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Abstract
In this work a new type of brushless-excited wound-rotor synchronous machine for variable-
speed applications is proposed and analyzed. The excitation of the field winding is achieved
using inductive power transmission which normally requires an additional transmission coil
on the stator and receiver coil on the rotor. However, the proposed machine does not need
any additional windings or ferromagnetic material on either stator or rotor. This is achieved
by applying pole phase modulation to the existing coil groups of a conventional wound-
rotor synchronous machine with the help of a modified stator power electronic converter and
rotor rectifier. Thus, two distinct airgap fields can be produced with independent current
components — one for controlling the torque production and one for inductively exciting the
field winding. A prototype of the machine concept is designed, constructed and investigated
experimentally on a machine test bench.

The theoretical analysis of the proposed machine is performed based on the one-dimensional
approximation of the airgap flux density. An analytical full-order machine model is derived
and simplifications for steady-state are discussed. A field-oriented control algorithm is con-
ceived which can track both the torque-producing currents and the excitation currents. The
machine model, its drive electronics and the control algorithm are then investigated and
verified using dynamic simulations.

A machine test bench is built and used to identify the designed machine and verify the
capability of the machine concept to produce a load torque and excite the field winding
inductively. The no-load experiment is used to isolate the effects of the excitation system
and find those excitation system settings that grant the best efficiency. The influence of iron
losses are identified as a major contributor to the losses. This is why a computationally quick
and simple iron loss model is implemented, applied to the machine concept and compared
with measurements. The iron losses are attributed to the additional speed-dependent for-
ward and backward rotating fields superimposed on the conventional fields of a wound-rotor
synchronous machine.

As a significant amount of DC link voltage is required to inductively excite the field winding,
the torque-speed region of the machine concept is investigated analytically, numerically and
experimentally. Simple formulas for the reduced maximum torque-speed curve are given
and the loss of efficiency and speed range is calculated. An experimental comparison for
a reduced DC link voltage is performed to verify the reduction of speed range. Lastly, an
extension to the proposed concept which can address both the iron losses and the DC link
voltage demand is discussed.
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Chapter 1

Introduction

The conception of vector control for AC machines in the 1970s, the commercialization of
microprocessors in the 1980s and the growing maturity of IGBT power semiconductors since
the late 1980s are the three major technological milestones that have paved the way for
variable-speed drives. Contrary to grid-connected AC machines where the fixed grid voltage
and frequency limit the operating region to a fixed speed (or a narrow speed interval),
variable-speed drives allow adjusting both the voltage and frequency of an electrical machine.
Therefore, the machine can be operated in a wide speed interval and follow trajectories with
high precision and requirements on the dynamic behavior. These advances have been crucial
for the growing transportation and servo industry. Even in fan and pump applications driven
by grid-connected induction motors, retrofitting a variable-speed drive has significant energy
savings potential compared to using throttle valves to limit the flow rate. Furthermore, while
a grid-connected machine traditionally only runs optimally in a single operating point, the
ability to adjust the voltage and frequency gives additional degrees of freedom for optimizing
the machine efficiency in the entire operating region.

With the growing awareness of climate change, efforts are being undertaken to increase the
efficiency of electrical machines and to minimize the environmental impact of the materi-
als used in the manufacturing process. While a wide range of electrical machine types are
available for variable-speed drives, the preferred option for transportation and servo ap-
plications are permanent-magnet synchronous machines (PMSMs), because they have the
highest power-to-weight and power-to-volume ratio of any machine type. However, their
disadvantages are threefold: From an economic standpoint, the utilization of the rare-earth
magnets used in PMSMs is the highest cost factor compared to the copper, steel and in-
sulation material required in magnet-free machine topologies. Furthermore, in view of the
strained geopolitical relations with China and Russia, the monopoly of the rare-earth market
by China is problematic which is only changing slowly [1]. Additionally, the mining of rare
earths is ecologically harmful as toxic chemicals are needed to separate the metals from the
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soil which has led to the contamination of soil and water supplies in China [2]. From the
perspective of performance, the PMSM is limited by its constant excitation field imposed
by the permanent magnets. While the PMSM reaches its optimal efficiency near the rated
torque and in the vicinity of the field-weakening region the constant excitation field causes
high iron losses at high speeds and partial loads. Furthermore, at high speeds the injection of
an additional field-weakening current is required to oppose the high induced voltage caused
by the constant excitation field.

All these disadvantages can be addressed with a wound-rotor synchronous machine (WRSM)
which has a field winding located on the rotor, instead of permanent magnets. Therefore,
rare-earth metals are eliminated from the construction process in favor of copper coils. The
field winding also enables a variable excitation field by adjusting the field current flowing in
the coils [3]. However, as the field winding is located on the moving rotor and is supplied by a
stationary DC source a connection of the rotating leads of the field winding with the leads of
the power supply is needed. One way to achieve this is with stationary carbon brushes which
slide on the slip rings mounted on the shaft. They create a conductive interface between
the stationary DC source and the rotating field winding. However, the continuous sliding
motion leads to brush wear, and the resulting abrasion releases conductive particles that
contaminate the slip ring compartment. This not only increases the need for maintenance,
but also introduces additional frictional losses and power losses due to the contact resistance
between brush and slip ring. Nevertheless, WRSMs have been used successfully as traction
motors in electric vehicles (EVs) e.g. in the Renault Zoe and the BMW iX3. In order to
address the increased need for maintenance, current projects in industry and academia are
investigating the elimination of the brushes and slip rings in WRSMs. This objective is
referred to as brushless excitation and is the focus of this dissertation.

2



Chapter 2

State of the Art

The two main methods for transferring power wirelessly between a stationary and a rotating
object are inductive and capacitive power transmission. In the field of wireless (brush-
less) excitation for WRSMs most proposed concepts are based on magnetic induction. The
commonality of these inductive power transmission systems is that there is a stationary
(transmitter) winding and a rotating winding (receiver) which are each wound around a
ferromagnetic core and separated by an airgap. The leads of the receiver winding connect to
the field winding of the WRSM through a diode rectifier. Brushless excitation is achieved by
a rate of change of the magnetic field caused by shaft rotation or by an alternating current
in the stationary winding. The resultant induced voltage into the receiver winding is then
rectified to produce the DC field current.
Historically, the brushless excitation of WRSMs is a rich area of research motivated by the
need to supply the variable field current of large synchronous generators free of maintenance.
The most widely used brushless excitation system for turbo generators is shown in Fig. 2.1.
It consists of an additional external-pole synchronous generator — called main exciter —
mounted on the same shaft as the turbo generator [4].
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Figure 2.1: Brushless excitation of grid-connected, single-speed synchronous generators.
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The main exciter has its field winding (transmitter) placed in the stator and its three-phase
winding (receiver) in the rotor which connects to the turbo generator field winding through
a rotating diode bridge. While the field winding of the turbo generator cannot be accessed
during rotation, the stationary field winding of the main exciter can be supplied by the DC
field current Idh so that a voltage is induced into the three-phase winding of the main exciter
when the shaft rotates. This voltage is rectified by the diode bridge to produce the turbo
generator field current Ifm. Thus, the turbo generator field winding is inductively excited by
substitutionally controlling the field current Idh of the main exciter.

A great number of brushless excitation concepts for generators of different sizes and applica-
tions have been proposed [4]–[6] based on various types of exciter machines. However, most
of these brushless excitation concepts have been conceived for grid connection. This means
that the WRSM only operates under load at a single speed imposed by the constant grid
frequency. Hence, before the WRSM is synchronized with the grid, it has to be accelerated
close to synchronous speed while operating as an induction motor. To enable this, the ro-
tor is typically equipped with features that support asynchronous starting such as special
damper windings. As a consequence, the brushless excitation system only has to provide
excitation close to its synchronous speed. Furthermore, in an industrial plant where these
machines are used space requirements are not a critical space requirement. as opposed to
high power density being a major requirement.

In contrast, this dissertation focuses only on motors driven by a frequency inverter and on
those brushless excitation systems which guarantee arbitrary excitation control independent
of the shaft speed and at a small excitation system size. If the literature on brushless single-
speed, grid-connected synchronous generators is excluded, the following three categories of
brushless excitation applicable to variable-speed drives remain.

2.1 Current-Excited Flux Modulation Machines
The first category stands out from all other brushless excitation systems because here no
power needs to be transferred to the rotor. Instead, current-excited Flux Modulation Ma-
chines (FMMs) are inherently brushless because they have both the three-phase and field
winding located on the stator so that no slip rings or brushes are needed. Nevertheless,
FMMs can be categorized as synchronous machines because they produce a synchronous
torque due to the interaction of the stator and excitation field. Thus, they have the same
advantages in the high-speed and partial load region as conventional WRSMs, which is why
they cannot be omitted in the discussion of brushless-excited synchronous machines.
As the name suggests, current-excited FMMs function on the basis of flux modulation and
deviate significantly from conventional WRSMs in both geometry and winding layout: They
possess a salient stator and/or rotor, but produce no reluctance torque. Instead, the stator
and field winding are wound to produce different pole-pair numbers ps and pf which only

4
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interact with each other because the fields of unequal pole-pair numbers are modulated by
the saliency so that a synchronous torque is produced. FMMs have received some attention
recently due to their magnetic gearing effect, which enables a high torque density [7]. Even
though most FMMs have been conceptualized with permanent magnets, current-excited
FMMs with a field winding instead of permanent magnets exist.
One of these machines is the DC-excited flux-switching machine [8]. This machine has both
a single-phase pf pole-pair field winding and a three-phase ps pole-pair winding located in
the stator and therefore no windings on the rotor. Both the stator and rotor have saliency
with Zs stator and Zf rotor poles. If the relationship

|ps ± Zs| = |pf ± Zf | (2.1)

is fulfilled and the rotor rotates with a frequency of fm, the pf pole-pair field of the field
winding is modulated by the stator and rotor reluctance so that a voltage of frequency

fel = Zffm (2.2)

is induced into the ps pole-pair stator winding. Thus, a synchronous torque is produced if
an appropriately oriented three-phase system of electrical frequency fel is fed into the AC
winding. This equation highlights that the electrical frequency of flux-modulation machines
is usually very large for realistic rotor saliencies Zf .
Another type of FMM without permanent magnets — the brushless doubly-fed machine
(BDFM) — is obtained from (2.1) if the stator saliency is neglected and, hence, the rotor
saliency fulfills the condition Zf = |ps ± pf |. The BDFM can also be built without rotor
saliency, but with a special nested rotor cage with n = |ps ± pf | isolated cages. BDFMs
with two distinct three-phase winding sets located in the stator have attracted some interest
as a brushless alternative to the doubly-fed induction motor in wind power or heavy-duty
traction applications [9], [10]. However, as [11] points out, the torque density is lower than
for inherently brushless and magnet-free reluctance machines which is why they are not
feasible for most variable-speed applications.
Even though a host of different (current-excited) flux modulation machines exist, recurring
drawbacks mentioned in the literature are the high distortion of the airgap flux and the large
electrical frequencies. This causes large iron losses, a large harmonic leakage inductance
(low power factor) and restricts the usage of FMMs mostly to high-torque applications.
Furthermore, the design and calculation of FMMs is a relatively novel field in comparison
with the more mature WRSM technology which is well-established in the industry and well-
researched in academia. This is why a brushless synchronous machine which does not deviate
from the established WRSM topology is more attractive than using flux modulation.

5
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2.2 Rotary Exciters
The second category of brushless excitation viable for variable-speed drives are rotary ex-
citers. These are external inductive power transfer devices that are mounted on the shaft
of a conventional WRSM [12]. There are some schematical similarities to the main ex-
citer machine in Fig. 2.1 mounted on the shaft of brushless-excited turbo generators, but
— unlike the main exciter — rotating exciters are not electrical motors. While they also
transfer the excitation power inductively or capacitively, their main attribute is that their
magnetic (electric) field is independent of the rotational speed. This is exemplified in the
rotary transformer structure in Fig. 2.2b, where the blue flux lines are independent of the
rotational speed, so that the induced voltage only depends on the frequency of the current in
the primary coil. Thus, rotary transformers can supply the WRSM field current regardless
of the operating conditions (speed and load) of the WRSM. The schematic of a conventional
inverter-driven WRSM whose field winding is fed by a rotating transformer through a bridge
rectifier is depicted exemplarily in Fig. 2.2a. The stationary side of the rotating transformer
is fed by a fast-switching power source indicated as an H-Bridge.
The operating frequencies of rotating exciters are from tens of kHz to multiple MHz [12], [13]
and are thus significantly larger than the frequencies which occur in electrical machines. The
large operating frequencies take advantage of the fact that a smaller inductor (capacitor) can
be used to reach a given impedance (admittance). Inductive exciters are preferred to capac-
itive exciters due to the need for small, mechanically challenging airgaps and large surfaces
needed to obtain a sufficiently large coupling capacitance, although progress has been made
by using MHz frequencies [13]. Efficiencies upwards of 90 % are consistently being reported
in rotary exciters [12] with sizes not much larger than needed for the slip rings and brushes
[14], which makes them the preferred option for brushless WRSMs.
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Figure 2.2: a) Schematic of WRSM with independent rotating transformer and b) axial rotary
transformer.

6



2 State of the Art

However, just like the main exciter in Fig. 2.1, the rotary transformer in Fig. 2.2 also in-
troduces an additional magnetic core and another set of windings into the drive system. It
should be remarked that an equivalent already exists in any WRSM in the form of the iron
stack and the machine windings. This motivates another area of brushless excitation which
attempts to jointly utilize the already existing machine core and windings of the WRSM for
the inductive power transfer to the field winding. This third category of brushless excitation
is called harmonic excitation.

2.3 Harmonic Excitation
The principle of harmonic excitation is similar to the brushless excitation of turbo generators
in that an electrical machine (main exciter) feeds the field winding of the WRSM through a
rectifier. The distinguishing feature here is that the main exciter is not an external electrical
machine with its own frame, windings and iron core. Instead, the main exciter is integrated
into the existing machine and shares the same iron core and — if possible — the windings
of the WRSM. This is achieved by using the existing or additional airgap space harmonics.
Thus, instead of constructing an additional device, the existing copper and iron material of
the WRSM are jointly utilized by the brushless excitation system. This has the potential of
reducing material costs and machine space.
However, in order to integrate a harmonic excitation system into a WRSM only a limited
number of options is available. In fact, most of the degrees of freedom like the machine
dimensions, winding locations and iron material are already pre-determined by the WRSM
design. This is contrary to the main exciter in Fig. 2.1 or to rotary transformers like Fig. 2.2
which are external devices that can be designed independently from the WRSM. Further-
more, the joint usage of the iron core inevitably leads to an interaction between normal
WRSM operation and harmonic excitation, because the additional magnetic fields produced
by the excitation system share the same flux paths as the WRSM. The additional losses
generated in the iron core and conductors are also dissipated over the same thermal paths.
The literature on harmonic excitation focuses mainly on single-speed generator applications.
Some inverter-driven concepts and even variable-speed motors have been presented, but of-
ten the investigations do not far exceed the proposal so that little follow-up publications or
detailed analysis is given. Hence, in the following sections the main methods to integrate
harmonic excitation into a WRSM are categorized and their limitations are briefly pointed
out without claiming completeness.

7
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2.3.1 Utilizing the Space Harmonics of the Stator Winding
Any m-phase winding supplied by an m-phase current system produces space harmonics at
multiples v of order

v = 1 + 2 · m · a with a ∈ {0, ±1, ±2, ..., ±∞} (2.3)

if the corresponding winding factor vkw is non-zero. In integer-slot windings the fundamental
(v = 1st) space harmonic is the operating harmonic1 and higher order harmonics of order
v = −5, 7, −11, 13 constitute leakage flux which inevitably arises in the airgap flux whenever
a load current flows in the machine windings. While these space harmonics are usually
undesired and increase the leakage inductance, torque ripple, noise and iron losses, one of
these space harmonics can be used for harmonic excitation. In order to achieve this, an
additional auxiliary rotor winding is placed on the rotor to pick up one of the higher order
space harmonics generated by the stator load current. As a consequence, a voltage is induced
into the auxiliary winding that is proportional to the machine speed and amplitude of the
load current. Fig. 2.3 depicts the conceptual overview of a harmonic excitation system using
an auxiliary rotor winding to pick up a spatial harmonic of pole pair ph. It can be seen that
the additional auxiliary winding behaves as an additional ph pole-pair induction generator
which shares the same iron stack as the conventional pm pole-pair WRSM.
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Figure 2.3: HESM with auxiliary rotor winding of pole pair ph which picks up a spatial harmonic
generated by the load current.

In [15] the v = −5th space harmonic of an integer slot winding is used for the harmonic
excitation of a grid-connected generator. Alternatively, [16] proposes special stator wind-
ing schemes in which the magneto-motive forces (MMFs) of two consecutive pole pairs are
unequal. This produces both a working harmonic and an additional subharmonic which is
picked up by a corresponding auxiliary winding. The main drawback of this approach is that

1This is not the case in fractional slot windings where e.g. the v = 5-th space harmonic is the operating
harmonic.
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2 State of the Art

the supplied field current is uniquely defined by the speed and load current of the machine.
It cannot be changed in a given operating point and vanishes at a speed of zero. Therefore,
the concept is infeasible for variable-speed applications. This is why the authors of [16] use
additional magnets to improve the startup.

2.3.2 Utilization of Auxiliary Stator Windings
The main drawback of the previously presented concept is that the space harmonic used for
harmonic excitation cannot be generated independently because it is a byproduct of the load
current in the stator winding. However, if a winding of pole-pair number ph is placed in the
stator and rotor slots of the conventional WRSM two independent machines — one pm pole-
pair machine for torque production and a ph pole-pair machine for brushless excitation —
are obtained. Fig. 2.4 illustrates the general overview of a harmonic excitation system that
is applicable even for variable-speed applications. It can be seen that the additional ph pole-
pair auxiliary windings form an independent induction generator sharing the iron stack of the
pm pole-pair machine which operates as a conventional inverter-fed WRSM. As the auxiliary
windings are independent winding sets, an arbitrary pole-pair number ph can be chosen for
them. Such a concept has been realized e.g. in [17], where ph = 6 pole-pair stator and rotor
windings are integrated into a WRSM of pole-pair number pm = 2. The application in [17] is
a grid-connected, single-speed generator, but the concept can be extended to variable-speed
applications if the two stator windings are both fed from independent inverters as in Fig. 2.4.
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Figure 2.4: A HESM viable for variable-speed applications with two winding sets in stator and
rotor according to [17].

The harmonic inverter can adjust the frequency and voltage amplitude of the ph pole-pair
stator winding to inductively excite the pm pole-pair machine field winding even at standstill.
As long as the pm and ph pole-pair fields have no common space harmonics, they do not
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interact with each other so that arbitrary control of the field current is possible independently
of the speed and load of the pm pole-pair machine. The main disadvantage of this concept
is that the auxiliary windings in both stator and rotor increase the size of the machine and
thus decrease its power density. Furthermore, additional power electronics are needed.

2.3.3 Harmonic Injection into the Existing Stator Winding
While the drawback of Section 2.3.1 is the speed and load dependence of the field current and
its advantage is the lack of additional windings, Section 2.3.2 eliminates the disadvantage
at the cost of additional stator windings and an inverter. This brings up the question if the
generation of an additional ph pole-pair field is even necessary. A HESM concept feasible
for variable-speed applications which achieves harmonic excitation without generating an
additional ph pole-pair field is shown in Fig. 2.5a [18]. It consists of a conventional three-
phase drive inverter and a conventional WRSM with the only modification that the field
winding is short-circuited by a diode.
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Figure 2.5: a) WRSM topology with field winding short-circuited by a diode providing one-wave
rectification and b) current injection strategy in dq reference frame.

Fig. 2.5b shows the operating currents in the rotor-oriented coordinate system qualitatively.
The general idea is to use the d-axis to excite the field winding and the q-axis for torque
production. In the d-axis a sawtooth (or sinusoidal) current is injected which produces an
asynchronously rotating field with respect to the field winding. As a consequence, an AC
voltage is induced which is rectified by the diode. The q-axis current is then used just as in
a conventional WRSM to produce the torque. As the field winding is short-circuited by the
diode, the d-axis behaves like a machine under short-circuit condition. This is why large AC
currents in the d-axis and field winding occur to transfer the desired field current. These
current components almost have the same rms value as the rated currents and therefore
almost double the total losses. Furthermore, a large torque ripple occurs for realistic WRSM
designs, because the AC component of the field current produces an oscillating torque when
q-axis load current is present. While smoother field currents can be obtained with more
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rotor phases and diodes [19], these inherent drawbacks cannot be eliminated and show the
advantage of using a decoupled pole-pair number ph for harmonic excitation.

2.3.4 Generation of Independent Pole Pairs from a Single Winding
In the previous sections it has been indicated that the integration of an independent ph

pole-pair machine into the machine frame is desirable for harmonic excitation, but can only
be realized by using auxiliary windings. Therefore, attempts have been made to produce
independent pole pairs ph from the existing, conventional pm pole-pair windings.
In [20] the third time harmonic is injected into a three-phase winding using a modified
inverter that allows star point currents so that a standing wave at spatial harmonic ph = 3pm

is generated. As the standing wave does not induce a voltage for arbitrary rotor positions,
no standstill torque is possible. Another possibility is to split the existing pm pole-pair stator
winding into two independent three-phase consequent-pole windings as in [21]. The degree
of current asymmetry in the two consequent-pole stator windings is used to control the
magnitude of the ph pole-pair field. However, the induced voltage is also speed-dependent
and vanishes at standstill so that no standstill torque is produced.
In [22] a tooth-wound 11-phase stator winding with each phase being supplied by its own
H-bridge is used to realize a pm = 4 pole-pair MMF in conjunction with a ph = 2 pole-pair
MMF. Through the use of pole phase modulation (PPM) both components can be excited
independently, which is why a machine based on this concept is capable of variable-speed
operation. However, the machine design differs significantly from a conventional WRSM
design, has large harmonic winding factors and requires a large amount of power switches.
A related concept extends third harmonic injection using a dual three-phase winding with
two 30 degrees spatially shifted three-phase groups [23], [24]. These two zero-systems create
a two-phase ph = 3 · pm pole-pair machine which can be supplied with 90 degrees phase-
shifted currents in order to produce a rotary field. While [23] has not been investigated
for variable-speed applications by the authors, the concept is very much viable. However,
as will be shown in Section 4.3.2 of this work, a high pole-pair number ph is not desirable.
Furthermore, a commonality of all harmonic excitation concepts mentioned in this section
is that they only go as far as eliminating the auxiliary stator winding. They all still require
auxiliary windings in the rotor and sometimes even modifications of the rotor geometry to
place additional slots in the machine, e.g. [21], [23].

2.4 Goals and Structure of this Work
It must be stated that all presented harmonic excitation concepts for WRSMs have inherent
shortcomings, have not been conceptualized for variable-speed applications or have found
little successful use beyond their initial proposal. Overall, harmonic-excited synchronous
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machines (HESMs) are not considered serious contenders for brushless-excited WRSMs so
far as the scarce literature indicates. From the few concepts viable for variable-speed applica-
tions, a critical omission is that the excitation system losses and its effect on the speed-region
have not been analyzed in detail. This dissertation attempts to revisit and extend the idea
of harmonic excitation and identify its shortcomings. The fundamental goal of the research
investigated in this work is to synthesize a HESM without any auxiliary windings (contrary
to Fig. 2.4) and with no additional torque ripple (contrary to Fig. 2.5) that is also viable
for variable-speed applications. Rather than simply proposing and validating the concept,
the inherent problems and limitations of harmonic excitation such as the influence on the
torque-speed region and the additional iron losses are analyzed in detail using both simula-
tion and experiments on a prototype.
To this end, in Chapter 3 the general analytical framework for the analysis of electrical ma-
chines based on the first armature reaction is presented. This theory is then used to derive
the working principle of HESMs. Chapter 4 gives an overview and generalization of the
methods and limitations for producing the two distinct pole pairs pm and ph from a single
winding. Based on these methods, a novel HESM concept investigated in this dissertation
is synthesized and criteria for a favorable HESM design are discussed.
In Chapter 5 the mathematical model of the proposed HESM concept is derived. Special
consideration is given to the different coordinate transformations. Furthermore, the con-
trol system of the HESM is derived based on the obtained model. Chapter 6 describes the
design of a machine prototype of the HESM concept based on analytical scaling laws and
Finite-Element Analysis (FEA). The FE model is then used to analyze the cross saturation
behavior due to the shared flux paths of the pm and ph pole-pair machine in the iron lamina-
tions. The control system of the designed machine is parametrized, implemented and verified
with the help of dynamic simulations. In Chapter 7 the constructed machine prototype is
investigated experimentally. Firstly, the test bench and its limitations are presented and
afterwards experiments for the identification of the HESM parameters are performed. The
HESM concept is then verified near rated torque and at different operating parameters of
the excitation system. Furthermore, a close look at the additional losses measured due to
the inclusion of the ph pole-pair machine is taken.
Chapter 8 takes a deep dive into the HESM iron losses and explains the complex flux density
waveforms under harmonics excitation. A simplified iron loss model is then presented which
can be used to predict and isolate the additional speed-dependent iron losses. Chapter 9
investigates the effect of the excitation system on the torque-speed region and highlights the
main disadvantage of the proposed concept. A simplified approach to modelling the voltage
demand and efficiency of the HESM in steady-state is presented and used in the analysis.
The derating of the maximum torque-speed curve is quantified and confirmed with exper-
iments. Lastly, some ideas for improving the proposed concept are discussed. Chapter 10
concludes this dissertation.
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Chapter 3

Theory of Harmonic Excited Synchronous
Machines

An electrical machine is a complex multi-physical system which can be investigated electro-
magnetically, structurally, thermally and acoustically. While each of these physical domains
is an essential part of machine prototyping, in the scope of this work the focus is on the elec-
tromagnetic design and modelling of synchronous machines. As the magnetic fields inside
of a HESM only differ from those of a conventional WRSM by the additional space or time
harmonics to achieve inductive power transmission, HESMs can be modelled using the same
well-established methods as for regular WRSMs. Analysis of the electromagnetic domain
requires accurately describing the three-dimensional magnetic fields inside of an electrical
machine. For radial flux machines the following approaches are available:

• Numerical 3D magnetic field calculation using Finite-Element-Analysis (FEA) or 2D
analysis under neglect of the endwinding region.

