λ − λ − λ −
λ λ

λ − λ − λ − λ −

   
   = =      

   
   

   = =      
   

 (2.152) 

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

, ,

, , 0
rh xx rh yy r r

rh xy rh yx

a a R k
a a
λ − λ −

λ − λ −

= = ⋅
 = =

  (2.153) 

  
1

, ,
*

, ,

rr xx rr yy r

rr xy rr yx r

a a

a a

−
λ − λ −

λ − λ −

 = = −τ


= − = ω −ω
  (2.154) 

  

{ , , , , 0rh xx rh yy rh xy rh yxb b b bλ − λ − λ − λ −= = = =  (2.155) 

  

, ,

, ,

1
0

rr xx rr yy

rr xy rr yx

b b
b b
λ − λ −

λ − λ −

= =
 = =

  (2.156) 
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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 n 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: 

 

0 , 0

0 , 0

0 0 0

0 0 0

1,2,...,

1, 2,...,

sk l sk sk

r l r r

sk sk sk sk

r r r r

L i k n

L i

dv R i k n
dt

dv R i
dt

− −

− −

− − −

− − −

λ = ⋅ =

 λ = ⋅

 = ⋅ + λ =


 = ⋅ + λ


 (2.157) 

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

 
0 0 0

,

0 0 0
,

1, 2,...,sk
sk sk sk

l sk

r
r r r

l r

Rd i i v k n
dt L

Rd v
dt L

− − −

− − −

 = − ⋅ + =


 λ = − ⋅λ +


 (2.158) 

As a squirrel cage IM is considered, the zero-sequence rotor voltage 0rv −  is 
zero, leading to the following result: 

 0 0 0
,

0 r
r r r

l r

Rdv
dt L− − −= ⇒ λ = − ⋅λ  (2.159) 

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 n 
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: 

 ( ), 0 , 0

0 0

, , ,
sk x r x

sk xy sk y r xy r y

sk r

z z
z z z z z v i

z z

− −

− −

− −

   
      = = = λ      
      

 (2.160) 

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

, , ,2 2

, 0 , ,

,,

0 0
0

0 0 0

i kk i kk xx i kk xy

i kk xy i kk yx i kk yysk

sk l skl sk

A a a
A a aR

R LL

− −×

− − −

          = =     −   −  

 (2.161) 

 

, ,
,

, 0 , ,

0
0

0
0 0 0 0 0

i kh xx i kh xy
i kh k h

i kh xy i kh yx i kh yyk h

a a
A

A a a
− −

≠
− − −≠

        = =         

 (2.162) 

  

, ,
,

, 0 , ,

0
0

0
0 0 0 0 0

i kr xx i kr xy
i kr

i kr xy i kr yx i kr yy

a a
A

A a a
− −

− − −

        = =         

 (2.163) 

  

, ,
,

, 0 , ,

0
0

0
0 1 0 0 1

i kk xx i kk xy
i kk

i kk xy i kk yx i kk yy

b b
b

b b b
− −

− − −

 
       = =    
     

 (2.164) 

  

, ,
,

, 0 , ,

0
0

0
0 0 0 0 0

i kh xx i kh xy
i kh k h

i kh xy i kh yx i kh yyk h

b b
b

b b b
− −

≠
− − −≠

 
       = =    
     

 (2.165) 

  

, ,
,

, 0 , ,

0
0

0
0 0 0 0 0

i kr xx i kr xy
i kr

i kr xy i kr yx i kr yy

b b
b

b b b
− −

− − −

        = =         

 (2.166) 
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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: 

( )

( )

, 0 , 0 , 0 , 0 , 0 , 0 , 0
1

, 0 , 0 , 0 , 0 , 0 , 0
1

...

...

n

sk xy i kk xy sk xy i kh xy sh xy i kr xy r xy
h
h k

n

i kk xy sk xy i kh xy sh xy i kr xy r xy
h
h k

d i A i A i A
dt

b v b v b v

− − −
=
≠

− − −
=
≠

             = ⋅ + ⋅ + ⋅ λ +             

           + ⋅ + ⋅ + ⋅           

∑

∑

  (2.167) 

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

, ,
,

, 0 , ,

0
0

0
0 0 0 0 0

rh xx rh xy
rh

rh xy rh yx rh yy

a a
A

A a a
λ − λ −

λ
λ − λ − λ −

        = =         

 (2.168) 

, , ,

, 0 , ,

,,

0 0
0

0
0 0

rr rr xx rr xy

rr xy rr yx rr yyr

r l rl r

A a a
A a aR

R LL

λ λ − λ −

λ − λ − λ −

          = =     −   −  

 (2.169) 

 

, ,
,

, 0 , ,

0
0

0
0 0 0 0 0

rh xx rh xy
rh

rh xy rh yx rh yy

b b
b

b b b
λ − λ −

λ
λ − λ − λ −

 
       = =    
     

 (2.170) 

 

, ,
,

, 0 , ,

0
0

0
0 0 0 0 1

rr xx rr xy
rr

rr xy rr yx rr yy

b b
b

b b b
λ − λ −

λ
λ − λ − λ −

        = =         

 (2.171) 

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: 

 

( )

( )

, 0 , 0 , 0 , 0 , 0
1

, 0 , 0 , 0 , 0
1

...

...

n

r xy rh xy sh xy rr xy r xy
h

n

rh xy sh xy rr xy r xy
h

d A i A
dt

b v b v

λ − λ −
=

λ − λ −
=

         λ = ⋅ + ⋅ λ +         

       + ⋅ + ⋅       

∑

∑
 (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: 

 [ ] [ ]

1, 0 1, 0 1, 0

2, 0 2, 0 2, 0

, 0 , 0 , 0

, 0 , 0 , 0

... ... ...

s xy s xy s xy

s xy s xy s xy

sn xy sn xy sn xy

r xy r xy r xy

i i v

i i v
d
dt

i i v

v

                  
                      = ⋅ + ⋅    
    
              

   
     λ λ            

A b









 
 

 (2.173) 

where: 

 [ ]

,11 0 ,12 0 ,1 0 ,1 0

,21 0 ,22 0 ,2 0 ,2 0

, 1 0 , 2 0 , 0 , 0

, 1 0 , 2

...

...

... ... ... ... ...

...

i xy i xy i n xy i r xy

i xy i xy i n xy i r xy

i n xy i n xy i nn xy i nr xy

r xy r

A A A A

A A A A

A A A A

A A

− − − −

− − − −

− − − −

λ − λ

              
              

=

              
  

A

0 , 0 , 0...xy rn xy rr xyA A− λ − λ −

 
 
 
 
 
 
 
 
            

  (2.174) 
 

 [ ]

,11 0 ,12 0 ,1 0 ,1 0

,21 0 ,22 0 ,2 0 ,2 0

, 1 0 , 2 0 , 0 , 0

, 1 0 , 2

...

...

... ... ... ... ...

...

i xy i xy i n xy i r xy

i xy i xy i n xy i r xy

i n xy i n xy i nn xy i nr xy

r xy r

b b b b

b b b b

b b b b

b b

− − − −

− − − −

− − − −

λ − λ

              
              

=

              
  

b

0 , 0 , 0...xy rn xy rr xyb b− λ − λ −

 
 
 
 
 
 
 
 
            

  (2.175) 

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

 { } { }

1, 0 1, 0

2, 0 2, 0

, 0 , 0

, 0 , 0

... , ...

s xy s xy

s xy s xy

sn xy sn xy

r xy r xy

i v

i v

x u

i v

v

            
               = =   
   
         

   
   λ         

 (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: 

 { } [ ] { } [ ] { }d x x u
dt

= ⋅ + ⋅A b  (2.177) 

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 *ω  properly, the following frames can 
be selected: 

 

( ) ( )
( ) ( )
( ) ( )
( ) ( )

*

*

*

*

, ,0 , ,0

0 , ,0 , ,0

, ,0 , ,0

, ,0 , ,0

d

r r r

sk sk sk

x y d q

x y

x y d q

x y d q−λ

ω = ω ⇒ ≡

ω = ⇒ ≡ α β

ω = ω ⇒ ≡
ω = ω ⇒ ≡

 (2.178) 

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: 

 

, , ,

,
sk sz s

sk sz s

l sk l sz l s

N N N
R R R k z

L L L

 = =
 = = ∀ ∀
 = =

 (2.179) 

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. 

 

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

machine. 
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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: 

 2 2
3 3

2 2
3 3

rk a rkrk a

rk b rk a rk

rk c rk a rk

−−

− −

− −

     ϑ ϑϑ     
     π π    ϑ = ϑ + = ϑ +    
     π πϑ    ϑ − ϑ − 

        

  (2.180) 

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: 

 [ ] [ ],
1 1

sk a sk a sz a rz an n

sk b l s sk b sk sz sz b sk rz rz b
z z

sk c sk c sz c rz c

i i i
L i M i M i

i i i

− − − −

− − − − − −
= =

− − − −

   λ       
          λ = ⋅ + ⋅ + ⋅          
          λ          

∑ ∑   

  (2.181) 

where: 

- [ ]trz a rz b rz ci i i− − −  is the vector of the rotor currents for the three-phase 

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

while: 

- [ ]sk rzM −  is the 3×3 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, [ ]sk rzM −  is computed as 

follows: 

[ ]

( )

( )

( )

2 4cos cos cos
3 3

2 2cos cos cos
3 3

4 2cos cos cos
3 3

sk rz sk rz sk rz

VSD
s r

sk rz sk rz sk rz sk rz
eq

sk rz sk rz sk rz

N NM

− − −

− − − −

− − −

 π π    ∆ϑ ∆ϑ − ∆ϑ −        
 ⋅ π π   = ⋅ ∆ϑ + ∆ϑ ∆ϑ −    ℜ     
 π π   ∆ϑ + ∆ϑ + ∆ϑ    

    
  (2.182) 
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where: 

- VSD
r rN N n=  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; 

- sk rz sk rz−∆ϑ = ϑ −ϑ  is the angular difference among the magnetic axes of the 
first phases belonging to the stator k-set and the rotor z-set. 

Rotor magnetic model in phase coordinates 

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

[ ] [ ],
1 1

rk a rk a sz a rz an n

rk b l r rk b rk sz sz b rk rz rz b
z z

rk c rk c sz c rz c

i i i
L i M i M i

i i i

− − − −

− − − − − −
= =

− − − −

   λ       
          λ = ⋅ + ⋅ + ⋅          
          λ          

∑ ∑  (2.183) 

where: 

- [ ]trk a rk b rk c− − −λ λ λ  is the vector of the rotor fluxes linkage for the three-

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

while: 

- [ ]rk szM −  is the 3×3 mutual magnetizing inductance matrix between the rotor 

phase windings of k-set and the stator phase windings of the z-set; 
- [ ]rk rzM −  is the 3×3 mutual magnetizing inductance matrix between the 

rotor 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, [ ]rk szM −  and [ ]rk rzM −  are 

computed as follows: 

[ ]

( )

( )

( )

2 4cos cos cos
3 3

2 2cos cos cos
3 3

4 2cos cos cos
3 3

rk sz rk sz rk sz

VSD
s r

rk sz rk sz rk sz rk sz
eq

rk sz rk sz rk sz

N NM

− − −

− − − −

− − −

 π π    ∆ϑ ∆ϑ − ∆ϑ −        
 ⋅ π π   = ⋅ ∆ϑ + ∆ϑ ∆ϑ −    ℜ     
 π π   ∆ϑ + ∆ϑ + ∆ϑ    

    
  (2.184)
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[ ]

( )

( )

( )

2 4cos cos cos
3 3

2 2cos cos cos
3 3

4 2cos cos cos
3 3

rk rz rk rz rk rz

VSD VSD
r r

rk rz rk rz rk rz rk rz
eq

rk rz rk rz rk rz

N NM

− − −

− − − −

− − −

 π π    ∆ϑ ∆ϑ − ∆ϑ −        
 ⋅ π π   = ⋅ ∆ϑ + ∆ϑ ∆ϑ −    ℜ     
 π π   ∆ϑ + ∆ϑ + ∆ϑ    

    
  (2.185) 

where: 

- rk sz rk sz−∆ϑ = ϑ −ϑ  is the angular difference among the magnetic axes of the 
first phases belonging to the rotor k-set and the stator z-set; 

- rk rz rk rz−∆ϑ = ϑ −ϑ  is the 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·(n+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 sk a

sk b s sk b sk b

sk c sk c sk c

v i
dv R i
dt

v i

− − −

− − −

− − −

λ     
     = ⋅ + λ     
     λ     

 (2.186) 

Rotor electric model 

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

 
rk a rk a rk a

rk b r rk b rk b

rk c rk c rk c

v i
dv R i
dt

v i

− − −

− − −

− − −

λ     
     = ⋅ + λ     
     λ     

 (2.187) 

where: 

- [ ]trk a rk b rk cv v v− − −  is the vector of the rotor voltages for the three-phase 

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

 [ ] [ ] [ ]3 10 0 0 0t t
rk a rk b rk cv v v− − − ×

= =  (2.188) 

In conclusion, the electric model of a multiple three-phase IM machine is 
composed by 3·(n+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: 

[ ]( ) [ ]( ), , , , ,
1 1

n n

sk abc l s sk abc sk sz sz abc sk rz rz abc
z z

L i M i M i− −
= =

       λ = ⋅ + ⋅ + ⋅       ∑ ∑  (2.189) 

[ ]( ) [ ]( ), , , , ,
1 1

n n

rk abc l r rk abc rk sz sz abc rk rz rz abc
z z

L i M i M i− −
= =

       λ = ⋅ + ⋅ + ⋅       ∑ ∑  (2.190) 

 , , ,sk abc s sk abc sk abc
dv R i
dt

     = ⋅ + λ       (2.191) 

 , , ,rk abc r rk abc rk abc
dv R i
dt

     = ⋅ + λ       (2.192) 

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

 [ ] [ ]

1, 1, 1, 1,

2, 2, 2, 2,
,

, , ,

... ... ...

s abc s abc s abc r abc

s abc s abc s abc r abc
l s SS SR

sn abc sn abc sn abc

i i i

i i i
L L L

i i

            λ            
            λ            = ⋅ + ⋅ + ⋅     
     
          λ                ,

...

rn abci

 
 
  
 
 
     

 (2.193) 

where: 

 [ ]

[ ] [ ] [ ]
[ ] [ ] [ ]

[ ] [ ] [ ]

1 1 1 2 1

2 1 2 2 2

1 2

...

