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Abstract

The transition to electric vehicles (EVs) demands innovative drivetrain solutions that maximize
performance, reliability and reduces complexity and cost. This thesis deals with the modelling,
novel strategy for controlling, and analysis of double-fed induction machines (DFIM) for an all-
wheel-drive scenario in electric vehicles and the integration of double-fed induction machines
(DFIM) in electric all-wheel-drive (AWD) systems, aiming to maintain performance comparable to
conventional systems using induction machines (IM) and permanent magnet synchronous machines
(PMSM). The research addresses the challenge of reducing overall components in an electric AWD
system by replacing the IM+PMSM combination with a DFIM+PMSM setup, utilising a single,
compact micro-converter at the DFIM rotor, and controlling the PMSM and DFIM stator through
a PMSM controller.

The study begins by examining the fundamental principles of DFIMs, highlighting their dual
stator and rotor winding con�guration which allows for variable frequency control through power
electronics. This unique characteristic facilitates bidirectional power 
ow and regenerative braking,
key advantages for EV applications. The thesis then discusses the working of DFIMs into AWD
systems, focusing on the requirements of power between the rotor and stator of the DFIM in order
to provide deeper understanding into coordination of torque to improve handling and performance.

Simulation models and experimental setups are utilized to analyse the performance of DFIM-
based AWD systems under di�erent driving conditions. Key performance indicators such as ef-
�ciency, response time, traction control, and energy consumption are evaluated and compared
with traditional AWDs with induction motor as the front (auxiliary) drive and permanent magnet
synchronous motor(PMSM) at the rear (primary) drive. The results indicate that DFIMs o�er
enhanced e�ciency and torque control, while reducing the power electronics requirement signi�-
cantly. This is achieved by powering both the DFIM stator and PMSM stator using the PMSM
controller and exciting the DFIM rotor using a micro converter. Results demonstrated that the
DFIM consumes minimal rotor power (up to 6 kW) in a 215 kW machine, suggesting its feasibility
for AWD applications. The DFIM can operate in tandem with the PMSM in a 60-40 or 80-20
torque split, reducing losses associated with disengaging the DFIM.

Furthermore, the thesis addresses the challenges of implementing DFIMs in AWD systems,
including control complexity, and cost considerations. Estimation of DFIM machine parameters,
robust control algorithms, and cost-e�ective drivetrain options are proposed as potential solutions
to these challenges.

In conclusion, DFIMs present a promising alternative for AWD systems in electric vehicles, of-
fering signi�cant bene�ts in terms of e�ciency, performance, and control. The insights gained from
this study could pave the way for the development of more advanced and e�cient electric drive-
trains, contributing to the broader adoption of electric vehicles and the advancement of sustainable
transportation technologies.

Key terms: double-fed induction machine, all-wheel-drive, variable stator voltage, independent
rotor controller, �eld-oriented control, energy e�ciency
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1
Introduction

Double-fed induction machines (DFIM) are widely used in wind turbines and are also being re-
searched for application in marine drivetrains. This is mainly due to their simpler, compact design
and enhanced rotor control. We observe that the DFIM has proven to be a cost-e�ective, e�cient,
and reliable solution [1]. Even though the squirrel cage induction machine (IM) and the DFIM are
very similar, an in-depth understanding of the DFIM requires a separate study and can be further
used to explore its applications. In a comparison between synchronous generators and double-fed
induction generators (DFIGs) that are used in wind energy systems, it was found that the DFIGs
give a substantially better performance as they only use partial converter that uses 30% of the
rated output of the generator as compared to the full-scale converter used in the synchronous
generators that needs to be 100% of the rated output power of the generator [8]. The theory is
that the DFIM rotor will essentially need less power to achieve the necessary performance, which
can be employed as an added bene�t in the automotive context where the DFIM is a secondary
machine supporting the primary driving machine. This concept is particularly bene�cial and is
thoroughly researched in this study.

In the DFIM, we see that the stator and rotor are fed individually with power coming from the
same source (grid, battery) through inverters. The typical supply con�guration of the DFIM is
when the stator is supplied by three-phase voltages directly from the grid at constant amplitude and
frequency, creating the stator magnetic �eld. The rotor is also supplied by three-phase voltages that
take a di�erent amplitude and frequency at a steady state to reach di�erent operating conditions
of the machine (speed, torque, etc.) [2]. This is usually achieved by using a back-to-back three-
phase converter, as represented in the simple schematic of the DFIG in Fig. 1.1. An appropriate
rotor control strategy makes the DFIM very bene�cial in electric vehicle (EV) applications by
compensating for the shortcomings of an induction machine which will further be discussed in
detail in the thesis.

The DFIM has been proven to be potentially a promising machine to be used in EV applications
due to its advantages such as improved e�ciency and extended torque-speed characteristics [13][26].
In the present scenario, we can see that the induction machines (IM) are used for the front wheel
drive (FWD) along with the permanent magnet synchronous machine (PMSM) on the rear axle of
an all-wheel drive application (AWD). Hence, the objectives of the thesis to apply the uses of DFIM
in an automotive context will also be discussed. It is very important at this stage to note that all
the previous studies done with DFIM in the EV context assume the fact that the DFIM receives
controlled power sources at both the stator and the rotor end, through independent converters at
both the stator and rotor, albeit through the same battery source. Similar con�guration to the
Fig. 1.1, but with a battery instead of the grid.

As the DFIM in this thesis is studied as a secondary machine (FWD) in an AWD con�guration,

1



2 1.1. Thesis overview

with the PMSM as the primary driving machine, the PMSM controller and inverter which decide
the power required by the PMSM, will be the same fed to the stator of the DFIM. The PMSM
stator and the DFIM stator are connected in parallel. Thus, the novelty in this study is that the
stator of the DFIM does not receive a controlled voltage source through an independent inverter
at the stator end. So, all the controls for the DFIM machine is carried out through an independent
rotor controller and small micro-converter which is rated for very low power levels (3-6kW). This
would then ensure a reduction in components needed in a regular squirrel cage IM such as inverters
that are huge due to high power ratings and this also reduces the complexity of the overall electric
drive system. There will be an increase in the overall space in the vehicle for other components as
the packaging area of the drive system is reduced.

Figure 1.1: General DFIG system according to Petersson [19]

1.1 Thesis overview

The thesis is explained and divided into chapters and subsections as follows:

Chapter 2 discusses AWD in detail with components involved in the AWD, the need for an
AWD in the automotive context, the present scenario with AWD, the proposed scenario in this
thesis, the scope of improvement that the new proposed electric drive system provide, use cases
of the DFIM in the proposed scenario, the anticipated bene�ts of having the DFIM for AWD,
reduction in complexity of the overall electric drive system, issues to be tackled with DFIM in an
AWD scenario.

Chapter 3 exclusively discusses all the details of the double-fed Induction Machine. The chapter
discusses the working of the machine and its operating modes. The machine design parameters
used this thesis are mentioned.

In chapter 4 we will discuss the modelling and control requirements, as well as the control
strategy equipped in this thesis. The working of a DFIM will be tested as a standalone operation
for a simple machine model setup and then expanded to see its application in the complete AWD
setup along with the PMSM.

Chapter 5 discusses the complete analysis done with the DFIM. Here the di�erent operating
conditions are tested and comments on the feasibility of the machine are given. The results are
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shown in detail with the necessary assumptions and limitations mentioned in chapter 2.

Further, in chapter 6, the conclusion and the future scope of the thesis are discussed.