• Analytical one-dimensional [25] (or two-dimensional [26]) approximation of the airgap
flux density.

As an HESM consists of additional winding sets, multi-phase windings or modifications
to the conventional WRSM windings, a modelling approach that can take into account
these effects is needed. The one-dimensional approximation of the airgap flux density is a
computationally fast and general framework and is therefore used extensively in all chapters
of this work. In this section, a general formulation of the magnetic fields inside of a WRSM
will be performed. Afterwards the results are applied to derive the functioning principle of
HESMs.



3 Theory of Harmonic Excited Synchronous Machines

3.1 Harmonic Field Theory
The spatial location of phase k ∈ {1, 2, 3} of an m = 3-phase, p pole-pair stator winding
with Ns turns can be expressed by a winding function [25]

Wk(ϕ) = 2
π

Ns

∞∑
v=1

vkws

vp
sin

v

(
pϕ − (k − 1)2π

m

) (3.1)

where vkws is the winding factor of the vth spatial harmonic and the variable ϕ denotes the
position along the airgap. An MMF that varies in space (ϕ) and time (t) is produced if
phase k is supplied by a current

Is,k = Îs · cos
(

ωt + sign · (k − 1)2π

3 + θs

)
(3.2)

where Îs is the current amplitude, ω an arbitrary frequency to be determined later and θs the
initial phase shift. The parameter ’sign’ expresses the direction of rotation of the three-phase
system and can only take on the values 1 or −1. Multiplication of the winding function (3.1)
with the winding current (3.2) yields the MMF

Θs,k = 2
π

NsÎs

∞∑
v=1

vkws

vp
cos

(
ωt + sign · (k − 1)2π

3 + θs

)
sin

v

(
pϕ − (k − 1)2π

3

) . (3.3)

Since the total MMF consists of the contribution of all phases, the resultant three-phase
MMF can be calculated as the sum of all three phases. Applying the relationship cos x =
Re

{
ejx
}

to the first cosine and Euler’s formula sin x = 1
2j

(
ejx − e−jx

)
to the sine, the fol-

lowing representation can be obtained

Θs =
3∑

k=1
Θs,k = 1

π
NsÎsRe

1
j ej(ωt+θs)

∞∑
v=−∞

vkws

vp
ej(vpϕ)

3∑
k=1

ej 2π
3 (k−1)(sign−v)

︸ ︷︷ ︸
=3 for v in (3.5)

. (3.4)

The underbraced term is only 6= 0, more precisely = 3 (and thus becomes real-valued), if
2π
3 (sign − v) != b · 2π, with b = 0, ±1 ± 2, ... . This is only the case if the indices v take on

the values

v = (sign + 3b) =

 1, −2, 4, −5, 7, ... for sign = 1
−1, 2, −4, 5, −7, ... for sign = −1 . (3.5)
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As the winding factor vkw of integer-slot windings is zero for all even-numbered v they can
be omitted [27]

v = (sign + 6b) =

 1, −5, 7, −11, 13, ... for sign = 1
−1, 5, −7, 11, −13, ... for sign = −1 . (3.6)

The parameter ’sign’ determines whether a forward rotating field (fundamental v = 1) or a
backward rotating field (fundamental v = −1) is generated. Now the total real-valued MMF
can be specified as

Θs = 3
π

NsÎsRe
{

1
j
∑

v

vkws

vp
ej(ωt+vpϕ+θs)

}
with v = sign + 6b. (3.7)

3.1.1 Generalized Rotor MMF
The rotor winding can be modelled analogously to the stator winding with a winding function
and a current excitation. In order to maintain generality, the single-phase rotor winding is
supplied by an arbitrary current

If(t) = Îf cos(ωrt) (3.8)

of amplitude Îf and frequency ωr. In the special case of ωr = 0 the winding is DC-excited.
The MMF produced by the field winding is calculated analogously to (3.3) by multiplying
the field current (3.8) with the corresponding winding function which yields an MMF

Θf = 2
π

Nf Îf

∞∑
µ=1

µkwf

µp
sin (µpϕf) cos(ωrt) . (3.9)

The parameter Nf is the number of rotor series turns and µkwf is the rotor winding factor of
the µ-th spatial harmonic. As the field winding is rotating, the variable ϕf is introduced which
denotes the angular position in the moving rotor coordinate system. Using trigonometric
identities leads to

AC excited Θf = 1
π

Nf ÎfRe

1
j

∞∑
µ=−∞

µkwf

µp
ej(µpϕf+ωrt)


DC excited Θf = 1

π
NfIfRe

1
j

∞∑
µ=−∞

µkwf

µp
ejµpϕf


(3.10)

where the current amplitude Îf is replaced with If in the case of DC excitation. An important
result of (3.9) is that any single-phase MMF can be separated into rotary fields rotating in
forward direction (indices µ = 1, 3, 5, ...) and backward direction (indices µ = −1, −3, −5, ...).
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3.1.2 Stator and Rotor Slotting
From the MMFs the airgap flux density can be determined as [25]

Bδ = µ0

hδ

ΛsΛfΘ. (3.11)

The permeance waves Λs and Λf are functions of the angular position and increase the airgap
length hδ locally to take into account the drop of the airgap flux density above a slot opening.
Thus, the adjustment of the airgap length by the permeance waves does not depend on the
geometrical distances, but on the solution of the magnetic field. They can be evaluated
analytically with the Schwarz-Christoffel transformation or numerically with FEA [28] and
can be modelled according to [25] as

Λs = 1
2

∞∑
ns=−∞

nsΛsejnsZsϕ

Λf = 1
2

∞∑
nf=−∞

nf ΛfejnfZfϕf .

(3.12)

The actual determination of the Fourier coefficients nsΛs ( nf Λf) is performed in Section 8.1
for a HESM prototype machine. If harmonic effects are neglected, the permeance waves
become Λs · Λf = 0Λs · 0Λf = 4/kc where kc is the well-known (double-sided) Carter factor
that enlarges the effective airgap length. If higher order slotting effects are considered, the
airgap length has a periodic angular dependence at multiples nsZs (nfZf) of the Zs stator
slots (Zf = 2p rotor poles).
It should be noted that the rotor coordinate system (variable ϕf) is rotating with the angular
frequency ωm relative to the stator coordinate system (variable ϕ). In order to calculate the
airgap flux density in stator (rotor) reference frame, the MMFs and permeance waves in
(3.11) must all be transformed into the same stator or rotor reference frame by applying the
substitution.

ϕf = ϕ + ωmt + β or inversely ϕ = ϕf − ωmt − β (3.13)

where β denotes the rotor position. Applying (3.13) to (3.7), (3.10), and (3.12), a summary
of the stator and rotor MMFs and permeance waves in their respective stator and rotor
reference frames can be given in Tab. 3.1. The impact of the different reference frames is
highlighted in blue.
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Table 3.1: Summary of MMFs and permeance waves in their respective reference frame

Stator Reference Frame Rotor Reference Frame

Stator MMF
v = sign + 6b

Θs = 3
π

NsÎsRe
{

1
j
∑

v

vkws

vp
ejvpϕej(ωt+θs)

} ΘS = 3
π

NsÎsRe
{

1
j
∑

v

vkws

vp
·

ej(vpϕf+(ω−vpωm)t)ej(θs−vβ)
}

Rotor MMF
µ = ±1, ±3, ...

Θf = 1
π

Nf ÎfRe

1
j
∑

µ

ej(µpϕ+(ωr+µpωm)t)ejµpβ

 Θf = 1
π

Nf ÎfRe

1
j
∑

µ

ej(µpϕf+ωrt)


Stator
Permeance

Λs = 1
2

∞∑
ns=−∞

nsΛsejnsZsϕ Λs = 1
2

∞∑
ns=−∞

nsΛsejnsZs(ϕf−ωmt)e−jnsZsβ

Rotor
Permeance

Λf = 1
2

∞∑
nf=−∞

nf ΛfejnfZf(ϕ+ωmt)ejnfZfβ Λf = 1
2

∞∑
nf=−∞

nf ΛfejnfZfϕf

3.1.3 First Armature Reaction
The first armature reaction expresses the first reaction of a winding due to the magnetic
field produced by a current flowing in another (or the same) winding. It is obtained by first
calculating the airgap flux density of a winding and then evaluating the flux that couples
with another winding.

Total stator flux coupling to a single stator phase k: With the results in Tab. 3.1, the total
airgap flux density caused by the stator MMF (subscript s) and given in stator reference
frame (superscript s) is obtained from (3.11) as

(s)Bδs = µ0

hδ

3
π

NsÎs
1
4 · Re

1
j
∑
ns

∑
nf

∑
v

nsΛs
nf Λf

vkws

vp
ej
(

(vp+nsZs+nfZf)ϕ+nfZfβ
)
·

ej
(

(ω+nfZfωm)t+θs
) .

(3.14)

The flux coupling into one phase k of the stator winding (self-inductance) is obtained by
integrating the airgap flux density over the winding coils. This is identical with evaluating
the surface integral of (s)Bδs times the winding function Wk of phase k

Ψk,s = rlFe

∫ 2π

0
(s)Bδs · Wkdϕ = rlFe

3
π2 N2

s
µ0

hδ

Îs

4 · Re

1
j
∑
ns

∑
nf

∑
v

nsΛs
nf Λf

vkws

vp
·

∞∑
a=−∞

akws

ap

∫ 2π

0
ej(vp+nsZs+nfZf+ap)ϕdϕ︸ ︷︷ ︸

6=0

·ej
(

(ω+nfZfωm)t+θs
)

· ej(nfZfβ−a(k−1) 2π
3 )

.
(3.15)
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where r is the airgap radius and lFe is the length of the iron stack. The integration of the
underbraced expression is only 6= 0, more precisely = 2π if the indices ap

!= −vp−nsZs−nfZf .
Therefore, the summation over a can be replaced with a multiplication of 2π if a is replaced
by

a = −v − ns
Zs

p
− nf

Zf

p
.

For all other values of a the integration is zero, so that the flux yields

Ψk,s = rlFe
6
π

N2
s

µ0

hδ

Îs

4 · Re

1
j
∑
ns

∑
nf

∑
v

nsΛs
nf Λf

vkws

vp

−v−ns
Zs
p

−nf
Zf
p kws

−vp − nsZs − nfZf
·

ej
(

(ω+nfZfωm)t+θs
)

· ej(nfZfβ−(−vp−nsZs−nfZf)(k−1) 2π
3p

)

.

(3.16)

The induced voltage can be calculated from the time-derivative of the flux linkage, but
another long expression is avoided here. Instead, it can be already seen from the flux that
the rate of change of the stator flux induces a voltage of frequency (ω + nfZfωm) back into the
stator phase k for all combinations of ns and v for which the corresponding winding factors
vkw, −v−ns

Zs
p

−nf
Zf
p kw and permeance coefficients nsΛs, nf Λf are 6= 0. Strictly speaking, the

stator current excitation in (3.2) has to be extended to take into account currents induced by
these additional frequencies. This is known as second armature reaction, but it is assumed
that the frequency component induced due to rotor slotting is negligibly small and eliminated
to zero by the controller. Using the calculated flux linkage the stator self-inductance follows
directly from L = Ψ/I as

Ls = rlFe
6
π

N2
s

µ0

hδ

1
4 · Re

1
j
∑
ns

∑
nf

∑
v

nsΛs
nf Λf

vkws

vp

−v−ns
Zs
p

−nf
Zf
p kws

−vp − nsZs − nfZf
·

ej(nfZfβ−(−vp−nsZs−nfZf)(k−1) 2π
3p

)

.

(3.17)

Total stator flux coupling to rotor: The stator field also interacts with the rotor winding.
In order to determine the stator flux coupling with the rotor winding, the stator airgap flux
density (subscript s) has to be calculated in rotor reference frame (superscript f)

(f)Bδs = µ0

hδ

3
π

NsÎs
1
4Re

1
j
∑
ns

∑
nf

∑
v

nSΛs
nf Λf

vkwf

vp
· ej(vp+nsZs+nfZf)ϕf ·

ej
(

(ω−vpωm−nsZsωm)t+θs
)

· e−j(vp+nsZs)β


(3.18)
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and the flux coupling with the rotor winding follows analogously as

Ψf,s = rlFe
6
π

NfNs
µ0

hδ

Îs

4 · Re

1
j
∑
ns

∑
nf

∑
v

nsΛs
nf Λf

vkws

vp

−v−ns
Zs
p

−nf
Zf
p kws

−vp − nsZs − nfZf
·

ej
(

(ω−vpωm−nsZsωm)t+θs
)
e−j(vp+nsZs)β

.

(3.19)

It can be seen that frequencies (ω − vpωm − nsZsωm) are induced into the rotor winding. It
can be seen that additional frequencies due to stator slotting arise which have to considered
in the second armature reaction, but their influence is insignificant in the scope of this work
so they are neglected.The mutual inductance from stator to rotor follows directly from the
flux as

Lf,s = rlFe
6
π

NfNs
µ0

hδ

1
4Re

1
j ·
∑
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(3.20)
Flux coupling from rotor to rotor: Now the rotor airgap flux density (subscript f) in rotor
reference frame (superscript f) is the starting point

(f)Bδf = µ0

hδ

1
π

NfmÎf
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(3.21)

The flux follows after integration as

Ψf,f = rlFe
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(3.22)

It can be observed again that the rotor field induces additional frequencies (ωr − nsZsωm) re-
lated to the stator slot number Zs into the rotor winding. However, the additional frequencies
are insignificant and thus neglected. The self-inductance is directly obtained as

Lf = rlFe
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 . (3.23)
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Flux coupling from rotor to a single stator phase k With the rotor airgap flux density
(subscript f) transformed into the stator reference frame (superscript s)
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(3.24)

the flux coupling with a single phase k of the stator winding follows after integration as

Ψk,f = rlFe
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(3.25)

It can be seen that frequencies ( ωr + µpωm + nfZfωm) are induced into the stator winding by
the rotor winding. The mutual inductance from the rotor winding to a stator phase follows
as

Lk,f = rlFe
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(3.26)

Table 3.2 summarizes the (blue) frequencies of the induced voltages as a result of first
armature reaction if the stator is excited by a three-phase system of frequency ω and the
rotor by an AC current of frequency ωr.

Table 3.2: Frequencies induced into the stator and rotor

From Stator (v = sign + 6b) From Rotor (µ = ±1, ±3, ±5, ...)
To Stator ω + nfZfωm ωr + µpωm + nfZfωm
To Rotor ω − vpωm − nsZs ωr − nsZsωm

3.1.4 Fundamental Approximation
Higher order winding and slotting harmonics do not contribute to the functionality of conven-
tional synchronous machines and are mostly responsible for cogging torques, higher leakage
inductance and undesired induction distorting the terminal voltages. While these parasitic
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3 Theory of Harmonic Excited Synchronous Machines

effects are important design aspects, they can be neglected when qualitative results are suf-
ficient. In this section, the goal is to simplify the exhaustive expressions in the previous
section and obtain the fundamental approximation for the inductances, induced voltages
and the machine torque. The simplest approximation is obtained by eliminating the effects
of permeance harmonics (→ ns = nf = 0, 0Λs · 0Λf = 4/kc) and winding harmonics (→
v = 1, µ = ±1). Thus, the self and mutual inductances follow directly from (3.17), (3.20),
(3.23) and (3.26) as

stator self inductance Ld = Lσs + rlFe
6
π
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kchδ
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1kws

p

)2

(3.27)

mutual inductance
(rotor to single stator winding)

Ldf = rlFe
4
π

µ0

kchδ

NsNf

1kws
1kwf

p2 (3.28)

mutual inductance
(all stator windings to rotor)

Lfd = 3
2Ldf (3.29)

rotor self inductance Lf = Lσf + rlFe
4
π
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kchδ
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Nf

1kwf

p

)2

(3.30)

with the stator (rotor) leakage inductances Lσs (Lσf) not further defined here, because apart
from harmonic leakage additional leakage components like slot, end-winding and overhang
leakage flux which are exhaustive to analytically quantify have to be included. The induced
voltage (back EMF) into a single phase of the stator winding due to rotation and excitation
of the rotor follows from (3.25) as

rotor AC excited:
Uk,f = ( ωr + pωm) Ldf

Îf

2 sin
(

( ωr + pωm) t + pβ + (k − 1)2π

3

)

+ ( ωr − pωm) Ldf
Îf

2 sin
(

( ωr − pωm) t − pβ − (k − 1)2π

3

) (3.31)

rotor DC excited: Uk,f = pωmLdfIf sin
(

pωmt + pβ + (k − 1)2π

3

)

where the inductance mutual inductance Ldf from (3.28) has been substituted. Here, again,
it can be observed that the induced voltage into the stator inevitably consists of two com-
ponents with distinct frequencies — one related to the forward rotating field and one to the
backward rotating field. Only for DC excitation ωr = 0 do the two fields align with each
other.
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3 Theory of Harmonic Excited Synchronous Machines

Analogously, the induced voltage from the stator winding into the rotor winding follows
from (3.19) as

forward rotating (’sign’ = 1) Uf,s = (ω − pωm) 3
2Ldf Îs sin((ω − pωm) t − pβ + θs)

backward rotating (’sign’ = −1) Uf,s = (ω + pωm) 3
2Ldf Îs sin((ω + pωm) t + pβ + θs).

(3.32)

This highlights that depending on the direction of the rotary stator field, there are two
options (sign = ±1) to induce a voltage of the same frequency into the rotor winding exist.
This is the basis of harmonic excitation.

An approximation for the average torque can be calculated by the method of virtual work:
When the rotor moves by an infinitesimally small angle δβ in the time δt, the magnetic
energy E = 1

2
∑

i ΨiIi which consists of the contribution of all i windings changes

δE =
∑

i

1
2 (δΨiIi + ΨiδIi) . (3.33)

The energy balance of the system after the angular displacement must be zero so that the
work Melδβ performed by the torque plus the change of energy δE of the magnetic field
must be equal to the electrical energy input

∑
i

UiIiδt = δE + Melδβ (3.34)

where i loops through all stator phases and the rotor winding. The induced voltage follows
from the rate of change of the flux as Ui = δΨi

δt
. If only the synchronous torque is considered,

the derivation of the stator flux Ψk,s (3.16) and rotor flux Ψf,f (3.22) which are responsible
for the reluctance and cogging torque components are neglected. By rearranging the energy
balance (3.34) an expression for the (synchronous) torque is obtained
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 . (3.35)

Inserting the flux linkages (3.19), (3.25) and currents (3.2), (3.8) yields

Mel = rlFe
3
π
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kchδ

ÎsÎf

1kws
1kwf
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·
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)
for ’sign’ = −1

(3.36)

where Îf is replaced by If and ωr = 0 in case of DC excitation.
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3.2 HESM operation
The induced voltages given by (3.31) and (3.32), and the torque equations in (3.36) are
applicable to a generic stator frequency ω and rotor frequency ωr. These equations can
be used to derive the working principle of harmonic excitation. In this work, all types of
investigated HESMs can be modeled as — or transformed into — two sets of independent
stator and rotor windings as portrayed in Fig. 2.4, each with distinct pole-pair numbers
pm and ph – one for producing torque and the other for harmonic excitation. The generic
parameters, such as pole-pair number p, number of winding turns Ns, Nf , and winding
currents Îs and Îf , which were used in the previous sections, are now modified with the
subscript ’m’ or ’h’ to indicate their affiliation with the pm or ph pole-pair machine.

3.2.1 Torque-Production
The primary objective of a rotating electrical machine is to generate the shaft torque. This
is accomplished through the use of the pm pole-pair machine. In order to produce a net
average torque greater than zero, the time-dependent terms inside of the torque equation
(3.36) must cancel out. This is achieved with a forward rotating stator field (’sign’ = 1)
which rotates synchronously with respect to the rotor (ω = pmωm) and the rotor is excited
by a DC current. In this case, the torque produced by the main machine (3.36) expressed
in terms of the mutual inductance Ldfm yields the synchronous torque

Mel = rlFe
3
π

NfmNsm
µ0

kchδ

ÎsmIfm

1kwsm
1kwfm

pm
= 3

2pmLdfmIfmÎsm sin(pmβ + θs) (3.37)

where Ldfm is obtained by substituting the main machine pole-pair number, winding fac-
tors and series turns into (3.28). This is the conventional synchronous torque equation for
WRSMs. The induced voltage from the rotor to a single stator phase k of the pm pole-pair
machine follows from (3.31) as the back EMF equation

Ukf = pmωmLdfmIfm sin
(

pmωmt + pmβ + (k − 1)2π

3

)
. (3.38)

Naturally, the induced voltage (due to the fundamental) from the stator to the rotor winding
is zero in a WRSM according to (3.32) which coincides with the fact that a fundamental
field rotating synchronously with respect to the rotor does not induce any voltage into the
rotor winding.

3.2.2 Harmonic Excitation
In order to supply the field current to the pm pole-pair machine, a voltage Ufh,ind must be
induced into the rotor winding of the ph pole-pair machine which is then rectified into the
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DC field voltage and feeds the pm pole-pair field winding. The equivalent circuit of the pm

and ph pole-pair rotor windings which couple through a bridge rectifier is given in Fig. 3.1.

Ufh,ind

Lfh Rfh Ifh
•

•

Rfm

Ifm

Lfm

ReqUfh

•

• •

•

Figure 3.1: Equivalent Circuit of the ph- and pm pole-pair rotor winding.

In order for the induced rotor voltage (3.32) to take on a frequency ωexc, the stator frequency
ω can take on the two values

ω+ = ωexc + pωm for ’sign’ = 1 and ω− = ωexc − pωm for ’sign’ = −1. (3.39)

If the stator field is rotating in forward direction (v = 1) a frequency ω+ must be used, while
in backward direction (v = −1) a frequency of ω− induces a voltage of frequency ωexc into
the rotor winding. In both cases, the induced voltage Ufh,ind due to a current Îs is

Ufh,ind = ωexc
3
2LdfhÎsh sin(ωexct + θI) (3.40)

where Ldfh is obtained by substituting the appropriate pole-pair number, winding factors
and series turns of the ph pole-pair machine into (3.28). Instead of using either the forward
or backward rotating field, both frequency components can be used simultaneously to induce
the rotor voltage Ufh,ind. If the current phase shift θs of the forward (backward) rotating field
takes on the value θs+ = θI − phβ (θs− = θI + phβ), each component of (3.32) is responsible
for half of the induced voltage and the produced torque (3.36) vanishes. The advantage of
using both stator frequencies ω+ and ω− simultaneously in order to reach a desired Ufh,ind

compared to using only one component is the reduction of the stator copper losses by half
as seen in (3.41).

Either ω− or ω+: Pvs,cu = 3
2RshÎ2

s

Both ω− and ω+: Pvs,cu = 3
2Rsh
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+
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2︸︷︷︸
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4RshÎ2

s
(3.41)
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As a consequence of the induced voltage Ufh,ind an AC current Ifh of the same frequency
(ωr = ωexc) flows in the rotor winding. The relationship between input and output values
of the diode rectifier coupling the ph pole-pair winding to the pm pole-pair winding is not
trivial because diodes are nonlinear components which only conduct when their threshold
voltage is exceeded. In order to obtain a closed-form expression for the equivalent circuit
in Fig. 3.1, the first harmonic approximation (3.42) for the equivalent impedance Req of
the diode rectifier is used. It is only valid under the simplifying assumption of a threshold
voltage of zero, a sinusoidal input current with peak value Îfh, a rectangular voltage at the
rectifier terminals with a peak value of Ûfh (first harmonic) and no phase-shift between Ifh

and Ufh.