...
... ... ... ...

...

s s s s s sn

s s s s s sn
SS

sn s sn s sn sn

M M M
M M M

L

M M M

− − −

− − −

− − −

 
 
 =
 
 
  

 (2.194) 

 

 [ ]

[ ] [ ] [ ]
[ ] [ ] [ ]

[ ] [ ] [ ]

1 1 1 2 1

2 1 2 2 2

1 2

...

...
... ... ... ...

...

s r s r s rn

s r s r s rn
SR

sn r sn r sn rn

M M M
M M M

L

M M M

− − −

− − −

− − −

 
 
 =
 
 
  

 (2.195) 
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Conversely, by merging (2.190) for all sets k=1,2,…,n, the rotor magnetic 
model of the machine in phase coordinates is obtained as follows: 

[ ] [ ]

1, 1, 1, 1,

2, 2, 2, 2,
,

, , ,

... ... ...

r abc r abc s abc r abc

r abc r abc s abc r abc
l r RS RR

rn abc rn abc sn abc

i i i

i i i
L L L

i i

            λ            
            λ            = ⋅ + ⋅ + ⋅     
     
          λ                ,

...

rn abci

 
 
  
 
 
     

 (2.196) 

where: 

 [ ]

[ ] [ ] [ ]
[ ] [ ] [ ]

[ ] [ ] [ ]

1 1 1 2 1

2 1 2 2 2

1 2

...

...
... ... ... ...

...

r s r s r sn

r s r s r sn
RS

rn s rn s rn sn

M M M
M M M

L

M M M

− − −

− − −

− − −

 
 
 =
 
 
  

 (2.197) 

 

 [ ]

[ ] [ ] [ ]
[ ] [ ] [ ]

[ ] [ ] [ ]

1 1 1 2 1

2 1 2 2 2

1 2

...

...
... ... ... ...

...

r r r r r rn

r r r r r rn
RR

rn r rn r rn rn

M M M
M M M

L

M M M

− − −

− − −

− − −

 
 
 =
 
 
  

 (2.198) 

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

 

1, 1, 1,

2, 2, 2,

, , ,

... ... ...

s abc s abc s abc

s abc s abc s abc
s

sn abc sn abc sn abc

v i

v i dR
dt

v i

          λ          
          λ          = ⋅ + ⋅     
     
          λ               

 (2.199) 

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

 

1, 1, 1,

2, 2, 2,

, , ,

... ... ...

r abc r abc r abc

r abc r abc r abc
r

rn abc rn abc rn abc

v i

v i dR
dt

v i

          λ          
          λ          = ⋅ + ⋅     
     
          λ               

 (2.200) 
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With the aim at obtaining compact formulations, the following variables are 
introduced: 

 

{ } { } { }

{ }

1, 1, 1,

2, 2, 2,
s s s

, , ,

1,

2,
r

V , ,
... ... ...

V
..

s abc s abc s abc

s abc s abc s abc

sn abc sn abc sn abc

r abc

r abc

v i

v i

v i

v

v

          λ          
          λ     = Ι = Λ =     
     
     
     λ               

  
  = { } { }

1, 1,

2, 2,
r r

, , ,

, ,
. ... ...

r abc r abc

r abc r abc

rn abc rn abc rn abc

i

i

v i

        λ        
        λ     Ι = Λ =     
     
     
     λ               

 (2.201) 

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

 { } { } [ ] { } [ ] { }s , s s rI I Il s SS SRL L LΛ = ⋅ + ⋅ + ⋅  (2.202) 

 { } { } [ ] { } [ ] { }r , r s rI I Il r RS RRL L LΛ = ⋅ + ⋅ + ⋅  (2.203) 

 { } { } { }s s sV Is
dR
dt

= ⋅ + Λ  (2.204) 

 { } { } { }r r rV Ir
dR
dt

= ⋅ + Λ  (2.205) 

To compute the machine electromagnetic model, the following vectors are 
defined: 

 { } { }
{ } { } { }

{ } { } { }
{ }

s s s

r r r

V I
V , I ,

V I
     Λ     = = Λ =     Λ          

 (2.206) 

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

 [ ]
[ ] [ ] [ ]

[ ] [ ] [ ]
, 3 3

, 3 3

l s d SS SRn n

RS l r d RRn n

L I L L
L

L L I L
×

×

 ⋅ +
=  

⋅ +  
 (2.207) 

where [ ]3 3d n nI
×

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

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

 
{ } [ ] { } { }

{ } [ ] { }

V dR
dt

L

 = ⋅ Ι + Λ

 Λ = ⋅ Ι


 (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: 

 { } [ ] { }s rI It SR
p

r

d L
T p

d
= ⋅ ⋅ ⋅

ϑ
 (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: 

 

{ } [ ] { } { }

{ } [ ] { }

{ } [ ] { }

( )

s r

V I . 2.208

I . 2.208

I I . 2.209

. 2.45

. 2.46

t SR
p

r

pr
L

eq

r
r

dR Eq
dt

L Eq

d L
T p Eq

d

pd T T Eq
dt I

d Eq
dt


= ⋅ + Λ



 Λ = ⋅


 = ⋅ ⋅ ⋅ ϑ
 ω = ⋅ −



ϑ = ω


 (2.210) 

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·n) × (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: 

,
2 2
3 3

2 2
3 3

xk a xkxk a

xk abc xk b xk a xk

xk c xk a xk

s stator
x

r rotor

−−

− −

− −

     ϑ ϑϑ     
     ≡π π     ϑ = ϑ = ϑ + = ϑ + =       ≡       π πϑ    ϑ − ϑ − 

        

 (2.211) 

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: 

{ }1, 2, ,1 3 ...
t t t

x x abc x abc xk abcn

s stator
x

r rotor×

≡
     Θ = ϑ ϑ ϑ =       ≡

 (2.212) 

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

 
( ) ( ) ( ){ }

( ) ( ) ( ){ }
1 21

1 21

cos cos ... cos

sin sin ... sin

mm

mm

p C l p l l l

p S l p l l l

×

×

⋅ ⋅Θ = ⋅ ⋅ϑ ⋅ϑ ⋅ϑ

⋅ ⋅Θ = ⋅ ⋅ϑ ⋅ϑ ⋅ϑ
 (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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1 3

1 3

1 3

1 3

1 3

1 3

1 3
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x n

VSD
x

x n

x n

x n

symmetrical machineconfiguration

C

S

C

nS l
n odd T s statorn x

r rotor

C l
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 ⋅Θ
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 ⋅Θ
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x n

x n

x n

symmetrical machineconfiguration

C

S

C

S
nl

n even T sn x

C l

S l

C n

nC

×

×

×

×

×

×

×

×

 ⋅Θ
 
 

⋅Θ 
 
 ⋅Θ
 
 ⋅Θ 

⋅  < 
   = ⇒ = ⋅  ⋅   = 

 ⋅Θ 
 

⋅Θ 
 
 ⋅ ⋅ ⋅Θ 
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[ ]
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3

1
2

x n
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×

×

×
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3

1 3

1 3

1 3

3
3 2 1 ,...

, 3...
2

n

x n

x n

x n

S
m i i
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C m

S m

×

×

×

×

 
 

⋅Θ 
  = ⋅ ⋅ + ∈
 

⋅  <
 
 ⋅Θ
 

⋅Θ  



 (2.214) 

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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{ } { } { }
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s
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x x

x x

x x
T

x x

x

x

x

x

−α −α

−β −β

−µ+ −µ+

−µ− −µ−

−µ+ −µ+

−µ+

− +

− −

− +

− −

 
 
 
 
 
 
 
 
 
 
 
 
   = = ⋅ =  
 
 
 
 
 
 
 
 
 
 
 
 

{ }

( )

r

1

1

X

...

...

X V, I,

m

hmp

hmp

VSD
r

r o

r o

rn o

rn o

T

x

x

x

x

−µ+

− +
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   = ⋅  
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  (2.215) 

According with [7], [10], the application of the VSD transformation on the 
machine original space leads to definition of (3·n)/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 (α,β) 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 (α,β); 
- nhrm  harmonic subspaces (μ+, μ-); 
- nhmp  homopolar subspaces (o+,o-). 
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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:  

 { } { } [ ] { } [ ] { }s , s s rI I Ir
l s SS SRL L LΛ = ⋅ + ⋅ + ⋅  (2.216) 

The superscript ‘r’ 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: 

 VSD s s
s r s rVSD

r r

N Nt n n t
N N− −= = ⋅ = ⋅  (2.217) 

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

 { } { } { } { } { } { }r r r r r r
1I I , V V ,s r s VSD r s VSD r

s r s rVSD
s r

t t
t − −
−

= ⋅ = ⋅ Λ = ⋅ Λ  (2.218) 

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

 { } { } [ ] { } [ ] { }s , s s rI I IVSD s
l s SS SR s rL L L t −Λ = ⋅ + ⋅ + ⋅ ⋅  (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: 

{ } { } { } { }s,VSD , s,VSD ,VSD s,VSD ,VSD r,VSDI I IVSD s
l s SS SR s rL L L t −   Λ = ⋅ + ⋅ + ⋅ ⋅     (2.220) 

where: 

[ ]
1

,VSD

1 0 0 ... 0
0 1 0 ... 0

3 0 0 0 ... 0
2

... ... ... ... ...
0 0 0 ... 0

VSD VSD s s
SS s SS s

eq

N NnL T L T
−

 
 
 ⋅⋅       = ⋅ ⋅ = ⋅ ⋅      ℜ  
 
  

 (2.221) 
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[ ]
1

,VSD

1 0 0 ... 0
0 1 0 ... 0

3 0 0 0 ... 0
2

... ... ... ... ...
0 0 0 ... 0

VSD VSD VSD VSD s s
SR s r s SR r s r

eq

N NnL t T L T t
−

− −

 
 
 ⋅⋅       ⋅ = ⋅ ⋅ ⋅ = ⋅ ⋅      ℜ  
 
  

  (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: 

 

,

,

,

1, 2,...,

1, 2,...,

s
s s s rs s

l s m m s
s s s r

sh sh
l s hrm

sh sh

sz o sz o
l s hmp

sz o sz o

i i i
L n L n L

i i i

i
L h n

i

i
L z n

i

−α −α −α −α

−β −β −β −β

−µ+ −µ+

−µ+ −µ−

− + − +

− + − −

  λ     
 = ⋅ + ⋅ ⋅ + ⋅ ⋅       λ         

 λ    = ⋅ =   λ   

λ   
= ⋅ =   λ   







 (2.223) 

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

 
, , , , ,

, , ,

, , ,

1, 2,...,

1, 2,...,

s s s
s l s s m s m r

sh l s sh hrm

sz o o l s sz o o hmp

L i n L i n L i

L i h n

L i z n

αβ αβ αβ αβ

µ+µ− µ+µ−

+ − + −

 λ = ⋅ + ⋅ ⋅ + ⋅ ⋅
λ = ⋅ =
λ = ⋅ =

 (2.224) 

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:  

 { } { } [ ] { } [ ] { }r , r s rI I Ir r r r
l r RS RRL L LΛ = ⋅ + ⋅ + ⋅  (2.225) 

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

 { } ( ) { } [ ] { } ( ) [ ] { }2 2
r , r s rI I Is r VSD s VSD VSD s

l r s r s r RS s r RRL t t L t L− − −Λ = ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅  (2.226) 
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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: 

 
{ } ( ) { } { }

( ) { }

2
r,VSD , r,VSD ,VSD s,VSD

2
,VSD r,VSD

I I ...

... I

s r VSD s VSD
l r s r s r RS

VSD s
s r RR

L t t L

t L

− −

−

 Λ = ⋅ ⋅ + ⋅ ⋅ + 

 + ⋅ ⋅ 

 (2.227) 

where: 

 [ ]
1

,VSD

1 0 0 ... 0
0 1 0 ... 0

3 0 0 0 ... 0
2

... ... ... ... ...
0 0 0 ... 0

VSD VSD VSD s s
RS s r r RS s

eq

N NnL t T L T
−

−

 
 
 ⋅⋅       = ⋅ ⋅ ⋅ = ⋅ ⋅      ℜ  
 
  

  (2.228) 
  

 
( ) ( ) [ ]

2 2 1
,VSD ...