1.2 Thesis objectives

The following are the research objectives outlined:

ˆ Developing an independent rotor control strategy for the novel DFIM application in an
automotive context.

ˆ DFIM standalone model development with rotor controller to replace IM. Analyse the per-
formance of the standalone DFIM with variable stator voltage source.

ˆ Minimal rotor power usage to achieve the best performance from the DFIM.

ˆ Develop a proper slip angle calculation algorithm to realize the standalone model of DFIM.

ˆ Develop proper 
ux estimation and 
ux alignment algorithm for the DFIM rotor.

ˆ Assessment of PMSM + DFIM combination against existing all-wheel-drive con�gurations.

ˆ Observe the impact of including a PMSM with the DFIM standalone model.

ˆ Reduce complexity of the overall electric drive system model.

1.3 Background

DFIMs (Doubly Fed Induction Machines) have been traditionally deployed in wind turbine appli-
cations. Hence, there is extensive research [12, 19] and documentation [1, 2] about using a Doubly
Fed Induction Machine (DFIM) in generator mode. This is because these machines are well-suited
for variable speed operation, a crucial requirement for maximising energy capture in wind power
generation.

For automotive applications, DFIMs are increasingly favoured for high-performance electric
drives, such as those used in traction systems for electric vehicles and vessels [18]. The inherent
advantages of DFIMs, including their robustness, controllability, and ability to handle transient
loads, make them well-suited for demanding traction applications where reliability and e�ciency
are critical.

In 1989, the Doubly-Fed Induction Machine was initially investigated as a variable speed motor
that operated at double synchronous speed and was fed power on both sides without the need of a
frequency converter [24]. After that, a number of authors worked with the same setup to conduct
simulation and experimental investigations on variable speed control. By using an alternator that
is attached to the rotor rings and powered at a variable speed, this control modi�es the frequency
of the rotor supply [24]. The development of power electronics in recent years has allowed for
novel DFIM operating modes. The study of DFIM in generator mode applied to energy conversion
systems has been the focus of many research projects.

In novel alternative approaches to use DFIM, studies suggest using the machine in motor
mode for high power applications such as rail traction, marine propulsion, and metallurgy. In
recent years, DFIM-equipped Variable Speed Traction Systems (VSTS) have been used in Electric
Vehicle (EV) applications. An important part of the VSTS design process is choosing the traction
motor for the EV system. Wide-ranging torque-speed characteristics, an increased power-weight
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ratio, high drive system e�ciency, high robustness, and reliability are the necessary attributes for
an electric machine in the VSTS [28][26][25]. There are other studies like a new 
ywheel energy
storage system based on a DFIM and a battery for use with micro-grids which can improve the
power quality features, including the frequency and voltage [17]. Since choosing an appropriate
initial rotor position is crucial when utilising the DFIM in direct starting strategy, there have been
other studies highlighting the direct starting strategy of DFIM that present a thorough discussion
on the e�ects of the initial rotor position on the DFIM starting performance. The application of
the proposed method is simple without additional switches and switch-over algorithms [18].

Furthermore, advancements in power electronics and the adoption of newer and more control
strategies, have further improved the chances of incorporating DFIMs by enabling more precise and
e�cient operation. Sophisticated control strategies, such as vector control and model predictive
control, allow for precise regulation of torque and speed, resulting in improved overall system
performance and energy e�ciency. Several control strategies were developed with a focus on
EV/HEV applications such as the dual current loop algorithm [13], dual electric port control [9],
dual DTC (Direct Torque Control) [6] and vector control of DFIM [4]. There were also attempts
made to study optimal control strategies with speci�c goals such as optimal torque control [27],
MTPA strategy [11] and sensor-less operation [20].

The adoption of Doubly Fed Induction Machines for electric drives is a convergence of techno-
logical innovation and sustainability goals, driving forward the transition towards more e�cient,

exible, and reliable electrical systems across various sectors. As research and development con-
tinue to push the boundaries of DFIM technology, their role in shaping the future of electric drives
is guaranteed to expand even further.

1.4 Motivation of Volvo Cars for thesis

The thesis is intended to study the bene�ts and to �nd potential roadblocks (if any) of integrating
DFIM with the company's (Volvo Cars') in-house developed battery technology. A successful inte-
gration of both these could potentially result in enhanced performance, e�ciency, and reliability.
In addition, this could potentially reduce the component costs (smaller converters) while allowing
considerable weight savings.

While the battery technology enables e�cient energy storage and management of the battery
cells by dynamically adjusting their charging and discharging rates based on real-time demand
and operating conditions, DFIMs can improve the e�ciency and T- ! operating range. DFIMs
also o�er dynamic control under variable loading conditions. Introducing a DFIM in the electric
drive system can reduce the number of components required by the front axle machine. This is
because the inverter used for the stator control of the present Induction machine in the front axle
can be replaced with a micro-controller to control the rotor independently. This all-wheel-drive
con�guration achieves similar performance to the machine controlled by the stator, but with much
less power required by the rotor, resulting in a cost-e�ective solution. Thus, an integrated solution
consisting of new battery technology and DFIM is seen as the best green solution for future personal
mobility.

1.5 Limitations

ˆ The thesis examines the viability of employing a DFIM as an assisting machine in an AWD
con�guration in an automotive context. The work only includes research using the PLECS
software tool for 1D modelling and simulation. While approximate machine parameter es-
timates are provided, no real DFIM machine design is carried out in this thesis. Therefore,
this study does not entail any actual machinery or experimental activity.

ˆ This study uses the slip ring Induction Machine model that is available in the PLECS software
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package. The thesis considers Slip Ring Induction Machine (SRIM) and adopts this design
approach as the standard, even if other DFIM con�guration methods can be applied to get
equivalent results.

ˆ As this machine is not explored much in automotive context, there is limited earlier reference
work for DFIM in-vehicle applications with parallely connected machines.

ˆ Does not include designing the DFIM. This means that the machine parameters are taken
from a reference machine and also the e�ect of brushes/slip ring is negated. Although there
are few solutions already discussed in previous work on brushless DFIMs such as cascading
another wound rotor induction machine (WRIM) [10], a rotary transformer (inductive) [22],
a plate capacitor (capacitive) [14], or even rotating power electronics [23], etc.

ˆ The control method employed assumes perfect �eld orientation due to accurate sensing of
the slip angle between the rotor 
ux and stator 
ux, which may not be the case in reality.
There might be di�culties in getting the right slip angle calculation due to issues in sensors.
(proper method to calculate the angle di�erence between stator 
ux and rotor 
ux.)

1.6 Hypothesis

ˆ The Double fed Induction Machine working as a standalone machine will be tested �rst. This
will determine whether the DFIM can be used as a primary single machine in automotive
applications.

ˆ It will be crucial to look into whether the performance of the DFIM independent rotor control
strategy is comparable to that of a traditional IM, where the control is based on the stator
control.

ˆ Developing an optimal control strategy for DFIM to check the feasibility of the machine and
determine the use cases where it will be bene�cial.

ˆ Identifying the important components to be included in the overall DFIM electric drive
system in an automotive context.

ˆ Determining the torque handling ability of the DFIM in AWD situation for smooth operation.
Ease of operation of the machine in the AWD con�guration.