Îfh = π

2 Ifm Ûfh = 4
π

Ufm Req = 8
π2 Rfm (3.42)

Thus, the power transferred from the stator to the rotor via harmonic excitation can be
calculated from (3.8) and (3.40) with the help of complex AC calculation in terms of the
current or the induced voltage as

Pfh =


ωexc

3
4LdfhÎshÎfh sin(θI) Current Representation

1
2 Û2

fh,ind
Rfh + Req

(Rfh + Req)2 + (ωexcLfh)2 Voltage Representation.
(3.43)

The voltage representation of (3.43) highlights that the transferred power to the rotor Pfh

depends significantly on the voltage drop over the self-inductance Lfh. In the current repre-
sentation this is indicated by the current phase shift θI which maximizes the power transmis-
sion for θI = 90◦, but is significantly smaller due to the reactive power. The rotor winding
efficiency is obtained by dividing the output power by the input power to the rotor winding

ηr =
1
2ReqÎ2

fh
1
2(Rfh + Req)Î2

fh
= 1

1 + Rfh
Req

= 1
1 + π2

8
Rfh
Rfm

. (3.44)

It can be seen that the rotor efficiency is inversely proportional to the ratio of the ph pole-
pair field winding resistance Rfh to the (equivalent) load resistor Req. The equations derived
in this section describe the general functionality of harmonic excitation and are extensively
applied and extended in the following chapters.

3.2.3 Frequency Spectrum
In the previous sections, the electrical frequencies present in a HESM have been determined:
The pm pole-pair machine functions as a conventional WRSM with DC excitation in the
rotor and a rotating stator field pmωm rotating synchronously with respect to the rotor. On
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the contrary, in the ph pole-pair machine an AC current of frequency ωexc flows in the rotor
winding and two different three-phase current components of frequencies ω+ and ω− are
injected into the stator winding. These operating currents realize the basic functionality of
torque production (pole pair pm) and harmonic excitation (pole pair ph).
A summary of the induced voltages inside of a HESM due to first armature reaction is given
in Tab. 3.3 by substituting the generic frequencies ω and ωr in Tab. 3.2 with the above
frequencies. The ordinal numbers are distinguished by their affiliation to the pole pair pm

or ph so that vm = 1 + 6b and µm = ±1, ±3, ±5, ... denote the ordinal numbers of the pm

pole-pair machine. Analogously, ordinal numbers related to the ph pole-pair machine are
vh+ = 1 + 6b and vh− = −1 + 6b for the forward and backward rotating stator field and
µh = ±1, ±3, ±5, ... for the rotor field. The actual occurrence of a particular frequency in
the stator or rotor voltage depends on whether the winding factors and permeance waves of
the respective ordinal numbers are non-zero. This indicates the importance of low harmonic
winding factors especially for the ph pole-pair machine. The term highlighted in blue of
Tab. 3.3 showcases an important result: Even if e.g. the backward rotating field ω− is excited
by the ph pole-pair stator winding, a voltage related to the forward rotating field (frequency
ω+) is induced back into the stator because the single-phase rotor winding supplied with a
current of frequency ωexc and rotating at a speed of ωm always excites fields related to both
ordinal numbers µh = ±1.

Table 3.3: Frequencies of the induced voltage in stator and rotor as a consequence of first armature
reaction.

From Stator From Rotor

To Stator
pm pmωm + nfZfωm µmpmωm + nfZfωm

ph
’sign’ = −1 : ωexc + phωm + nfZfωm

ωexc + µhphωm + nfZfωm’sign’ = −1 : ωexc − phωm + nfZfωm

To Rotor
pm (1 − vm)pmωm − nsZsωm nsZsωm

ph
’sign’ = −1 : −(1 − vh+)phωm + ωexc − nsZsωm

nsZsωm − ωexc’sign’ = −1 : −(1 − vh−)phωm + ωexc − nsZsωm
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Chapter 4

Novel Harmonic-Excited Synchronous
Machine

In Section 3.2 the two operation modes of a HESM have been presented: Torque production
and harmonic excitation each of which are designated an independent pole-pair number pm

and ph. As the primary goal of a rotating machine is to generate a torque, the design of the
torque-producing pm pole-pair machine is the first priority. The subsequent integration of
the ph pole-pair machine into the HESM presents a unique challenge because the geometry
which is usually determined during the machine design is already fixed by the pm pole-pair
machine. In this work, this challenge is further constrained by the fact that a HESM without
any auxiliary windings is targeted. This means that even the coil locations in the slots are
predetermined by the pm pole-pair winding layout. As the successful design of a HESM
concept hinges upon the ability to realize both the pm and ph pole-pair machines optimally,
in the upcoming sections the theoretical basis of the various methods for producing multiple
pole pairs from a single winding will be presented. These methods will then be applied to
synthesize a novel HESM concept.

4.1 Methods of Producing Multiple Pole-Pair Numbers
The challenge of eliminating auxiliary windings from HESMs is to find a winding layout
that allows the integration of an additional harmonic pole pair ph within the conventional
pm pole-pair WRSM. This winding layout must fulfill the following requirements:

• The performance of the pm pole-pair machine should not degrade due to the integration
of the ph pole-pair machine.

• The pole pairs pm and ph can be produced simultaneously and ...

• ... independently from each other via distinct current components.
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• The pm pole-pair machine does not induce any voltages into the ph pole-pair machine
and vice versa.

Generally, there are the three following ways to create multiple pole-pairs from a single
winding.

4.1.1 Pole Amplitude Modulation
Pole Amplitude Modulation (PAM) is used in grid-connected pole-changing squirrel-cage
induction motors to switch between two pole-pair numbers pm and ph, thus altering the
synchronous speed. The general idea of pole-changing motors is to rearrange the coil groups
of the stator winding with the help of relays to cleverly reverse the current direction in
specific coil groups. The most simple and well-known PAM concept is the Dahlander circuit,
which produces the pole-pair ratio 1:2. A large number of pole-pair combinations are possible
albeit often only with complicated winding diagrams and even spatial winding asymmetries
[29], [30].
In Fig. 4.1a, a conventional Dahlander connection diagram with three three-phase relays is
shown.

U1 U2

V1

V2W
1

W
2

K1K3

K2

From Grid
a) b)

coil U1 coil U2

A
m

pe
re

tu
rn

s

pole pair pm = 2 excited

pole pair ph = 1 excited

Figure 4.1: Dahlander method: a) Dahlander circuit with three relays K1, K2 and K3; b) Corre-
sponding MMFs for U1-U2.

If relays K2 and K3 are closed and K1 is open, two corresponding coil groups U1-U2, V1-V2
and W1-W2 are paralleled and a star connection is obtained. In this case, the direction of
the currents in the windings is highlighted by the orange arrows. Pole-changing is achieved
by closing K1 and opening relays K2 and K3. Now, the coil groups U1-U2, V1-V2 and W1-
W2 are connected in series into a delta configuration. The blue arrows highlight that the
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direction of the current flow in one coil group of each phase changes direction. Depending on
the direction of the currents in two related coils, the MMF switches between two pole pairs
pm and ph. An example for this is given in Fig. 4.1b: The blue MMF (due to blue currents)
corresponds to a conventional pm = 2 pole-pair, q = 2 slot-per-pole-per-phase two-layer
winding short-pitched by two slots. To obtain the orange MMF (due to orange currents)
the MMF produced by the coil group U2 is reversed so that a ph = 1 pole-pair MMF with
a substantially higher harmonic content is produced.
It is obvious that only one relay position — and hence one pole pair — can be adopted
at a given time with the relays hard-switching between the two coil arrangements during
operation. Hence, PAM cannot be applied to produce both pole pairs simultaneously.

4.1.2 Pole Phase Modulation
Pole Phase Modulation (PPM) takes advantage of the fact that the phase shift of the currents
in a multi-phase system has an effect on the harmonics produced by the machine windings.
The mathematical basis for PPM was already indicated in (3.4) for the special case of a
three-phase machine. It is generalized here by assuming that phase k of an m-phase winding
is supplied by a current

Is,k = Îs · cos
(

ωt + n(k − 1)2π

m

)
(4.1)

where now the current phase shift can take on different values denoted by a parameter
n = 1, ..., floor

(
m
2

)
. Multiplication with the winding function (3.1) and summing over all m

phases (see (3.4)) yields

Θs = Ns

π
ÎsRe

1
j ejωt

∞∑
v=−∞

vkws

vp
ej(vpϕ)

m∑
k=1

e−j 2π
m

(k−1)(n−v)

︸ ︷︷ ︸
=m for (4.3)

. (4.2)

The underbraced condition is only 6= 0, more precisely = m, if 2π
m

(n − v) != b · 2π where
b = 0, ±1 ± 2, .... Hence, an m-phase winding (where m is odd) for a given current phase
shift n produces the following harmonics

v = n + bm for b = 0, ±1, ±2, ±3, ... (4.3)

This result is the generalization of the m = 3-phase winding case in (3.6) with phase-shift
n = 1 and now includes even harmonics. The harmonics v that are created by an m-phase
winding phase-shifted with n are highlighted exemplarily in Tab. 4.1 for several m and n.
Harmonics in bold type denote odd harmonics which normally occur in machine windings.
Unbolded harmonics denote even harmonics which do not usually occur in conventional ma-
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Table 4.1: Possible fundamental fields v that can be created in relation to a base pole-pair number
p.

aaaaa
n m 3 5 7 9 ...
1 1,-2,4,-5,7,... 1,-4,6,-9,11,... 1,-6,8,-13,15,... 1,-8,10,-17,19,...
2 2,-1,5,-4,8,... 2,-3,7,-8,12 2,-5,9,-12,16,... 2,-7,11,-16,20,...
3 3,0,6,... 3,-2,8,-7,13,... 3,-4,10,-11,17,... 3,-6,12,-15,21,...
4 4,-1,9,-6,14,... 4,-3,11,-10,18,... 4,-5,13,-14,22,...
5 5,0,10,... 5,-2,12,-9,19,... 5,-4,14,-13,23,...

chine windings. Blue cells show that the harmonic combinations simply repeat for higher n.
It can be seen that an m phase winding can theoretically produce up to ’floor

(
m
2

)
’ fun-

damental fields distinct from each other. For n = 0 and n = m (highlighted in red) the
standing-wave zero system is created. It should be noted that normal windings are designed
to maximize the magnetic field of a single pole-pair number and suppress all other harmonics.
However, for the synthesis of a HESM, two fundamentals vm = pm/p and vh = ph/p (relating
to a base pole-pair number p) from two different columns of Tab. 4.1 can be chosen. The
challenge is to find a corresponding winding layout with high winding factors vmkw and vhkw

for which the two pole pairs can then be generated using the two corresponding phase shifts
n. It should be noted that even though even phase numbers are not included in Tab. 4.1,
PPM can very much be used for them, albeit with different current phase shifts and coil
positions. Therefore, the options presented in Tab.4.1 are not a complete list of all PPM
possibilities, but rather provide results for symmetrically spaced m-phase windings which
are described by the winding function (3.1).
As PPM requires the injection of appropriately phase-shifted currents, it is mostly used in
conjunction with power electronic inverters. It was used e.g. in [31] for the creation of pole
pairs two (n = 2) and six (n = 3) with a m = 9-phase induction machine to improve the
speed-range by going to a lower pole-pair number at higher speeds. [32] realizes as much
as five base pole pairs from an 18-phase machine. All PPM concepts work on the basis
of multi-phase machines. Hence, it is apparent that PPM cannot be used for single-phase
windings.

4.1.3 Dual-Purpose-No-Voltage Windings
Another approach related to PAM and PPM is the use of Dual-Purpose-No-Voltage (DPNV)
windings which emerged out of the field of bearingless machines [33]. In bearingless machines
— just as in HESMs — two decoupled pole-pair numbers are present simultaneously — one
responsible for producing suspension forces which balance the rotor in the middle of the
airgap, and the other for conventional torque production. DPNV windings are the attempt
to integrate the suspension winding into the existing torque winding. In order to realize
this, certain end-winding connections of the existing torque winding function as terminals
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of the suspension winding. Thus, DPNV windings have two independent three-phase stator
terminals which produce a current flow in the same conductors, but in varying directions.
Similar to the HESM design goal, special attention has been paid to the decoupling of the
suspension terminals and torque terminals, i.e. there is no voltage (hence the name No-
Voltage) induced in the suspension terminals when the torque winding is excited and vice
versa. However, the problem of using the DPNV approach is that while the design rules are
helpful to identify and synthesize certain pole-pair numbers for the suspension winding, the
injection of the currents into the DPNV windings is only possible with the help of additional
isolated DC links. It should also be mentioned that the application of bearingless machines
has different requirements for the pole pairs ph and pm than a HESM as a pole-pair ratio of
ph = pm ± 1 is targeted for bearingless radial flux motors [33].

4.2 Winding Synthesis
The similarity of all three previously discussed PAM, PPM and DPNV windings is that
by some method the current phase-shift is altered in specific coil groups when pole pair
ph is generated. In PAM the current direction is reversed (i.e. phase-shifted by 180◦) by
mechanically commutating and rearranging the coil group connections. In PPM an inverter
electrically commutates the coil groups by changing the current phase-shift of the m-phase
system fed into the windings. Analogously, DPNV windings bring out specific coil group
connections as independent terminals by which the current flow in certain coil groups is
reversed.
Thus, all concepts start with the coil groups which in the case of HESM synthesis are
simply the coil groups of the conventional WRSM. Secondly, appropriate phase-shifts for
the currents in each coil group must be identified so that certain pole-pair numbers can be
generated. Thirdly, a strategy to realize the ph and pm phase shifts simultaneously must be
found. This approach is now used starting with the single-phase field winding.

4.2.1 Rotor Winding
A single rotor coil r wound around one of the salient poles of a pm pole-pair WRSM has a
winding factor

µkwf = sin
(

µ
π

2pm

)
(4.4)

This is represented exemplarily in Fig. 4.2 for a single rotor coil of a pm = 4 pole-pair salient
pole WRSM. It can be seen that non-zero winding factors for odd multiples µ of the base
pole-pair numbers p0 = 1, p1 = 2 and pm = p2 = 4 occur. An important observation is that
a single coil r of the pm = 4 pole-pair rotor winding also inevitably generates the base pole
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Figure 4.2: Coil groups, winding factor and MMF of a single rotor coil of the field winding.

aaaaaa
µαel Slot 1 2 3 4 5 6 7 8
p0αel 0 45 90 135 180 225 270 315
p1αel 0 90 180 270 0 90 180 270
pmαel 0 180 0 180 0 180 0 180
WF1 1 -1 0 0 0 0 0 0
WF2 0 0 1 -1 0 0 0 0
WF3 0 0 0 0 1 -1 0 0
WF4 0 0 0 0 0 0 1 -1

F1

F2
F3

F4
F1,F3

F2,F4

F1,F2,F3,F4

F3 F1

F2 F4Ifm Ifm

Ifh

Ifh

F2 F1

F3 F4Ifm Ifm

Ifh

Ifh

d) Coil Arrangement for 1:4 e) Coil Arrangement for 1:2

a) Phasor Star µ = p0 b) Phasor Star µ = p1 c) Phasor Star µ = pm

→ reverse F3,F4! → reverse F2,F4!

Figure 4.3: Application of the phasor star to each of the rotor coils generated from the left table,
where µαel = µ 2π

2pm
is the electrical angle denoting the slot position and WF denotes the ampere

turns per slot (in per unit).

pairs p0 = 1 and p1 = 2. However, these pole-pair numbers do not occur when the resultant
MMF due to all coils is considered because the phasors of the four rotor coils cancel each
other out. This is shown in the phasor star of Fig. 4.3a and b. In contrast, the phasors of
pole pair pm in Fig. 4.3c reinforce each other so that the rotor coils can be connected in series
or parallel to realize the pm pole-pair field winding. However, if specific coils F2,F4 (F3,F4)
are reversed the four phasors of pole pair p1 = 2 (p0 = 1) also add up constructively so that
the base pole pair ph = 2 (ph = 1) can be generated all the same. This can be achieved by
arranging the four rotor coils in the bridge configuration Fig. 4.3d or e.
For both coil arrangements, the current Ifm produces the phasor star from Fig. 4.3c. The
additional terminals in the bridge arrangement allow feeding a current Ifh into the new
terminals which effectively reverses the current in two of those coils and thus produces pole
pair ph = 2 (ph = 1). The arrangement resembles the approach reported in [34] and also
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of [33]. It should be noted that the arrangement of the four coils uniquely defines which
pole pair ph = 1 or ph = 2 is generated. Both cannot be generated simultaneously. The
fundamental winding factors can be extracted from the phasor star as

4kwf = 1 2kwf = 1√
2

1kwf = 0.382 (4.5)

While these results are for the specific pole-pair number pm = 4, the approach is analogous
for other pole-pair numbers pm and ph which can be arranged into the four-coil bridge
configuration. The winding factor of a rotor coil (Fig. 4.2) and the phasor star (Fig. 4.3)
present a generic method to synthesize specific pole pairs ph from the existing coil groups of a
conventional pm salient-pole field winding. For the HESM concept investigated in this work,
the arrangement of Fig. 4.3e is adopted so that pole-pair numbers ph = 2 and pm = 4 are
realized. A more detailed explanation at the choice of pole-pair ratio is given in Section 4.3.1.

Thus, the winding function of each rotor coil r = 1, ..., pm can be expressed mathematically
using the winding factor of a single rotor coil (4.4)

WFr = Ncf

π
Re

1
j

∞∑
µ=−∞

µkwf

µ
ejµ
(

ϕf−(r−1) 2π
pm

) with r = 1, ..., 4 (4.6)

where Ncf is the number of series turns of the rotor coil. The reversal of the currents in the
arrangement of Fig. 4.3e can be expressed mathematically with the coil r currents

IFr = Ifm + Re
{
Ifhejrπ

}
(4.7)

Now the total rotor MMF can be calculated by multiplying the coil winding function (4.6)
with the coil current (4.7) and then summing the contribution of all r coils.

Θf =
∑

r
WFrIFr = Ncf

π
IfmRe

1
j

∑
µ=(1+2b)pm

µkwf

µ
ejµϕf

+ Ncf

π
IfhRe

1
j

∑
µ=(1+2b)ph

µkwf

µ
ejµϕf


(4.8)

This procedure is simply a mathematical evaluation of the phasor star for each harmonic µ

so that after multiplication only odd multiples 1 + 2b, b = 0, ±1, ±2, ... of the base pole pairs
pm and ph occur in the MMF spectrum. It can be seen that the MMF can be decoupled
into a contribution with a fundamental pole-pair number pm excited by a current Ifm and a
fundamental pole-pair number ph excited by a current Ifh. This is highlighted in Fig. 4.4.

33



4 Novel Harmonic-Excited Synchronous Machine

Figure 4.4: Rotor MMFs when the coils are DC-excited only by Ifm (left) or Ifh (right). The coil
currents are identical with the current arrows depicted in Fig. 4.8.

4.2.2 Stator Winding
Now a stator winding which can also generate the pole-pair ratio ph : pm = 1 : 2 must be
found. In [35] the author investigated the use of PPM in a five-phase HESM that can produce
the pole pair pm = 4 and ph = 2 simultaneously. A corresponding five-phase inverter was
then used to feed both current components into the stator winding. However, a significant
drawback of this approach is that conventionally designed WRSM windings do not produce
even harmonics. Hence, in [35] the coil pitch was increased by 20% to generate both odd and
even harmonics. This decreases the pm pole-pair machine performance, because of a higher
end-winding length (and thus more copper), higher harmonic leakage and decreased funda-
mental winding factor. This contradicts the design goals which demand no deterioration of
the pm pole-pair machine. Hence, the PPM method is not ideal for this pole-pair ratio and
thus abandoned here. Instead, the methodology used for the synthesis of the rotor winding
is applied again.
First, each phase of a conventional three-phase WRSM stator winding is split up into its pm

coil groups. This is done exemplarily for a q = 2 slot-per-pole-per-phase, pm = 4 pole-pair
winding as shown in Fig. 4.5a. As the coil pitch is the same as for the rotor coil shown in
Fig. 4.2, the MMF of a single stator coil and its harmonic content are similar with the only
difference being that the winding factor (4.4) has to be extended by the distribution factor

vkws = sin
(

v
π

2pm

) sin
(
vq π

Zs

)
q sin

(
v π

Zs

) . (4.9)

After the coils of the three-phase stator winding have been identified and labeled according
to Fig. 4.5a, the phasor star for the desired pole-pair numbers ph and pm phase and coil can
be constructed (Fig. 4.5b). Firstly, the phasor star reveals that the coils can be summarized
into groups of two which produce the same phasor, e.g. Uc2-Uc4 and Uc1-Uc3. Secondly, it
can be seen that the phasors for v = pm = 4 produce a three-phase system when the current
direction in all coils of a phase are connected in parallel or in series. This is no surprise as
the coil groups have been obtained from a pm pole-pair three-phase winding. However, in
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Uc1 Uc2 Uc3 Uc4
Vc1 Vc2 Vc3Vc4 Wc1 Wc2Wc3 Wc4
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a)

Uc1, Uc3

Uc2, Uc4

Vc1, Vc3

Vc2, Vc4

Wc1, Wc3

Wc2, Wc4

Uc1, Uc2,Uc3, Uc4

Vc1, Vc2,Vc3, Vc4

Wc1, Wc2,Wc3, Wc4→ reverse Uc2-Uc4, Vc2-Vc4, Wc2-Wc4!

Phasor Star for v = 2 Phasor Star for v = 4 Summarize coils with same phasor:
Uc1-Uc3 → U1
Uc2-Uc4 → U2
Vc1-Vc3 → V1
Vc2-Vc4 → V2
Wc1-Wc3 → W1
Wc2-Wc4 → W2

b)

Figure 4.5: Coil notation, exemplary coil MMF of Uc1 and phasor Star for all coil groups of the
three phases of the stator winding for the two fundamental harmonics.

order to produce a three-phase system of pole pair ph = 2 the current direction in the shaded
coil group pairs of Fig. 4.5b needs to be reversed. Now the key idea is to regard each coil
group U1,U2,V1,V2,W1,W2 as a separate phase and supply each phase with appropriate
phase-shifts. In order to achieve this, each coil group is connected to its own inverter leg as
in Fig. 4.6b. The novel concept is portrayed in unison with a conventional Dahlander pole-
changing circuit to highlight the similarity. If the power switches S1 and S3 are closed (and
S2 and S4 are open), the coils U1-U2 are connected in parallel. The (blue) current return
path is over V1-V2 and W1-W2. If S1 and S4 are closed (and S2 and S3 closed), U1-U2 are
connected in series and the (orange) current flows. In exactly the same way V1-V2 and W1-
W2 can be connected in series and in parallel. It can be seen that this has the same effect as
the Dahlander relay circuit Fig. 4.6a, but with an important distinction: As the current has a
return path in the free-wheeling diodes (not depicted in Fig. 4.6b) of the inverter, switching
between the coil arrangements can be done without arcing. Hence, the inverter half legs
can be controlled via Pulse-Width-Modulation (PWM) and thus a combination of series and
parallel connections can be adopted in a given PWM cycle to produce an averaged field that
contains the pole pairs pm and ph. The schematic Fig. 4.6b can be simplified even further by
rearranging the six coil groups into two three-phase systems U1, V1, W1 and U2, V2, W2.
This has the added advantage that all zero system currents are eliminated. An interesting
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Figure 4.6: Similarity between Dahlander concept of Fig. 4.1 and novel HESM concept.

result of this approach is that this concept allows transferring any PAM concept to HESMs.
This was demonstrated in [35] for a pole-pair ratio 2:3. The winding function of coil c=1,2
and phase k=1,2,3 (U,V,W) of the stator winding can be expressed in mathematical terms
by a single expression

Wkc = Nc

π
Re

1
j

∞∑
v=−∞

vkws

v
· ejv(ϕ−(k−1) 2π

3ph
−(c−1) 2π

pm
)

 with k = 1, 2, 3 (4.10)

with the respective number of stator coil series turns Nc. Each coil c of phase k is connected
to its own inverter leg so that the following distinct currents can be injected

Ikc = Re
{

Îcmej(ω+(k−1) 2π
3 ) + Îchej(ω+(k−1) 2π

3 )+(c−1)π
}

(4.11)

where Îcm (Îch) is the coil current related to pole-pair number pm (ph) and ω is a generic
frequency. The resultant MMF is obtained after multiplication of (4.11) with (4.10) and
then summing over all k phases and c coils

Θs = 3
π

NcÎcmRe

1
j

∑
v=(1+6b)pm

vkws

v
ej(ωt−vϕ)

+ 3
π

NcÎchRe

1
j

∑
v=(1+6b)ph

vkws

v
ej(ωt−vϕ)

 .

(4.12)

36



4 Novel Harmonic-Excited Synchronous Machine

Exemplary MMFs are shown in Fig. 4.7 for a single three-phase current distribution when
either Îcm or Îch are excited. It can be seen that the fundamental pole pair pm and its related
higher harmonics are produced solely by the current Îcm and the pole pair ph and its higher
order fields only due to the current Îch.

Figure 4.7: MMFs of stator for coil current Îsm (left) and Îsh (right) for one time instance. The
coil currents are identical with the current arrows depicted in Fig. 4.8.