1 0 0 ... 0
0 1 0 ... 0

3... 0 0 0 ... 0
2

... ... ... ... ...
0 0 0 ... 0

VSD VSD VSD VSD
s r RR s r r RR r

s s

eq

t L t T L T

N Nn

−

− −     ⋅ = ⋅ ⋅ ⋅ =     

 
 
 ⋅⋅  = ⋅ ⋅

ℜ  
 
  

  (2.229) 

 ( ) ( )2 2
, , ,

r VSD r s
l r s r l r s r l rL t n L t 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: 

 

,

,

,

1, 2,...,

s s s
r r s rs s s

l r m ms s s
sr r r

s s
rh rhs

l r hrms s
rh rh

s s
rz o rz os

l rs
rz o rz

i i i
n L n L n L

ii i

i
n L h n

i

i
n L

i

−α −α −α −α

−β−β −β −β

−µ+ −µ+

−µ− −µ−

− + − +

− − −

     λ  
= ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅      

λ           
   λ

= ⋅ ⋅ =   
λ      

 λ
= ⋅ ⋅ 

λ  
1,2,..., hmps

o

z n
−










 
= 

   

 (2.231) 
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Finally, (2.231) is further simplified by introducing the complex vector 
notation, leading to the following result: 

, , , , ,

, , ,

, , ,

1, 2,...,

1, 2,...,

s s s s s s
r l r r m s m r

s s s
rh l r rh hrm
s s s
rz o o l r rz o o hmp

n L i n L i n L i

n L i h n

n L i z n

αβ αβ αβ αβ

µ+µ− µ+µ−

+ − + −

 λ = ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅
λ = ⋅ ⋅ =
λ = ⋅ ⋅ =

 (2.232) 

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: 

 { } { } { }s,VSD s,VSD s,VSDV Is
dR
dt

= ⋅ + Λ  (2.233) 

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: 

 1,2,...,

1, 2,...,

s s s
s

s s s

sh sh sh
s hrm

sh sh sh

sz o sz o sz o
s h

sz o sz o sz o

v i dR
v i dt

v i dR h n
v i dt

v i dR z n
v i dt

−α −α −α

−β −β −β

−µ+ −µ+ −µ+

−µ+ −µ− −µ+

− + − + − +

− − − − − −

λ     
= ⋅ +     λ     

λ     
= ⋅ + =     λ     

λ     
= ⋅ + =     λ     

mp












 (2.234) 

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

 

, , ,

, , ,

, , ,

1, 2,...,

1, 2,...,

s s s s

sh s sh sh hrm

sz o o s sz o o sz o o hmp

dv R i
dt

dv R i h n
dt
dv R i z n
dt

αβ αβ αβ

µ+µ− µ+µ− µ+µ−

+ − + − + −

 = ⋅ + λ

 = ⋅ + λ =

 = ⋅ + λ =

 (2.235) 

With reference to (2.235), the electric model in stationary (α,β) 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:  

 { } { } { }r r rV Ir r r r
r

dR
dt

= ⋅ + Λ  (2.236) 

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

 { } { } { }r r rV Is s s s
r

dn R
dt

= ⋅ ⋅ + Λ  (2.237) 

where: 

 ( ) ( )2 2s r VSD r
r r s r r s rn R R t n R t− −⋅ = ⋅ = ⋅ ⋅  (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: 

{ } { } { } { }1
r,VSD r,VSD r,VSD r,VSDV Is s s s VSD VSD s

r r r
d dn R T T
dt dt

−    = ⋅ ⋅ + Λ + ⋅ ⋅ Λ     
 (2.239) 

where: 

 
1

0 1 0 ... 0
1 0 0 ... 0

0 0 0 ... 0
... ... ... ... ...
0 0 0 ... 0

VSD VSD
r r r

dT T
dt

−

 
 −       ⋅ = ω ⋅       
 
  

 (2.240) 

Therefore, by isolating each subspace’ components from the other ones, (2.239) 
is expressed as follows: 

0 1
1 0

1,2,...,

s s s s
r r r rs

r rs s s s
r r r r

s s s
rh rh rhs

r hrms s s
rh rh rh

s
rz o

rz

v i dn R
dtv i

v i dn R h n
dtv i

v

v

−α −α −α −α

−β −β −β −β

−µ+ −µ+ −µ+

−µ− −µ− −µ−

− +

       λ λ 
= ⋅ ⋅ + +ω ⋅ ⋅        −λ λ               

     λ
= ⋅ ⋅ + =     

λ          

1,2,...,
s s
rz o rz os

r hmps s s
o rz o rz o

i dn R z n
dti

− + − +

− − − − − −









     λ

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

, , , ,

, , ,

, , ,

1, 2,...,

1, 2,...,

s s s s s
r r r r r r

s s s s
rh r rh rh hrm

s s s s
rz o o r rz o o rz o o hmp

dv n R i j
dt

dv n R i h n
dt
dv n R i z n
dt

αβ αβ αβ αβ

µ+µ− µ+µ− µ+µ−

+ − + − + −

 = ⋅ ⋅ + λ − ⋅ω ⋅λ

 = ⋅ ⋅ + λ =

 = ⋅ ⋅ + λ =

 (2.242) 

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:  

 { } [ ] { }s rI It SR r
p

r

d L
T p

d
= ⋅ ⋅ ⋅

ϑ
 (2.243) 

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

 { } [ ] { }s rI It SR VSD r
p s r

r

d L
T p t

d −= ⋅ ⋅ ⋅ ⋅
ϑ

 (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: 

 { } [ ] { }1 1
s,VSD r,VSDI I

tt SRVSD VSD VSD s
p s r s r

r

d L
T p T T t

d
− −

−
    = ⋅ ⋅ ⋅ ⋅ ⋅ ⋅      ϑ

 (2.245) 

where: 

[ ] 21 1

1 0 0 ... 0
0 1 0 ... 0

9 0 0 0 ... 0
4

... ... ... ... ...
0 0 0 ... 0

t
SRVSD VSD VSD s s

s r s r
r eq

d L N NnT T t
d

− −

−

 
 
 ⋅⋅      ⋅ ⋅ ⋅ = ⋅ ⋅      ϑ ℜ  
 
  

 (2.246) 

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

 ( )
29

4
s ss s

p r s r s
eq

N NnT p i i i i−α −β −β −α
⋅⋅

= ⋅ ⋅ ⋅ ⋅ − ⋅
ℜ

 (2.247) 
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Finally, by using (2.99), (2.247) is expressed as follows: 

 ( ), ,
3
2

s s
p m r s

nT p L i iαβ αβ
⋅

= ⋅ ⋅ ⋅ ×  (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
2 p s s
nT p iαβ αβ
⋅

= ⋅ ⋅ λ ×  (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 (α,β) subspace. 

Electromagnetic model in stationary coordinates 

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

, , , , ,

, , , , ,

, , ,

, , , ,

. 2.224

. 2.232

. 2.235

. 2.242

s s s
s l s s m s m r

s s s s s s
r l r r m s m r

s s s s

s s s s s
r r r r r r

L i n L i n L i Eq

n L i n L i n L i Eq

dv R i Eq
dt

dv n R i j Eq
dt

αβ αβ αβ αβ

αβ αβ αβ αβ

αβ αβ αβ

αβ αβ αβ αβ

λ = ⋅ + ⋅ ⋅ + ⋅ ⋅

λ = ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅

 = ⋅ + λ


 = ⋅ ⋅ + λ − ⋅ω ⋅λ


 (2.250) 

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

, , ,

, , ,

, , ,

, , ,

1, 2,..., . 2.224

1,2,..., . 2.232

1,2,..., . 2.235

1,2,...,

sh l s sh hrm

s s s
rh l r rh hrm

sh s sh sh hrm

s s s s
rh r rh rh hrm

L i h n Eq

n L i h n Eq

dv R i h n Eq
dt

dv n R i h n E
dt

µ+µ− µ+µ−

µ+µ− µ+µ−

µ+µ− µ+µ− µ+µ−

µ+µ− µ+µ− µ+µ−

λ = ⋅ =

λ = ⋅ ⋅ =

= ⋅ + λ =

= ⋅ ⋅ + λ = . 2.242q













 (2.251) 

, , ,

, , ,

, , ,

, , ,

1, 2,..., . 2.224

1,2,..., . 2.232

1,2,..., . 2.235

1,2,...,

sz o o l s sz o o hmp

s s s
rz o o l r rz o o hmp

sz o o s sz o o sz o o hmp

s s s s
rz o o r rz o o rz o o hmp

L i z n Eq

n L i z n Eq

dv R i z n Eq
dt

dv n R i z n E
dt

+ − + −

+ − + −

+ − + − + −

+ − + − + −

λ = ⋅ =

λ = ⋅ ⋅ =

= ⋅ + λ =

= ⋅ ⋅ + λ = . 2.242q













 (2.252) 
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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 (α,β) 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 (α,β) 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: 

,si αβ +

s
mn L⋅

s
rn R⋅

,
s

ri αβ

,
s
l rn L⋅,l sLsR

,sv αβ

,0 0szi + −
,l sLsR

,0 0szv + −

,
s
l rn L⋅s

rn R⋅

,shi µ+µ−
,l sLsR

,shv µ+µ−

,
s
l rn L⋅s

rn R⋅

, 0s
rhv µ+µ− =

, 0s
rv αβ =

,
s

r rj αβ⋅ω ⋅ λ

,
s

rhi µ+µ−

,
s

rz o oi + −

, 0s
rz o ov + − =

mainsubspace (α,β)

harmonicsubspaces (μ+,μ-)
hrmh = 1,2,...,n

homopolarsubspaces ( +, -)
hmp

o o
z = 1,2,...,n
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, , , , ,

, , , , ,

, , ,

, , , ,

, , ,

. 2.250

1, 2,..

s s s
s l s s m s m r

s s s s s s
r l r r m s m r

s s s s

s s s s s
r r r r r r

sh l s sh

L i n L i n L i

n L i n L i n L i
Eq

dv R i
dt

dv n R i j
dt

L i h

αβ αβ αβ αβ

αβ αβ αβ αβ

αβ αβ αβ

αβ αβ αβ αβ

µ+µ− µ+µ−

λ = ⋅ + ⋅ ⋅ + ⋅ ⋅ 

λ = ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ 

= ⋅ + λ


= ⋅ ⋅ + λ − ⋅ω ⋅λ


λ = ⋅ =

, , ,

, , ,

, , ,

, , ,

.,

1, 2,...,
. 2.251

1,2,...,

1, 2,...,

1, 2,...,

hrm

s s s
rh l r rh hrm

sh s sh sh hrm

s s s s
rh r rh rh hrm

sz o o l s sz o o hmp

n

n L i h n
Eq

dv R i h n
dt

dv n R i h n
dt

L i z n

µ+µ− µ+µ−

µ+µ− µ+µ− µ+µ−

µ+µ− µ+µ− µ+µ−

+ − + −




λ = ⋅ ⋅ = 

= ⋅ + λ =


= ⋅ ⋅ + λ =


λ = ⋅ =

( )

, , ,

, , ,

, , ,

, ,

1, 2,...,
. 2.252

1,2,...,

1, 2,...,

3 . 2.249
2

s s s
rz o o l r rz o o hmp

sz o o s sz o o sz o o hmp

s s s s
rz o o r rz o o rz o o hmp

p s s

pr

eq

n L i z n
Eq

dv R i z n
dt

dv n R i z n
dt

nT p i Eq

pd T
dt I

+ − + −

+ − + − + −

+ − + − + −

αβ αβ




λ = ⋅ ⋅ = 

= ⋅ + λ =


= ⋅ ⋅ + λ =


⋅
= ⋅ ⋅ λ ×

ω
= ⋅( ) . 2.45

. 2.46

L

r
r

T Eq

d Eq
dt








































−

 ϑ = ω

 
  (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 (α,β) 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,y) 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 (α,β) frame. The only difference is that all vectors (voltage, flux and 
current) are referred to the rotating (x,y) coordinates instead of the stationary (α,β) 
ones. As a consequence, both stator and rotor magnetic models in the rotating (x,y) 
frame are computed as follows: 

 , , , , ,s xy l s s xy m s xy m r xyL i n L i n L iλ = ⋅ + ⋅ ⋅ + ⋅ ⋅  (2.254) 

 , , , , ,r xy l r r xy m s xy m r xyn L i n L i n L iλ = ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅  (2.255) 

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
2 p s xy s xy
nT p i⋅

= ⋅ ⋅ λ ×  (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: 

 *
, , , ,s xy s s xy s xy s xy

dv R i j
dt

= ⋅ + λ + ⋅ω ⋅λ  (2.257) 

 ( )*
, , , ,r xy r r xy r xy r r xy

dv n R i j
dt

= ⋅ ⋅ + λ + ⋅ ω −ω ⋅λ  (2.258) 

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

 

( ) ( )
( ) ( )
( ) ( )
( ) ( )

*

*

*

*

, ,0 , ,0

0 , ,0 , ,0

, ,0 , ,0

, ,0 , ,0

d

r r r

s s s

x y d q

x y

x y d q

x y d q−λ

ω = ω ⇒ ≡

ω = ⇒ ≡ α β

ω = ω ⇒ ≡
ω = ω ⇒ ≡

 (2.259) 

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: 

 ( ) ( ) [ ]s d s d s r d l
d d d
dt dt dt−λ −λ  ω = ϑ +ϑ = ϑ + λ − λ = ϑ + δ    (2.260) 

where lδ  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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( )

, , , , ,

, , , , ,

*
, , , ,

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

 ,αβ ,αβ , ,
1 1

1 1 ( , , λ)
n n

VSD MS VSD MS
s sk s xy sk xy

k k
z z z z z v i

n n= =

= ⋅ ⇒ = ⋅ =∑ ∑  (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: 

• Independent stator flux amplitude regulation  
(as for a DTC scheme) 

• Independent torque-producing current component regulation 
(as for a FOC scheme) 

• High performance in deep flux-weakening operation 
(as for a DFVC scheme) 

• Independent load-angle limitation 
(aims at implementing modular strategies that avoid pull-out) 
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• Independent voltage and current operational limits 
(full modularity of the drive scheme with independent control of each 
three-phase unit) 

• Independent operating conditions 
(implementation of a decoupling algorithm to compensate the MS 
couplings among the three-phase units) 

• 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 n 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.  