1.7 Methodology

The thesis is planned to be executed according to a V-model of development where all the activities
can be categorised into 4 di�erent groups namely: design & implementation, testing, veri�cation
and validation. The left wing of the V-model focuses on understanding and identifying the metrics
for the development and execution of the validation tasks in the right wing of the V-model as in a
typical research problem.
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Figure 1.2: Thesis execution strategy with expected work
ow

The execution of the thesis is planned in seven di�erent phases namely:

ˆ Phase A (Literature Review and Problem De�nition)

ˆ Phase B (Brainstorming)

ˆ Phase C (Modelling All Wheel Drive with Doubly Fed Induction Machine)

ˆ Phase D (De�ning and Implementing Controller Logic)

ˆ Phase E (Integration with Standard Components)

ˆ Phases F and G (Feasibility and durability analysis of the integrated model at the component
level and vehicle level

This section outlines the systematic approach adopted for the research on Double Fed Induction
Machines (DFIM) for our Master's thesis. The methodology is divided into di�erent phases,
each detailing the speci�c tasks undertaken, tools utilized, and the rationale behind the chosen
approaches.

Phase 1: Literature Review and Preliminary Model Exploration

Literature Review:

ˆ Conducted an extensive review of existing literature on DFIM models.

ˆ Investigated various control strategies employed for DFIMs.

ˆ Studied di�erent architectures of DFIMs and their implications on performance.

Familiarisation with PLECS and Initial Model Exploration:

ˆ Simultaneously engaged with the PLECS software to understand its capabilities.
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ˆ Analysed the existing Double Fed Induction Generator (DFIG) Wind Turbine model to
comprehend its working principles.

ˆ Attempted to re-purpose the DFIG model to function as a motor for standalone testing.

ˆ Identi�ed a key limitation: the model relied on a stable grid source for the stator, while our
thesis required a variable voltage source.

Phase 2: Custom Model Development

Brainstorming and Planning:

ˆ Conducted multiple brainstorming sessions to devise the optimal method for independent
rotor control in DFIM.

ˆ Decided to build a custom DFIM model from scratch.

Initial Model Development:

ˆ Developed a basic model without control mechanisms to observe the DFIM behavior under
constant input conditions.

ˆ Tested the machine in an All-Wheel Drive (AWD) scenario with a Permanent Magnet Syn-
chronous Motor (PMSM) in parallel.

ˆ Determined that using current sources directly was the most e�ective way to study the
machine's behavior.

ˆ Validated the machine's performance in terms of speed and torque but noted high power
consumption at the rotor.

Phase 3: Control Implementation

Field Oriented Control (FOC):

ˆ Initiated the implementation of Field Oriented Control to manage the high power consump-
tion issue.

ˆ Conducted initial tests with the PMSM in parallel at the stator and constant current sources
at the rotor.

ˆ Re�ned the control logic to include appropriate transformation angles and control strategies.

ˆ Ensured the machine was controlled e�ectively with a constant voltage source at the stator.

Phase 4: Variable Stator Voltage Source Investigation

Variable Voltage Source Integration:

ˆ Transitioned to using a variable voltage source for the stator to align with the thesis require-
ments.
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ˆ Conducted thorough testing to analyze the machine's performance under these new condi-
tions.

Parameter Finalisation:

ˆ Engaged in additional literature review to identify suitable DFIM parameters for our speci�c
case study.

ˆ Selected the optimal parameters to ensure accurate and reliable results for our research.

Model Implementation Adjustments:

ˆ Modi�ed the machine model to provide an open-loop torque reference for calculating current
references.

ˆ Utilized a speed controller to simulate PMSM machine speed, with the torque output serving
as the load torque to the DFIM.

Phase 5: Control Strategies

Current Controller Implementation:

ˆ Implemented a current controller in the FOC to provide voltages to the rotor side of the
DFIM.

ˆ Tested the rotor with voltage sources, but due to unresolved issues, the models with voltage
sources at the DFIM rotor were not �nalized.

ˆ Assumed a transfer function of 1 for the ideal current controller at the DFIM rotor to simplify
the analysis.

This comprehensive methodology enabled us to systematically address the challenges encoun-
tered during the research on DFIM. By progressing through clearly de�ned phases from literature
review and initial explorations to model development and control logic implementations, we were
able to build a robust model and achieve our research objectives e�ectively. Despite some chal-
lenges in �nalising models with voltage sources at the DFIM rotor, the adaptations made allowed
for meaningful insights and practical applications in our study.

1.8 Veri�cation methods

In this process, the plan is to compare the existing con�guration against the desired con�guration
that includes the DFIM on the following bases:

ˆ The DFIM working validated at steady state condition with constant operating points of
speed and torque.

ˆ Vehicle level performance for di�erent drive cycles such as WLTC, repeated acceleration
pro�les and Volvo in-house drive cycles
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ˆ Vehicle level performance under di�erent test scenarios such as overtaking manoeuvres, uphill
driving

ˆ Component level performance for di�erent operational characteristics such as T-! character-
istics, regeneration capabilities, transient behaviour

ˆ E�ciency of the overall vehicle performance after deployment of the DFIM controller

ˆ Overall power consumption by the DFIM machine to provide the extra torque required in
AWD scenario. Also, the power consumption when the DFIM machine is not in use as the
primary machine (PMSM) is driving the vehicle.



2
Electric drives

This chapter focuses on electric vehicles (EVs) with all-wheel-drive (AWD) systems. It will explain
the current state of AWD technology in the automotive industry and the proposed new scenario.
The DFIM will be discussed in detail, including how it is used in the proposed AWD system and
its operating conditions. The chapter will also describe the layout of the AWD system using DFIM
and the expected bene�ts. Additionally, it will outline the issues that need to be addressed and
the goals of the proposed system. The issues to be tackled in such an AWD system with DFIM
will be addressed in this chapter.

As discussed in chapter 1, the present combination for an AWD in an electric vehicle at Volvo
Car Corporation is (IM - front axle + PMSM - rear axle), but this thesis focuses on a new
con�guration with (DFIM - front axle + PMSM - rear axle). An induction machine in an all-
wheel-drive case makes sense for a number of reasons, including the absence of rare earth materials,
the ability to extract maximum power from the system over a wide speed range, durability and
reduced wear, high e�ciency in low-power regions, reduced manufacturing costs, etc.

2.1 All wheel drive con�guration

In the �eld of electric vehicles (EVs), the all-wheel drive (AWD) con�guration is notable for
its ability to enhance traction, stability, and overall performance. EVs have the 
exibility to
use multiple electric motors, which can signi�cantly improve the e�ectiveness of AWD systems.
AWD systems in EVs distribute power to all four wheels and have precise control over the torque
distribution to each wheel, improving vehicle handling, especially in conditions like rain, snow, or
o�-road environments. It is seen that the torque distribution capability in the all-wheel-drive is
very useful in di�cult terrains and splitting the torque between the front and rear axle is discussed
in a study conducted on AWD [3].

AWD systems can be of various types such as:

ˆ Single machine setup: The machine that is connected to a drive-train that splits power be-
tween the front and rear wheels. While e�ective, it involves complex mechanical components,
increasing the system's weight and reducing overall e�ciency.

ˆ Two machine setup: In this setup, the front and rear axles are powered by separate machines.
Without requiring a lot of mechanical links, this setup gives more control over each of the axles
and traction while achieving an appropriate balance between performance and complexity.

10
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ˆ Four machine setup: Each wheel is powered by an individual machine, allowing for the highest
level of control and precision. This setup enables advanced torque vectoring, where power
distribution to each wheel is �nely tuned for optimal performance and handling, but adds on
extra cost.