4.2.3 Decoupling
The most important result of the rotor MMF (4.8) and stator MMF (4.12) is that the total
MMF can be split up into independent pm and ph pole-pair components with no common
ordinal numbers v or µ. If parasitical effects are neglected, this result allows treating the
HESM just like two independent pm and ph pole-pair machines. Thus, the formulas and the
operation modes derived in Section 3.2 for arbitrary pm and ph pole-pair machines are fully
applicable to a HESM which uses the winding layouts presented above. This is why in the
following section references to the results and relationships derived in Section 3.2 are made.

4.3 Novel Concept
Summarizing the results from Sections 4.2.1 and 4.2.2, the total HESM concept which is
investigated in this dissertation can be portrayed schematically in Fig. 4.8. It can be seen
that the conventional three-phase stator winding is separated into six independently-fed coil
groups which form two independent three-phase systems. In order to supply the stator
winding, the conventional three-phase inverter must be replaced with two three-phase in-
verters rated for half the current. Analogously, the field winding is divided into the four-coil
two-port network in Fig. 4.3e. It can be observed that the ph pole-pair terminals of the
field winding do not couple directly to the pm pole-pair terminals through the diode bridge
rectifier. Instead, a DCDC converter is connected after the rectifier.
This DCDC converter is a conventional synchronous buck converter with a symmetrical out-
put portrayed in Fig. 4.9. The converter is necessary to adjust the load resistance of the
diode rectifier. To understand this, it was shown in (3.44) that the efficiency of the rotor
winding depends on the ratio of the ph to the pm pole-pair terminal resistance. For the
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Figure 4.8: Novel HESM concept with drive electronics and exemplary current directions of the
pm (ph) pole-pair machine denoted by blue (orange) arrows. Corresponding MMFs for the current
arrows are plotted in Figs. 4.4 and 4.7.

proposed HESM concept these resistances are the same (Rfh = Rfm) because from the per-
spective of both terminals two (identical) rotor coils are in series and two in parallel. Thus,
without any load resistance adjustment, the rotor winding efficiency would be ηr ≈ 50% and
no benefit would be obtained out of the combined winding utilization. The introduction of
the buck converter operating with a duty cycle D can adjust the effective load resistance to
Rfm/D2 such that the efficiency after rectifier and buck converter yields (compare (3.44))

ηr = 1
1 + π2

8
Rfh
Rfm

D2
= 1

1 + π2

8 D2
. (4.13)

An important result is that with a sufficiently low duty cycle D, the efficiency of the rotor
winding becomes very high, i.e. ηr ≈ 99 % for D = 10% which is close to the optimal value
adopted in this work. The adjustment of the load resistance via D only has to be done once
à priori so that no communication with the rotor winding during operation is required. The
explanation of the differential output of the buck converter topology in Fig. 4.8 is explained
in detail in Section 5.1. While it should be remarked that the existence of active switches

U
Rfm Ifm

Lfm

Ufm

D [%]

=⇒ U

Rfm

D2

IfmD

Lfm

D2

Ufm

D

Figure 4.9: Equivalent Circuit of synchronous buck converter with pm pole-pair field winding as
output inductor referred to primary side [36].
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in the synchronous buck converter is problematic from a reliability and thermal perspective,
an adjustment of the load impedance via a buck converter has also been reported [13] in the
literature on external rotating exciters.

4.3.1 Analysis of the Pole-Pair Numbers
When the winding configurations in Section 4.2.1 and 4.2.2 are adopted, a HESM behaving
as two independently controllable pm and ph pole-pair machines is obtained. In order to
assess the quality of the HESM design, in Tab. 4.2 the performance of the ph pole-pair
machine with respect to the pm pole-pair machine is analyzed. In the first part of Tab. 4.2,
the machine parameters are specified by taking into account the respective parallel and series
coil connections when pole pair pm or ph is excited. It should be noted that the stator coil
groups are not actually physically connected in series or parallel, but the current directions
set by the inverter behave just as a parallel or series connected winding. In the second part
of Tab. 4.2, the parameters are used to evaluate the inductances, torque capability and flux
density levels of the ph pole-pair machine if it were operated as a WRSM (torque-production).
All geometric dimensions are identical for both machines so that they differ mainly in their
winding factors, coil currents and number of series turns. The main benefit of the combined
winding usage is that the coil currents in ph pole-pair connection can be as high as in pm

pole-pair machine connection because they share the entire copper. This is why the ph

pole-pair machine has the same torque capability and voltage demand as the main pm pole-
pair machine if the same current densities (= coil currents) in the stator and field winding
are used (and reluctance is neglected). This is a very good result considering that the ph

pole-pair machine is designed as a compromise around the constraints of the pm pole-pair
machine.
However, the flux densities in the ph pole-pair machine reveal an important limitation: At
rated torque a 41 % higher airgap flux and a 180 % larger yoke flux occur. This is due
to the fact that in radial flux synchronous machines the inner stator diameter and the
airgap between stator and rotor generally increase with higher pole-pair numbers [27]. This
means that an optimally designed ph pole-pair synchronous machine would in theory have
a smaller inner stator diameter and a larger airgap than a pm pole-pair machine. However,
in the HESM the ph pole-pair machine geometry is determined à priori by the pm pole-pair
machine design which explains the larger airgap flux density. Furthermore, the lower pole-
pair number ph = pm/2 directly affects the flux per pole. A machine designed for a higher
pole-pair number pm always has a lower flux (per pole) in the stator and rotor yoke (at
the same airgap flux density) which allows reducing the yoke height. As the yoke heights
in the HESM are designed for the larger pm pole-pair number, excessive yoke saturation
occurs when the lower ph pole-pair number is excited. While the higher core saturation
is problematic, the ph pole-pair machine currents required for harmonic excitation are far
below the rated coil current which somewhat counteracts this problem.
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Table 4.2: Comparison between pm and ph pole-pair machine if both are operated as a WRSM at
the same current density

Parameter Main machine (pm) Harmonic machine (ph)

Stator Connection U1

Ic

U2

Ic
2Ic

V1 V2 W1 W2

U1
Ic

U2

V1

V2

W1

W2

Stator series turns Nsx Nc (2 coils parallel) 2 · Nc (2 coils in series)
cont. stator current Isx 2 · Ic Ic

Rotor Connection

F2

Icf

F1

F3 F4

F2

Icf

F1

F3 F4

Rotor series turns Nfx Ncf (2 parallel, 2 series) Ncf (2 parallel, 2 series)
cont. rotor current Ifx 2 · Icf 2 · Icf

winding factor 1kwsx, 1kwfx ≈ 1 ≈ 0.7071
Geometry parameters r, lFe, hδ, Acu identical

Operational Parameters
Self Inductance Ldx ∼ N2

Sxk2
ws,x

p2
x

Ldm 8 · Ldm

Mutual Inductance Ldfx ∼ NSxNfxkws,xkwf,x
p2

x
Ldfm 4 · Ldfm

Torque Mel,x ∼ pxLdfxISxIfx Mel,m 1 · Mel,m

Airgap flux density B̂δ,x ∼ NSxISxkws,x
px

B̂δ,m
√

2 · B̂δ,m

Desired tooth Width btooth,x ∼ B̂δ,x btooth,m
√

2 · btooth,m

Desired yoke Height hyoke,x ∼ Bδ,x
px

hyoke,m 2
√

2 · hyoke,m

4.3.2 Criteria for HESM Design
An interesting observation from (3.37) and (3.43) is that the mechanical power equation
(4.14) looks almost identical to the transferred power during harmonic excitation (4.15).

Pmech,h = ωmMel,h = phωm
3
2Ldfh Ifh︸︷︷︸

DC

Îsh sin(θB) (4.14)

Pexc = 1
2 ωexc

3
2Ldfh

√
2 Îfh︸︷︷︸

ac

√
2 Îsh︸︷︷︸

=Îdh

sin(θI) (4.15)

The terms highlighted in blue denote the induced voltage from the rotor to the stator (back
EMF) in the case of (4.14) and from the stator to the rotor due to harmonic excitation
in case of (4.15). The factors

√
2 in (4.15) consider that for harmonic excitation only AC

currents flow in the rotor winding and both forward and rotating stator fields are used (which
halves the stator copper losses) so that the peak current amplitude can be increased at the
same current density. θB is the torque angle between stator and rotor field and θI is the
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current angle between the stator current Idh and rotor current Ifh. The results show that the
maximum transferrable power is proportional to the maximum torque capability (θB = 90◦)
of the ph pole-pair machine if it were operated as a conventional WRSM

Pexc = ωexc

ph
Mel,h,max sin θI (4.16)

This means that the excitation power that can be transferred via the excitation system at a
certain current loading is affected by the following parameters:

1. Effective excitation frequency: ωexc
ph

2. Machine design: Better torque capability Mel,h,max

3. Rotor winding: Decrease of reactive current (ideally θI = 90◦)

4. Iron Saturation

5. Voltage Demand

The first dependency reveals that the choice of a small pole-pair number ph is beneficial to
achieving a smaller excitation frequency ωexc. As derived in (3.39), the excitation frequency
relates to the actual stator frequencies as a function of speed by

ω+ = ωexc + phωm ω− = ωexc − phωm . (4.17)

A conventional drive inverter operating at e.g. 10 kHz as in electric vehicles can only realize
fundamental frequencies up to ∼ 1 kHz. This means that the maximum excitation frequency
fexc is limited by the highest fundamental frequency of the HESM. The dominant frequency
component in the relevant speed region is the forward rotating field of frequency f+ related
to the ph pole-pair machine. Furthermore, large excitation frequencies are infeasible because
they cause larger iron losses. Note that in the previous sections the radial frequencies have
been used. The frequency values used here can be obtained from the radial frequencies using
the well-known expression ω = 2πf .

The improvement of the second dependency is the main motivation for the combined winding
usage performed in Sections 4.2.1 and 4.2.2: The high torque capability of the ph pole-pair
machine is only possible, because the ph pole-pair machine shares its current paths with the
copper conductors designed for the far higher ampere turns of the pm pole-pair machine.
The higher copper volume coincides with significantly lower copper losses in the ph pole-pair
machine.
The third dependency relates to the reactive power demand of the rotor winding. Before
the induced voltage appears at the rectifier terminals a voltage drop over the self-inductance
Lfh occurs (see Fig. 3.1), which is the main reason for a high reactive current (= low θI).
The self-inductance can only be reduced by decreasing the leakage component or increasing
the pole-pair number ph, which contradicts the preceding two demands for a small ph. The
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fourth and fifth dependencies are limitations that constrain the previous three dependencies.
A HESM with a low ph, a high torque capability Mel,h,max and a high θI → 90◦, but with
excessive core saturation and voltage demand, is not feasible.
From these design criteria, the following preliminary evaluation of the proposed HESM
concept can be made: The choice of pole-pair number ph = pm

2 and the high torque capability
Mel,h,max are favorable. A minimization of the rotor leakage inductance can only be achieved
by rotor geometry optimization. A major problem that can be predicted from Tab. 4.2 is
the high additional flux density due to ph pole-pair currents in the machine iron. This is
why Chapter 8 is devoted to the iron losses. Furthermore, in Chapter 9 special attention to
the voltage demand is paid by investigating the torque-speed curve.
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Chapter 5

HESM Machine Model

In this chapter, an analytical model for the transient analysis of the HESM concept presented
in the previous chapter is derived. The deduction of a machine model starts from the actual
machine windings which are connected to the power electronics, i.e. the three stator phases
U, V, W (denoted in the same order as k = 1, 2, 3) split into two coils (c = 1, 2) each and
the four rotor coils F1, F2, F3, F4 (referred to in the same order as r = 1, 2, 3, 4). Each coil
is modelled as a resistor in series with an inductor

U = RI + dΨ
dt

. (5.1)

If more than one coil is present, the voltages and currents in (5.1) become vectors and the
resistance and inductor become matrices. Vectors and matrices are henceforth denoted in
bold. Thus, in phase representation (denoted with superscript ph), the full-order model of
the HESM is modelled with the voltage equation US,ph

UF,ph


︸ ︷︷ ︸

Uph

=
 (ph)Rs 0

0 (ph)Rf


︸ ︷︷ ︸

Rph

 IS,ph

IF,ph


︸ ︷︷ ︸

Iph

+ d
dt

 (ph)Ls,s
(ph)Ls,f

(ph)Lf ,s
(ph)Lf ,f


︸ ︷︷ ︸

Lph

 IS,ph

IF,ph

 (5.2)

where values in bold denote matrices. The voltage and current vectors as well as resistance
matrices are

IS,ph =



IU1

IU2

IV1

IV2

IW1

IW2


US,ph =



UU1

UU2

UV1

UV2

UW1

UW2


IF,ph =


IF1

IF2

IF3

IF4

 UF,ph =


UF1

UF2

UF3

UF4


(ph)Rs = diag(Rc)
(ph)Rf = diag(Rcf)
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where Rc (Rcf) are the coil resistances of the stator (rotor) winding. Likewise, the inductance
matrices consist of the mutual inductances between two coils

(ph)Lf ,f =


LF1,F1 LF1,F2 LF1,F3 LF1,F4
LF2,F1 LF2,F2 LF2,F3 LF2,F4
LF3,F1 LF3,F2 LF3,F3 LF3,F4
LF4,F1 LF4,F2 LF4,F3 LF4,F4

 (ph)Ls,f =



LU1,F1 LU1,F2 LU1,F3 LU1,F4
LU2,F1 LU2,F2 LU2,F3 LU2,F4
LV1,F1 LV1,F2 LV1,F3 LV1,F4
LV2,F1 LV2,F2 LV2,F3 LV2,F4
LW1,F1 LW1,F2 LW1,F3 LW1,F4
LW2,F1 LW2,F2 LW2,F3 LW2,F4



(ph)Ls,s =



LU1,U1 LU1,U2 LU1,V1 LU1,V2 LU1,W1 LU1,W2

LU2,U1 LU2,U2 LU2,V1 LU2,V2 LU2,W1 LU2,W2

LV1,U1 LV1,U2 LV1,V1 LV1,V2 LV1,W1 LV1,W2

LV2,U1 LV2,U2 LV2,V1 LV2,V2 LV2,W1 LV2,W2

LW1,U1 LW1,U2 LW1,V1 LW1,V2 LW1,W1 LW1,W2

LW2,U1 LW2,U2 LW2,V1 LW2,V2 LW2,W1 LW2,W2


(ph)Lf ,s = (ph)LT

s,s

Now all elements in the matrices are parametrized based on the first armature reaction
starting from the permeance waves (3.12) and winding functions (4.6) and (4.10). A complete
derivation is omitted here, because the approach has already been applied extensively in
Chapter 3. Only the fundamentals of the ph and pm pole-pair machine and the first reluctance
harmonic (nf = 0, ±1) are taken into account. It should be noted that for the mutual
inductances reciprocity is given so that Lx,y = Ly,x.
The elements of (ph)Ls,s are filled with the mutual inductance between coil c = 1, 2 of phase
k = 1, 2, 3 (U, V, W) and coil d = 1, 2 of phase j = 1, 2, 3 (U, V, W)

Lkc,jd = Lµm cos
(

(j − k)4π

3

)
+ Lµh cos

(
(j − k)2π

3 + (d − c)π
)

+L∼m cos
(

2(pmβ − (j + k − 2)2π

3

) (5.3)

with Lµm = rlFe
µ0

kchδ

4
π

N2
c

k2
wsm
p2

m
Lµh = rlFe

µ0

kchδ

4
π

N2
c

k2
wsh
p2

h

L∼m = rlFe
µ0

kcshδ

2
π

N2
c

1Λf
k2

wsm
p2

m

where kcs = 2
0Λs

is the carter factor from the stator side and kc = 4
0Λs 0Λf

is the double-sided
carter factor. (5.3) reveals that the inductances depend on a contribution from the pm and
ph pole-pair machine. The blue term denotes the influence of reluctance which only occurs
for the pm pole-pair machine and is dependent on the rotor position (see also Section 7.2.4).
Analogously, the inductance matrix (ph)Lf ,f is filled with the mutual inductances between
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5 HESM Machine Model

coil r = 1, 2, 3, 4 (F1, F2, F3, F4) and coil t = 1, 2, 3, 4 (F1, F2, F3, F4) of the field winding

Lr,t = L′
µ0 cos

(
(t − r)π

2

)
+ L′

µm + L′
µh cos

(
(t − r)π

)
(5.4)

with L′
µ0 = rlFe

µ0

kchδ

4
π

N2
cf

p0k2
wf

p2
0

L′
µm = rlFe

µ0

hδ

4
π

N2
cf

k2
wfm
p2

m

(
1
kc

+
1Λf

2kcs

)

L′
µh = rlFe

µ0

kchδ

4
π

N2
cf

k2
wfh
p2

h

It can be observed that the inductances are constant and depend on the contribution due
to the pm and ph machine as well as pole pair p0 = 1. Analogously, the inductance matrices
(ph)Ls,f and (ph)Lf ,s contain the mutual inductances between coil c = 1, 2 of stator phase
k = 1, 2, 3 (U, V, W) and rotor coil r = 1, 2, 3, 4 (F1, F2, F3, F4)

Lr,kc = L′′
µm cos

(
pmβ + (k − 1)4π

3

)
+ L′′

µh cos
(

phβ + (k − 1)2π

3 + (c − r)π
)

(5.5)

with L′′
µm = rlFe

µ0

hδ

4
π

NcNcf
kwsm kwfm

p2
m

(
1
kc

+
1Λf

2kcs

)
L′′

µh = rlFe
µ0

kchδ

4
π

NcNcf
kwsh kwfh

p2
h

which is dependent on the rotor position and also consists of a pm and ph pole-pair com-
ponent. Reviewing the results from (5.3) to (5.5), it can be observed that handling the
phase equations is cumbersome because the information about the two pole-pairs pm and
ph is hidden in the asymmetry of the inductances. Conventional dq modelling strategies
for synchronous machines cannot be applied to the HESM in phase representation unless a
transformation is applied which decouples the pm and ph components.

5.1 Pole-Pair Coordinate System
For this reason, the pole-pair coordinate system (superscript pp) is introduced which trans-
forms the phase values into two decoupled pm and ph pole-pair synchronous machines. From
the single-phase equivalent circuit Fig. 5.1 of two corresponding coil groups, the stator trans-
formation matrices (5.6) can immediately be derived which can be applied to each of the 2
coils of the three phases U, V, W. U1x

U2x

 =
 1 0.5

1 −0.5

 Uxm

Uxh

  Ix1

Ix2

 =
 0.5 1

0.5 −1

 Ixm

Ixh

 with x ∈ {U,V,W}

(5.6)
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Figure 5.1: Derivation of stator transformation from single-phase equivalent circuit.

Thus, all phase currents (voltages) can be transformed into pole-pair coordinates with the
transformation TsI (TsU) by applying the phase transformations (5.6) to each phase U,V,W.

UUm

UVm

UWm

UUh

UVh

UWh


︸ ︷︷ ︸

US,pp

=



0.5 0.5 0 0 0 0
0 0 0.5 0.5 0 0
0 0 0 0 0.5 0.5
1 −1 0 0 0 0
0 0 1 −1 0 0
0 0 0 0 1 −1


︸ ︷︷ ︸

TsU



UU1

UU2

UV1

UV2

UW1

UW2


(5.7)



IUm

IVm

IWm

IUh

IVh

IWh


︸ ︷︷ ︸

IS,pp

=



1 1 0 0 0 0
0 0 1 1 0 0
0 0 0 0 1 1

0.5 −0.5 0 0 0 0
0 0 0.5 −0.5 0 0
0 0 0 0 0.5 −0.5


︸ ︷︷ ︸

TsI



IU1

IU2

IV1

IV2

IW1

IW2


(5.8)

The subscripts Um, Vm and Wm denote the three-phase equivalent windings of the pm

pole-pair machine after transformation into pole-pair coordinates. Analogously, Uh, Vh and
Wh describe the equivalent windings of the ph pole-pair machine.
For the rotor inductance the pm and ph pole-pair information must be decoupled analogously,
but here, a transformation matrix is more complicated since the four coil bridge configura-
tion has four degrees of freedom and can excite the p0 = 1st subharmonic if asymmetric
currents flow. The search for an appropriate transformation matrix is identical with the
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diagonalization of the inductance matrix (ph)Lf ,f which, when evaluating (5.4), looks like

(ph)Lf ,f =


Lff Mf1 Mf2 Mf1

Mf1 Lff Mf1 Mf2

Mf2 Mf1 Lff Mf1

Mf1 Mf2 Mf1 Lff

 with
Lff = L′

µ0 + L′
µm + L′

µh
Mf1 = L′

µm − L′
µh

Mf2 = −L′
µ0 + L′

µm + L′
µh

(5.9)

A matrix Tf that diagonalizes (ph)Lf ,f so that Tf · (ph)Lf ,f · T−1
f = I4x4 (identity matrix)

consists of the eigenvectors of (ph)Lf ,f . One suitable matrix Tf that transforms voltages and
currents from phase coordinates into pole-pair coordinates is

Tf =


0.5 0.5 0.5 0.5

−0.5 0.5 −0.5 0.5
−1 0 1 0
0 −1 0 1

 so that


Ufm

Ufh

Uxf1

Uxf2


︸ ︷︷ ︸

Uf ,pp

= Tf


UF1

UF2

UF3

UF4

 ,


Ifm

Ifh

Ixf1

Ixf2


︸ ︷︷ ︸

Uf ,pp

= Tf


IF1

IF2

IF3

IF4

 .

(5.10)

The currents Ifm and Ifh are the field currents of pole pair ph and pm, respectively. The
two additional degrees of freedom Ixf1 and Ixf2 describe unintended rotor currents as a con-
sequence of asymmetric loading of the diode bridge. The corresponding voltages Uxf1 und
Uxf2 drive these parasitic currents and must be suppressed. From (5.10) it can be observed
that they become zero only if UF1 = UF3 and UF2 = UF4. This is highlighted by Fig. 5.2:
For UF2 = UF4 (and hence Uxf1 = 0) to be satisfied, the two red and blue branch voltages
(5.11) must be equal. Thus, the diode voltage drop UD2 and UD4 must also be equal which is
the case as they are either both blocking or both conducting. However, the buck converter
voltage drop Utop – which is either conducting or blocking — must also have a counterpart
Ubot in the lower path, otherwise a current Ixf1 would be driven. This can only be realized
by inserting a bottom switch. The voltage Uxf2 is also suppressed if this configuration is
adopted. With the differential output stage, the transformed windings xf1 and xf2 can be
neglected and the rotor winding can be considered as two separate field windings of pole
pair pm and ph. As a result, the HESM voltage equations in pp coordinates can be given US,pp

Uf ,pp


︸ ︷︷ ︸

Upp

=
 (pp)Rs 0

0 (pp)Rf

  IS,pp

If ,pp


︸ ︷︷ ︸

Ipp

+ d
dt

 (pp)Ls,s
(pp)Ls,f

(pp)Lf ,s
(pp)Lf ,f


︸ ︷︷ ︸

Lpp

 IS,pp

If ,pp

 (5.12)
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Figure 5.2: Explanation for Differential buck converter.

with the matrices

(pp)Lf ,f = Tf · (ph)Lf ,f · T−1
f , (pp)Ls,s = TsU · (ph)Ls,s · T−1

sI , (pp)Ls,f = TsU · (ph)Ls,f · T−1
f

(pp)Lf ,s = Tf · (ph)Lf ,s · T−1
sI , (pp)Rs = TsU · (ph)Rs · T−1

sI , (pp)Rf = Tf · (ph)Rf · T−1
f
(5.13)

The matrix (pp)Ls,s is arranged in 4 submatrices which contain the stator inductance matrix
(pp)Lm,m

s,s ((pp)Lh,h
s,s ) of the pm (ph) pole-pair machine and two parasitical inductance matrices

(pp)Lh,m
s,s and (pp)Lm,h

s,s which denote coupling between the pole-pair numbers pm and ph:

(pp)Ls,s =
 (pp)Lm,m

s,s
(pp)Lm,h

s,s
(pp)Lh,m

s,s
(pp)Lh,h

s,s

 =



LUm,Um LUm,Vm LUm,Wm LUm,Uh LUm,Vh LUm,Wh

LVm,Um LVm,Vm LVm,Wm LVm,Uh LVm,Vh LVm,Wh

LWm,Um LWm,Vm LWm,Wm LWm,Uh LWm,Vh LWm,Wh

LUh,Um LUh,Vm LUh,Wm LUh,Uh LUh,Vh LUh,Wh

LVh,Um LVh,Vm LVh,Wm LVh,Uh LVh,Vh LVh,Wh

LWh,Um LWh,Vm LWh,Wm LWh,Uh LWh,Vh LWh,Wh


(5.14)

Coupling between two phases k = 1, 2, 3 (U,V,W) and j = 1, 2, 3 (U,V,W) of the same
pole-pair number (index m for pole pair pm and index h for pole pair ph) is expressed by

Lkm,jm = Lµm cos
(

(k − j)4π

3

)
+ Lm∼ cos

(
2(pmβ − (k + j − 2)2π

3 )
)

, Lkh,jh = 4Lµh cos
(

(k − j)2π

3

)
.