 

 
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 k the following aspects are considered: 

• PWM voltage control 
• 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 k 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 k xS −  as follows: 

 
0 Upper Switch OFF - Lower Switch ON

, ,
1 Upper Switch ON  - Lower Switch OFF

k x

k x

S
x a b c

S
−

−

= =
=

 (3.1) 

 

 
Fig. 3. 2. Generic three-phase winding set k fed by a 2-level VSI. 
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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 k are expressed as follows: 

 [ ]
1 1 0
0 1 1

0 1 1 1

sk ab sk a sk a

sk bc sk b v sk b

sk c sk c

v v v
v v A v

v v

− − −

− − −

− −

−       
      = − ⋅ = ⋅      
             

 (3.2) 

According with (3.1), by combining the switching functions k xS −  and the DC-
link voltage ,dc kv , the line voltages are expressed as follows: 

 [ ], ,

1 1 0
0 1 1

0 0 0 0

sk ab k a k a

sk bc k b dc k v k b dc k

k c k c

v S S
v S v B S v

S S

− − −

− − −

− −

−       
      = − ⋅ ⋅ = ⋅ ⋅      
             

 (3.3) 

Therefore, by replacing (3.3) in (3.2), the phase voltages are expressed as 
follows: 

 [ ] [ ] [ ]1
, ,

sk a k a k a

sk b dc k v v k b dc k v k b

sk c k c k c

v S S
v v A B S v C S
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 (3.4) 

where: 

 [ ]
2 3 1 3 1 3
1 3 2 3 1 3
1 3 1 3 2 3

vC
− − 

 = − − 
 − − 

 (3.5) 

According with Chapter 2, the variables expressed in phase coordinates are 
referred to the stationary (αβ0) ones by using the three-phase Clarke transformation 
defined as follows: 

 [ ]

( )

( )

2 4cos cos cos
3 3

2 2 4sin sin sin
3 3 3

1/ 2 1/ 2 1/ 2

sk sk sk

k sk sk skT
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 π π   = ⋅ ϑ ϑ + ϑ +    

    
 
 
 

 (3.6) 

where skϑ  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 α-axis by considering an anticlockwise rotation direction.  
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Therefore, by applying (3.6) to (3.4), the k-set phase voltages are computed in 
stationary (αβ0) coordinates as follows: 

 [ ] [ ], , ,

0

sk k a k a

sk dc k k v k b dc k sw k k b

sk k c k c

v S S
v v T C S v T S
v S S
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where: 
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 (3.8) 

Finally, the extended computation of (3.7) leads to the definition of the k-set 
voltage vectors components in the stationary (αβ0) coordinates as follows: 
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sk dc k k a sk k b sk k c sk

sk dc k k a sk k b sk k c sk

sk

v v S S S

v v S S S

v

−α − − −

−β − − −

−

  π π    = ⋅ ⋅ ⋅ ϑ + ⋅ ϑ + + ⋅ ϑ +         
  π π     = ⋅ ⋅ ⋅ ϑ + ⋅ ϑ + + ⋅ ϑ +         
 =



  (3.9) 

Like for a 2-level three-phase VSI, there are 23 = 8 possible configurations of 
the switching network, corresponding to the all permutations of the switching 

functions [ ]tk a k b k cS S S− − − . It is noted how, independently by the considered unit 

k, the zero-sequence voltage component 0skv −  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: 

 0 0 0
,

. 2.158 , . 2sk
sk sk sk

l sk

Rd i i v Eq Ch
dt L− − −= − ⋅ +  (3.10) 

Therefore, by replacing (3.9) in (3.10), the following equation is obtained: 

 0 0
,

sk
sk sk

l sk

Rd i i
dt L− −= − ⋅  (3.11) 

The Equation (3.11) shows how the zero-sequence current component 0ski −  is 
always zero because a homogeneous 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: 

 0 0sk sk a sk b sk ci i i i− − − −= + + =  (3.12) 

Concerning the (α,β) 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 skϑ  whose main 
consequence is to introduce a rotational effect of the voltage vectors when these are 
mapped in the machine (α,β) 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)k. 
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 (α,β) 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 k three duty-cycle 
signals *

k abcd −    corresponding to the moving-average values of the switching 

functions [ ]tk a k b k cS S S− − −  are computed as follows:  

 

* * *
0

* * * *
0

,* * *
0

1 2
1 11 2

1 2s

k a sk a kk a

k abc k b k b sk b kTs dc k
k ck c sk c k

d v dS
d d S dt v d

T v
Sd v d

− − −−

− − − − −

−− − −

                  = = ⋅ = + ⋅ +                              

∫  (3.13) 

where: 

- * * * t
sk a sk b sk cv v v− − −    are the phase voltage references generated by the 

machine control scheme;   
- sT  represents the switching period, corresponding to the time window in 

which the moving-average values of the switching functions are computed;  
- *

0kd −  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 k, the following feedback are required: 

- Phase currents measurements: ,
t

sk abc sk a sk b sk ci i i i− − −   =     ; 

- DC-link voltage measurement: ,dc kv ; 

- Rotor mechanical position measurement: mϑ ; 
- VSI unit status: ,f kx  (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. 

 

 
Fig. 3. 3. Drive scheme of a generic three-phase unit k. 
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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 τ, 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 (τ+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 k has its own references 
in terms of flux amplitude *

skλ  and torque contribution *
kΤ . 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,kI  and 

load-angle *
,δmax k  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 ,dc kv , 

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: 

 , ,, , 1sk s l sk l s max,k maxR R L L I I k n= = = ∀ = ÷  (3.14) 
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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 maxI  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 an , 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. 

   

 
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 maxI , the reduction 

of an  leads to lower values of the maximum obtainable torque an
opt-maxT  (absolute 

value) and maximum optimal stator flux amplitude an
s,opt-maxλ . This result is quite 

obvious as the reduction of an  leads to a natural derating of the machine 
performance. Concerning the optimal stator flux amplitude profiles, it is noted how 
the reduction of an  leads to require a higher value of the optimal stator flux 

amplitude ,λ an
s opt  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 *

extT  is provided by a single 
outer controller. Therefore, by using the feedback signals providing the status of 
each VSI unit ,f kx , the number of active units an  is computed as follows: 

 ,
1

n

a f k
z

n x
=

=∑  (3.15) 

As a consequence, by using the MTPA profiles, it is possible to define both 
values of maximum obtainable torque an

opt-maxT  and maximum optimal stator flux 

amplitude an
s,opt-maxλ . Therefore, the external torque reference *

extT  is eventually 

saturated to the maximum obtainable torque value an
opt-maxT  (absolute limit), leading 

to the definition of the machine torque reference *T .  Finally, by using the MTPA 

profiles, the torque reference *T allows to compute the optimal stator flux amplitude 

value an
s,optλ .  

The definition of the stator flux amplitude reference *
sλ  can be performed by 

selecting one of the below three options: 

 

*
λ ,

*
λ ,

*
λ , ,

1 λ λ

2 λ λ

3 λ λ ( λ )

a

a

a

n
s s opt

n
s s opt max

n
s s rated s opt

s

s

s
−

 = → =
 = → =
 = → = <

 (3.16) 

The first choice consists of to use the optimal value of the stator flux amplitude 
an

s,optλ , 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 *

sλ  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 
flux amplitude an

s,opt-maxλ . Below the base speed of the machine, both stator and rotor 

fluxes amplitudes are not affected by the torque reference *T 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 s,ratedλ . In this way, the injection 

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 maxI , 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 s,ratedλ  defined in healthy conditions, this value 

should be saturated to the maximum value of the optimal stator flux amplitude 
an

s,opt-maxλ , according with Fig. 3. 6.  

Once the selection of the stator flux amplitude reference *
sλ  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: 

 
*

*
,k f k

a

TT x
n

= ⋅  (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: 

 * *
, ,k f k sh kT x t T= ⋅ ⋅  (3.18) 
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With reference to (3.18), each k-unit torque sharing coefficient ,sh kt  must be 

defined to guarantee the following condition: 

 * *
, ,

1 1

1
n n

f z sh z z
z z

x t T T
= =

⋅ = ⇒ =∑ ∑  (3.19) 

In this way, the sum of the torque references belonging to the units corresponds 
to the machine torque reference *Τ . Finally, each k-unit torque sharing coefficient 

,sh kt  must be defined in order to guarantee the implementation of the k-unit torque 

reference *
kΤ , according with the k-unit maximum phase-current limit ,max kI . 

In conclusion, independently by the fact if single or multiple outer controllers 
are employed, each three-phase unit k is characterized by its own references in terms 
flux amplitude *

skλ  and torque contribution *
kΤ . Therefore, the DFVC scheme 

dedicated to the control of the considered unit k must be able to guarantee their 
regulation, according with the k-unit limitations in terms of DC-link voltage *

,dc kv , 

phase-current amplitude max,kI   and load-angle ,δmax k . 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,qsk). Therefore, the position of the dsk-axis corresponds 
with the one -skλϑ  of the k-unit flux vector λsk , as shown in Fig. 3. 7.  

The load-angle skδ  of each unit k is defined as the angular difference between 

the k-unit flux vector λsk  and the rotor flux vector λr  (Fig. 3. 7).  

 
Fig. 3. 7. Rotating stator flux frame (dsk,qsk) 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 (dsk,qsk) frame is computed as follows: 

 , , , ,sk sk sk sksk sk sk sk sdq dq dq dqk sk
dv R i j
dt

= ⋅ + λ + ⋅ω ⋅λ  (3.20) 

where skω  represents the synchronous speed of the rotating (dsk,qsk) frame with 
respect to the stationary (α,β) one. This is defined as follows: 

 -sk
sk

d
dt
λϑω =  (3.21) 

Therefore, with reference to (3.20), the k-unit stator electric equation along the 
dsk-axis is computed as follows: 

 , ,sk sksk sk sk skd d
dv R i
dt

= ⋅ + λ  (3.22) 

It is noted how the dsk-axis voltage component , sksk dv  of the unit k allows at 

performing the direct regulation of the k-unit flux amplitude skλ . 
Concerning the regulation of the k-unit torque contribution, it is necessary to 

consider the machine electromagnetic torque expression defined in the rotating 
(dsk,qsk) frame (2.119): 

 ( ), ,
1

3
2 sk sk

n

p sk dq
k

dqskT p i
=

= ⋅ ⋅ λ ×∑  (3.23) 

By isolating the k-unit torque contribution kT  from (3.23), the following result 
is obtained: 

 ( ) ( ), , ,
3 3
2 2sk s kk sdq dk p sk sk pq sk sk qT p i p i= ⋅ ⋅ λ × = ⋅ ⋅ λ ⋅  (3.24) 

It is noted how the k-unit torque contribution can be regulated by means of the 
qsk-axis current component , sksk qi  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 (dsk,qsk) control axes compared to a direct 
control of the k-unit torque contribution.   

In conclusion, for each three-phase unit k, the Equations (3.22), (3.24) leads to 
the following considerations: 

 The direct and independent regulation of the k-unit flux amplitude skλ  

is performed by acting on the dsk-axis voltage component , sksk dv  of the 

unit k; 
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 The independent regulation of the k-unit torque contribution kT  is 

performed by regulating the qsk-axis current component , sksk qi  of the k-

unit, thus acting on the qsk-axis voltage component , sksk qv  of the unit k. 

It follows the full description of the DFVC scheme for the control of a generic 
three-phase unit k. In detail, two regulation type are shown: 

• Regulation of both stator flux amplitude and torque contribution by 
means of standard Proportional-Integral (PI) controllers; 

• 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 k is composed 
by the following main blocks:  

• Control Inputs Elaboration 
• Flux Observer 
• Control Structure 
• Decoupling Algorithm 

Concerning the DB-DFVC scheme, it uses the same blocks of the PI-DFVC 
scheme with the addition of the following one:  

• 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 ,sk abci
τ

   , k-unit DC-

link voltage ,dc kv τ  and rotor mechanical position m
τϑ .   

In addition, the k-unit duty-cycles *
,k abcd

τ
   computed in the previous sample 

time instant (τ-1) are known. However, they are implemented in the considered one 
(τ) due the execution delay of the digital controller.   

Therefore, the following preliminary operations are performed: 

- Reconstruction of the k-unit ideal voltages ,sk rec abcv
τ

−   ; 

- Estimation of the Dead-Time (DT) voltage errors ,dt k abcv
τ

−    introduced by 

the VSI unit k. 
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Both operations lead to the computation of variables defined in the k-unit phase 
coordinates (abc)k. 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: 

 [ ]

*
0

* * *
, , , , , 0

*
0

k

sk rec abc dc k v k abc dc k k abc k

k

d

v v C d v d d

d

−
τ ττ

− −

−

  
  

     = ⋅ ⋅ = ⋅ −             

 (3.25) 

where: 

 
* * *
, , ,*

0 3
k a k b k c

k
d d d

d −

+ +
=  (3.26) 

Conversely, the estimation of the k-unit DT voltage errors ,dt k abcv
τ

−    is 

performed using the procedure described in [12], thus requiring the k-unit stator 

currents ,sk abci
τ

   . 