In the present setup, the AWD system featuring the IM & PMSM combination incorporates
individual controllers on the stators of both machines. This con�guration provides improved con-
trol over current distribution when both machines are engaged. The power distribution becomes
more straightforward, enabling the establishment of an optimal and e�cient operational setup for
the machines. This approach ensures that even the induction machine, typically considered the
secondary unit, can operate at its peak e�ciency.

The electric drive train for the all-wheel-drive (AWD) system in this thesis integrates the
electric machines DFIM & PMSM. This approach introduces a novel methodology, as the DFIM
is managed by a micro-converter (Inverter + Rotor controller) designed for lower power ratings
compared to conventional inverters used for standard induction machines or PMSMs. In this
con�guration, the power source is paralleled with both the DFIM and PMSM. The control of
the PMSM machine dictates the voltage input to both the PMSM and the stator of the DFIM.
Notably, independent control of the power supplied to the DFIM stator is absent; instead, precise
control of the DFIM rotor is employed to ensure optimal performance through �eld-oriented control.
E�ectively, removing the inverter at the stator from the front machine reduces the components
used in this drive train.

Scenarios in which the DFIM will be useful:

ˆ Full power requirement from the front wheel (front wheel drive).

ˆ Instantaneous extra torque requirement at the front wheel.

ˆ Power split between front and rear machines.

A major advantage of the DFIM is that the power 
owing to the rotor is a fraction of the power

owing through the stator. The power electronic equipment only has to handle a fraction (20{30%)
of the total system power [19]. If we neglect the losses, the percentage of power is equal to the
percentage of speed variation around the synchronous speed [5].

2.1.1 Induction machine all-wheel-drive

The present all-wheel-drive (AWD) features an Induction machine (IM) at the front axle. The IM
has its own independent inverter at the stator that provides controlled supply of voltages. The IM
relies on its rotor slip relative to the synchronous speed to generate the induced rotor current, this
in turn helps in generating the torque from the machine. In an induction machine AWD setup there
is usually a torque split ratio between the front and rear axle machines. The permanent magnet
synchronous machine (PMSM) is usually the rear machine (primary machine). The PMSM machine
is much more e�cient than the induction machine as it exhibits high torque density, wide speed-
torque range and compact size due to the strong magnetic �eld that is constantly provided at the
rotor by the rear earth materials. The induction machine on the other hand has to completely
rely on the external power source to provide the torque, although the advantage in the induced
currents in the IM is that the machine is self-starting.

There are several studies based on Induction machines with permanent magnet synchronous
machine combination for all-wheel-drive applications, where they have discussed that this dual-
motor system o�ers a balanced and adaptable solution for contemporary EVs by utilizing the great
performance and e�ciency of PMSMs along with the robust and a�ordable nature of IMs. The
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Figure 2.1: Induction machine all-wheel-drive layout representation

vehicle's capacity to manage di�erent road conditions is further optimized by advanced modelling
and control strategies, which make this a useful and e�cient method of improving EV performance.
The ability to tune the performance as needed and precise control of the traction forces makes it
suitable for both high-e�ciency driving and high-performance applications [16].

As the IM works with an inverter that has to be rated for a higher power supply at the stator
end, the space utilized by the inverter in the IM AWD con�guration is much more as compared to
the DFIM con�guration studied in this thesis. Here the IM and the PMSM have their own inverters,
controllers, and other power electronics involved in the whole drive system. The battery supplies
power through the inverters to each of the machines at the front and rear axles independently and
in a controlled manner. This is the major di�erence between the present IM AWD system and the
DFIM AWD that will be explained thoroughly in this thesis.

2.1.2 Double fed Induction Machine all-wheel-drive

The DFIM (Slip-ring induction machine is considered for modelling purposes) is bene�cial in this
AWD setup as this gives additional degrees of freedom of control at the rotor side. The stator
circuit of the DFIM is connected to the PMSM stator, while the rotor circuit is connected to a
small converter through slip rings. By controlling the rotor currents, it is possible to control the
extra torque requirements to be met by the front machine in situations where it is needed and this
helps the machine operate at a wide speed range. Although the DFIM is most often used as a
variable-speed, constant frequency generator such as in wind power, lately the DFIM is proposed
as a potential candidate for EV/HEV applications. This is due to its extended regions of both
constant torque and constant power operation. [13]

As it is already established in 1, this thesis will investigate a dual-motor con�guration for all-
wheel-drive. The DFIM will be setup for the front wheel drive and the PMSM for the rear wheel
drive. The PMSM will be used as the primary machine in most of the driving conditions, although
in cases of additional torque requirements from the front wheels, the DFIM will be engaged to
provide for the extra torque (� T).
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Figure 2.2: DFIM all-wheel-drive layout representation

The battery source is connected in parallel with both DFIM and PMSM machines in our case
study, where the PMSM and the DFIM stators receive the same voltage supply depending on
the requirements of the PMSM machine. The machine requirements are provided by the PMSM
controller, which depends on the PMSM machine con�guration. Hence, the power supply to the
DFIM stator is not in accordance to the DFIM machine con�guration. In this situation, the smaller
independent rotor controller for the DFIM will be the main focus of this study to achieve similar
performance from both the machines in case of an all-wheel-drive.

2.2 Complete AWD model components

The electric drive system consists of a battery pack, power converter, electric machine controller,
electric machine, transmission, and wheels. In this study, the focus will be on the Double-fed
Induction Machine and the novel rotor controller for controlling the machine.

In Fig. 2.3, the setup for a dual motor con�guration is shown, which will be the basic setup
at which the DFIM is set to operate. Fig. 2.4 shows the dual motor con�guration, but with the
inclusion of the current controller at the rotor side of the DFIM. The setup shown in Fig. 2.4
will be the actual setup in an AWD scenario, although, for this study, the current controller is
considered to be ideal and for ease of the study on the feasibility of this AWD setup, the current
sources are used on the rotor windings of the DFIM.

2.2.1 Mechanical machine model

The machine model includes the load acting on the DFIM. The reference torque for calculating
the q-current (Iq*) comes from the speed controller. The mechanical model of the vehicle is based
on the equation 2.2.1.
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Figure 2.3: Double-fed Induction Machine with Permanent magnet synchronous machine all-wheel-drive con�gura-
tion PLECS model (with current sources at the DFIM rotor)

Figure 2.4: Double-fed Induction Machine with Permanent magnet synchronous machine all-wheel-drive con�gura-
tion PLECS model (with voltage sources at the DFIM rotor)

J
np

dw
dt

= Te � TL (2.2.1)

Inertia (J) is de�ned for the machine, ( dw
dt ) is the change in speed of the machine, Electrical

torque (Te) is the electrical machine output torque, mechanical load torque (TL ) applied to the
machine andnp is number of pole pairs.

2.2.2 DFIM stator power source

In this thesis, the DFIM machine is in parallel with the PMSM, and the investigation is based on
a situation where there is no control over the power/voltage source connected to the DFIM stator.
The controlled voltage source being fed to the PMSM is the same that is given to the DFIM stator
as well. The DFIM rotor controller is responsible for the performance of the DFIM in situation of
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extra torque requested at the front wheels. The DFIM stator is always connected to a constant
AC source coming from the battery which is connected in parallel to PMSM.

2.2.3 DFIM rotor power source

The DFIM rotor is connected by a three-phase AC supply. This can be done in two possible ways:

ˆ Placing a back-to-back converter with a DC link capacitor in between the stator AC source
and the rotor.

ˆ Giving an AC source through a DC link capacitor and a converter.