(5.15)
The elements highlighted in red denote coupling between pole-pairs pm and ph and are zero
if the machine is ideal. Analogously, after performing the pp transformation the matrix
(pp)Lf ,s is also arranged into the mutual inductance submatrices (pp)Lm,m

f ,s ((pp)Lh,h
f ,s ) of the

pm (ph) pole-pair machine as well as two parasitical matrices (pp)Lh,m
f ,s , (pp)Lm,h

f ,s for coupling
between pole pair pm and ph (5.16). Furthermore, coupling matrices from the pm and ph

pole-pair stator winding to the virtual xf1 and xf2 rotor windings occur, but they are zero
if the machine is unsaturated.

48



5 HESM Machine Model

(pp)Lf ,s =


(pp)Lm,m

f ,s
(pp)Lm,h

f ,s
(pp)Lh,m

f ,s
(pp)Lh,h

f ,s
L1,m

xf ,f L1,h
xf ,f

L2,m
xf ,f L2,h

xf ,f

 =


LFm,Um LFm,Vm LFm,Wm LFm,Uh LFm,Vh LFm,Wh

LFh,Um LFh,Vm LFh,Wm LFh,Uh LFh,Vh LFh,Wh

Lxf1,Um Lxf1,Vm Lxf1,Wm Lxf1,Uh Lxf1,Vh Lxf1,Wh

Lxf2,Um Lxf2,Vm Lxf2,Wm Lxf2,Uh Lxf2,Vh Lxf2,Wh


(5.16)

The non-zero elements of the matrix (pp)Lf ,s contain the mutual inductances between phase
k = 1, 2, 3 (U,V,W) and the rotor winding (f) where each stator and rotor winding either
has a pm or ph pole-pair component

Lfm,km = 2L′′
µm cos(pmβ + (k − 1)4π

3 ), Lfh,kh = 4L′′
µh cos(phβ + (k − 1)2π

3 ). (5.17)

(pp)Lf ,f , (pp)Rs and (pp)Rf are also diagonalized as a consequence of the transformation

(pp)Lf ,f =


4L′

µm 0 0 0
0 4L′

µh 0 0
0 0 L′

µ0 0
0 0 0 L′

µ0

 ,(pp)Rf = (ph)Rf ,(pp)Rs =
 Rc

2 · I3x3 03x3

03x3 2Rc · I3x3


(5.18)

It can be seen that in pp coordinates the stator resistance Rsm = Rc
2 for the pm pole-pair

machine is not equal to the resistance Rsh = 2Rc of the ph pole-pair machine. After the
transformations have been applied there is no more cross-coupling between the pm pole-pair
and ph pole-pair machine. The equations are now identical with two independent WRSM
which allows treatment with the dq transformation.

5.2 DQ Coordinate System
The voltage equations (5.12) are still difficult to deal with because the mutual inductance
matrices (ph)Ls,f , (ph)Lf ,s (and (ph)Ls,s in case of reluctance) are angle-dependent. The
well-known Two-Reaction Theory for synchronous machines [37] deals with this issue and
transforms the pp coordinates into the dq coordinate system via the well-known dq trans-
formation

T(β) = 2
3


cos(β) cos(β − 2π

3 ) cos(β + 2π
3 )

− sin(β) − sin(β − 2π
3 ) − sin(β + 2π

3 )
0.5 0.5 0.5

 . (5.19)

However, (5.19) cannot be applied directly as the HESM voltage equations contain two
different pole-pair numbers pm and ph. Instead, the dq transformation matrix Tdq for the
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HESM must incorporate both ...

• a transformation Tdq,m = T(pmωmt+β0m) rotating at an angular frequency pmωm and
aligned with the d-axis of the pm pole-pair d-axis through a phase shift β0m and

• a transformation Tdq,h = T(phωmt + β0h) rotating at an angular frequency phωm and
aligned with the d-axis of the ph pole-pair d-axis through a phase shift β0h.

Thus, the complete dq transformation matrix for both pole pairs yields

Udm

Uqm

U0m

Udh

Uqh

U0h


︸ ︷︷ ︸

US,dq

= Tdq



UUm

UVm

UWm

UUh

UVh

UWh


,



Idm

Iqm

I0m

Idh

Iqh

I0h


︸ ︷︷ ︸

IS,dq

= Tdq



IUm

IVm

IWm

IUh

IVh

IWh


, Tdq =

 Tdq,m 03x3

03x3 Tdq,h

 (5.20)

where subscripts dm, qm, 0m (dh, qh, 0h) denote the d-axis, q-axis and zero-system voltages
and currents of the pm (ph) pole-pair machine. Now the transformation Tdq is applied to
the voltage equations in (5.12)

US,dq = Tdq · (pp)Rs · T−1
dq · IS,dq + Tdq · d

dt

(
(pp)Ls,s · IS,pp

)
+ Tdq · d

dt

(
(pp)Ls,f · If ,pp

)
Uf ,pp = (pp)Rf · If ,pp + (pp)Lf ,f · d

dt
If ,pp + d

dt

(
(pp)Lf ,s · IS,pp

)
.

(5.21)
Here, the time-dependence of the dq transformation Tdq(β(t)) needs to be taken into account

Tdq · (pp)Rs · T−1
dq = (pp)Rs .

Tdq · d
dt

(
(pp)Ls,s · IS,pp

)
= ωm · J · (dq)Ls,s · IS,dq + (dq)Ls,s · d

dt
IS,dq

Tdq · d
dt

(
(pp)Ls,f · If ,pp

)
= ωm · J · (dq)Ls,f · IS,dq + (dq)Ls,f · d

dt
If ,pp

d
dt

(
(pp)Lf ,s · IS,pp

)
= (dq)Lf ,s

d
dt

IS,dq

(5.22)
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where β̇ = ωm is the rotational speed and

J = Tdq

(
d
dt

T−1
dq

)
=



0 −pm 0 0 0 0
pm 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 −ph 0
0 0 0 ph 0 0
0 0 0 0 0 0


.

Inserting (5.22) into (5.21) and rearranging into hypermatrix form the Park equations for
the HESM are obtained US,dq

Uf ,pp


︸ ︷︷ ︸

Udq

=
 (pp)Rs 03x3

03x3
(pp)Rf

 IS,dq

If ,pp


︸ ︷︷ ︸

Idq

+ ωm

 J(dq)Ls,s J(dq)Ls,f
04x6 04x4

  IS,dq

If ,pp


︸ ︷︷ ︸

induced voltage due to rotation

+
 (dq)dLs,s

(dq)dLs,f
(dq)dLf ,s

(pp)dLf ,f

 d
dt

 IS,dq

If ,pp


︸ ︷︷ ︸

induced voltage due to change in current

(5.23)

with the inductance matrices in dq coordinates

(dq)Ls,s = Tdq · (pp)Ls,s · T−1
dq =

 (dq)Lm,m
s,s

(dq)Lm,h
s,s

(dq)Lh,m
s,s

(dq)Lh,h
s,s



=



Ldm Ldm,qm Ldm,0m Ldm,dh Ldm,qh Ldm,0h

Lqm,dm Lqm Lqm,0m Lqm,dh Lqm,qh Lqm,0h

L0m,dm L0m,qm L0m L0m,dh L0m,qh L0m,0h

Ldh,dm Ldh,qm Ldh,0m Ldh Ldh,qh Ldh,0h

Lqh,dm Lqh,qm Lqh,0m Lqh,dh Lqh Lqh,0h

L0h,dm L0h,qm L0h,0m L0h,dh L0h,qh L0h



(dq)Ls,f = Tdq · (pp)Ls,f =


(dq)Lm,m

f ,s
(dq)Lm,h

f ,s
(dq)Lh,m

f ,s
(dq)Lh,h

f ,s
L1,m

xf ,f L1,h
xf ,f

L2,m
xf ,f L2,h

xf ,f

 = (dq)LT
f ,s

=


Ldfm Lfm,qm Lfm,0m Lfm,dh Lfm,qh Lfm,0h

Lfh,dm Lfh,qm Lfh,0m Ldfh Lfh,qh Lfh,0h

Lxf1,dm Lxf1,qm Lxf1,0m Lxf1,dh Lxf1,qh Lxf1,0h

Lxf2,dm Lxf2,qm Lxf2,0m Lxf2,dh Lxf2,qh Lxf2,0h

 .

(5.24)
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Note that the rotor values are not influenced by the Park transformation, this is why voltage
Uf ,pp and current If ,pp remain in pole-pair coordinates.

All mutual inductances between different pole-pair numbers, between the d- and q-axes and
to the virtual xf1 and xf2 rotor windings (highlighted in red) can be set to zero if the machine
is not deeply saturated. The red terms are still listed because they can be calculated from
FEA parameters in order to check if unintended coupling in an HESM prototype occurs
(see Section 6.2). The matrices denoted as dL in (5.23) indicate the differential inductance
matrix which incorporate the saturation phenomenon (see Section 5.2.1).
The torque can be obtained by calculating the mechanical power from the induced voltage
due to rotation in (5.23)

Mel = Pmech

ωm
=
[

IS,dq If ,dq

]T  J(dq)Ls,s J(dq)Ls,f
04x6 04x4

  IS,dq

If ,pp

 (5.25)

which after neglecting the red parasitical inductances and introducing the d- and q-axes
fluxes of pm and ph pole-pair machine

Ψdm = LdmIdm + LdfmIfm Ψqm = LqmIqm

Ψdh = LdhIdh + LdfhIfh Ψqh = LqhIqh
(5.26)

yields the well-known torque equation that consists of each a contribution from the pm and
ph quantities

Mel = 3
2pm

(
ΨdmIqm − ΨqmIdm

)
︸ ︷︷ ︸

pole pair pm

+ 3
2ph

(
ΨdhIqh − ΨqhIdh

)
︸ ︷︷ ︸

pole pair ph

(5.27)

An important result is that the Park equations referring to pole-pair pm and ph (5.23) can
be completely separated from each other, so that the HESM behaves as two completely
independent synchronous machines.

5.2.1 Saturation
The inductances of an electric machine are not constant, but depend on the distribution of
the relative permeability µr in the iron core. The relative permeability is a function of the
magnetic field strength H in the iron core which is related to the position and magnitude
of the airgap MMF. As the MMF is created by the winding currents, all inductances in an
electric machine are functions of the currents which contribute to the magnetic field in the
iron core — called magnetizing currents. The effect this has on the machine model is shown
qualitatively in Fig. 5.3 for an iron core that saturates depending on a single magnetizing
current Imag. It can be seen that up to a certain current I0 the inductance remains constant
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and the flux rises linearly. Once the iron begins to saturate, the inductances split into the
absolute inductance L and the differential inductance dL. Absolute inductances describe the
effective inductance when the magnetization state in the machine remains constant so that
the derivative of the flux linkage yields

L = dΨ
dImag

= Ψ
Imag

(5.28)

This is valid e.g. under a constant rotating field where the iron flux density at two distinct
time instances has simply rotated further in space but is otherwise identical. Thus, absolute
inductances model steady-state operation. However, for changes in the magnetization state,
e.g. for a small-signal oscillation of the core flux the derivative of the flux linkage yields a
different inductance value

dL = dΨ
dImag

= dL(Imag)Imag

dImag
=
(

L + dL

dImag
Imag

)
︸ ︷︷ ︸

dL

(5.29)

The differential inductance dL is always smaller than the absolute inductance L, because
it is defined by the slope of the flux linkage curve. A more detailed treatise on differential

Ψ = L Imag

Figure 5.3: Explanation of differential and absolute inductances.

inductances in synchronous machines can be found in [38]. In a WRSM, two magnetizing
currents describe the magnetization state of the machine — one for the d-axis and one for
the q-axis. These magnetizing currents depend on all current components that contribute to
the flux of that axis. Expanding this to HESM operation, two sets of magnetizing currents
occur — one for d- and q-axis of pm and ph pole-pair machine respectively

Idi,mag = Idi + uiIfi Iqi,mag = Iqi i ∈ {m, h} . (5.30)
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The parameter ui refers the rotor current to an equivalent stator current and is given later
in (5.33). If the iron saturates, the matrices denoted as (dq)dLs,s, (dq)dLs,f , (dq)dLf ,s and
(pp)dLf ,f in (5.23) contain the differential inductances and (dq)Ls,s and (dq)Ls,f the absolute
inductances which are functions of all four magnetizing currents. An important observation
in (5.23) is that the differential inductances determine the induced voltage due to a change
in current. As the excitation system currents Idh and Ifh are not constant, but vary in time,
the ph pole-pair machine behavior is described by differential inductances even in steady
state. This saturation behavior is investigated in Sections 6.2 and 6.4.1 in more detail.

5.2.2 Dynamic Voltage-Behind-Reactance Model
A disadvantage of the model equations (5.23) in dq coordinates is that they cannot be im-
plemented directly in a circuit simulator, because the dq equivalent windings are purely
mathematical abstractions that cannot be connected to the actual power electronics of sta-
tor and rotor. This means that the HESM equations must be modelled physically with a
voltage-behind-reactance (VBR) model [39]. While the HESM model in phase coordinates is
completely parametrized by the phase inductances (5.3), (5.4) and (5.5), the parameters are
given as a function of the winding and design parameters which are rarely known precisely
and, even if they are, require sophisticated methods to determine permeance, slot- and end-
winding leakage and saturation phenomena. A more general approach is the parametrization
from the constant dq parameters easily obtainable from measurements. In order to obtain
a phase model dependent on dq parameters, the dq equations (5.23) are transformed back
into their phase representation

Uph = RphIph+ T−1
ppUT−1

dqf dLdqTdqf TppI︸ ︷︷ ︸
dLph

dIph

dt
+

ωmT−1
ppUT−1

dqf

(
J2LdqIdq + dLdq

dTdqf

dβ
TppIIph

)
︸ ︷︷ ︸

Ui

(5.31)

with the previous transformation matrices (5.6), (5.10) and (5.19) padded to 10x10 matrices

J2 =
 J 06x4

04x6 04x4

 , Tdqf =
 Tdq 06x4

04x6 I4x4

 , TppI =
 TsI 06x4

04x6 Tf

 , TppU =
 TsU 06x4

04x6 Tf

.

(5.32)
Each term in (5.31) can then be assigned a (10x10 matrix) circuit element as shown in
Fig. 5.4. The (differential) self-inductance matrix dLph and the induced voltage due to
rotation Ui need to be recalculated for each time step. This model is implemented in Plecs
Standalone for transient analysis and control prototyping in Section 6.4.
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Rph dLph Ui

10

Iph

Uph

Iphcalc

Figure 5.4: Coupled inductor VBR model of the HESM which implements (5.31).

5.2.3 Park Equivalent Circuit
In this section, the Park equivalent circuit of the HESM will be derived based on the dq
model equations (5.23). A simplified steady-state model of the HESM will then be obtained
which can be used to analytically describe the voltage and current demand of the excitation
system. To this end, all parasitical terms in between pole pairs pm and ph and the equivalent
xf1 and xf2 rotor windings are neglected. In order to obtain a galvanically coupled equivalent
circuit, the rotor windings (subscript fm and fh) need to be referred to the respective pm (ph)
stator [40]. The referral factor ux indicates how much field current Ifx is needed to produce
the same airgap flux as one ampere of stator current Idx

Lhd,xIdx = LdfxIfx → ux = Idx

Ifx
= 2

3
kpxNfx kwfx

Nsx kwsx
x ∈ {m, h} (5.33)

where the stator magnetizing inductance Lhd,x is obtained by excluding the leakage term
from the d-axis self inductance (3.27) and the mutual inductance Ldfx follows from (3.28) by
inserting the respective pm (ph) pole-pair winding factors and number of series turns. The
parameter kpx in (5.33) indicates that the rotor MMF is not only shaped by the winding
factor, but also by the pole shape of the salient pole. Now the rotor currents, voltages and
impedance can be referred to stator values using

I ′
fx = uxIfx U ′

fx = 2
3

1
ux

Ufx Z ′
x = 2

3
1
u2

x
Zx with x ∈ {m, h} . (5.34)

The magnetizing inductances Lhd,x are the most important parameters, because they deter-
mine the coupling in-between stator and rotor of the respective pole pair. They can be cal-
culated by referring the mutual inductance Ldf,x to the stator. The leakage components can
then be obtained by subtracting the magnetizing inductances Lhd,x from the self-inductances
of stator Ldx and rotor L′

fx (referred to stator). Thus the remaining parameters of the Park
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model can be given as

Lhd,x = 1
ux

Ldfx L′
fx = 2

3
1
u2

x
Lfx

Lσs,x = Ldx − Lhd,x Lσf,x = L′
fx − Lhd,x

R′
fx = 2

3
1
u2

x
Rfx x ∈ {m, h} .

(5.35)

Now the HESM Park equivalent circuit in Fig. 5.5 is fully defined. It consists of the pm

and ph pole-pair Park equivalent circuit coupling back-to-back with the diode rectifier and
differential buck converter.

Rsh Idh
Lσs,h

Lhd,h

Idh,mag

Udh − ωΨqh

L′
σf,h

I ′
fh

R′
fh

R′
eq U ′

eq

Rsh Iqh Lσs,h

Lhq,hUqh + ωΨdh

RsmIdmLσs,m

Lhd,m

Idm,mag

Udm − ωel,mΨqm

L′
σf,mR′

fm

U ′
fm

RsmIqmLσs,m

Lhq,m Uqm + ωel,mΨdm

I ′
fm•

•

ph pole-pair machine pm pole-pair machineCoupling Rectifier

Figure 5.5: Full Park equivalent circuit of HESM.

Steady-State Model

In steady-state all pm pole-pair machine currents Idm, Iqm and Ifm are constant so that all
inductances indexed with m can be replaced with short-circuits. In this case, the pm pole-pair
field behaves as if it is fed by a constant DC source. Analogously, the ph pole-pair machine
behaves as if it is loaded in the rotor by an equivalent resistance R′

eq. These simplifications
highlighted in red in Fig. 5.5 allow a decoupled investigation of the pm and ph machines.
The load resistance R′

eq can be obtained from the first harmonic approximation of the diode
rectifier and buck converter and satisfies

R′
eq = 2

3
1
u2

h

Rfm

D2
8
π2 (5.36)

where the diode and MOSFET ON resistances are neglected for simplicity. For the ph pole-
pair machine the voltages and currents in steady-state are not constant. In order to induce
a voltage into the field winding of the ph pole-pair machine it can be seen in Fig. 5.5 that a
time-varying d-axis current Idh must be used. The q-axis current Iqh does not contribute in
any way to harmonic excitation and only produces copper losses. That is why it can be set
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to zero. This is simply another way of describing the reduction of copper losses in (3.41). In
fact, applying the inverse dq transformation to a sinusoidal current reference

Idh = Îdh cos(ωexct)
Iqh = 0

T−1
dq,h−−−→



Iuh = Îdh

2 cos( ω+t + ...) + Îdh

2 cos( ω−t + ...)

Ivh = Îdh

2 cos( ω+t + 2π

3 ...) + Îdh

2 cos( ω−t − 2π

3 + ...)

Iwh = Îdh

2 cos( ω+t + 4π

3 ...) + Îdh

2 cos( ω−t − 4π

3 ...)
(5.37)

coincides with a both forward ω+ and backward rotating field ω− in pole-pair coordinates.
On the other hand, if an additional Iqh current reference phase-shifted by 90◦ occurs

Idh = Îsh cos(ωexct)

Iqh = Îsh cos(ωexct ± π

2 )

T−1
dq,h−−−→



Iuh = Îsh cos( ω±t + ...)

Ivh = Îsh cos( ω±t + 2π

3 ...)

Iwh = Îsh cos( ω±t + 4π

3 ...)

(5.38)

the corresponding currents in pole-pair coordinates constitute an excitation of a single fre-
quency either rotating in forward direction ω+ or in backward direction ω− depending on
the sign of the phase shift. For all simulations and experiments in the scope of this work the
dual frequency injection with only a current reference in Idh and Iqh = 0 is used to reduce
stator copper losses.

Steady-State Behavior

Applying Euler’s formula Re
{
ejωt

}
= cos(ωt) to the sinusoidal voltages and currents in the ph

pole-pair machine, the equivalent circuit can be analyzed using the complex AC calculation
approach. In this case the Park equivalent circuit becomes Fig. 5.6. Complex values are
underlined. The total input power to the ph pole-pair machine consists of a contribution
from the stator to the rotor via induction and a mechanical power contribution from the
shaft due to rotation.

Pin = 3
2
(
UdhI∗

dh + UqhI∗
qh

)
︸ ︷︷ ︸

Electrical Power

+ 3
2phωm

(
ΨqhI∗

dh − ΨdhI∗
qh

)
︸ ︷︷ ︸

Shaft Power

(5.39)

It can be seen that if the qh-axis is not excited (Iqh = 0, Ψqh = 0) the shaft torque (power)
becomes zero (see also Section 3.2.2). This shows that no torque is generated by the harmonic
excitation system and the entire field excitation power is sourced from the stator DC link.
The voltage demand is difficult to analyze with complex AC calculation as the voltages Udh
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Rsh Idh
jωexcLσs,h

jωexcLhd,hUdh−phωmΨqh

jωexcL
′
σf,h

I ′
fh

R′
fh

R′
eq(D) U ′

eq

Rsh Iqh

jωexcLqhUqh + phωmΨdh

Figure 5.6: Equivalent circuit for the complex AC analysis of the ph pole-pair machine. The greyed
out parts can be neglected under certain circumstances as discussed in this section.

and Uqh are now both displaced 90◦ in space (phase shift between d- and q-axes) and are
oscillating in time with an arbitrary phase angle as highlighted by the complex notation.
This means that the voltage phasor traverses a three-dimensional plane. This is why the
voltage is calculated in time-domain here. The voltage equations from the blue branches in
Fig. 5.6 are

Udh = RshIdh + Lσs,h
d
dt

Idh + Lhd,h
d
dt

(
Idh + I ′

fh

)
− phωmLqhIqh

Uqh = RshIqh + Lqh
d
dt

Iqh + phωmLσs,hIdh + phωmLhd,h
(
Idh + I ′

fh

) (5.40)

Controlling Iqh to zero and neglecting the ohmic voltage drop Rsh and the leakage inductance
Lσs,h, the voltage can be given only in terms of the d-axis magnetizing current Îdh,mag

Idh + I ′
fh = Îdh,mag cos(ωexct) (5.41)

so that the voltage equations (5.40) become

Udh = −ωexcLhd,hÎdh,mag sin(ωexct) Uqh = phωmLhd,hÎdh,mag cos(ωexct) (5.42)

Now the time-dependent voltage demand Ûh of the ph pole-pair machine can be calculated

Uh(t) =
√

U2
dh + U2

qh = Lhd,hÎdh,mag

√
(ωexc sin(ωexct))2 + (phωm cos(ωexct))2

Peak value: Ûh =

 Lhd,hÎdh,magωexc = const for ωm ≤ ωexc
ph

Lhd,hÎdh,magphωm for ωm > ωexc
ph

. (5.43)
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Figure 5.7: Qualitative time-dependent voltage demand Ûh as a function of speed and time when
the operating currents Idh (→ Ifh, Ifm) and excitation system parameters D, fexc stay the same.

A qualitative graphical representation of (5.43) in Fig. 5.7 reveals that the peak voltage
demand is constant until a corner speed ωmc = ωexc

ph
is reached so that the (blue) voltage due

to self-induction determines the peak voltage in the interval ωm < ωmc. The (red) induced
voltage due to rotation only increases the rms value, but not the peak voltage. Only until
the speed of ωmc is exceeded the peak voltage demand rises.

This is why the contribution from the q-axis can be neglected if the machine speed is smaller
than the corner speed. In this case Fig. 5.6 resembles the equivalent circuit of a single-
phase induction motor where the variable duty cycle of the buck converter D takes on the
meaning of the slip. Thus, the d-axis equivalent circuit can be used to analytically predict
the excitation system behavior as a function of the excitation system parameters fexc and D.
Neglecting the winding resistances, assuming Iqh = 0 and a machine speed ωm < ωm/ph. two
important performance criteria can immediately be calculated: The parameter kIdh (5.44)
describes how much current Îdh per 1 A of field current Ifm is needed. The parameter kUh

(5.45) determines the DC link voltage that is required to supply 1 A of field current Ifm.

kIdh(fexc, D) = Ifm

Îdh
= ωexcLhd,h√

(ωexcL′
fh)2 + (R′

eq)2

1
D

2
π

1
uh

(5.44)

kUh(fexc, D) = Udc

Ifm
= 1

2kmod

Ûh

Ifm
= 2

kmod

√
(LdhR′

eq)2 + ω2
exc(L2

hd,h − LdhL′
fh)2

Lhd,h

π

2 Duh (5.45)

The terms highlighted in red occur due to the referral to Park parameters, terms in green
denote the first harmonic approximation of the diode bridge rectifier according to (3.42)
and the blue term considers the voltage conversion of the DCDC converter. Parameter kmod

denotes the maximum modulation index of the PWM strategy. The analytically obtained
quantities kIdh and kUh are verified experimentally in Section 7.3.1.
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5.3 Control System
The proposed HESM concept differs from conventional variable-speed drive systems in that
two current components of different amplitude, phase and frequency are superimposed in
each conductor — one attributed to the pm pole-pair machine and the other to the ph pole-
pair machine. Furthermore, instead of a three-phase drive, the conventional stator winding is
split up into six phases which are arranged into two three-phase systems. These distinctions
necessitate an extension of the conventional WRSM control systems. To this end, firstly the
control of conventional WRSMs is discussed and afterwards an extension to include the ph

pole-pair machine is presented.