Finally, k-unit currents ,sk abci
τ

   , k-unit ideal voltages ,sk rec abcv
τ

−    and k-unit 

DT voltage errors ,dt k abcv
τ

−    are expressed in stationary coordinates (αβ0), using 

the three-phase Clarke transformation defined in (3.6). In this way, the following 
stationary variables are defined: 
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dt k k dt k abc

i T i

v T v
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τ τ
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τ τ
− αβ −

τ τ
− αβ −

   = ⋅   
   = ⋅   

   = ⋅   
 

 (3.27) 

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 (α,β) frame.  

Concerning the feedback of rotor mechanical position m
τϑ , this is used to 

compute the rotor electrical position r
τϑ  as follows: 

 r p mpτ τϑ = ⋅ϑ  (3.28) 

The rotor mechanical position is represented as a rotating versor as: 

 ( ) ( )cos sinmj
m m me j

τ⋅ϑτ τ τΘ = = ϑ + ⋅ ϑ  (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 m

τω . The 
PLL design is not reported, being this beyond the scope of this dissertation [13].  
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Once the rotor mechanical speed m
τω  has been obtained, the rotor electrical 

speed r
τω  is computed as follows: 

 r p mpτ τω = ⋅ω  (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 k in the stationary (α,β) frame: ,ski αβ
τ  

- Ideal voltage vector of the unit k in the stationary (α,β) frame: ,sk recv − αβ
τ  

- Estimated DT error voltage vector of the unit k in the stationary (α,β) frame: 

,dt kv τ
− αβ

  

- Rotor electrical position: r
τϑ  

- Rotor mechanical speed: m
τω  

- Rotor electrical speed: r
τω  

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. 

 

 
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 k is implemented in the rotating k-

unit stator flux frame (dsk,qsk). 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 k 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].  

 

 

Fig. 3. 9. Flux observer structure for the generic unit k. 

 
According with the MS machine electromagnetic model (2.71), the k-set 

electric equation in the stationary (α,β) frame is computed as follows: 

 , , ,sk sk sk sk
dv R i
dtαβ αβ αβ= ⋅ + λ  (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 (α,β) components 
of the k-unit flux vector ,sk αβλ , the direct integration of the k-unit back-emf vector 

,ske αβ  is performed. 
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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 k-unit flux vector for the next sample 
time instant (τ+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: 

 
, , , , ,

1

, , , , ,
1

n

sk l sk sk m sz m r
z

n

r l r r m sz m r
z

L i L i L i

L i L i L i

αβ αβ αβ αβ
=

αβ αβ αβ αβ
=


λ = ⋅ + ⋅ + ⋅


 λ = ⋅ + ⋅ + ⋅


∑

∑
 (3.32) 

After some mathematical manipulations, (3.32) is expressed as follows: 

 , , , , , ,
1

n

sk l sk sk r l r sz r r
z

L i k L i kαβ αβ αβ αβ
=

λ = ⋅ + ⋅ ⋅ + ⋅λ∑  (3.33) 

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: 

 ( )*
, , ,

1

1 n

r xy r r xy r r sz xy
r z

d j R k i
dt =

 
λ = − + ⋅ ω −ω ⋅λ + ⋅ ⋅ τ 

∑  (3.34) 

With the aim at removing the motional terms, (3.34) is computed in the rotor 
(dr,qr) frame (2.104,c), leading to the following result: 

 , , ,
1

1
r r r

n

r dq r dq r r sz dq
r z

d R k i
dt =

λ = − ⋅λ + ⋅ ⋅
τ ∑  (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 rτ , thus affecting the starting operation of the machine. Concerning 
the inputs of this estimator, it is noted how it requires the stationary (α,β) 
components of the current vectors belonging to all n units, thus introducing a slight 
level of interaction between the n 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 ckω , implementing the 
following transition law: 

 ,
, ,

ˆ skck
sk sk

ck ck

e αβ
αβ αβ

 ω
λ λ ⋅ + ⋅  +ω +ω 





L
=

L L L
 (3.36) 

where: 

- L represents the Laplace variable; 

- ,sk αβλ  is the k-unit flux vector estimate provided by “rotor electromagnetic 

model”; 

-  ,
ˆ

sk αβλ  is the k-unit observed flux vector. 

According with (3.36), in case of the electrical frequency is lower than ckω , the 
observed k-unit stator flux vector corresponds with the estimate provided by “rotor 
electromagnetic model”. Conversely, it corresponds with the integration of the k-
unit back-emf vector if the electrical frequency is higher than ckω . 

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 (α,β) frame: ,
ˆ

sk
τ

αβλ   

- Predicted k-unit flux vector in the stationary (α,β) frame: 1
,

ˆ
sk
τ+

αβλ  

Once the observed k-unit flux vector ,
ˆ

sk
τ

αβλ  is obtained, by using (3.33), the 

observed rotor flux vector ,
ˆ

r
τ
αβλ  is computed. 

Concerning the positions of both stator and rotor fluxes vectors, they are 
represented by rotating versors as: 
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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 ˆ sk

τω  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: 

- Observed rotor flux vector in the stationary (α,β) frame: ,
ˆ

r
τ
αβλ   

- Amplitude of observed k-unit flux vector: ˆ
sk
τλ  

- Amplitude of predicted k-unit flux vector: 1ˆ
sk
τ+λ  

- Versor of observed k-unit flux vector: ˆ
sk

τ
λ−Θ  

- Versor of predicted k-unit flux vector: 1ˆ
sk

τ+
λ−Θ  

- Versor of observed rotor flux vector: ˆ
r

τ
λ−Θ  

- Synchronous speed of the rotating (dsk,qsk) frame: ˆ sk
τω  

 
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 (τ+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 k-unit flux observer, the predicted k-unit flux vector 
1
,

ˆ
sk
τ+

αβλ  defined in the stationary (α,β) 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 (α,β) coordinates 
is considered, leading to as follows: 
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+ − ⋅ω ⋅λ + + ⋅ − ⋅ τ 

∑

∑

  (3.40) 

To obtain a more compact formulation, the following variables are defined: 
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 (3.41) 
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By replacing (3.41) in (3.40), the following result is obtained: 

 

( ) ( )

( ) ( ) ( )
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∑
 (3.42) 

To compute the prediction of the k-unit current vector 1
,ski τ+
αβ

  for the next sample 

time instant (τ+1), the backward-Euler discretization of (3.42) is implemented, 
leading to the following result: 

( ) ( )

( ) ( ) ( )

, ,
1

1
, ,

1
1 2

, , ,
1

...

ˆ... 1

n

k k sk z z sz
z
z k

s
sk sk

nk

r r sk k sk z sz
z
z k

R j X i R j X i

Ti i
L

j c v c v

τ τ τ τ τ τ
αβ αβ

=
≠

τ+ τ
αβ αβ

τ+− τ τ τ τ τ
αβ αβ αβ

=
≠

 
 − + ⋅ ⋅ − + ⋅ ⋅ +   

 
= + ⋅ 

 
+ τ − ⋅ω ⋅λ + + ⋅ − ⋅ 

 
 

∑

∑

   





 

  

  (3.43) 

where 
1
2
,

ˆ
sk
τ+

αβλ  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: 

 
11

, ,2
,

ˆ ˆ
ˆ

2
sk sk

sk

τ τ+
τ+ αβ αβ

αβ

λ + λ
λ =  (3.44) 

The bilinear discretization of the k-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 n DFVC schemes of the drive, corresponding to the n three-phase 
winding sets of the machine. 

Similar to the flux observer, it is noted how the MPE requires the stationary 
(α,β) components of both current and voltage vectors belonging to all n units. 
Nevertheless, the prediction of k-unit current vector must not be affected by fault 
events regarding the other units.  
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Therefore, to consider the VSI units’ status, compared to the definition given 
in (2.130), the coefficients kc  and zc  are re-defined as follows:  

 ,
,

, 1

,
n

l r r
z f k k z

l sz z
z k

L k
c x c c

L
τ

=
≠

⋅
= ⋅ =∑




  



 (3.45) 

Once the k-unit predicted current vector is obtained, the prediction of the k-unit 
DT voltage error vector 1

,dt kv τ+
− αβ

  for the next sample time instant (τ+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 (dsk,qsk) frame 1
, skdt k dqv τ+

−
  is 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 1ˆ
sk

τ+
λ−Θ . 

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 (α,β) frame: 1
,ski τ+
αβ

  

- Predicted k-unit DT voltage error vector in the rotating (dsk,qsk) frame: 
1

, skdt k dqv τ+
−

  

 

 
Fig. 3. 11. Execution scheme for the prediction of k-unit stator current vector and k-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 k-unit torque-producing current. For the considered case, this is performed 
by means of PI regulators. 

 
 

 
Fig. 3. 12. PI-DFVC structure for the control of the generic unit k. 
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Because a regulation type using PI controllers is considered, the computation 
of the k-unit current vector in the rotating (dsk,qsk) frame , sksk dqi τ  is performed. 

Therefore, by using the trigonometric coordinates of the observed k-unit flux vector 
ˆ

sk
τ
λ−Θ , the rotational transformation (2.105) on the k-unit current vector ,ski τ

αβ  

defined in the stationary (α,β) frame is implemented (Fig. 3. 12). 
Concerning the observed k-unit flux amplitude ˆ

sk
τλ , this is provided by the k-

unit flux observer, as shown in Fig. 3. 9. 

Stator flux amplitude limitation 

The PWM voltage control of each VSI unit k is performed using the ‘Min-Max’ 
modulation [9]. As a consequence, the k-unit phase-voltage limit is computed as 
follows: 

 ,

3
dc k

sk max
v

v
τ

τ
− =  (3.46) 

By computing the k-unit electric equation (3.20) in steady-state conditions, the 
following result is obtained: 

 , , ,sk sk skdq dq s dqsk sk sk sk kV R I j= ⋅ + ⋅ω ⋅Λ  (3.47) 

Therefore, according with the k-unit phase-voltage limit, (3.47) is subjected to 
the following constraint: 

 , sksk sk mad xqV vτ −≤  (3.48) 

Finally, by combining (3.47)-(3.48), after several mathematical manipulations, 
the k-unit flux amplitude limit is computed as follows: 

 
( ) ( )

2
max , ,sk sksk sk sk d sk sk q sk

sk
sk

v R I R I sign− − ⋅ − ⋅ ⋅ ω
Λ ≤

ω
  (3.49) 

Therefore, with reference to (3.49), the computation of the k-unit flux amplitude 
limit sk max

τ
−λ  is implemented as follows: 

 
( ) ( )

22
max , ,
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ˆ

ˆ
sk sksk sk sk d sk sk q sk

sk max
sk

v R i R i sign
k

τ τ τ
−τ

− λ−

− ⋅ − ⋅ ⋅ ω
λ = ⋅

ω

 

 (3.50) 

where maxkλ−  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 *

skλ  is eventually saturated to the limit (3.50), thus allowing 
the proper operation of the unit k 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 *
skλ  and k-unit torque 

*
kT , the computation of the k-unit torque-producing current reference *

, sksk qi  is 

performed. This operation corresponds with the digital implementation of (3.24) 
performed as follows: 

 
*

*
,

*3
2

sk

k
sk q

p sk

Ti
p

=
⋅ ⋅λ

 (3.51) 

Nevertheless, (3.51) must be limited according with the k-unit maximum phase-
current amplitude max,kI  and k-unit maximum load-angle ,δmax k , as shown in Fig. 

3. 12. 

Torque-producing current limitation 

With reference to the execution scheme shown in Fig. 3. 12, the k-unit torque-
producing current reference *

, sksk qi  is subjected to two consecutive limitations, 

corresponding to the constraints of k-unit maximum phase-current amplitude max,kI  

and k-unit maximum load-angle ,δmax k .  

Concerning the constraint of k-unit maximum phase-current amplitude, it leads 
to the definition of the saturation limit indicated as , maxsksk q iiτ −  (Fig. 3. 12). 

According with the dsk-axis current component of the unit k, this is computed as 
follows: 

 2 2
, max ,sk sksk q i max,k sk di I iτ τ

− = −  (3.52) 

The limit (3.52) is applied independently by the sign of the torque-producing 
current reference. Therefore, it leads to the following saturation law: 

 *
, , maxsk sksk q sk q ii iτ −≤  (3.53) 

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: 

 , , ,sk bk k skL iαβ αβ αβλ = λ + ⋅  (3.54) 
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where: 

 , , , ,
1

n

bk r l r sz r r
z
z k

k L i kαβ αβ αβ
=
≠

λ = ⋅ ⋅ + ⋅λ∑  (3.55) 

For convenience, from now on the variable ,bk αβλ  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 skδ , the vector diagram is shown in Fig. 3. 13. According with 
this, after some trigonometric considerations, the following equation is computed: 

 ( ), sin
sk

bk
sk q sk bk r

k
i

L λ− λ−
λ

= ⋅ δ −ϑ +ϑ  (3.56) 

where bkλ  and bkλ−ϑ  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 α-axis by considering an anticlockwise 
rotation direction, as shown in Fig. 3. 13.   