At the rotor side, the position controller gives the reference speed required by the speed con-
troller to give the torque reference for the calculation of the rotor current references(i �

Rd &i �
Rq ).

The speed controller is a proportional-integral (PI) controller. This contains the active damping
and the anti-windup factors taken into consideration for the machine in consideration. The inner
current controller uses the current references being calculated to get the appropriate rotor voltages
to be fed to the DFIM rotor.

2.2.4 Power electronics

Power electronic devices are used in an electrical system to vary the power requirement and control
electrical circuits. The di�erent types of power electronics used in this thesis are listed below.

Active components: These components control the 
ow of electrical energy actively and
adjust the voltage and current requirements. The components depend on factors such as switching
frequency, load current, and voltage.

ˆ MOSFETs - These are used due to their high switching speeds, compact size, and lower
power consumption.

ˆ IGBTs - These are used due to their high voltage/current handling and lower saturation
voltage.

Passive components: These components do not require an external power source to operate.
They cannot control the 
ow of electrical energy, instead, they have predictable properties that
can be used for applications such as energy storage and �ltering.

ˆ Inductors - Inductors are current sti� components used in the model to �lter out the current
transients and sudden surges to smooth the overall current 
ow.

ˆ Resistors - Restrict the 
ow of electric current in the circuit and ensure current is 
owing at
appropriate levels.

ˆ DC Link capacitors - Capacitors are voltage sti� components. These are used to store the
excess currents, and reduce the voltage ripples in the circuit. Mainly used in converters to
provide stability to the DC bus voltage.
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2.3 Double fed Induction Machine operating scenarios

In an all-wheel-drive system, the front machine is often a secondary machine that helps the rear
primary machine (PMSM in this study) when more torque is needed at the front wheels. Typically,
these secondary machines are small and robust and are con�gured to operate with split torque
outputs on the wheels, sharing the rest from the primary machine. In the table 2.1 the instances
where the DFIM is anticipated to be operating in an AWD system during the course of this study
are shown.

Operation DFIM PMSM Mode

Motor

Mode

ON ON AWD

OFF ON RWD

ON OFF FWD

Generator

Mode

ON ON AWD

OFF ON RWD

ON OFF FWD

Power distribution

40 60 AWD

0 100 RWD

100 0 FWD

Table 2.1: DFIM operation in AWD scenarios

The operating conditions of machines in vehicles give the following modes:

1. AWD: All-wheel-drive

2. RWD: Rear-wheel-drive

3. FWD: Front-wheel-drive

2.4 Issues to be tackled with the DFIM system

ˆ The DFIM is not the primary machine in the AWD setup. As it will be acting as an assistive
machine, the thesis focuses majorly on tackling the situation by disengaging the DFIM by
changing the rotor power, as the stator power source is always engaged with the parallelly
connected battery source and the PMSM stator.

ˆ As the stator of the DFIM is always engaged with the power source, there will be problems
to deal with such as magnetization losses. There is no real control over the stator voltage
and currents directly. These have to be controlled through the rotor power source. But, this
rotor power has to be minimal, as the losses have to be reduced as much as possible.

2.5 Bene�ts of DFIM system

ˆ As discussed earlier, the key motivation to pursue this thesis will be to see that minimal
power is supplied to the rotor to get the best performance from the DFIM system.

ˆ The DFIM can be used constantly with an e�cient split between the front and the rear
machines, which might reduce the losses during the disengaged scenario of the DFIM.
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2.6 Assumptions

To choose a new electric drive system con�guration, this study makes some assumptions. The
following aspects are essential to the drive system and are considered to be as follows:

1. All the power electronics involved in the electric drive system are assumed to be ideal in this
study.

2. The battery source equipped in an actual AWD system is not used here, instead a represen-
tative power source is used for convenience of the study.

3. Power is supplied to the rotor and stator of the DFIM in several methods, but the study
assumes that the rotor is powered by current sources and the stator is powered by a stator
voltage source. It is assumed that the current controller is ideal. This implies that the voltage
source (Vabc) that comes out from the current controller would ideally provide the rotor with
the same amount of power as the current sources on the rotor.

4. Given that the PMSM will be the primary driving machine and that it will determine the
speed at which the DFIM must drive, the stator voltage block is proportionate to the speed
demanded by the PMSM. As the speed increases, the stator voltage block utilizes linear
voltage normalization and increases accordingly. The machine's base speed is considered to
be around 6000 RPM at 800V.

5. The slip angle is supposed to be calculated by taking the di�erence between the stator and
the rotor 
uxes as given in 4.3.1. But in this study, for modelling purposes, the slip angle
calculation (4.3.1.2) is done based on the di�erence between the angular frequency of the
stator and the rotor, which is then integrated to get the � slip .
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Double fed Induction Machine

The Double Fed Induction Machine (DFIM) has emerged as an important discovery in the �eld
of electrical engineering, especially in applications that demand high e�ciency, 
exibility, and
precise control, such as wind energy generation, variable-speed drives, and power systems. Unlike
traditional induction machines, which typically rely on a single set of windings on the stator, the
DFIM distinguishes itself by employing two independently controlled three-phase windings such
that one is on the stator and the other on the rotor. This unique dual-feed con�guration gives the
DFIM the remarkable ability to operate e�ciently over a wide range of speeds, including both sub-
synchronous and super-synchronous operations, thereby o�ering substantial advantages in terms
of energy e�ciency and operational range.

The stator of the DFIM is composed of three windings, each displaced by 120° in space, which
collectively form a rotating magnetic �eld when energized by a balanced three-phase AC voltage.
This rotating magnetic �eld induces an electromotive force (EMF) in the rotor windings according
to Faraday's law of electromagnetic induction:

� = ( v � B )L (3.0.1)

Applying voltage directly to the rotor, using brushes and slip rings, generates a rotor current
along with the current that is induced in the rotor windings as a result of the induced voltage
in the windings. The interaction between this rotor current and the stator's rotating magnetic
�eld produces the torque needed to drive the machine, as Laplace's law of electromagnetic force
describes. This induced force in the rotor is crucial because it directly a�ects the machine's
mechanical output

F = i: (L � B ) (3.0.2)

where:
F = Electromagnetic force (N)
i = current in the rotor conductor (A)
� = induced emf in single rotor conductor (V)
v = speed of the conductor w.r.t stator 
ux (m/s)
B = Magnetic 
ux density (T)
L = length of the conductor (m)

18
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One of the de�ning characteristics of the DFIM is its use of brushes and slip rings to facilitate
power transmission to the rotor windings. While these components enhance the machine's abil-
ity to control rotor current and thus improve its overall performance, they also introduce certain
maintenance challenges. The mechanical wear and tear on the brushes and slip rings necessitate
periodic maintenance, which can a�ect the machine's reliability and operational costs. However,
signi�cant advancements in recent research have led to the development of brushless DFIM con�g-
urations. These innovations aim to eliminate the need for brushes and slip rings, thereby reducing
maintenance requirements and increasing the machine's reliability, while still retaining the key
bene�ts of the DFIM's dual-feed design.

In the DFIM, the relationship between the stator supply frequency (f s) and the rotor speed
is governed by the machine's synchronous speed, de�ned by the equation 3.1.1, wherenp is the
number of pole pairs in the machine.

Moreover, the versatility of the DFIM extends beyond energy generation to include its applica-
tion in various industrial processes, where the precise control of speed and torque is crucial. The
ability to operate in both motoring and generating modes, combined with the capacity to transfer
power bidirectionally between the rotor and stator, further ampli�es the DFIM's utility in modern
electrical systems. This bidirectional power 
ow capability enables the DFIM to contribute to
grid stability and power quality, particularly in scenarios involving 
uctuating power demands or
variable energy sources.