5.3.1 Field-Oriented Control of WRSMs
The goal of a machine controller is to set the terminal voltages of the machine such that
a desired torque (speed) is reached. As the torque is proportional to the current, this is
equivalent with controlling the machine currents. The fundamental difficulty of controlling
AC machines is that there is no easy single-input-single-output (SISO) relationship between
the three-phase currents and the torque or flux of the machine. In order to tackle this issue,
the field-oriented control (FOC) method has been conceived. The general idea of FOC is
to transform the phase quantities into a coordinate system where SISO behavior exists, i.e.
the torque is proportional to a so-called q-axis current Iq and the flux is proportional to a
d-axis current Id. The coordinate system which achieves this is the dq system already used
in Section 5.2. The idea of FOC can be derived directly from the steady-state torque and
voltage (flux) equations in the dq reference frame of a conventional WRSM [27]

Mel = 3
2p(ΨqId − ΨdIq) = 3

2pLdfIfIq+3
2p
(
Ld − Lq

)
IdIq (5.46)

Us =
√

U2
d + U2

q = pωm

√
(LdId + LdfIf)2 +

(
LqIq

)2
. (5.47)

If a constant excitation current If is applied, the torque (5.46) is a function of the drive
currents Id, Iq and — if the (gray) reluctance term is neglected for the sake of simplicity
— depends mainly on Iq. However, while Id does not contribute significantly to torque
production, it very much affects the (blue) expression of the phase voltage (5.47). It can
be seen that a negative Id reduces the (blue) d-axis flux Ψd and thus reduces the voltage
Us which is commonly referred to as field-weakening operation. Field-weakening is needed
when the voltage demand of the machine exceeds the maximum voltage imposed by the
limited DC link voltage. A typical schematic of the FOC algorithm for a WRSM is depicted
in Fig. 5.8. The FOC algorithm is implemented by first transforming the measured three-
phase currents into the dq coordinate system using the dq transformation T given in (5.19).
In order to achieve the correct alignment with the d-axis the momentary rotor position β
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Figure 5.8: Field-oriented control of WRSMs.

must be measured or estimated. In dq reference frame two PI current controllers — one
for the d-axis and one for the q axis — are used to track the desired currents I∗

d, I∗
q . The

commands I∗
d and I∗

q are obtained from look-up-tables (LUT) which take into account field-
weakening, reluctance torque and the saturation-dependence of the torque. The output of
the PI controllers are the voltage commands U∗

d and U∗
q which are transformed back into

phase coordinates via the inverse dq transformation T−1 and then used to generate the
inverter gate signals by a modulation strategy. In the scope of this work sinusoidal pulse-
width modulation (SPWM) with a maximum modulation index of kmod = 0.5 is used [41].
Fig. 5.8 also includes a field current control loop which allows adjusting the field current If

in the partial load and field-weakening region. The field current is set by a buck converter
connected to the inverter DC link through the slip rings and brushes.

For the design of the PI controllers the plant transfer function must be identified. The
block diagram of the WRSM in dq coordinates is shown in Fig. 5.9 according to the voltage
equations from (5.23). Due to the coupling between the d- and q-axes denoted in red the plant
is a multiple-input-multiple-output (MIMO) system and not a SISO system. However, for
the controller design the coupling terms from the other axis can be considered as disturbances
which are eliminated by the controller so that the plant for each axis can be modelled by
the first order transfer functions

Gs,d(s) = 1
Lds + Rs

Gs,q(s) = 1
Lqs + Rs

(5.48)

It should be noted that the coupling terms depend on both stator currents Id, Iq and the
field current If . As all disturbances and signals Id, Iq are constant during steady-state, a
PI controller for each axis is sufficient in eliminating the steady-state control error for the

61



5 HESM Machine Model

constant d- and q-current commands. The transfer function of a PI controller is given by

Gpi(s) = Kp + Ki

s
(5.49)

with Kp and Ki as the proportional and integral gain. With all disturbances neglected, all

I∗
d

I∗
q

Iq

IdUd

Uq

Ldf İf

ωelLdfIf

Gpi,d(s)

Gpi,q(s)

Gs,d(s)

Gs,q(s)

pωmLd

pωmLq

++-

++-

dI,d

dI,q

-+

+-

++-

++-

Figure 5.9: Block diagram of the closed-loop current control system. The current disturbances
dI,d and dI,q used for plotting the disturbance bode plots of Fig. 6.7 are substitutes for the actual
voltage disturbances denoted in red.

PI controllers in the scope of this work are designed according to the optimum criteria by
eliminating the dominant time constant [41] from the open loop transfer function of each
axis

G0(s) = Gpi(s)Gs = Ki

sRs
�
����Kp

Ki
s + 1

��
���L

Rs
s + 1

→ Kp = L

Rs
Ki (5.50)

From the closed loop transfer function and the desired bandwidth the parameters Kp and
Ki for the closed loop current controller can then be identified.

Gw(s) = G0(s)
1 + G0(s) = 1

sRs
Ki

+ 1
→ Choose controller bandwidth ω∞ → Ki = Rs

ω∞

(5.51)

5.3.2 Extension for HESM
In Section 5.2 it has been shown that the HESM can be transformed into two respective
dq systems — one for pole pair pm and one for pole pair ph — which (ideally) are decou-
pled. After these transformations have been applied, the pm and ph pole-pair machine can
be treated independently so that the control algorithm can be decoupled into a decoupled
torque-producing controller and a harmonic-excitation controller. Thus, the HESM control
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system consists of two distinct FOC algorithms — one for each pole pair as shown schemat-
ically in Fig. 5.10.
The production of the load torque assigned to the pm pole-pair machine behaves exactly like
a conventional WRSM as has been discussed in the previous section (see Fig. 5.8). However,
in order to supply the field current Ifm brushlessly via the ph pole-pair machine it has been
shown in Section 5.2.3 that an oscillating current Idh of excitation frequency ωexc is needed
to induce a voltage into the rotor winding (see (5.37)). Thus, the FOC algorithm for the ph

pole-pair machine differs from conventional FOC in that a sinusoidal reference signal in the
d-axis needs to be tracked.

HESM

•
•

•
•
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•
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Figure 5.10: Entire HESM control system with two decoupled field-oriented control systems for the
pm and ph pole-pair machine respectively.

The current vector IS,ph consists of the six (measured) stator phase currents which are
transformed into the pm and ph pole-pair dq systems using the 6x6 transformation matrices
TsI, TsU and Tdq defined in (5.7) (5.8) and (5.20). A LUT generates the current commands
I∗

dm and I∗
qm of the pm pole-pair machine just like in conventional FOC. However, as the field

current cannot be controlled directly in the HESM, the LUT substitutionally outputs the
peak current Î∗

dh from which the sinusoidal current reference for the ph pole-pair machine is
generated. The amount of harmonic current Î∗

dh needed to produce a certain field current
I∗

fm is given in the LUT. The pm and ph pole-pair current control loops generate the voltage
vector US,ph which consists of the six desired terminal voltages. They can be arranged into
two independent three-phase systems so that the SPWM strategy can be applied to each of
the three-phase voltages in order to generate the gate signals. In the depicted control scheme,
the field current is only controlled in open loop with no knowledge or feedback whether the
desired field current I∗

fm is reached as no slip rings or brushes are present to measure the
rotor currents. Therefore, a small steady-state error occurs due to speed- and temperature-
dependent effects. Furthermore, due to the open-loop control of Ifm, the dynamic behavior
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is defined mainly by the rotor time constant. A simple back-EMF based observer for the
field current Ifm could be implemented in the future to realize closed-loop control.

As the structure of the ph pole-pair FOC algorithm is identical with conventional FOC, the
block diagram depicted in Fig. 5.9 is also applicable. The appropriate indices are included
in the following equations to indicate that the transfer functions pertain to the ph pole-pair
FOC algorithm. The plant of the ph pole-pair machine is

Gs,dh(s) = Gs,qh(s) = 1
Ldhs + Rsh

with Ldh = Lqh (5.52)

It should be noted here that now the coupling terms highlighted in red in Fig. 5.9 are not
constant any more as in conventional FOC because the currents Idh and Ifh are sinusoidal.
Now the controllers have to track a sinusoidal reference signal I∗

dh = Îdh sin(ωexct) and com-
pensate the sinusoidal disturbances due to the back EMF. As the excitation frequency ωexc

of the reference signal Idh stays constant, a sinusoidal (S) component is added to the PI con-
troller which enables tracking sinusoidal reference signals within a narrow frequency interval.
This strategy is also used successfully in grid-connected converters [42]. PIS controllers have
a transfer function of

Gc,dh(s) = Gc,qh(s) = Kp + Ki

s
+ ωexcKrs

s2 + 2ωcs + ω2
exc

(5.53)

The additional S component is described by the center frequency ωexc, the bandwidth ωc

around the center frequency, and the S controller gain Kr. The parametrization and inves-
tigation of the controller for a real HESM prototype will be performed in Chapter 7.
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Chapter 6

Design and Simulation of Machine
Prototype

The design of modern electrical machines is an intricate process that is based on a com-
bination of empirical values, analytical formulas and numerical analysis until a prototype
machine is constructed. With the rise of High-Performance Computing (HPC) software tools
like ANSYS, MotorCAD or JMAG-Designer coupled with optimization software allow the
numerical evaluation and optimization of hundreds of machine variations per day, not only
electromagnetically, but also thermally and mechanically. This allows for a grand-scale cost
and performance optimization. In this chapter, a prototype of the HESM concept is de-
signed, but the focus is not on obtaining a highly optimized machine. Instead, the goal is
to design a HESM prototype to test and verify the proposed excitation system. This is why
the extensive use of optimization software has been omitted in favor of a simple machine
scaling approach using a reference WRSM with known parameters.

6.1 Design of HESM
As a prototype a 10 kW, pm = 4 pole-pair salient-pole WRSM with a rated speed of n =
3000 rpm is targeted. The following design approach only takes the pm pole-pair machine
into account which is responsible for torque-production. The ph pole-pair machine is realized
retroactively by connecting the appropriate stator (rotor) coils into coil groups according to
Fig. 4.3 (Fig. 4.5) and afterwards connecting them to the power electronics shown in Fig. 4.8.
For the rotor of the prototype a salient-pole structure has been adopted because the higher
saliency of salient-pole rotors leads to a slightly higher reluctance torque compared to non-
salient pole rotors which have additional (ferromagnetic) teeth in the direction of the q-axis
(see Fig. 6.1). The saturation in the teeth of the non-salient poles also leads to a slight
reduction of the torque compared to salient-pole rotors [43].
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pole-
shaping

d-axis q-axis d-axis q-axis

Salient-pole rotor Non-salient-pole rotor

Figure 6.1: Rotor structure for WRSMs.

The choice of the pole-pair number is an important degree of freedom in inverter-fed machines
because, on the one hand, larger pole-pair numbers pm can reduce the iron and copper volume
as the yoke heights and end-winding lengths decrease. On the other hand, larger pole-pair
numbers necessitate a higher supply frequency which is limited by the switching frequency
of the inverter. The higher frequencies of the core flux also cause higher iron losses. In
addition to these aspects, in a HESM another criterion for the choice of pole-pair number
is the integration of the ph pole-pair machine. In Section 4.3.2 it has been seen that the
HESM performance depends on the factor fexc/ph which favors a smaller pole-pair number
ph. However, when two airgap fields of pole-pair numbers |pm −ph| = 1 exist simultaneously,
unbalanced pulling forces occur which pull the rotor out of the center and decrease bearing
life. This is why the pole-pair numbers pm = 2 and ph = 1 are not feasible. Instead, the
smallest possible pole-pair number for the HESM that can be achieved without unbalanced
pulling forces is pm = 4 (and thus ph = 2), which is also a widely used pole-pair number for
traction motors.

6.1.1 Synchronous Machine Scaling Laws
The idea of scaling an electrical machine based on a reference machine allows adjusting
an already tried-and-tested machine design to different geometrical or operational require-
ments [44]. For machine scaling, analytical formulas which depend on the scalable parameters
are needed. Simple scaling laws for WRSMs can be obtained from the fundamental approxi-
mation in Section 3.1.4. They are applicable to generic WRSMs, which is why no subscripts
m or h are used here.
Neglecting the machine losses and assuming only q-axis stator current, the torque of a syn-
chronous machine can be obtained as a function of the terminal voltage Ûs using the power
factor

cos ϕ = Pmech

S
= ωmMel

3
2 ÛsÎs

→ Mel = 3
2 ÛsÎs cos ϕ

1
ωm

(6.1)
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Substituting the stator current Îs by the surface loading As

As = 3
2

4
π

NsÎs

d
(6.2)

and the terminal voltage Ûs by the total airgap flux density

Ûs = 1kwsNs
dΨ
dt

= pωm
1kwsNs

d

p
lFeB̂δ, (6.3)

the torque equation can be transformed into the well-known torque equation which is com-
monly used in the design of induction motors

Mel = π

4 d2lFe
1kwsB̂δAs ∼ V · B̂δ · As · 1kws cos ϕ (6.4)

where d = 2r is the inner stator diameter. (6.4) shows that the torque capability of an
electrical machine is limited by the flux density B̂δ due to iron saturation, the surface current
As due to the cooling system and the winding factor 1kws < 1. Hence, for a given iron core,
winding layout and cooling system, the torque capability of a machine can only be improved
by increasing the bore volume V = d2

4 πlFe. This relationship is expressed by the utilization
factor C ∼ Mel/V , which is constant for machines with a similar saturation level, current
densities and winding designs.
Using the torque equation derived in (3.37), the torque can also be expressed as a function
of the stator and rotor currents

Mel = rlFe
3
π

NfNs
µ0

kchδ

ÎsIf

1kws
1kwf

p
. (6.5)

The stator and rotor currents can be substituted by the isolated stator and rotor airgap flux
density

B̂δs = µ0

kchδ

3
π

Ns
1kws

p
Îs B̂δf = µ0

kchδ

2
π

Nf
1kwf

p
If (6.6)

so that the torque equation becomes the torque scaling law

Mel = pd
π

2
kchδ

µ0
lFeB̂δsB̂δf ∼ p · V · hδ

d
· B̂δs · B̂δf (6.7)

This expression has the advantage that the individual stator and rotor airgap flux which can
be set individually in a WRSM and the total airgap flux density which is limited to B̂δ =√

B̂2
δs + B̂2

δf < 1 T directly occur in the design equation. Rearranging (6.6) and introducing
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the number of Ampere turns AT = N · I leads to the Ampere turn scaling law

ATs ∼ kchδ · p · B̂δs
1kws

ATf ∼ kchδ · p · B̂δf
1kwf

(6.8)

which expresses how much the winding has to be adjusted to account for a variation of airgap
length, pole-pair number, airgap flux density or winding factor. An approximation of the
tooth width can be calculated from the airgap flux density by taking into account that the
maximum slot flux Ψ integrated over one slot pitch τn has to pass through the reduced tooth
width btooth. In the yoke, the flux passes through the yoke and takes its maximum value at
half the flux integrated over one pole pitch τp. Thus, the following relationships are derived

Btooth = τN

btooth
B̂δ → btooth ∼ d

Zs

B̂δ

Btooth

Byoke = d

2phjoch
B̂δ → hyoke ∼ d

p

B̂δ

Byoke

(6.9)

The power factor is an important design criterion, because it influences the inverter size. The
theoretical cos(ϕ) neglecting the stator resistance and assuming only q-axis stator current is
calculated using (5.46) and (5.47) as

cos(ϕ) = P

S
= ωmMel

3
2UsIq

= LdfIf√
(LdfIf)2 +

(
LqIq

)2
(6.10)

The goal is to express the power factor in terms of a parameter available in the scaling laws.
In order to achieve this, the terms LdfIf and LqIq are substituted using (6.6), (3.27) and
(3.28) by the airgap flux densities

LdfIf = 4
p

rlFeNs kwsB̂δs LqIq = 4
p

rlFeNs kwsB̂δf (6.11)

All leakage effects are neglected for the sake of simplicity. Inserting (6.11) into (6.10) yields

cos(ϕ) ≈ B̂δf√
B̂2

δf + B̂2
δs

= B̂δf

B̂δ

. (6.12)

This expression showcases that for pure q-axis excitation the power factor can only be
improved by adjusting the ratio of the rotor airgap field and the stator airgap field. Thus,
from (6.10), the power factor scaling law follows immediately as

cos(ϕ)
∣∣∣∣
B̂δ=const

∼ B̂δf (6.13)
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6.1.2 Iterative Machine Scaling
The reference machine for the scaling approach is the traction motor from [45]. The spec-
ifications of the reference machine and the final machine design are given in Tab. 6.1. For
the stator core a catalogue IEC stator pack of frame size IEC132M for eight-pole induction
motors (pm = 4) is used with q = 2 slots-per-pole-per-phase. Thus, the slot dimensions,
the inner diameter d, the stack length lFe and the tooth width btooth and yoke height hyoke

of the stator are already fixed beforehand (see Fig. 6.2). The salient-pole rotor is custom-
lasered. The salient-poles have been shaped à priori to minimize the torque ripple without
the need for additional rotor skewing. The iron stack of both stator and rotor is pressed
out of M270-35A electrical steel sheets. The remaining degrees of freedom are the airgap
length hδ and the number of series turns per slot for stator and field winding. Furthermore,
the rotor geometry has to be completed by determining the tooth width btooth,r, yoke height
hyoke,r, shaft diameter dshaft and rotor pole-shoe height hpole,r. It should be noted that the

btooth,r

h yo
ke

,r

h pole
,r

hδ

aNf
p

aNs
qp

btooth
h yo

ke

dshaft
2

d
2

Figure 6.2: Fixed geometry parameters and degrees of freedom used in the machine design; a = 2
coils are in parallel with respect to the pm pole-pair machine (compare Tab. 4.2).

reference machine is water-cooled and the targeted prototype machine is external-fan cooled.
The scaling from a water-cooled machine to an external-fan-cooled machine is problematic
from a thermal standpoint as the allowed current densities in the conductors are significantly
lower. However, the fixed bore volume V of the IEC132M stator pack also imposes a lower
utilization factor C by ∼ 30%, which accounts for the reduced cooling. As is typical for
air cooled machines, a continuous current density of Jmax = 5 A

mm2 and a slot fill factor of
s = 0.4 have been used [27].
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Figure 6.3: Iterative Semi-Analytical Design of the Machine using Scaling Laws in conjunction with
FEA.

The iterative algorithm used to design the prototype is presented in Fig. 6.3. It relies
on scaling factors and the analytical scaling laws (6.7), (6.8) and (6.13) to generate scaled
machines. It should be mentioned that a purely analytical scaling approach is infeasible as the
scaled machine and the reference machine have inherent differences, such as a different rotor
pole shape, stator geometry, carter factor, saturation level and leakage fluxes. Furthermore,
the inherent simplifications of the linear scaling laws which neglect leakage and saturation
necessitate checking the design goals of each scaled machine variation using 2D FEA. The
scaling laws only provide the information about which parameter to adjust to approach the
design goal.
Firstly, the scaling factors of the bore diameter kd, the pole-pair number kp, the bore volume
kV, the currents kI and the torque kM are determined based on the input parameters. The
initial scaling factor for the total airgap flux density level kb is set to one indicating the
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Table 6.1: Specifications of the reference machine and the designed machine. Scaled values are
highlighted in red. Constraints or design goals are not highlighted.

parameter reference machine → HESM prototype
pole-pair number pm 4 → 4
Stator series turns Nsm 20 → 64
Rotor series turns Nfm 800 → 440
bore diameter d m 0.13 → 0.14
min. airgap length hδ mm 1 → 0.9
stack length lFe m 0.225 → 0.135
max. continuous stator current Îsm A 135 → 45.5
max. continuous field current Ifm A 6 → 10
max. continuous torque Mel Nm 55 → 34
DC link voltage Udc V 300 → 400
Field-weakening speed nfw rpm ∼5500 → 3000
rated power factor cos ϕ 0.85 → 0.8
Cooling System water cooling jacket → external fan

scaled machine has the same flux density as the reference machine. The torque scaling law
(6.7) is then used to estimate by what factor kh the airgap needs to be adjusted to obtain a
machine with the above scaling factors. Afterwards, the torque scaling law is used again to
scale the rotor flux density kbf (while keeping the total airgap flux density constant), which
affects the cos ϕ according to (6.13). kbf is set to one initially. In order to reach the scaled
flux densities given the scaled airgap length, the ampere turn scaling law must be applied
to identify how the number of winding turns has to be adjusted. From these scaling factors
the actual number of series turns of stator and rotor and the airgap length are determined
from the reference machine. In order to allow for FE calculation, the tooth width and yoke
heights on the rotor are estimated using (6.9) and a CAD model of the scaled machine is
generated. The rotor geometry parameter hpole,r is chosen such that the rotor winding fits
into the rotor slot. Once the geometry of the machine is fully defined, a transient analysis
for rated operation is performed and the design goals are verified: If the cos ϕ is too low, the
power factor scaling law is used to increase the rotor airgap flux density B̂δf with a scaling
factor kbf ↑. If the torque is too low, the torque scaling factor kM is increased. Excessive
saturation is tackled by iteratively reducing the total machine flux density with a scaling
factor kb which keeps the power factor roughly constant. Lastly, if the tooth and yoke flux
density levels are violated, the parameters btooth,r and htooth,r are adjusted, the geometry is
regenerated and the FE model is re-analyzed.
It should be noted that the algorithm has not been fully automated. Instead, the adjustments
are made manually until a viable machine is obtained. After the design goals are reached, the
number of winding turns needs to be reconsidered. For the stator winding, a last adjustment
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which takes into account the THD of the terminal voltages is carried out. Furthermore, the
number of field winding turns is adjusted to account for the high AC voltages induced during
harmonic excitation.

6.2 Analysis of the Saturation Behavior
Up to this point it has always been assumed that the pm and ph pole-pair machines are per-
fectly decoupled in all operating points as if they were independent machines with separate
iron cores. It is obvious that this is not the case as the machines share the same iron core and
flux paths. This is highlighted for the designed HESM prototype in Fig. 6.4 when the pm and
ph pole-pair machine fields are excited separately. It can be seen that the fields of both pole
pairs saturate the yoke and teeth of stator and rotor. The red and blue arrows indicate the
direction of the magnetic fields in the machine iron and highlight that the superposition of
the pm and ph pole-pair fields reinforces or attenuates the flux density in certain core sections.
As the flux in the dh-axis oscillates the core flux pattern is highly irregular in time. Thus, it

Ifm excited (pole pair pm) Ifh excited (pole pair ph)

dm axisqm axis
dh axis

qh axis

Figure 6.4: Magnetic fields in the HESM at a single time instance.

can be concluded that saturation due to pm pole-pair machine currents very much affects the
ph pole-pair machine flux paths (and vice versa). In order to investigate this effect, the FEA
model is a convenient tool. To this end, all machine inductances are calculated as a function
of the saturation state of the machine iron. As explained in Section 5.2.1, four magnetizing
currents describe the magnetization state of the HESM which are stated here again

pm pole-pair machine Idm,mag = Idm + umIfm Iqm,mag = Iqm

ph pole-pair machine Idh,mag = Idh + uhIfh (((((((Iqh,mag = Iqh
(6.14)

The q-axis magnetizing current of the ph pole-pair machine can be neglected because the
FOC controller keeps Iqh at zero as it does not contribute to the induced voltage in the
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field winding. Furthermore, in salient-pole WRSMs the magnetizing current Iqm,mag can be
neglected unless the machine is heavily saturated as the qm-axis points into the direction
of the large airgap between the pole shapes. Thus, the saturable machine inductances can
be simplified as two-dimensional Look-up tables (LUTs) of the d-axis magnetizing currents
Idm,mag and Idh,mag.
A current sweep over the magnetizing currents is performed in the FE model to determine
the LUTs. As was explained in Section 5.2.1, the differential inductances determine the
induced voltage into the field winding. This is why both the apparent and differential
inductances are calculated with FEA using the frozen permeability method [46], [47] in
order to parametrize the HESM model. The magnetizing currents are swept until 150% of
the expected magnetizing current in the d-axis.
If the pm and ph pole-pair machine were perfectly decoupled, the pm (ph) pole-pair machine
inductances would only depend on the pm (ph) pole-pair magnetizing current Idm,mag (Idh,mag)
once the iron saturates. In Fig. 6.5 this is investigated for the (absolute and differential)
mutual inductances of the pm and ph pole-pair machines.
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Idm,mag
IN 0

L
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u)

Ldfm (≈ Ldm)

Idh,mag

Idm,mag
IN 0

L
(p

u)
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L
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IN 0

L
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dLdfm (≈ dLdm)

Figure 6.5: Look-up tables for the self- and mutual inductances with respect to their unsaturated
values. The parameter sweep is performed until 150 % rated magnetization current. Black (blue,yel-
low) arrows indicate the influence of the pm (ph) pole-pair machine.
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Overall, the effect of saturation is more pronounced in the differential inductances, which
coincides with Section 5.2.1. An important observation in both mutual inductances Ldfm

and Ldfh is that the saturation behavior is mostly governed by the pm pole-pair magnetizing
current Idm,mag. For small magnetizing currents Idm,mag the inductances remain constant
(i.e. they are unsaturated) irregardless of the magnetizing current Idh,mag. For an increasing
magnetizing current Idm,mag, both inductances Ldfm and Ldfh saturate increasingly with only
a small effect of Idh,mag. The ph pole-pair magnetizing current Idh,mag only contributes to
saturation if Idm,mag is also present. It can be concluded that the decoupling of the pole pairs
is violated when iron saturation is considered: On the one hand, the pm pole-pair inductances
have a slight dependence on the ph pole-pair magnetizing current Idh,mag when the machine
is already saturated by a sufficiently large Idm,mag. This additional saturation due to ph pole-
pair machine currents does influence the torque capability to some extent, as there is a slight
dependence of the absolute inductances (which determine the torque) on Idh,mag. On the
other hand, the ph pole-pair inductances decrease severely due to pm pole-pair magnetizing
current Idm,mag and also have a dependency on the ph pole-pair magnetizing current Idh,mag. It
can be predicted that the harmonic excitation system is affected significantly by magnetizing
currents of both pole pairs. It should be noted that the smaller effect of the magnetizing
current Idh,mag despite the large tooth and yoke flux densities of the ph pole-pair machine
predicted in Tab. 4.2 can be explained by the small magnetizing currents required to achieve
harmonic excitation.