According with the k-unit maximum load-angle ,δmax k , (3.56) is subjected to 

the following constraint: 

 ,δ δsk max k≤  (3.57) 

Therefore, by combining (3.56)-(3.57), the operative limits of the torque 
producing current reference *

, sksk qi  are computed as follows: 

( ) ( )*
,sin sin

sk

bk bk
max,k bk r sk q max,k bk r

k k
i

L Lλ− λ− λ− λ−
λ λ

− ⋅ δ + ϑ −ϑ ≤ ≤ ⋅ δ −ϑ +ϑ  (3.58) 

 

 
Fig. 3. 13. Vector diagram representing the magnetic model of the generic unit k. 
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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 k-

unit torque-producing current limits 
max

, lim minsksk qiτ − δ   implementing the k-unit load-

angle limitation are computed. These limits are then used to implement the 
saturation of the k-unit torque producing current reference *

, sksk qi , 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. 

 

 
Fig. 3. 14. Execution scheme performing the load angle limitation of the unit k. 

Once the k-unit references in terms of flux amplitude *
skλ  and torque producing 

current *
, sksk qi  are computed, the unit control is performed, as shown in Fig. 3. 12. 

  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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Fig. 3. 15. Execution scheme of the unit control k by means of PI controllers. 

Design of flux amplitude control loop 

The k-unit stator electric equation along the dsk-axis (3.22) is considered. For 
convenience, this is further reported below: 

 , ,sk sksk sk sk skd d
dv R i
dt

= ⋅ + λ  (3.59) 

According with (3.59), the dsk-axis voltage component , sksk dv  of the unit k 

allows the direct regulation of the k-unit flux amplitude skλ . 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 
performed.  

 

 
Fig. 3. 16. Schematic block of the k-unit flux amplitude regulation loop. 
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The PI flux controller gains are the proportional gain ,p skk λ  and the integral 

gain ,i skk λ . 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 k is modelled as a delay element (yellow block) 
whose time constant dτ  is defined as follows: 

 1.5d sTτ = ⋅  (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 *

skd ffwv −  defined as: 

 *
,sk skd ffw sk sk dv R iτ− = ⋅  (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 ( )kHλ L  of the schematic block shown in Fig. 3. 16. This is computed as 

follows: 

 ( ) ,
,

1 1
1

i sk
k p sk

d

k
H k λ

λ λ
 

+ ⋅ ⋅  + ⋅ τ 
L =

L L L
 (3.62) 

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 ψ. 

 

 
Fig. 3. 17. Asymptotic Bode plot of the open-loop transfer function magnitude for the k-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
,
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2 2
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1

1
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p sk
k d

i sk

k
kk
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k

λ

λλ
λ

λ
λ

λ

  ψ ⋅ +      ψ = ⋅ ψ + ψ ⋅τ

  ψ ⋅
∠ ψ = −π+ − ψ ⋅τ    

 (3.63) 

By computing (3.63) at the cross-over frequency ,c kλψ , when the open-loop 

transfer function exhibits unitary magnitude (0 dB), the following equation system 
is obtained: 

 ( )

( )

2
, ,
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2 2
, ,

, ,
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1
1

1

arctan arctan

c k p sk

i ski sk
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c k p sk
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i sk
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k

λ λ

λλ

λ λ

λ λ
λ λ

λ

  ψ ⋅ +      ⋅ =ψ + ψ ⋅τ

  ψ ⋅
φ = − ψ ⋅τ     

 (3.64) 

where ,pm kλφ  represents the phase-margin of the k-unit flux amplitude regulation 

loop. Finally, by performing several reasonable approximations, (3.64) is simplified 
as follows: 
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 π
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  (3.65) 

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 1
d
−τ , the theoretical limit of the bandwidth is 

reached, leading to the following result: 

 1
, , ,

1
1.5 1.5

s
c k d c k c k

s

f
T

−
λ λ λψ ≤ τ ⇒ ψ ≤ ⇒ψ ≤

⋅
 (3.66) 

where sf  represents the switching/sampling frequency (Hz).  
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Finally, by combining (3.66) with (3.65), the following equation system is 
obtained: 

 ( )

( )

, ,
2
,

,
, ,

, ,

1
,

tan arctan

arctan
2

p sk c k

c k
i sk

pm k c k d

pm k c k d

c k d

k

k

λ λ

λ
λ

λ λ

λ λ

−
λ

ψ


ψ
  φ + ψ ⋅τ  

πφ < − ψ ⋅τ

ψ < τ





 (3.67) 

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 

skd maxv − , 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 

skd maxv −  must ensure the k-unit 

flux amplitude regulation in all operating conditions.  
Finally, the output of the k-unit flux amplitude regulation corresponds with the 

dsk-axis voltage reference *
, sksk dv  of the unit k. However, due the execution delay of 

the digital controller, this is applied in the next sample time instant (τ+1). Therefore, 
according with (3.46), the maximum value of the qsk-axis voltage reference 

1
, skk qs maxvτ+ −  of the unit k for the next sample time instant (τ+1) is computed as follows: 

 1 2 * 2
, ,sk sksk q max sk max s dkv v vτ+ τ

− −= −  (3.68) 

In conclusion, because (3.59) does not contain any coupling term with the other 
units, the k-unit flux amplitude regulation is performed using the dsk-axis voltage 
component of the unit k directly. Therefore, no decoupling action is required. 

Torque-producing current loop design   

The k-unit torque-producing current corresponds with the qsk-axis current 
component of the unit k. Therefore, if (2.141) is computed in the rotating (dsk,qsk) 
frame then: 
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  (3.69) 

By isolating the qsk-axis component from (3.69), then: 
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  (3.70) 

To obtain a compact formulation, (3.41) is replaced in (3.70), leading to as 
follows: 
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∑
 (3.71) 

where: 

 kk sk k r k skX L L= ω ⋅ −ω ⋅σ ⋅  (3.72) 
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With reference to (3.71), the qsk-axis voltage component , sksk qv  of the unit k 

allows to perform the regulation of the k-unit torque-producing current , sksk qi . 

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 
qsk-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: 

 ( ) ( ), , ,
1

1
sk sk sk

n

sk q k sk q z sz q
z
z k

F c v c v
=
≠

= + ⋅ − ⋅∑  (3.73) 

As a consequence, (3.73) is replaced in (3.71), leading to the following result: 
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F
=
≠

 ⋅ = − ⋅ − ⋅ − ⋅ + ⋅ + 

−ω ⋅λ +

∑
 (3.74) 

To obtain a compact formulation, the following variable is defined: 

 , , ,
1

sk sk sk sk

n

q kk sk d z sz q z sz d r sk
z
z k

f X i R i X i
=
≠

 = ⋅ + ⋅ + ⋅ +ω ⋅λ ∑  (3.75) 

Finally, by replacing (3.75) in (3.74), it is obtained as follows: 

 , , ,sk sk sk skk sk q k sk q q sk q
dL i R i f F
dt
⋅ = − ⋅ − +  (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 , skp iqk  and integral , ski iqk  gains. 

Concerning the k-unit torque-producing current measurement process, this is 
considered ideal.  
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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 *

skq ffwF − . According with (3.75), the last should 

be computed as follows: 

 *
, , ,

1

ˆ
sk sk sk sk

n

q ffw kk sk d z sz q z sz d r sk
z
z k

F X i R i X iτ τ τ τ τ τ τ τ
−

=
≠

 = ⋅ + ⋅ + ⋅ +ω ⋅λ ∑    (3.77) 

It is noted how (3.77) needs the (dsk,qsk) 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)2 additional rotational transformations. However, in the 
case of balanced operation of the machine, (3.77) is drastically simplified as 
follows: 

 *
, , ,

1

ˆ
sk sk sz sz

n

q ffw kk sk d z sz q z sz d r sk
z
z k

F X i R i X iτ τ τ τ τ τ τ τ
−

=
≠

 = ⋅ + ⋅ + ⋅ +ω ⋅λ ∑    (3.78) 

Compared to (3.77),  (3.78) needs the (dsz,qsz) 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 k-unit torque producing 
current regulation, (3.77) can be further simplified as follows: 

 *
,

ˆ
sk skq ffw kk sk d r skF X iτ τ τ τ
− = ⋅ + ω ⋅λ  (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 dsk-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 ( )ikH L  of the schematic block shown in Fig. 3. 18. This is computed as 

follows: 

 ( ) ,
,

1 1
1

qsk

qsk

i i
ik p i

d k k

k
H k

R L
 

+ ⋅ ⋅   + ⋅ τ + ⋅ 
L =

L L L
 (3.80) 

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: 

 
,

,

qsk

qsk

i i k

p i k

k R
k L

=  (3.81) 

By replacing (3.80) in (3.81), the open-loop transfer function is simplified as 
follows: 

 ( ) , 1 1
1

qskp i
ik

k d

k
H

L
⋅ ⋅
+ ⋅ τ

L =
L L

 (3.82) 

With reference to (3.82), the asymptotical Bode plot of the open-loop transfer 
function magnitude is shown in Fig. 3. 19. 

 

 
Fig. 3. 19. Asymptotic Bode plot of the open-loop transfer function magnitude for the k-unit 

torque-producing current regulation loop. 
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By performing the computation of both magnitude and phase belonging to the 
open-loop transfer function (3.82), the following results are obtained: 
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 (3.83) 

By computing (3.83) at the cross-over frequency ,c ikψ , corresponding to the 

condition in which the open-loop transfer function exhibits unitary magnitude (0 
dB), the following equation system is obtained: 
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 π
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 (3.84) 

where ,pm ikφ  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: 
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2
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 π
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 (3.85) 

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: 
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 (3.86) 

Conversely, by choosing the cross-over frequency as main variable, the 
combination of (3.81) and (3.85) leads to as follows: 
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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 k-unit torque-
producing current regulation loop. Therefore, when the crossover frequency 

becomes equal to the reciprocal of the VSI time constant 1
d
−τ , the theoretical limit 

of the bandwidth is reached, leading to the following result: 

 1
, , ,

1
1.5 1.5

s
c ik d c ik c ik

s

f
T

−ψ ≤ τ ⇒ ψ ≤ ⇒ψ ≤
⋅

 (3.88) 

By replacing (3.88) in (3.85), the phase-margin limit condition is computed as 
follows: 

 ,4 2pm ik
π π
≤ φ <  (3.89) 

Therefore, by replacing (3.89) in (3.86), the following equation system is 
obtained: 
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  (3.90) 

By replacing (3.88) in (3.87), the following equation system is obtained: 
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  (3.91) 

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 k-
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 k-unit torque-
producing current regulation , sksk q maxF τ

−  is computed as follows: 

 2 * 2
, , sksksk q max sk max s dkF F vτ τ

− −= −  (3.92) 

where sk maxF τ
−  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 k-unit torque-producing current 
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regulation *
, sksk qF  corresponds with the definition given in (3.73), sk maxF τ

−  must be 

defined according with the implemented torque-sharing strategies. However, in the 
case of balanced operation of the machine, sk maxF τ

−  can be set equal to the k-unit 

phase-voltage limit sk maxvτ − , leading to as follows: 

 2 * 2
, , sksksk q max sk max s dkF v vτ τ

− −= −  (3.93) 

In conclusion, due to the voltage coupling among the units, the k-unit torque-
producing current regulation cannot be performed using the qsk-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 qsk-axis voltage references belonging to all units. As consequence, with the aim 
at extrapolating the qsk-axis voltage reference of the unit k, 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 k-
unit flux amplitude and k-unit torque producing current, the computation of the 
predicted k-unit current vector in the rotating (dsk,qsk) frame 1

, sksk dqi τ+
  is performed. 

Therefore, by using the trigonometric coordinates of the predicted k-unit flux vector 
1ˆ
sk

τ+
λ−Θ , the rotational transformation (2.105) on the predicted k-unit current vector 

defined in the stationary (α,β) frame 1
,ski τ+
αβ

  is implemented (Fig. 3. 20). 

Concerning the predicted k-unit flux amplitude 1ˆ
sk
τ+λ , this is provided by the k-

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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Fig. 3. 20. DB-DFVC structure for the control of the generic unit k. 