3.1 Electrical equations

The mechanical synchronous speed (rpm),ns, equals:

nsyn =
60f s

np
(3.1.1)

Angular frequency of the stator voltage (rad/s):

! s = 2 �f s (3.1.2)

The mechanical speed of the rotor (rpm):

nr =
30
�


 r (3.1.3)

The electrical speed of rotor (rad/s):

! r = 
 r np (3.1.4)

Turns ratio :

u =
Ns

N r
(3.1.5)

Slip, s :

s =
! s � ! r

! s
(3.1.6)

! s � ! r = ! slip (3.1.7)

� slip =
Z

! slip (3.1.8)
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Depending on the sign of the slip, the machine can be distinguished to be working at three
main operating modes:

1. Subsynchronous operation:! r < ! s ) s > 0

2. Hypersynchronous operation:! r > ! s ) s < 0

3. Synchronous operation:! r = ! s ) s = 0

3.2 Double fed Induction machine parameters

The book \Design of Rotating Electrical Machines" [21] outlines all the steps that must be followed
while designing a new machine for the �rst time B.1. However, reference values were chosen as
machine parameters rather than precisely following this process because the focus of the thesis was
not on the designing the machine, but rather understanding the behaviour in AWD scenario and
further taking the call on developing the complete machine design according to the procedure.

The DFIM taken into consideration in this study is anticipated to be a machine of about 215
kW, which will resemble induction machines presently in use in the industry. There were no explicit
references to the machine itself, with the preset machine settings, because this is a new machine
being evaluated in this all-wheel-drive application. This machine has never been tested in an AWD
scenario like this one, and as of right now, no changes have been made to its design. Accordingly,
based on a reference provided in a book on double fed induction modelling and control [1], it is
assumed that the machine parameters are within a certain range of values.

The machine parameters shown for a 250kW machine in the book [1] is used as reference for the
DFIM in this study as given in 3.1 and the performance of the same was checked and depending
on that, some parameters are modi�ed to suit the simulation. The resistances and inductances
have been modi�ed using the following equations 3.2.5, which are based on the reference book.
The values were found to be well within possible range of an actual DFIM and this can further be
validated by the performance and other parameters involved in the machine which will be discussed
further.

u =
Ns

N r

�=
6
15

(3.2.1)

R
0

r =
Rr

u2 (3.2.2)

L
0

r� =
L r�

u2 (3.2.3)

L s�
�= L

0

r� (3.2.4)

L m =
4:2mH

u2 (3.2.5)
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Characteristic Parameters Value Unit

Number of pole pairs np 2 {

Turns ratio u 0.4 {

Stator resistance Rs 20 m


Rotor resistance w.r.t the stator Rr 20 m


Rotor resistance R
0

r 125 m


Rotor leakage inductance w.r.t the stator L r� 0.2 mH

Rotor leakage inductance L
0

r� 1.2 mH

Stator leakage inductance L s� 1.2 mH

Magnetising inductance L m 26.2 mH

Inertia J 0.3 {

Stator 
ux  s 0.001 Wb

Table 3.1: Double fed Induction Machine parameters



4
Modelling and control requirements

The chapter is dedicated to introducing the modelling and control requirements speci�c to the
DFIM to achieve AWD capabilities. On one hand, this chapter discusses the mathematical models
(electrical equations and transfer functions) of the various components in the EV architecture such
as the DFIM, mechanical load (driver model), a voltage source. On the other hand, this chapter
also focuses on the control requirements such as the gamma model of IM, stator 
ux orientation
vs grid 
ux orientation, reference frames, etc.

There are various methods discussed in the literature to control the DFIM but the control
technique used on the rotor of the DFIM in this thesis is �eld-oriented control (FOC). To control
the rotor currents of the DFIM, the reference frame of the direct component of the rotor current
is aligned with the stator 
ux.

This chapter focuses on developing a broad framework of modelling and control requirements
speci�c to the DFIM in the context of this thesis's objectives. This chapter serves as a theoretical
basis to understand and analyze the system model in terms of its constituent equations that describe
the mechanical, electrical, and 
ux dynamics of the system. In doing so, the key di�erences between
a conventional induction machine and the DFIM in terms of complexity and controllability are
elaborated.

It is to be noted that DFIM stator voltages are decided based on the controller for PMSM
mounted on the rear axle as part of the EV architecture to achieve AWD capabilities. There will
be no stator-mounted controller for the DFIM. Instead, a microcontroller on the rotor will handle
all DFIM controls. The stator of the DFIM along with the stator of the PMSM is controlled by
the PMSM controller. Hence, we get a variable frequency voltage input to the DFIM stator, unlike
an induction machine with controlled stator voltage with an independent inverter and controller.

To begin with, the modelling conventions followed in this thesis are discussed. This includes the
space vectors, and the phase-locked loop type estimator (PLL). Following this, the mathematical
models are elaborated, which include the machine model of DFIM in T-equivalent form (for mod-
elling) and the �-model form (for control). Finally, the layout of the complete model is discussed,
providing an overview of the complete system.

There are various methods discussed in the literature to control the DFIM but the control
technique used on the rotor of the DFIM in this thesis is �eld-oriented control (FOC). To control
the rotor currents of the DFIM, the reference frame of the direct component of the rotor current is
aligned with the stator 
ux. Most control algorithms for DFIMs are based on �eld-oriented control,
similar to those used for squirrel-cage machines. When two converters are used, the problem is
simpler because both the stator and rotor currents can be controlled. However, with only one

22
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converter at the rotor and a variable stator voltage and frequency, the control becomes more
complex than that of squirrel-cage machines. Despite this complexity, 
uxes can still be estimated
through measurements of the stator and rotor currents, with the 
ux magnitude determined by
the stator voltages.

4.1 Modelling Conventions

4.1.1 Space vectors & coordinate frames of reference

The use of space vectors is to simplify the three-phase notation into a much simpler two-component
vector form. Any electrical framework or equation can be represented as a space vector and de-
pending on the frame of reference, chosen based on convenience can be transformed from one frame
of reference to another. These frames of reference (Fig. 4.1 are de�ned based on the component
of reference, for example, stator �xed frame (� � � reference frame) or any other reference frame
that is aligned with a speci�c electrical quantity (d-q reference frame).

The transformation from three-phase notation to � � � notation and/or d-q notation can be
done using the following equations and a speci�c choice of the constantK . For an RMS invariant
transformation, K = 1=

p
2, and this is the transformation used throughout this thesis.

ss = s� + js � =
2K
3

(sa + asb + a2sc) (4.1.1)

ss = sej ( � s + � ) (4.1.2)

s = sd + js q = e� j ( � s ) ss = sej ( � ) (4.1.3)

Here, � s is the synchronous angle corresponding to the synchronous frequency! s, while � is
the phase shift angle which varies according to the desired frame of reference. The choice of� is
crucial in determining the reference frame and can signi�cantly a�ect the accuracy of control logic,
as can be seen in later sections of �eld orientation.

Figure 4.1: Coordinate frames of reference

4.1.2 Phase Locked Loop (PLL) type estimator

A phase-locked loop-type estimator is used for the estimation of the angle and frequency of a signal.
It is used in the 
ux estimation algorithm to determine the stator 
ux magnitude and stator 
ux
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angle. The PLL type estimator used in this thesis is discussed in greater detail in Petersson et al
[19]. For this thesis, the PLL estimator used is a pre-de�ned block with a pre-de�ned controller
logic modelled in PLECS.