The inductance maps in Fig. 6.5 only identify the reduction of the inductances due to
the magnetizing currents of both pole pairs. They do not consider the emergence of non-
zero coupling inductances between pole pairs pm and ph due to saturation. In (5.24) these
undesired coupling inductances have been highlighted in red and it has been claimed that
they are zero under normal operation. In Fig. 6.6 two mutual inductances between the
distinct pole pairs are shown exemplarily. The inductance Ldh,dm (Lfh,fm) expresses the
mutual inductance between the pm pole-pair d-axis stator (rotor) winding and the ph pole-
pair stator (rotor) winding. Other mutual inductances behave analoguously. Only differential
inductances are shown here because the effect of parasitical coupling is more easily observed
there. The inductances have been referred to per unit using (6.15). This value qualitatively
expresses the parasitical reluctance component p0Λf which only arises when both the pm and
ph pole-pair flux paths saturate.

Ldh,dm[pu] = Ldh,dm/

(
6
π

µ0

hδ

rlFe
kwsmNsmkwshNsh

pmph

)
Lfh,fm[pu] = Lfh,fm/

(
4
π

µ0

hδ

rlFe
kwfhNfhkwfmNfm

phpm

)
(6.15)

In the unsaturated region the coupling is zero for all depicted mutual inductances. Further-
more, if no ph pole-pair magnetizing current Idh,mag occurs the coupling inductances remain
zero even for high pm pole-pair magnetizing currents Idm,mag. However, if both magnetizing
currents occur, it can be seen that interaction between the different pole pairs arises. This
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coupling is most severe between the field windings of the pm and ph pole-pair machine as
indicated by dLfh,fm. The yellow arrow shows that in deep saturation the mutual inductances
between the pole-pairs decrease again. These mutual inductances lead to undesired induced
voltages in steady state from the ph pole-pair machine into the pm pole-pair machine due to
the oscillating currents Idh and Ifh. It must be mentioned, however, that the magnitude of
the inductances is only up to 0.25 pu in the worst case and the ph pole-pair currents Idh and
Ifh are relatively small so that they can be neglected as a simplification.

Idh,mag Idm,mag

IN

L
(p

u)

dLdh,dm

unsaturatedregion

0 0
Idh,mag Idm,mag

IN

L
(p

u)

dLfh,fm

unsaturatedregion

0 0

Figure 6.6: Look-up tables for differential mutual inductances between the pm and ph pole-pair
inductances in per unit. Green and yellow (white) arrows indicate the influence of the pm (ph)
pole-pair machine.

6.3 PIS Controller Design
In the previous section an investigation of the inductances under saturation has been per-
formed using the FE model. In this section, the linear (unsaturated) values will be used to
design the PIS controllers of the control system presented in Section 5.3. While analytical
formulas for the determination of the PI controller parameters are given in (5.50) and (5.51),
it will be seen that the parametrization of the PIS controller needs to take into account the
non-linearity of the diode rectifier. This is why a sensitivity analysis of the closed loop and
disturbance bode plots is performed based on the dynamic simulation of the HESM. The
closed loop and disturbance rejection transfer functions are (in order)

Gw(s) = Id(s)
I∗

d(s) = Gc,dh(s)Gs,dh(s)
1 + Gc,dh(s)Gs,dh

(6.16)

Gd(s) = dI,d(s)
I∗

d(s) = 1
1 + Gc,dh(s)Gs,dh(s) (6.17)

with the notation from the block diagram Fig. 5.9. As the transfer functions for dh and qh
axes are identical, only the dh axis is displayed here. For the design of the PIS controller,
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the proportional and integral parts are of minor importance. Their function is mainly to
compensate low frequency disturbances and not to guarantee the tracking of the excitation
frequency fexc. For large bandwidths, the PI component even negatively interferes with the
S component, which is why the bandwidth of the PI components has been set to half of
the excitation frequency. For the investigation of the S component, the closed-loop bode
diagram for variations of the sinusoidal component gain Kr and bandwidth ωc are shown in
Fig. 6.7. The center frequency is always fixed by the excitation frequency ωexc = 2πfexc.
Fig. 6.7a shows that the fundamental frequency can be controlled with almost no amplitude
error by the S controllers for sufficiently high gains Kr. The phase is not displayed here
because for harmonic excitation a phase shift of the injected current Idh has no negative
effect on the excitation system performance. Only the amplitude of the induced voltage
determines the excitation power, so that a phase shift of Idh simply causes Ifh to shift in
conjunction with it. It can be observed that for Kr = 300 a satisfactory control of Idh is
obtained, which is why this value has been adopted.
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Figure 6.7: Bode plots of the closed loop transfer function for different parameters of Kr and ωc
and an excitation frequency of fexc = 200 Hz.

In Fig. 6.7b the influence of the bandwidth parameter ωc is shown. It has no effect on the
gain at the center frequency, but it can be seen that higher ωc lead to a larger plateau in the
vicinity of fexc where unity gain is reached. As the excitation frequency fexc is constant, the
bandwidth ωc mainly influences the rejection of disturbance in the control system.
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To identify disturbances in the control system, Fig. 6.8 compares the simulated waveforms of
an ideal controller (proportional control with infinite gain) to real PIS control with a narrow
bandwidth ωc = 2π151

s
. In a diode rectifier it is well known that the rectifier input current

(here: Ifh) only flows if the rectifier terminal voltage is larger than the DC capacitor voltage.

effect of
harmonics

Real PIS Control Ideal Control

Figure 6.8: Effects of real controller on excitation system performance. The ph pole-pair machine
currents Idh, Ifh, the induced rotor voltage Ufh,ind and the rectifier terminal voltage Ufh are portrayed
for real control (left) and an ideal controller (right).

This distortion of the input current Ifh imposes additional current harmonics at odd mul-
tiples of the excitation frequency hfexc with h ∈ {3, 5, 7, ...}. These frequency components
also propagate back to the stator as induced voltage disturbances Ldfh ˙Ifh and ωel,hLdfhIfh

(see block diagram Fig. 5.9). This is why, according to Fig. 6.8, both the rotor current Ifh

and the stator current Idh are distorted by odd multiples of the excitation frequency.
In Fig. 6.9 the ability of the PIS controller to compensate these disturbances is investi-
gated using the bode diagram of the disturbance transfer function for different bandwidths
ωc. While the PIS controller is capable of compensating disturbances at the fundamental
frequency fexc and in a close vicinity, it can be seen that disturbances at multiples of the
excitation frequency cannot be eliminated by the PIS controller for realistic values of ωc.
Higher bandwidths ωc even exacerbate this problem by amplifying the disturbances, which
causes even more distortion of the desired currents and has even been observed to lead to
system instability in the real test bench. This is why PIS controllers with a narrow band-
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Figure 6.9: Bode plot of the disturbance rejection transfer function for different parameters of Kr
and ωc. While in reality the control system is disturbed by the induced voltage from the first
armature reaction dU, the utilization of the current disturbance dI clarifies the lack of damping for
the harmonics better.

width ωc = 2π151
s

are used to avoid amplifying the disturbances. As a consequence, the
PIS controllers do not react to the disturbances so that the rectifier harmonics propagate
undamped to the stator control system and distort Idh. Better disturbance rejection could
be obtained with multiple S controllers for each odd multiple of fexc, with other controllers
like hysteresis control or by using an active rectifier which allows sinusoidal rotor currents
Ifh.

Fig. 6.8 also shows that the undamped disturbances lead to a reduced terminal voltage Ufh

under real PIS control compared to an ideal controller. This is because the power transfer
does not strictly depend on the amplitude of the fundamental frequency fexc, but on the
’charging time’ that the rectifier terminal voltage is larger than the DC link voltage. The
distortion of Idh and Ifh due to rectifier harmonics decreases that ’charging time’ and thus
causes a loss of performance. In order to consider this effect in an analytical steady-state
model, the mutual inductance Ldfh must be reduced slightly. The reduction of Ldfh depends
on the excitation system parameters D and fexc and the machine parameter Lfh and is almost
10 % for typical values fexc = 200 Hz and D ≈ 10 %. This means that the amplitude of Idh

could be reduced by 10 % and hence excitation system stator losses by almost 20 % if a better
controller bandwidth which achieves sinusoidal Idh-injection were used.

6.4 Dynamic Simulation
With the saturation-dependent absolute and differential inductances obtained via FEA as
look-up tables, the full physical HESM model according to (5.31) was implemented and
parametrized in PLECS. The HESM model is completed by connecting the PLECS models
of two B6 stator inverters and the rotor circuitry as shown in Fig. 4.8. In order to control
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the HESM, the FOC algorithm presented in Fig. 5.10 is also implemented in PLECS. An
explanation of the operating voltages and currents during HESM operation is presented in
Figs. 6.10, 6.11 and 6.12 by zooming into two fundamental periods of a dynamic simulation
after steady state has been reached. All voltages and currents in the HESM are shown in the
three HESM coordinate systems discussed in Chapter 5. The exemplary operating conditions
are 20 Nm at a speed of 1000 rpm. The excitation system operates at an excitation frequency
of fexc = 200 Hz and duty cycle D = 11.5 % to supply a field current of 8 A. It can be seen
that the stator voltages and currents in phase (ph) coordinate system are rich in harmonics
and are mainly composed of the three fundamental frequency components

ωel,m = pmωm, ω+ = ωexc + phωm and ω− = ωexc − phωm

related to the pm and ph pole-pair machines. The contribution of the ph pole-pair machine
is a large part of the voltage demand so that the fundamental pmωm frequency is highly
distorted by the frequencies ω+ and ω−. In the phase currents Fig. 6.11 the (dominant)
fundamental frequency pmωm can more easily be identified as the machine acts as a lowpass
filter. Transforming into pole-pair (pp) coordinates splits up the voltages and currents into
their virtual pm and ph three-phase components.

Figure 6.10: Stator voltages in the HESM in their respective coordinate systems. PWM frequencies
have been removed.

Now, the pm pole-pair machine voltages and currents are almost perfectly sinusoidal with
frequency pmωm. Analogously, in the ph pole-pair machine only the fundamental frequencies
ω+ and ω− occur. After applying the dq transformation to each respective pole pair, the
voltages and currents of the pm pole-pair machine become constant as in a conventional
WRSM. Analogously, the dq system of the ph pole-pair machine now mainly includes the
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excitation frequency ωexc. The current Iqh can successfully be controlled to zero by the PIS
controller. In order to achieve this mainly the voltage Udh is used. However, a small voltage
Uqh is also needed in order to compensate the induced voltages from the field winding and
dh axis. This coincides with the theoretical results (5.42).

Figure 6.11: Stator currents in the HESM in their respective coordinate systems.

The rectifier harmonics discussed in Section 6.3 can now also clearly be seen by the third
harmonic present in the current Idh of Fig. 6.11. An interesting observation is that the PIS
controller reacts to the rectifier harmonics to some extent as indicated by the third-harmonic
present in the voltage Udh. However, it is unable to eliminate the disturbances caused by
the rectifier harmonics.
Fig. 6.12 highlights the voltages and currents in the rotor winding of the HESM. It can be
seen that two of the four rotor coil groups (F1=F3 and F2=F4) behave identically. In ph
coordinates the (black) voltages contain the rectangular AC shape imposed by the rectifier
superimposed by (half of) the switched DC output waveform of the buck converter. The DC
component is related to the pm pole-pair machine and the AC component to the ph pole-
pair machine. In pp coordinates these two components are decoupled from one another:
On the one hand, the rectangular AC voltage Ufh is obtained which drives the sinusoidal
current Ifh of fundamental frequency ωexc with a significant third harmonic. On the other
hand, the switched DC voltage Ufm are low-pass-filtered by the field winding inductance
into the smooth DC field current Ifm. The complete dynamic waveforms from which the
waveforms in Figs. 6.10, 6.11 and 6.12 have been extracted are given in Fig. 6.13. The
simulation uses the current commands from the torque-speed maps calculated in Chapter 9
in advance. It can be seen that the FOC algorithm adjusts the DC currents Idm, Iqm and the
amplitude of the AC current Idh in order to accelerate to the desired speed and compensate
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Figure 6.12: Rotor voltages (left axes) and currents (right axes) in the HESM in their respective
coordinate systems.

the load step successfully. The ph pole-pair machine rotor current Ifh is the result of Idh and
thus has the same envelope. As a result the field current Ifm is provided. Thus, the only
difference compared to a conventional WRSM is that Ifm is the result of a transient event
and reacts to changes in Îdh. Here, an intrinsic drawback of all brushless excitation systems
becomes apparent: The currents Idm, Iqm respond to their respective current commands
within milliseconds. However, the field current Ifm is only controlled indirectly by adjusting
the amplitude Îdh. Thus, the realizable rate of chance of field current dIfm/dt is reduced
by the slower time constant of the ph pole-pair machine. This means that the dynamics of
the field current of a HESM always lag behind those of a conventional WRSM. It should
be noted that the dynamic results presented in this section should not be understood as an
optimal control solution with highly optimized dynamic behavior of the HESM, but rather
as a functional implementation of the HESM control system.

time [s] time [s]time [s]

Figure 6.13: Acceleration of HESM from standstill to 1000 rpm with a 20 Nm load step at 0.4 s.
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6.4.1 Influence of Saturation
In Fig. 3.1 it has been shown that the transferred excitation power depends mainly on
the induced voltage on the rotor Ufh,ind, the voltage drop over the self-inductance Lfh and
an equivalent resistance Req which models the rectifier, buck converter and pm pole-pair
field winding. However, this representation neglects the saturation-dependence of the induc-
tances. If saturation is included, the differential inductances, dLdfh and dLfh which depend on
the magnetizing currents Idm,mag and Idh,mag must be used in the equivalent circuit. In Sec-
tion 6.2 it has been shown that there is a significant reduction in the differential inductances
dLdfh and dLfh under saturation, which motivates a closer inspection of the saturation behav-
ior of the excitation system. As Idh,mag — and hence the inductances — are time-dependent,
a simple analytical solution for the equivalent circuit cannot be easily found.
In order to investigate the influence of saturation on the excitation system, the dynamic
model is used to progressively step up the current amplitude Îdh at a constant excitation
frequency fexc = 200 Hz and duty cycle D = 11.5 %. The pm pole-pair machine is in no-load
operation so that Idm and Iqm are controlled to zero and only the field current Ifm is provided.
After the field current Ifm has reached steady state, the mean value is evaluated and the
next Îdh step is carried out. The rotor DC link capacitor has a value of 100 µF, which leads
to a slight transient overshoot of Ifm. The results of the dynamic simulation are given in
Fig. 6.14.

a) b) c)

Figure 6.14: Effect of saturation on the excitation system capability to provide the field current
Ifm: a) magnetizing currents under no load, b) Ifm per Îdh curve c) time- and load-dependence of
the excitation system inductances.

As Îdh is increased and thus more field current Ifm is provided, both magnetizing currents
Idm,mag ∼ Ifm and Idh,mag = Idh + uhIfh increase. In Fig. 6.14a it can be seen that the
pm pole-pair magnetizing current Idm,mag is DC just like in a conventional WRSM, while
the ph pole-pair magnetizing current Idh,mag oscillates. According to the inductance maps of
Fig. 6.5 this leads to both a reduction of the mean value and an oscillation of the inductances
dLdfh and dLfh, which can be seen in Fig. 6.14c. Once the HESM is strongly saturated, the
oscillations almost vanish, which coincides with the inductance LUTs of Fig. 6.5. Overall,
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the differential inductances decrease by more than 40 % at a field current of Ifm = 12.5 A.
However, this significant reduction of the mutual inductance Ldfh does not lead to a likewise
drop of the Ifm − Îdh curve. Instead, in Fig. 6.14b only a slight drop of the transferred Ifm

is observed. This is because the voltage equations (5.31) which govern the power transfer
capability depend on both the induced voltage Ufh,ind ∼ Ldfh and the voltage drop over dLfh.
As the magnetizing currents saturate the inductances, the induced voltage Ufh,ind decreases,
but the voltage drop over the saturated dLfh also decreases significantly. This is why the
Ifm−Îdh curve saturates to some extent, but not to the extent that the differential inductance
dLdfh implies.

In the following experiments and simulations, the HESM is operated near or below its rated
field current Ifm = 10 A. In this case, the excitation system performance is almost linear.
This is why saturation is neglected in the following analysis and constant inductances are
assumed for the HESM model. This does not introduce significant errors until rated currents
are exceeded.
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Chapter 7

Experimental Verification

7.1 Test Bench
In order to test the HESM prototype, a machine test bench has been built. An overview of
the complete test bench is given in Fig. 7.1. It consists of the inverter-fed HESM prototype
loaded by another inverter-fed load machine. The shafts of both machines as well as the DC
links are connected so that the mechanical power circulates back into the DC link and only
the losses have to be provided from the grid. The supply of the shared DC link is realized
by an adjustable transformer connected to a B6 rectifier. An EMI filter between rectifier
and transformer is used to reduce high-frequency leakage currents. Furthermore, blocking
capacitors at the positive and negative DC link rails are used to provide a return path for
leakage currents. The PWM signals to the HESM and WRSM driver boards are generated
by a PLECS RT Box 1 which runs the FOC algorithms of both WRSM and HESM. The
WRSM is speed-controlled and imposes the shaft speed on the HESM. Thus, the HESM can
be tested with different load currents Idm, Iqm, machine speeds and excitation system param-
eters Îdh, fexc and D. The test bench is automated and controlled by a Python environment
which sends the FOC control commands to the RT Box, triggers the measurement devices
and stores the measurement data. A photograph of the test bench is shown in Fig. 7.2. Some
important features of the test bench are briefly presented here:

HESM Prototype: The HESM has been constructed according to Chapter 6. For prototyp-
ing purposes, the HESM is still equipped with four slip-rings which connect to the external
rotor circuitry: The utilization of slip rings has the advantage that mechanical and thermal
issues do not have to be considered at the prototyping stage of the HESM. An important
benefit of the slip rings is that the HESM can also be operated as a conventional WRSM by
simply feeding the field current into the respective slip-ring terminals. Furthermore, the slip
rings allow measuring the rotor quantities directly.
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Figure 7.1: Overview of test bench with most important devices and measurement signals. Blue
lines denote logged data. Red lines denote measurements that are used for the control algorithm.
Dashed lines describe the output values of the control system.

HESM Power Electronics: Two identical custom-made B6 inverters with SiC-MOSFETs
IMW120R045M1 have been designed to drive the HESM stator windings. They operate at
a switching frequency of 8 kHz. The differential buck converter topology of the rotor circuit
has also been designed with the same MOSFETs with a switching frequency of 2 kHz. The
PCBs include LEM current transducers to measure the phase currents for the current con-
trollers. The custom inverters have integrated desaturation protection via the half-bridge
drivers 2ED020I12-F2, but no overtemperature, overvoltage or overcurrent protection.

HESM Resolver: The HESM requires knowledge of the rotor position with respect to the
pm as well as ph pole-pair machine d-axes in order for the field-oriented control to work. To
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this end the HESM is equipped with a single resolver of pole-pair number ph. The resolver
signal is demodulated using the Evaluation Board EVAL-AD2S1210. The raw positional
angle β is read via SPI from the Plecs RTBox. The rotor angle βi used in the respective dq
transforms is then calculated as

βi = β
pi

ph
+ ∆βi0 with i ∈ {m, h} (7.1)

where ∆βi0 aligns the respective coordinate system with the d-axis of the pi pole-pair ma-
chine.

Load Machine and Inverter: The load WRSM is a prototype machine similar to the trac-
tion motor in the first generation of the electrical vehicle Renault Zoe. The machine has an
integrated resolver which returns a cos-sin signal. The field winding is fed through brushes
and slip-rings from an E&A PSI-5200-10A DC current source. The stator winding of the
load motor is driven by a 65 kW, 200 A Semikron IGBT inverter SKS SL 20 GD 50/10 – E4
P1 which receives the digital PWM gate signals and returns the measured phase currents,
DC link voltage and temperature as analog signals to the RTBox. Furthermore, the inverter
has integrated overcurrent, short-circuit and overtemperature protection.

Rectifier and Break Chopper: A B6 diode bridge is connected through a three-phase con-
tactor with the grid. As the power flows unidirectionally from grid to test bench, energy
cannot be fed back into the grid. This is why an inverse power flow e.g. during deceleration
of the machines causes the mechanical energy stored in the rotating shaft to be fed back
into the DC link which charges the DC link capacitors. To avoid DC link overvoltage, a
break chopper is used to dissipate the excess energy. For the break chopper a Semikron
SKM50GB12T4 IGBT module driven by the SKHI22A driver is used. The load resistor is a
25 Ω, 1 kW resistor.

Torque Measurement: A TMS310 torque transducer with a rated torque of 200 Nm and
a sensitivity of ±0.1 % is used to log the shaft torque. The torque sensor is highly overdi-
mensioned for the rated HESM machine torque of 34 Nm, which limits the accuracy of the
torque readings. This is especially critical for the smaller torques needed for the identifica-
tion of the iron losses.

Power Measurement: A ZES Zimmer LMG500 with two Aron circuits was used to di-
rectly measure the input to the two three-phase HESM stator windings. Furthermore, an
LMG310 was used to measure the DC link powers to the HESM and load machine. For the
rotor, a Norma Power Analyzer D4355 has been used to measure the mean value of the pm

pole-pair machine rotor current Ifm, voltage Ufm and field power Pfm. For the AC signals
flowing in the ph pole-pair field winding the respective rms values are recorded.
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Figure 7.2: Photo of HESM test bench.

Controller: The FOC control algorithm of the HESM, according to Fig. 5.10, and the
conventional FOC algorithm of Fig. 5.8 for the WRSM run on a single PLECS RT Box 1.
In addition, the RT Box processes a data logging routine which records various internal
controller variables and transmits them to the PC. Furthermore, the RT Box monitors the
HESM and WRSM currents, the stator and rotor DC link voltages and the machine speed
and can disconnect the grid and short-circuit the DC link in case of a fault.

7.1.1 Measurement of Losses
The machine efficiency is one of the most important performance criteria of electrical ma-
chines, which necessitates an accurate measurement of the losses. In the test bench the
losses are not measured directly, but are determined indirectly from the input power to the
stator windings Pph and the mechanical shaft power Pshaft. The total power loss that is
being dissipated inside of the machine is the sum of the input powers Pph + Pshaft minus the
power that is being dissipated outside of the machine via friction and windage Pfw. This
relationship is described by the power equilibrium in Fig. 7.3 and satisfies

Pph + Pshaft − Pfw ≡ Pcu,sm + Pcu,sh + Pcu,fm + Pcu,fh + Pfe,m + Pfe,h + Prect. (7.2)

The losses generated inside of the HESM can be ascribed partly to the pm and partly to the
ph pole-pair currents, even though such a division is a purely mathematical construct.
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Figure 7.3: Power flow and losses of the HESM.