 

 
Fig. 3. 21. Execution scheme of the unit control k 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 (τ+1), thus defining the values of the k-unit state 
variables for the next step (τ+2). As a consequence, by considering the backward-
Euler discretization of each k-unit state equation [17], it is possible to assert as 
follows: 

 2 1 1
k k s kx x T fτ+ τ+ τ+= + ⋅  (3.94) 

where kx  represents the generic k-unit state variable whose dynamic evolution is 

established by the generic k-unit forcing term kf .  
Therefore, with the aim at setting the value of the generic k-unit state variable 

to a reference target *
kx , (3.94) must be inverted as follows: 

 
* 1

1 k k
k

s

x xf
T

τ+
τ+ −

=  (3.95) 

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 dsk-axis is considered. Therefore, 
the application of (3.94) on (3.59) leads to as follows: 

 
*

* 1
, ,

ˆ
sk sk

sk sk
sk sk sk

s
d dv R i

T
τ+ λ −λ

= ⋅ +
  (3.96) 

With reference to (3.96), the DB regulation of the k-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 dsk-axis resistive 
voltage drop, this has negligible effects on the k-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 k-unit flux amplitude 
regulation is limited to the predefined value , sksk d maxv − , thus leading to the same 

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 qsk-axis voltage reference 1

, skk qs maxvτ+ −  of the unit k for the next 

sample time instant (τ+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: 

 
* 1

, ,* 1 1
, ,

sk sk

sk sk sk

sk q sk q
sk q k sk q k q

s

i i
F R i L f

T

τ+
τ+ τ+−

= ⋅ + ⋅ +



 
  (3.97) 

where: 

 1 1 1 1 1
, , ,

1

ˆ
sk sk sk sk

n

q kk sk d z sz q z sz d r sk
z
z k

f X i R i X iτ+ τ τ+ τ τ+ τ τ+ τ τ+

=
≠

 = ⋅ + ⋅ + ⋅ +ω ⋅λ ∑
  

    (3.98) 

Similar to (3.77), the Equation (3.98) needs the predicted (dsk,qsk) 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)2 additional rotational transformations. 
However, in the case of balanced operation of the machine, (3.98) is drastically 
simplified as follows: 

 1 1 1 1 1
, , ,

1

ˆ
sk sk sz sz

n

q kk sk d z sz q z sz d r sk
z
z k

f X i R i X iτ+ τ τ+ τ τ+ τ τ+ τ τ+

=
≠

 = ⋅ + ⋅ + ⋅ +ω ⋅λ ∑
  

    (3.99) 

Compared to (3.98), (3.99) needs the predicted (dsz,qsz) 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: 

 
* 1

, ,* 1 1
, ,

sk sk

sk sk sk

sk q sk q
sk q k sk q k q comp

s

i i
F R i L f f

T

τ+
τ+ τ+ τ−

= ⋅ + ⋅ + +



 
  (3.100) 

where: 

 ( )1 *
, ,sk skcomp comp s comp sk q sk qf f T k i iτ τ− τ= + ⋅ ⋅ −  (3.101) 

It is noted how (3.101) represents an integral regulation of the k-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 compk  and allocated 

voltage margin for the integral regulation (a good compromise is 5÷10% of the k-
unit phase voltage limit sk maxvτ − ). It is 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 , sksk q maxF τ

−  (Fig. 3. 20), thus 

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: 

- dsk-axis reference voltage of the unit k: *
, sksk dv     

- qsk-axis reference voltages combination belonging to the all units: *
, sksk qF  

With reference to the figures of this chapter, for the generic unit k this couple 
of values is merged in a single vector indicated as *

skF . 
Therefore, with the aim at extrapolating the qsk-axis reference voltage of the 

unit k, a decoupling algorithm must be implemented. In this way, both (dsk,qsk) 
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 k, 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: 

 ( ) ( )* * *
, , ,

1

1
sk sk sk

n

sk q k sk q z sz q
z
z k

F c v c v
=
≠

= + ⋅ − ⋅∑   (3.102) 

where: 

-  *
, sksk qv represents the reference k-unit voltage vector defined in the k-unit 

rotating (dsk,qsk) frame; 
-  *

, sksz qv represents the reference z-unit voltage vector defined in the k-unit 

rotating (dsk,qsk) frame. 

To highlight the relationship between the k-unit rotating (dsk,qsk) frame and the 
z-unit rotating (dsz,qsz) frame, the vector diagram is shown in Fig. 3. 23. According 
with this, after some trigonometric considerations, the following equation system is 
computed: 

 
( ) ( )
( ) ( )

, , ,

, , ,

cos sin

sin cos
sk sz sz

sk sz sz

sz d sz sk sz d sz sk sz q

sz q sz sk sz d sz sk sz q

v v v

v v v

 = δ − δ ⋅ − δ − δ ⋅


= δ − δ ⋅ + δ − δ ⋅

 (3.103) 

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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Fig. 3. 23. Vector diagram representing the relationship between the k-unit rotating (dsk,qsk) frame 

and z-unit rotating (dsz,qsz) frame. 

By considering the second equation of (3.103), the following result is 
extrapolated: 

 ( ) ( )* 1 1 * 1 1 *
, , ,sin cos

sk sz szsz q sz sk sz d sz sk sz qv v vτ+ τ+ τ+ τ+= δ − δ ⋅ + δ − δ ⋅  (3.104) 

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 (τ) are applied in the next 
step (τ+1), thus justifying this choice. 

By replacing (3.104) in (3.102), the following k-unit equation is obtained: 

 

( ) ( )

( )

* * * 1 1
, , ,

1

* 1 1
,

1

ˆ ˆ1 sin ...

ˆ ˆ... cos

sk sk sz

sz

n

sk q k sk q z sz d sz sk
z
z k

n

z sz q sz sk
z
z k

F c v c v

c v

τ+ τ+

=
≠

τ+ τ+

=
≠

 = + ⋅ − ⋅ ⋅ δ − δ + 

 − ⋅ ⋅ δ − δ 

∑

∑

 



 (3.105) 

Compared to (3.102), it is noted how (3.105) allows at highlighting the qsz-axis 
reference voltage of the generic unit z, thus representing one of the decoupling 
algorithm results. Concerning the dsz-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: 

 ( )* * * 1 1
, , ,

1

ˆ ˆsin
sk sk sz

n

sk q sk q z sz d sz sk
z
z k

C F c v τ+ τ+

=
≠

 = + ⋅ ⋅ δ − δ ∑   (3.106) 
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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: 

 ( ) ( )* * * 1 1
, , ,

1

ˆ ˆ1 cos
sk sk sz

n

sk q k sk q z sz q sz sk
z
z k

C c v c v τ+ τ+

=
≠

 = + ⋅ − ⋅ ⋅ δ − δ ∑   (3.107) 

To avoid any confusion, the following notation change of (3.45) is introduced: 

 ,
, , ,

, 1 1

,
n n

l r r
c z z f k k z c z

l sz z z
z k z k

L k
d c x c c d

L
τ τ τ

= =
≠ ≠

⋅
= = ⋅ = =∑ ∑




 

  



 (3.108) 

Therefore, by using (3.108), (3.107) is formally changed as follows: 

 ( )* * * 1 1
, , , , ,

1 1

ˆ ˆ1 cos
sk sk sz

n n

sk q c z sk q c z sz q sz sk
z z
z k z k

C d v d vτ τ τ+ τ+

= =
≠ ≠

 
   = + ⋅ − ⋅ ⋅ δ − δ   
 
 

∑ ∑   (3.109) 

By merging (3.109) for all units k=1,2,…,n, the following equation system is 
obtained: 

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1 1
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1,1 1, 1,1, 1,
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sn sn

s q

sk q

sn q sn q
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v v

τ+

   
   
   
   = ⋅   
   
   
      

 (3.110) 

where the coefficients belonging to the matrix [ ] 1M τ+  are defined as follows: 

 ( )

( )

,
1 1

,,

1 1
,

1

ˆ ˆcos

n

c z
z

z i ji j

c j sj si

d i j
m

d i j

τ

τ+ =
≠

τ τ+ τ+


+ =

= 

− ⋅ δ − δ ≠

∑ 



 (3.111) 

With the aim at computing the qsk-axis reference voltage *
, sksk qv  of the generic 

unit k, (3.110) must be inverted as follows: 

 [ ]( ) [ ]

1 1 1

* * *
1, 1, 1,

11 1* * *
, , ,

* * *
, , ,

... ... ...

... ... ...

s s s

sk sk sk
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s q s q s q
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sn q sn q sn q
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M Sv C C

v C C

−τ+ τ+

     
     
     
     = ⋅ = ⋅     
     
     
          

 (3.112) 
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where: 

 [ ]

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

1 1 1
1,1 1, 1,

1 1 1 1
,1 , ,

1 1 1
,1 , ,
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s s s

s s sS

s s s

τ+ τ+ τ+

τ+ τ+ τ+ τ+

τ+ τ+ τ+

 
 
 
 

=  
 
 
 
 

 (3.113) 

With reference to (3.112)-(3.113), the real-time computation of the coefficients 

belonging to the matrix [ ] 1S τ+  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: 

 ( )

1
1

, ,1
1

1
, 1

1
, ,1
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∑

 

 

 (3.114) 

where: 

 ( )1 2 1 1
, , ,

1 1 1

1 ˆ ˆ1 sin
2

n n n

c c z c z c l sz sl
z z l

S d d dτ+ τ τ τ τ+ τ+

= = =

   = + + ⋅ ⋅ ⋅ δ − δ     
∑ ∑∑    (3.115) 

 

 ( )1 2 1 1
, ,

1 1

ˆ ˆsin
n n

i i c z c l sz sl
z l
z i l i

S d dτ+ τ τ τ+ τ+
−

= =
≠ ≠

 = ⋅ ⋅ δ − δ ∑∑    (3.116) 

 

( ) ( ) ( ) ( )1 1 1 1 1 1 1
, , ,

1
,

ˆ ˆ ˆ ˆ ˆ ˆ1 cos cos cos
n

i j c i c j si sj c z si sz sj sz
z

z i j

S d d dτ+ τ τ τ+ τ+ τ τ+ τ+ τ+ τ+
−

=
≠

 = + + ⋅ δ − δ + ⋅ δ − δ ⋅ δ − δ ∑  

  (3.117) 

Finally, the computation of the qsk-axis reference voltage belonging to the unit 
k is performed as follows: 

 ( ) ( )
* 1 * 1 *

, , ,, ,
1

sk sk sz

n

sk q sk q sz qk k k z
z
z k

v s C s Cτ+ τ+

=
≠

 = ⋅ + ⋅ ∑  (3.118) 
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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 n 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

* * *
, , , , ,

1 1

1
sk sk sz

n n

sk q sk q c z sz q c z
z z

v F d F d
−

τ τ

= =

   
= + ⋅ ⋅ +    
   

∑ ∑   (3.119) 

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 (α,β) versors belonging to the predicted flux vectors of the 
units (3.38). Therefore, by considering two generic units (i,j), the following is 
implemented: 

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1

ˆ ˆˆ ˆ ˆ ˆ ˆ ˆcos cos cos sin sin

ˆ ˆˆ ˆ ˆ ˆ ˆ ˆsin cos sin sin cos

si sj si sj si sj si sj

si sj sj si sj si sj si

τ+ τ+ τ+ τ+ τ+ τ+ τ+ τ+
λ− λ−

τ+ τ+ τ+ τ+ τ+ τ+ τ+ τ+
λ− λ−

 δ − δ = δ ⋅ δ + δ ⋅ δ = Θ Θ

 δ − δ = δ ⋅ δ − δ ⋅ δ = Θ × Θ



  (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 qsk-axis reference voltage *
, sksk qv  of the 

unit k is computed. Finally, this value is eventually saturated to the qsk-axis voltage 
limit 1

, skk qs maxvτ+ −  of the unit k (3.68), as shown in Fig. 3. 24. 

 

 
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 
error vector in the rotating (dsk,qsk) frame 1

, skdt k dqv τ+
−

 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 k 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,qsk) frame *

, sksk dqv  is obtained, this is computed in terms of k-unit phase 

coordinates (abc)k.  
Therefore, by using the trigonometric coordinates of the predicted k-unit flux 

vector 1ˆ
sk

τ+
λ−Θ , the inverse rotational transformation (2.105) on the k-unit reference 

voltage vector in the rotating (dsk,qsk) frame *
, sksk dqv  is implemented. In this way, the 

k-unit reference voltage vector in the stationary (α,β) frame *
,skv αβ  is computed.  

Finally, by discarding the zero-sequence voltage reference, the inverse Clarke 
transformation (3.6) on the k-unit reference voltage vector in stationary (αβ0) 
coordinates is implemented, thus leading to the computation of the k-unit reference 

voltage vector 
*

,sk abcv    in the k-unit phase coordinates (abc)k.  

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 

1*
,k abcd

τ+
    is 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 *

0kd −  is computed 
as follows: 

 
* *

, ,*
0

1 max min
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Fig. 3. 25. Execution scheme implementing the “Min-Max” modulation of the unit k. 
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3.4.6 Schematic block diagram of the k-unit DFVC scheme 
In summary, each unit k is characterized by its own references in terms of k-

unit flux amplitude and k-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: 

• Regulation by means of Proportional-Integral (PI) controllers, leading 
to a PI-DFVC scheme; 

• 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 k-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 k-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. 

 
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: 

• Independent stator flux amplitude regulation 
• Independent torque regulation 
• Independent voltage and current operational limits 
• Independent load-angle limitation 
• Independent post-fault reconfiguration 

The proposed control solution has been developed by considering two different 
regulation types, corresponding to as follows: 

• 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; 

• 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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and predicted dsk-axis current (A); single units measured and predicted qsk-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 dsk-axis current (A); reference, measured and 
predicted qsk-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); (α,β) observed and predicted fluxes 
(mVs); (α,β) measured and predicted currents (A). 
Fig. 4. 78. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div). Time resolution: 5 ms/div. 
Fig. 4. 79. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured and predicted qsk-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 dsk-axis current (A); reference, measured and 
predicted qsk-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); (α,β) observed and predicted fluxes 
(mVs); (α,β) measured and predicted currents (A). 
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Fig. 4. 83. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div). Time resolution: 5 ms/div. 
Fig. 4. 84. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured and predicted qsk-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 dsk-axis current (A); reference, measured, predicted 
and maximum limit qsk-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  Test rig 

The experimental validation has been carried using a test rig consisted of the 
following main elements: 

• Quadruple three-phase induction machine prototype 
• Multiphase modular power converter 
• 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. 

 
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 115 V (rms) 
Rated current 10 A (rms) 

Rated frequency 200 Hz 
Overload capability 150% - 5 min   /   200% - 5 sec 

Machine Parameters 
Stator resistance Rs 145 mΩ 

Stator leakage inductance Lls 0.94 mH 
Magnetizing inductance Lm 4.3 mH 

Rotor resistance Rr 45 mΩ 
Rotor leakage inductance Llr 0.235 mH 

Rated stator flux λs,rated 0.115 Vs 
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 @ = 24AmaxI  
Active Units 

an  

Stator Flux Amplitude (Vs) 
an

s,opt-maxλ   
Torque (Nm) 

an
opt-maxT  

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. 