4.1.3 Power in terms of space vectors

The instantaneous power P i.e., the active power consumption is calculated in a three-phase system
by using the equation 4.1.4. Similarly, the reactive power Q is calculated asQ = 3

2 Im[v:i � ]. This
relation is utilized in imposing the reactive power control constraint, as explained in later sections.

P = va i a + vbi b + vci c =
3

2K 2 Re[vs(i s) � ] =
3

2K 2 Re[vi� ] (4.1.4)

For the amplitude invariant transformation, where K = 1p
2
:

P = 3Re[vi � ] (4.1.5)

Similarly, the reactive power, Q, as the corresponding imaginary part of the equation 4.1.4
is shown below. This relation is utilized in imposing the reactive power control constraint, as
explained in later sections.

Q = 3Im[vi � ] (4.1.6)

4.2 Mathematical Models

This section covers the complete explanation of the modelling techniques used to accurately sim-
ulate the di�erent components of the AWD system with DFIM, and the reasoning behind any
assumptions made in order to arrive at these models. To provide a holistic understanding of
the same, a top-down approach is followed to elaborate upon each of the components starting
with an explanation of the system layout. This is followed by the explanation of the three major
components of the system.

4.2.1 System Layout

The complete system layout (refer Fig. 4.2) consists of the electrical machines i.e., DFIM & PMSM
(modeled along with its controller) and the micro-converter for DFIM rotor control. The system
performance requirements are dictated by the driver model which are included as driving cycles.

The system layout is modeled in PLECS as a stand-alone DFIM model as shown in Fig. 4.3
where all the relevant subsystems are shown. As stated earlier, the DFIM stator is energized
based on the PMSM controller logic which is shown in Fig. 4.2 as the `Stator voltage' block.
The Ìdq ! Iabc' block and ÌR d&IR qref ' are representative of the DFIM controller. The �eld
orientation with stator 
ux is carried out using the `Flux estimation algorithm' and `slip angle
calculation' blocks. The `Machine model block' and the `References' blocks together constitute the
mechanical dynamics model and the driver model for the complete system.
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Figure 4.2: System layout for DFIM based AWD

Figure 4.3: AWD system with DFIM model on PLECS
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4.2.2 DFIM stator voltage model

The stator voltage block is represented in Fig. 4.4 below, which is modeled to be a variable voltage
source at the stator of the DFIM depending on the speed reference. Here, the speed reference
given from the driver pro�les are considered to be the speed of the permanent magnet synchronous
machine, which decides the speed of the vehicle in this study. Mechanical speed (rad=s) is converted
to electrical speed in accordance with the reference speed provided in Sec. 4.3.3.3 while using it
for conversion to voltages. The linear normalisation is done for calculating the voltage magnitude
by using 6000RPM as the base speed for this DFIM. The voltage saturation is the limitation set
by the power electronics that supply the voltage to the stator.

Figure 4.4: Simpli�ed stator voltage model representative of speed variations on DFIM & PMSM stator

4.2.3 DFIM: Modelling

The modelling of DFIM requires two di�erent approaches, one for simulation of the DFIM on
PLECS (T-equivalent model) and the other for controller design (�-model). This can be observed
in Fig. 4.5 & 4.6.
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Figure 4.5: System layout with DFIM in T-equivalent model for simulation

Figure 4.6: System layout with DFIM in �-model for control

With this understanding in mind, the following sections elaborate the above-mentioned math-
ematical models in greater detail along with necessary equations to describe the various electrical
and mechanical parameters of interest.
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4.2.3.1 DFIM: construction

The DFIM in its simplest form, can be represented as a stator and rotor with three windings each,
as shown in the following Fig. 4.7. This is similar to a conventional induction machine, except for
the fact that the rotor windings can also be excited in a DFIM.

Figure 4.7: Simpli�ed representation of a DFIM

The equivalent circuit diagram of the DFIM is as shown in the Fig. 4.8.

Figure 4.8: Ideal equivalent circuit of DFIM
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For an ideal model, the three-phase voltage equations are as follows:

vas (t) = Rs i as (t) +
d	 as (t)

dt
(4.2.1)

vbs(t) = Rs i bs +
d	 bs(t)

dt
(4.2.2)

vcs(t) = Rs i cs +
d	 cs(t)

dt
(4.2.3)

4.2.3.2 DFIM: T-equivalent form

The T-equivalent form of the electrical circuit in a stationary reference frame after simpli�cation
(T-equivalent circuit) is shown in the Fig. 4.9.

Figure 4.9: T-equivalent circuit of DFIM

This circuit as represented in the synchronous reference frame is as shown in the Fig .4.10.
This equivalent circuit model is used for modelling purposes in the DFIM.

The voltage equations in the d � q reference frame obtained through necessary space vector
transformations are as follows:

Stator side:

Vs = Rs i s +
d	 s

dt
+ j! s 	 s (4.2.4)

Vds = Rs i ds +
d	 ds

dt
� ! s 	 qs (4.2.5)

Vqs = Rs i qs +
d	 qs

dt
+ ! s 	 ds (4.2.6)

Rotor side :

Vr = Rr i r +
d	 r

dt
+ j! r 	 r (4.2.7)

Vdr = Rr i dr +
d	 dr

dt
� ! r 	 qr (4.2.8)

Vqr = Rr i qr +
d	 qr

dt
+ ! r 	 dr (4.2.9)

Similarly, the 
ux equations are as follows in 4.2.10:
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Figure 4.10: dq representation of DFIM circuit

Stator side:

	 s = L s i s + L m i r (4.2.10)

	 ds = L s i ds + L m i dr (4.2.11)

	 qs = L s i qs + L m i qr (4.2.12)

Rotor side:

	 r = L m i s + L r i r (4.2.13)

	 dr = L m i ds + L r i dr (4.2.14)

	 qr = L m i qs + L r i qr (4.2.15)

where,

L s = L s� + L m (4.2.16)

L r = L r� + L m (4.2.17)

4.2.3.3 DFIM: � -model

The T-equivalent circuit, however, is not suitable for control purposes since it is over parameterized
due to the presence of one extra leakage inductance. For a conventional induction machine, the
solution to this problem is to transform this circuit into the inverse-� model wherein, the rotor
leakage inductance is removed. This allows for controller design with stator current and rotor 
ux
as control parameters. However, for the DFIM where the objective is to control rotor current and
stator 
ux, it is desired to use the � model wherein, the stator leakage inductance is removed.
This allows for controller design with rotor current and stator 
ux as control parameters.
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Figure 4.11: �-model of DFIM for rotor control

Equations in stator coordinates:

vs
s = Rs i s

s +
d	 s

s

dt
(4.2.18)

vs
R = RR i s

R +
d	 s

R

dt
� j! r 	 s

R (4.2.19)

where superscript s indicates stator coordinates. The model can also be described in syn-
chronous coordinates as:

vs = Rs i s +
d	 s

dt
+ j! s 	 s (4.2.20)

vR = RR i R +
d	 R

dt
+ j! r 	 R (4.2.21)

The stator 
ux, rotor 
ux, and electromechanical torque are given by:

	 s = L M (i s + i R ) (4.2.22)

	 R = ( L M + L � )i R + L M i s = 	 s + L � i R (4.2.23)

Te = 3npIm[	 s i �
R ] (4.2.24)

The parameters and quantities of the T- equivalent form relate to the �-model are de�ned
based on the conversion factor
 and their relations are as follows:

VR = 
V r (4.2.25)
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i R =
i r



(4.2.26)

	 R = 
 	 r (4.2.27)


 =
L s� + L m

L m
(4.2.28)

RR = 
 2Rr (4.2.29)

L M = 
L m (4.2.30)

L � = 
L s� + 
 2L r� (4.2.31)

4.3 DFIM: Control

This section discusses the control strategies which were developed and in the literature review there
were a lot of control strategies as shown in these research papers [7][9][13][15][27] and sensorless
operation in [20]. There are various control strategies discussed for the DFIM, but �eld-oriented
control is being used in this thesis. In this study, stator 
ux orientation is done based on the
alignment of the rotor currents, and to control the rotor currents, we employ �eld-oriented control.

4.3.1 Field-oriented control

Field-oriented control is done to get high precision control over the torque and speed of the electric
machines. It is particularly very important in AC machines like DFIM. Field-oriented control
makes the controls easy by transforming non-linear complex systems to simpler linear systems,
making the AC machines simpler and easier to control like the DC motor.

In �eld-oriented control or vector control there is the use of mathematical transformations
like the Clarke and Park transformations, the three-phase AC currents are split into two orthog-
onal components (d & q). The d-component (direct axis) controls the magnetic 
ux, while the
q-component (quadrature axis) controls the torque. By independently controlling these two com-
ponents, precise control over the motor's torque and 
ux can be achieved.

In stator 
ux orientation, the reference frame is aligned with the stator 
ux vector. The stator

ux is either measured directly using sensors or estimated from the machine's electrical parameters
and measurements of stator voltages and currents. The rotatingdq reference frame aligned with
the stator 
ux vector is obtained by transforming the stator current and voltage vectors using the
transformation angle, which is usually the angle di�erence between the stator 
ux and the rotor

ux. This makes the d-axis aligned with the stator 
ux. The torque output is controlled by the q-
component of the current, which can be adjusted independently of the stator 
ux. The torque may
be controlled independently of the stator 
ux because the d-component of the current is aligned
with the stator 
ux and directly controls the stator 
ux magnitude. Hence, the decoupled control
of 
ux and torque is possible through �eld-orientated control.

To align the dq currents to the stator 
ux vector, the stator 
ux has to be estimated �rst or
it has to be measured using sensors. In the case of stator 
ux estimation, it is done based on
the three-phase stator voltages which are then transformed to synchronous�� coordinates using
Clarke transformation as shown in 4.3.1.1. Later once thedq reference currents or voltages are
found through the current control algorithm, the inverse park transformation is used to get the
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three-phase voltages to be fed to the converter on the rotor side of the machine. In this thesis, as
the converters as considered to be ideal transfer blocks, it is not included, instead the currents are
directly fed through the rotor windings as depicted in 4.3.4. The �eld-oriented control enhances the
dynamic response and e�ciency of the machine's control system. As the control adapts to variable
speeds, it is very useful in the case of a double-fed induction machine where there is variable speed
most of the time.

4.3.1.1 Flux orientation and 
ux estimation algorithm (Based on equation 4.2.18)

The stator 
ux of DFIM is calculated based on the three-phase voltages (V s
s ) and currents (i s

s)
from the stator and the magnitude of stator resistance (Rs). In this model, �eld-oriented control is
implemented, wherein a 
ux linkage must be aligned with the reference frame 4.7. The stator-
ux
oriented system is the method by which the rotor currents are controlled in this study.

Figure 4.12: Schematic of Flux estimation algorithm

4.3.1.2 Slip angle calculation

The slip angle is essentially the di�erence between the stator 
ux and the rotor 
ux. In the model,
it is done as shown in Fig. 4.13. Here, the slip frequency (! slip ) is calculated and integrated to
get � slip which is the transformation angle used to convert the reference currents from Sec. 4.3.2
in 0d � q0 reference frame to0abc0 reference frame currents which are being fed to the rotor end of
the DFIM in Sec. 4.3.4.

! slip = ! s � ! r (4.3.1)

� slip = � 's � � 'r (4.3.2)

Figure 4.13: Schematic of slip angle calculation

4.3.2 Torque control and Reactive power control

While the d component of the rotor current can be used to control the reactive power at the stator
terminals, the q component of the rotor current controls mainly the produced torque for both
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reference frames. The current controller usually has current references as an input and three-phase
voltages as the output. In this study, the current controller is considered to be ideal. Hence, the
current references are directly fed to the rotor winding side as inputs.

The electromechanical torque is given by :

Te =
3
2

npIm[	 s i �R ] � �
3
2

np s i Rq (4.3.3)

The torque can be controlled by theq component of the rotor current, i Rq and since it is di�cult
to measure the torque, it is usually controlled in an open loop. Thus, the torque control logic for
the calculation of q current referencei �

Rq is employed using the reference torque,T ref
e and the 
ux

estimated ( ^ s) in 4.3.1.1.

i �
Rq = �

2T ref
e

3np
^ s

(4.3.4)

For a stator-
ux oriented system, the reactive power control logic to get the d current reference
component i �

Rd is given by equation 4.3.5 considering that the DFIM can be operated at unity
power factor by controlling the rotor currents and is shown in Fig. 4.14.

i �
Rd =

^ s

L̂ M
(4.3.5)

Figure 4.14: Schematic of current references calculation

4.3.3 Driver inputs & Machine model

4.3.3.1 Driver inputs: References

The DFIM output ( Te) is dependent only on the torque demand (Te;ref ) which is fed through the
`References' block. ThisTe;ref is used for i �

Rq calculation as part of the torque control logic.

In addition, the references block gives the information about the load torque (Tload ) which is
computed based on the speed pro�le demanded. The speed controller logic is used to compute
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Tload , as discussed in the next section. For the purpose of this thesis, multiple drive cycles are
used to analyze the performance of the DFIM under varying operating conditions

4.3.3.2 Machine model

The load torque to the electric machine is estimated based on the reference speed through a speed
controller. The speed reference is considered to be the speed pro�le of the PMSM machine output
which the DFIM has to follow.

An actuator is included in the machine model, which directs the DFIM machine's speed to a
speci�c value based on the speed of the PMSM machine. The torque reference obtained from the
speed reference is sent to the DFIM as load torque after passing through a speed controller.

Figure 4.15: Schematic of machine model

The machine model (as discussed in Sec. 2.2.1) feeds the rotor speed and rotor position infor-
mation to the DFIM machine. In addition, it also contains the speed controller which dictates the
load torque based on the speed pro�les fed through the references.

The speed controller is de�ned by the following transfer function:

G(p) =
! r (p)

T ref
e (p))

=
1

J
n p

p + Ba
(4.3.6)

where, Ba : active damping (in this case, it is frictionless, hence zero). For this controller, the
kp and ki values are calculated according to the following equations with a controller bandwidth
of � s = 100Hz, B = 0, kw = 0 :1.

kp = � s:J (4.3.7)

Ba = kp � B (4.3.8)

ki = � s:(Ba + B ) (4.3.9)
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4.3.3.3 Reference Speed and Torque

The reference speed and torque can be any load and torque point that the PMSM operates at,
during the complete driving cycle. In this study, the WLTC cycle (4.16, 4.17), repeated acceleration
pro�le (4.18, 4.19) and constant speed and torque points were used to observe the behaviour of
the DFIM.

Figure 4.16: WLTC torque pro�le

Figure 4.17: WLTC speed pro�le
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