 
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: 

 
1 2 3 4

1 2 3 4

1 2 3 4

( 1 2) ; ( 3 4)
s s s s

s s s s

s s s s

a a a a

Set Set b b Set Set b b

c c c c

− + − +

− + − +

− + − +

 → →
  → ⇒ → → ⇒ → 
 → →  

 (4.1) 

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 mΩ 

Stator leakage inductance Lls 1.88 mH 
Magnetizing inductance Lm 15.7 mH 

Rotor resistance Rr 181 mΩ 
Rotor leakage inductance Llr 0.94 mH 

Rated stator flux λs,rated 0.230 Vs 
Table 4. 3. Main data of the asymmetrical 6-phase prototype. 

 

 
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. 

 

 
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. 

 
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: 

 

*
λ ,

*
λ ,

*
λ , ,

1 λ λ

2 λ λ . (3.16)

3 λ λ ( λ )
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a
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s s opt
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−

 = → =
 = → =
 = → = <

 (4.2) 

Concerning the torque reference of the generic unit k, this has been generated 
as follows: 

 * *
, , . (3.18)k f k sh kT x t T Eq= ⋅ ⋅  (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 μs. 
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 ωck 125 rad/s 

Control Structure 
DC-link voltage exploitation degree kλ-max 0.9 

Maximum phase-current limit Imax,k  24 A 
Unit Control – Flux Amplitude PI Controller 

Proportional gain kp,λsk 1250 rad/s 
Integral gain ki,λsk 132000 rad/s2 

Unit Control – Torque-producing current PI Controller 
Proportional gain kp,i_qsk 2.3 V/A 

Integral gain ki,i_qsk 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: 

• 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 

• 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: 
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 (4.4) 

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,qs2) 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 (is1-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 

 

 
Fig. 4. 14. From top to bottom: measured speed (103 · r/min); reference and observed machine torque 
(Nm); estimated mechanical power (kW).  

 

 
Fig. 4. 15. 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 qsk-axis current (A); single units 
observed load-angle (deg).  
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See figure caption: Fig. 4. 16 

 

 
See figure caption: Fig. 4. 16 
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See figure caption: Fig. 4. 16 

 

 
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 dsk-axis current (A); reference and measured 
qsk-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 

 

 
Fig. 4. 17. From top to bottom: measured speed (103 · r/min); reference and observed machine torque 
(Nm); estimated mechanical power (kW). 

 

 
Fig. 4. 18. 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 qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 19 

 

 
See figure caption: Fig. 4. 19 
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See figure caption: Fig. 4. 19 

 

 
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 dsk-axis current (A); reference and measured 
qsk-axis current (A); observed load-angle (deg). 
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Fig. 4. 20. Fast torque transient from no-load up to 150% rated torque (24 Nm) at -6000 r/min. Ch1: is1-

a (10 A/div), Ch2: is2-a (10 A/div), Ch3: is3-a (10 A/div), Ch4: is4-a (10 A/div). Time resolution: 5 ms/div.   
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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: 
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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) 

 

 
Fig. 4. 21. From top to bottom: measured speed (103 · r/min); reference and observed machine torque 
(Nm); estimated mechanical power (kW). 

 

 
Fig. 4. 22. 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 qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 23 

 

 
See figure caption: Fig. 4. 23 
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See figure caption: Fig. 4. 23 

 

 
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 dsk-axis current (A); reference and measured 
qsk-axis current (A); observed load-angle (deg). 
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Fig. 4. 24. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div), Ch3: is3-a (10 A/div), Ch4: is4-a (10 A/div).  
Time resolution: 5 ms/div.   
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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 

 

 
Fig. 4. 25. From top to bottom: measured speed (103 · r/min); reference and observed machine torque 
(Nm); estimated mechanical power (kW). 

 

 
Fig. 4. 26. 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 qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 27 

 

 
See figure caption: Fig. 4. 27 



Ch. 4 – EXPERIMENTAL VALIDATION 

217 
 

 
See figure caption: Fig. 4. 27 

 

 
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 dsk-axis current (A); reference and measured 
qsk-axis current (A); observed load-angle (deg). 
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Fig. 4. 28. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div), Ch3: is3-a (10 A/div), Ch4: is4-a (10 A/div).  
Time resolution: 5 ms/div.   
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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 

 

 
Fig. 4. 29. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 31 

 

 
See figure caption: Fig. 4. 31 
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See figure caption: Fig. 4. 31 

 

 
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 dsk-axis current (A); reference and measured 
qsk-axis current (A); observed load-angle (deg). 
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Fig. 4. 32. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div), Ch3: is3-a (10 A/div), Ch4: is4-a (10 A/div).  
Time resolution: 5 ms/div.   
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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 

 

 
Fig. 4. 33. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 35 

 

 
See figure caption: Fig. 4. 35 
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See figure caption: Fig. 4. 35 

 

 
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 dsk-axis current (A); reference and measured 
qsk-axis current (A); observed load-angle (deg). 
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Fig. 4. 36. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div), Ch3: is3-a (10 A/div), Ch4: is4-a (10 A/div).  
Time resolution: 5 ms/div.   
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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: 
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 (4.6) 

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).  

 

 
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. Ch1: is1-a (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3-a 
(7.5 A/div), Ch4: is4-a (7.5 A/div). Time resolution: 10ms/div.   
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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 

 

 
Fig. 4. 38. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 40 

 

 
See figure caption: Fig. 4. 40 
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See figure caption: Fig. 4. 40 

 

 
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 dsk-axis current (A); reference, measured and 
maximum limit qsk-axis current (A); observed load-angle (deg). 
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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: 
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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: 

 
* *

1 4
* *

2 3

6 Nm

6 Nm

T T

T T

 = = +


= = −
 (4.8) 

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 
is 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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Fig. 4. 41. From top to bottom: measured speed (103 · 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 qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 43 

 

 
See figure caption: Fig. 4. 43 



Ch. 4 – EXPERIMENTAL VALIDATION 

234 
 

 
See figure caption: Fig. 4. 43 

 

 
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 dsk-axis current (A); reference and measured 
qsk-axis current (A); observed load-angle (deg). 
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Fig. 4. 44. Ch1: is1-a (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3-a (7.5 A/div), Ch4: is4-a (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: 
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 (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: 
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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. 
 

 

 
Fig. 4. 45. Ch1: is1-a (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3-a (7.5 A/div), Ch4: is4-a (7.5 A/div).  
Time resolution: 50 ms/div.   
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Fig. 4. 46. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured qsk-axis current (A); single units 
observed load-angle (deg). 

 
 
 
 



Ch. 4 – EXPERIMENTAL VALIDATION 

238 
 

 
See figure caption: Fig. 4. 48 

 

 
See figure caption: Fig. 4. 48 
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See figure caption: Fig. 4. 48 

 

 
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 dsk-axis current (A); reference and measured 
qsk-axis current (A); observed load-angle (deg). 



Ch. 4 – EXPERIMENTAL VALIDATION 

240 
 

Experimental results for sinusoidal torque sharing under both voltage and 
current constraints 

The drive has been tested in generating operation, using the settings (4.9). The 
machine torque reference has been set to 9 Nm, corresponding at an overall 
mechanical power of 3.75 kW. Initially, the drive has operated in balanced 
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 
shown in Fig. 4. 49 - Fig. 4. 52.  

 

 
See figure caption: Fig. 4. 49 

 

 
Fig. 4. 49. Ch1: is1-a (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3-a (7.5 A/div), Ch4: is4-a (7.5 A/div).  
Time resolution: 50 ms/div.   
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Fig. 4. 50. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 52 

 

 
See figure caption: Fig. 4. 52 
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See figure caption: Fig. 4. 52 

 

 
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 dsk-axis current (A); reference, measured and 
maximum limit qsk-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: 
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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

,3

,4

1 2 sin 2 10
4 5
1 2 sin 2 10
4 5 2
1 2 sin 2 10
4 5
1 2 3sin 2 10
4 5 2

sh

sh

sh

sh

t t

t t

t t

t t

 = + ⋅ π⋅ ⋅


π  = + ⋅ π⋅ ⋅ −   

 = + ⋅ π⋅ ⋅ − π

 π  = + ⋅ π⋅ ⋅ −   

 (4.12) 

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 k 
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. 

 

 
Fig. 4. 53. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 55 

 

 
See figure caption: Fig. 4. 55 
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See figure caption: Fig. 4. 55 

 

 
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 dsk-axis current (A); reference, measured and 
maximum limit qsk-axis current (A); observed and maximum limit load-angle (deg). 
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Fig. 4. 56. Ch1: is1-a (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3-a (7.5 A/div), Ch4: is4-a (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: 
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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: 
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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 k 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. 

  

 
Fig. 4. 57. Ch1: is1-a (7.5 A/div), Ch2: is2-a (7.5 A/div), Ch3: is3-a (7.5 A/div), Ch4: is4-a (7.5 A/div).  
Time resolution: 20 ms/div. 
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Fig. 4. 58. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 60 

 

 
See figure caption: Fig. 4. 60 
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See figure caption: Fig. 4. 60 

 

 
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 dsk-axis current (A); reference, measured and 
maximum limit qsk-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: 
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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 dsk-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 

 

 
Fig. 4. 61. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single units measured qsk-axis current (A); single units 
observed load-angle (deg). 
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See figure caption: Fig. 4. 63 

 

 
See figure caption: Fig. 4. 63 
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See figure caption: Fig. 4. 63 

 

 
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 dsk-axis current (A); reference, measured and 
maximum limit qsk-axis current (A); observed and maximum limit load-angle (deg). 
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Fig. 4. 64. Single units flux amplitude and rotor flux amplitude (mVs). 

 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: 

• Open loop torque control 
- Fast torque transients in healthy conditions 
- Fault ride-through capability for open three-phase set 

• Closed loop speed control 
- Deep flux-weakening operation 

 

Flux Observer 
Observer gain ωck 125 rad/s 

Control Structure 
DC-link voltage exploitation degree kλ-max 0.9 

Maximum phase-current limit Imax,k  24 A 
Maximum load angle δmax,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: 
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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 

 

 
Fig. 4. 65. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single 
units measured and predicted qsk-axis current (A); single units observed and predicted load-angle (deg).  
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See figure caption: Fig. 4. 67 

 

 
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 dsk-axis current 
(A); reference, measured and predicted qsk-axis current (A); observed and predicted load-angle (deg). 
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See figure caption: Fig. 4. 68 

 

 
Fig. 4. 68. For each k-unit model predictive estimator (MPE), from top to bottom: reference, observed 
and predicted torque (Nm); (α,β) observed and predicted fluxes (mVs); (α,β) 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 

 

 
Fig. 4. 69. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single 
units measured and predicted qsk-axis current (A); single units observed and predicted load-angle (deg).  
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See figure caption: Fig. 4. 71 

 

 
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 dsk-axis current 
(A); reference, measured and predicted qsk-axis current (A); observed and predicted load-angle (deg). 
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See figure caption: Fig. 4. 72 

 

 
Fig. 4. 72. For each k-unit model predictive estimator (MPE), from top to bottom: reference, observed 
and predicted torque (Nm); (α,β) observed and predicted fluxes (mVs); (α,β) measured and predicted 
currents (A). 
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Fig. 4. 73. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div). Time resolution: 5 ms/div. 
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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 

 

 
Fig. 4. 74. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single 
units measured and predicted qsk-axis current (A); single units observed and predicted load-angle (deg).  
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See figure caption: Fig. 4. 76 

 

 
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 dsk-axis current 
(A); reference, measured and predicted qsk-axis current (A); observed and predicted load-angle (deg). 
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See figure caption: Fig. 4. 77 

 

 
Fig. 4. 77. For each k-unit model predictive estimator (MPE), from top to bottom: reference, observed 
and predicted torque (Nm); (α,β) observed and predicted fluxes (mVs); (α,β) measured and predicted 
currents (A). 
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Fig. 4. 78. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div). Time resolution: 5 ms/div. 

  



Ch. 4 – EXPERIMENTAL VALIDATION 

270 
 

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: 
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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) 

 

 
Fig. 4. 79. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single 
units measured and predicted qsk-axis current (A); single units observed and predicted load-angle (deg).  
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See figure caption: Fig. 4. 81 

 

 
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 dsk-axis current 
(A); reference, measured and predicted qsk-axis current (A); observed and predicted load-angle (deg). 
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See figure caption: Fig. 4. 82 

 

 
Fig. 4. 82. For each k-unit model predictive estimator (MPE), from top to bottom: reference, observed 
and predicted torque (Nm); (α,β) observed and predicted fluxes (mVs); (α,β) measured and predicted 
currents (A). 
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Fig. 4. 83. Ch1: is1-a (10 A/div), Ch2: is2-a (10 A/div). Time resolution: 5 ms/div. 
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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: 
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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 

 

 
Fig. 4. 84. From top to bottom: measured speed (103 · 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 dsk-axis current (A); single 
units measured and predicted qsk-axis current (A); single units observed and predicted load-angle (deg).  
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See figure caption: Fig. 4. 86 

 

 
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 dsk-axis current 
(A); reference, measured, predicted and maximum limit qsk-axis current (A); observed, predicted and 
maximum limit load-angle (deg). 
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Fig. 4. 87. Single units flux amplitude and rotor flux amplitude (mVs). 
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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: 

• Chapter 1 - Introduction 
• Chapter 2 - Machine modelling 
• Chapter 3 - Control scheme 
• 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. 



CONCLUSIONS 

283 
 

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: 

• Extension of the MS-based DFVC scheme to the multiple three-phase 
synchronous motor drives. 