The loss components in Fig. 7.3 consist of

• the pm pole-pair machine stator copper loss Pcu,sm,

• the ph pole-pair machine stator copper loss Pcu,sh

• the pm pole-pair machine copper loss Pcu,fm, which is the field excitation power Pfm,

• the ph pole-pair machine rotor copper loss Pcu,fh,

• the iron losses Pfe,m only attributable to the pm pole-pair fields,

• the iron losses Pfe,h only attributable to the ph pole-pair fields,

• the conduction and switching losses generated in the rotor power electronics Prect.

Beside these loss components, additional losses occur in WRSMs because stray fields induce
eddy currents in near conductive objects, e.g. in the end-winding region due to stray leakage
or in the slots due to airgap stray fields penetrating the copper conductors [48]. However, as
they can only be isolated with great effort, these losses are simply attributed to the iron losses.
It should be noted that the segregation of the iron losses into two distinct components Pfe,m

and Pfe,h is physically absurd: The iron losses are the result of a magnetization process which
involves the actual magnetic fields in the iron core. This magnetization process cannot be
decoupled into independent components. However, Pfe,h should be understood as a quantity
which expresses the iron loss increase under harmonic excitation compared to the iron losses
Pfe,m measured during normal WRSM operation. A thorough investigation of the iron losses
Pfe,h is performed in Chapter 8.

In this work, a distinction between two types of efficiency is made. The drive efficiency η

denotes the standard machine efficiency which is calculated directly from the measured shaft
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and electrical power taking into account the directions of the power flow from Fig. 7.3.

Motor Generator

Drive efficiency η = −Pshaft

Pph
η = −Pph

Pshaft
(7.3)

The drive efficiency intrinsically includes all losses from both pm and ph pole-pair machine
and is investigated in Chapter 9 of this work. However, as the ph pole-pair machine losses
are only a small portion of the total input power, the drive efficiency is not expressive to
evaluate the excitation system. This is why an isolated look at only the excitation system
efficiency ηexc is taken which only takes the ph pole-pair machine into account.

Excitation system efficiency ηexc = Pfm

Pph + Pshaft − Pfe,m − Pfw − Pcu,sm
(7.4)

For the calculation of ηexc the output power is the transferred field power Pfm = Pcu,fm.
The input power to the excitation system can be obtained from the power balance (7.2)
by subtracting all pm pole-pair loss components from the total input power. Each of the
terms in (7.4) have to be known: The stator input power Pph, the shaft power Pshaft, the
field winding input powers Pfm are measured directly in the test bench. However, the loss
components Pfe,m, Pfw and Pcu,sm are unknown internal losses. The friction and windage
power Pfw is obtained by measuring the shaft torque of the current-free HESM at different
speeds. The isolated pm pole-par machine iron losses Pfe,m can only be identified for specific
operating points by performing a reference measurement at the identical load point with the
HESM supplied as a WRSM. The pm pole-pair machine copper losses Pcu,sm can be obtained
from the respective stator currents using Joule’s law.
An important remark is that the iron losses Pfe,h are sourced partially as electrical energy
from the stator and partially as mechanical energy from the rotor: On the one hand, the
rotary stator field moves asynchronously over the iron core and thus causes a changing
magnetic field (=iron losses) in the stator and rotor iron. On the other hand, the rotating
rotor field produces a fluctuating magnetic field which also drives iron losses. This means
that both the electrical power as well as the shaft power must be measured in order to
determine the excitation system efficiency. A great difficulty of measuring the relatively
small excitation system losses experimentally (let alone separating the iron loss component
Pfe,h) is measurement errors. Pfe,h is only a few tens of percent of the excitation power which
itself is only a few percent of the input power under rated operation. If e.g. Pfe,h = 20 W
and 25 % of Pfe,h were sourced from the shaft, then the large load torque of 30 Nm would be
superimposed by a 24 mNm torque due to Pfe,h (at an exemplary speed of n = 2000 rpm).
For the used torque transducer this additional torque is far below the required measurement
precision, in fact only 0.012 % of the rated sensor torque. This is why the excitation system
efficiency cannot be determined with great precision in this work.
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7.2 Experimental Parameter Identification of HESM
In this section the test bench is used to experimentally identify and verify the HESM proto-
type. Design goals are checked and the influence of manufacturing and end-winding effects
are identified.

7.2.1 Winding Resistances
The stator resistances Rsm and Rsh in pp (dq) coordinates are calculated directly from the
coil resistance Rc by measuring the resistance between line and neutral and then applying
(5.18)

Rc = 0.255 Ω → Rsm = Rc

2 = 0.128Ω Rsh = 2Rc = 0.51 Ω . (7.5)

When the field resistance is measured between the slip-ring terminals, the contact resistance
between the prototyping slip rings and carbon brushes is included in the measurement. This
contact resistance decreases with higher load current and depends on the sliding velocity
between the brushes and slip rings and can be roughly modelled with the following equation.

Rfm(Ifm, n) = 2.29 Ω + 0.25 V
Ifm

+ 0.00012 Ω
rpm · n [rpm]. (7.6)

The effect of machine temperature on the winding resistivity has been omitted in this work
which is justified when the machine is either operated with relatively low load or loaded for
relatively short periods of time.

7.2.2 No-Load and Short-Circuit Experiment
In conventional WRSMs the no-load (short-circuit) experiment is performed with the rotor
winding excited and the stator winding left open (short-circuited). The phase voltages
(phase currents) are then measured at varying speeds and field currents. The results give
an important insight into the machine parameters of the d-axis and its saturation behavior.
In a HESM, two no-load and short-circuit curves can be obtained, one for the pm pole-pair
machine and one for the ph pole-pair machine by feeding a DC field current Ifm or Ifh into
the appropriate terminals of the field winding. The equations that describe a WRSM in
steady-state when the field winding is excited by a DC current can be derived from (5.23)
by setting all derivatives to zero Udi

Uqi

 =
 Rsi piωLqi

−piωmLdi Rsi

 Idi

Iqi

+
 0

−piωmLdfiIfi

 i ∈ {m, h} . (7.7)
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In no-load operation no currents Idi, Iqi can flow so that only a voltage (back EMF) is induced
into the q-axis. The mutual inductance Ldfi can directly be calculated from the measured
back EMF between line and neutral as

Uqi = piωmLdfiIfi → Ldfi = Uqi

piωmIfi
. (7.8)

In short-circuit operation, the voltages Udi, Uqi in (7.7) become zero. For sufficiently large
speeds the stator resistance Rsi can be neglected so that only a short-circuit current in the
q-axis flows

Idi = 0 Iqi = Ldfi

Ldi
Ifi → Ldi = Iqi

Ifi
Ldi (7.9)

This equation can be used in conjunction with the mutual inductance Ldfi from the no-load
experiment to determine the self-inductance Ldi. If the no-load and short-circuit experiment
are performed at different field currents Ifi, the saturation-dependence of the d-axis induc-
tances can be identified.
This is performed in Fig. 7.4. It can be confirmed that the HESM can be energized as the
two independent pm and ph pole-pair machines identified in Tab. 4.2 — each having their
own no-load curve and short-circuit curve. The pm pole-pair machine starts to saturate at a
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Figure 7.4: No-load and short-circuit curves and saturation-dependent d-axis inductances of the
pm and ph pole-pair machine.
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field current of Ifm = 11 A. However, the ph pole-pair machine saturates significantly faster
at a field current of Ifh = 6 A. This is mainly due to the larger yoke and tooth flux density
as explained in Tab. 4.2. The non-saturated self- and mutual inductances for the d-axis can
be read from Fig. 7.4 as

pm pole-pair machine Ldm = 3.5 mH Ldfm = 12.2 mH
ph pole-pair machine Ldh = 22.5 mH Ldfh = 41 mH .

(7.10)

The linearly predicted inductance ratios Ldh
Ldm

= 8 and Ldfh
Ldfm

= 4 of Tab. 4.2 are ∼ 15% smaller
than those of the measured inductances. This is because saliency has been neglected in the
simplified analytical model.
In Fig. 7.5 the no-load voltages and short-circuit current waveforms are depicted: While the
pm pole-pair machine waveforms are mostly sinusoidal, the ph pole-pair machine contains
large 5th and 7th harmonics due to large corresponding winding factors. Furthermore, it
can be observed that the voltages and currents in two paths of a phase e.g. U1 and U2 are
in phase for the pm pole-pair machine and 180◦ out of phase for the ph pole-pair machine.
This observation illustrates the phasor star of Fig. 4.5. From the no-load and short-circuit
experiment a low estimate of the referral factor um (uh) used in the magnetizing currents
(6.14) can be estimated from (7.9) as

um >
Ldfm

Ldm
= 5.5 uh >

Ldfh

Ldh
= 2.9. (7.11)

It should be noted that the real um (uh) are slightly larger because the actual referral
factors are calculated from the magnetizing inductances instead of the self inductances (see
Section 5.2.3).

Figure 7.5: Voltage and current shapes for no-load and short-circuit experiment of pm and ph pole-
pair machine respectively.

93



7 Experimental Verification

7.2.3 Rotor No-Load and Short-Circuit Experiment
In the previous section the no-load and short-circuit experiments are performed with the
stator winding open or short-circuited and the rotor excited. In the HESM, the inverse no-
load (short-circuit) experiment is an insightful test because it mimics the excitation system
behavior. This experiment is only performed for the ph pole-pair machine and is used to
determine the self-inductance Lfh and to determine the correct alignment with the d-axis
for the injection of the harmonic current Idh. In this experiment the stator is excited by an
oscillating d-axis current Idh of amplitude Îdh and excitation frequency fexc and the rotor
windings are open (short-circuited). The equation that governs the rotor no-load and short-
circuit experiment is obtained using complex AC analysis as

U fh,ind = ωexc
3
2LdfhÎdh = (Rfh + jωexcLfh)Î fh + Ufh (7.12)

according to the equivalent circuit in Fig. 3.1. For the no-load experiment (Î fh = 0) the
peak induced voltage Ûind,fh = 3

2ωexcLdfhÎdh can be directly measured at the respective slip-
ring terminals to determine the mutual inductance Ldfh. The results of the rotor no-load
experiment are given in Fig. 7.6a and confirm the Ldfh = 41 mH value determined in the
previous section. Saturation in the induced voltage Ûind,fh cannot be observed. This coincides
with the inductance map of dLdfh in Fig. 6.5 which stays in the unsaturated region if no
magnetizing current Idm,mag is present. For the short-circuit experiment the rotor current
Îfh is measured as shown in Fig. 7.6b. For a sufficiently large excitation frequency (rotor
resistance neglected), the self-inductance can then be calculated as

Lfh = 3
2

Îdh

Îfh
Ldfh = 0.203 H. (7.13)

Îfh

Lfh

Ûfh

Ldfh

fexc = 150 Hz
fexc = 100 Hz

fexc = 200 Hz

a) b)

Figure 7.6: a) Rotor no load experiment and b) rotor short circuit experiment for different stator
current amplitudes Îdh and excitation frequencies fexc at a rotor speed of n = 500 rpm.
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7.2.4 Saliency Ratio
The no-load and short-circuit experiments only give insight into the d-axis parameters of
the pm and ph pole-pair machine. Therefore, in this section a simple harmonic injection
method is used to quantify the q-axis inductances Lqm and Lqh. To this end, the stator is
fed with a voltage of fixed frequency fi and amplitude Ui and a small rotor speed fm << fi is
imposed by the load machine so that the produced stator field rotates asynchronously. The
field coil remains unfed. Due to the salient rotor, the phase inductance Li(β) of the stator
depends on the rotor position β. As a consequence, the measured stator currents Ii = Ui

L(β)
are modulated as a consequence of the rotor saliency. If the stator field is oriented with
the d-axis (in a WRSM the axis of largest inductance) the positional inductance Li(β) is
maximum — referred to as Ldi. Analoguously, if the stator field is aligned with the q-axis,
Lqi(β) yields its smallest value Lqi. Thus, the saliency ratio can be calculated using

Ldi = max
(

Ui

L(β)

)
Lqi = min

(
Ui

L(β)

)
. (7.14)

In Fig. 7.7 this test is performed with a carrier signal of fi = 100 Hz and a machine speed of
n = 50 rpm. If saliency exists in the machine, the measured current contains a component
at the modulated frequency fmod = fi − pifm. Fig. 7.7a reveals that this is the case for the
pm pole-pair machine. However, while a positional dependency can be observed for the ph

pole-pair machine in Fig. 7.7b, the frequency does not fit the expected reluctance frequency
fmod. This means that the inductances Ldh and Lqh have a positional dependence, but it
cannot be attributed to saliency and is instead caused by higher order (saliency) harmonics.
This is an inevitable artifact of the shape of the pole shoes which is fixed by the design of the
pm pole-pair machine. It should be noted that this approach only gives information about
the saliency ratio in the unsaturated case. It is well known that in conventional WRSMs

pmfm phfma) b)

tt

Figure 7.7: Stator currents under harmonic injection a) into the pm pole-pair machine and b) into
the ph pole-pair machine.
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the saliency depends on the saturation state of the machine since the d-axis (axis with more
iron in the flux paths) saturates faster than the q-axis (axis of pole gap). The unsaturated
saliency ratios of the pm and ph pole-pair machine thus yield

mm = Ldm

Lqm
= 1.43 mh = Ldh

Lqh
= 1 (7.15)

7.2.5 Rotor Circuitry
The rotor circuitry that couples the ph and pm pole-pair slip-ring terminals is a vital part of
the HESM functionality, because it performs the rectification and load impedance matching.
In this section the losses of the designed rotor circuitry are investigated. They occur mainly
due to conduction and switching losses in the diodes and MOSFETs. Conduction losses
in MOSFETs arise due to the ohmic voltage drop in the conductive path during the ON
state and are therefore proportional to the square of the load current. Switching losses
occur when a semiconductor device switches between ON and OFF state because energy is
required to charge or discharge the parasitic capacitances during each transition. Switching
losses depend on the number of transitions (switching frequency) and the switching energy
per transition which is related to the DC link voltage and load current. In order to quantify
the losses, the input power Pfh at the rectifier terminals and the output power Pfm of the
rotor circuitry are measured during HESM operation. Thus, the rectifier and differential
buck converter are treated as an unknown two-port network integrated into the HESM drive
system. The results are shown in Fig. 7.8 as a function of the excitation frequency fexc, duty
cycle D and load. The constant load current

Figure 7.8: Efficiency of the rotor circuitry as part of the excitation system.

The dependence on the load current Ifm for constant excitation system parameters fexc, D

is depicted in Fig. 7.8a. It can be seen that at least 4 % in excitation system efficiency
ηexc is lost just in the rotor power electronics, which is due to a non-optimal design. In
Fig. 7.8b the influence of the excitation system parameters fexc and D can be observed for
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a constant load. The efficiency depends mainly on the buck converter duty cycle D with
no impact of the excitation frequency fexc. This can be explained using the buck converter
equivalent circuit shown in Fig. 4.9: The proportional relationship between the input current
and the duty cycle Ifh ∼ D leads to larger conduction losses in the MOSFETs. While the
rotor DC link voltage is antiproportional to the duty cycle Udc,r ∼ 1/D which increases the
switching losses, the conduction losses dominate because of the low switching frequency of
fdcdc = 2 kHz.

7.3 HESM Operation

7.3.1 No-Load Experiment of HESM
In order to investigate and validate the excitation system, the no-load test is performed for
HESM operation by sweeping over the excitation system parameters fexc and D at various
machine speeds. An important distinction to the conventional no-load test performed for
WRSMs is that the stator windings are not in open circuit. Instead, the drive inverters must
be connected to the stator winding so that the FOC algorithm can inject the ph pole-pair
stator current Idh for brushless excitation of the field current Ifm. In order to reach no-load,
the pm pole-pair currents Idm, Iqm are controlled to zero. For each variation of speed, exci-
tation frequency fexc and duty cycle D, the amplitude Îdh is adjusted until a desired field
current of Ifm = 5 A is reached. An Ifm value well below the rated field current 10 A is chosen
because for low frequencies fexc and high duty cycles D the current amplitude Îdh becomes
large. In the following figures the surface plot denotes the quantities at the minimum speed
350 rpm for which the experiment has been performed. The speed-dependent evolution of
the quantities until a maximum speed of 2400 rpm is highlighted with blue arrows.
In Fig. 7.9 the amplitudes of the ph pole-pair stator current Îdh, rotor current Îfh and mag-
netizing current Idh,mag (calculated from (6.14)) are shown. The blue arrows shows that
there is only a minor speed-dependence which is likely due to a degradation of the current
tracking at higher speeds and a slight speed dependence of the field winding resistance due
to the slip rings. This means, that the excitation system can supply the field current Ifm

regardless of the speed. Only for an excitation frequency of fexc = 50 Hz a noticeable increase
of the required stator current Îdh can be observed. This is due to the fact that the currents
for fexc = 50 Hz are getting increasingly distorted, which relates to a worse power transfer
capability as indicated in Section 6.3. The behavior of the excitation system currents Îdh,
Îfh and Îdh,mag coincides with the linear theory: An increase in excitation frequency fexc goes
in line with a reduction of the stator current demand Îdh. This coincides with (3.43), which
reveals a linear relationship of fexc with the transferred power (assuming the rising voltage
drop in the field winding inductance is neglected).
An increase of the duty cycle D can either result in an increase or decrease of the current de-
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Figure 7.9: Measured ph pole-pair currents as a function of excitation frequency fexc and buck
converter duty cycle D and speed.

mand Îdh depending on the excitation frequency fexc. The reason for this is that the voltage
drop over the inductance ωexcLfh (source impedance) and load resistor Req is an impedance
matching problem. In general, while the inequality ωexcLfh < Rfm

D2 is satisfied, an increase
of the duty-cycle D results in lower current demand Îdh. The field current Îfh is dependent
only on D, according to the step-down converter transfer function Ifh ∼ Ifm/D. The peak
magnetizing current Îdh,mag decreases with increasing fexc as a result of the decreasing stator
current amplitude Îdh. The magnetizing current also decreases with increasing duty cycle
D, because at lower load resistances R′

eq ∼ 1/D the field winding acts more and more like a
short-circuit where the stator and rotor currents approach a 180◦ phase shift.

In order to evaluate the excitation system efficiency, (7.4) highlights that a reference mea-
surement Pfe,m is necessary. As explained in Section 7.1.1, Pfe,m denotes the iron losses of
the machine prototype when it is operated as a WRSM. The no-load experiment has the
advantage that the mechanical shaft is only loaded by friction, windage and iron losses.
Therefore, Pfe,m can directly be obtained from a WRSM-no-load experiment where only the
field current Ifm = 5 A is supplied (and the previously measured friction and windage losses
are subtracted). However, the question arises whether to leave the stator windings in open
circuit (as in WRSM no load), or to connect the inverter to the stator windings (as required
in HESM no load). In the first case, iron losses only due to rotation of the electromagnet are
supplied from the shaft. In the latter case, the inverter produces an additional, small PWM
current ripple in the stator windings which produces noticeable iron losses. On the left side
of Fig. 7.10, the efficiency is calculated with stator windings in open circuit, on the right side
with the inverter connected. A commonality in both cases is that the efficiency ηexc drops
significantly for low excitation frequencies fexc and large duty cycles D which coincides with
the higher copper losses produced by the currents Îdh and Îfh. The efficiency is less than
80 % in all cases and thus significantly lower than predicted from the copper and power-
electronic losses alone. This indicates that iron losses play a major role in the excitation

98



7 Experimental Verification

Pfe,m determined with
stator windings in open circuit

Pfe,m determined with inverter con-
nected to stator winding

Figure 7.10: Measured excitation system efficiency.

system efficiency. In both cases, the blue arrows highlight a significant speed-dependence of
the losses albeit with a different trend: It can be seen that the efficiency decreases by 7%
as a function of speed if Pfe,m is determined with open stator windings. On the contrary,
the efficiency increases by 5 % if Pfe,m is determined with the inverter connected. This is
because the reference losses Pfe,m (which are subtracted from the HESM-no-load losses) are
larger in the latter case as they include the additional PWM-induced iron losses. As the
PWM-induced current ripple is also present in the HESM-no-load experiment, the reference
measurement Pfe,m with the inverter connected more closely describes the actual excitation
system efficiency. Thus, in Fig. 7.10 a peak efficiency of 75 − 80 % can be observed at duty
cycles 10 − 12.5 % and at an excitation frequency of fexc = 200 Hz. A surprising result is
that the efficiency increases with rising rotor speed.

Voltage and Current Demand

From the HESM-no-load experiment, two important performance characteristics of the ex-
citation system can be determined: The DC link voltage demand Udc per field current Ifm

and the field current Ifm per harmonic current Îdh expressed by the values

kUh = Udc

Ifm
and kIdh = Ifm

Îdh
.

Fig. 7.11 compares the measured values of kIdh and kUh with the values obtained using the
analytical steady-state model (5.44) and (5.45). The internal controller voltages Udh and
Uqh recorded during the experiment are used to calculate the peak voltage demand Ûh of
the ph pole-pair machine. As some speed dependence of the controller voltages occurs due
to winding harmonics, noise and irregular voltage spikes, they are removed by performing
an FFT and extracting only odd multiples of the excitation frequency fexc so that a smooth
voltage demand Ûh for the calculation of kUh is obtained. The (lack of) blue arrows confirm
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that no significant speed-dependence of the voltage demand kUh occurs when the relationship
fexc < fm/ph is fulfilled which coincides with (5.43). This condition is only violated for an
excitation frequency of fexc = 50 Hz once a machine speed of fexc/ph = 1500 rpm is exceeded
so that a significant increase of kUh is measured. Overall, the analytical model underestimates
the voltage demand kUh and overestimates the current demand kIdh, which is to be expected
as the analytical model assumes sinusoidal currents and voltages, which is violated especially
for small D and large fexc. The measured values of kUh and kIdh are used as LUTs in the
following work to quickly determine how much stator current Îdh = kIdhIfm and DC link
voltage Udc = kUhIfm is required by the ph pole-pair machine in order to supply a given field
current for any combination of excitation system parameters fexc and D.

Figure 7.11: Characteristic values kIdh and kUh of the excitation system.

Excitation System Loss Components

According to the power balance (7.2), the additional losses produced by the excitation system
compared to conventional WRSM excitation can be calculated using

∆Pv = Pph + Pshaft − Pfw − Pfm − Pcu,sm − Pfe,m. (7.16)

However, ∆Pv only denotes the total power losses and does not give insight into the distribu-
tion of the loss components. In this section, the loss components Pcu,sh, Pcu,fh, Prect and Pfe,h

described in Section. 7.1.1 are identified. The total copper losses Pcu,sm and Pcu,fh dissipated
in the stator and rotor can be calculated from the Joule losses as

Pcu,h =
∑

k

3
4Rsh

(
kÎ2

dh + kÎ2
qh

)
+ 1

2Rfh
kÎ2

fh (7.17)
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where kÎdh ( kÎfh) denotes the k-th Fourier component of the measured currents Idh (Ifh).
The Fourier analysis takes into account the harmonic content of the currents Idh and Ifh.
As the current components due to the fundamental frequency fexc dominates the losses an
approximation using only the fundamental component can also be used. The rotor power
electronic loss Prect is measured directly. The copper losses and power electronic losses are
speed-independent, because the operating currents Idh, Ifh (and voltages) do not change (see
Fig. 7.9). The difference of the total losses from the known losses yields the iron losses Pfe,h

of the excitation system.

Pfe,h = ∆Pv − Pcu,sh − Pcu,fh − Prect. (7.18)

Fig. 7.12 displays the iron losses Pfe,h and their speed-dependence in absolute terms and as
a percentage relative to the total excitation system losses. The inverter is connected to the
stator winding so that the arrows signify a decreasing trend of Pfe,h with rising speed. Overall,
Pfe,h dominates the losses especially for large excitation frequencies fexc and low duty-cycles
D: At the operating point D = 11.5 % and fexc = 200 Hz where optimal efficiency is reached
close to 60 % of the excitation system losses are caused by iron losses. For lower excitation
frequencies and high duty cycles the iron losses drop beneath 30 % of the total losses and
thus still remain significant. The losses in the rotor circuit Prect only amount to about 5 %
(see Section 7.2.5). The rest of the losses is due to stator and rotor copper losses Pcu,sh and
Pcu,fh. The large proportion of the iron losses motivates a more thorough analysis of the iron
losses. This is why a quantitative look at the origin, magnitude and speed-dependence of
the iron losses will be taken in Chapter 8.

fexc [Hz]

Figure 7.12: Envelope of the speed-dependent iron losses in absolute and relative terms.
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7.3.2 Current Tracking and Spectrogram
When operated as a variable-speed drive, the HESM control system needs to track the
sinusoidal current Idh even during transient speed changes. In order to demonstrate the
capability of the excitation system to provide the excitation current during transient events,
a speed ramp from 0 to 2000 rpm is imposed by the load machine while a constant excitation
current is supplied. The results are shown in Fig. 7.13. It can be seen that the field
current Ifm is successfully supplied during the entire transient event. The fundamental
fexc frequency components of Idh and Ifh obtained via Fourier transformation highlight that
the FOC algorithm can track the sinusoidal reference values even during speed changes.

Figure 7.13: Transient behavior of the excitation system during acceleration and deceleration for
a constant Ifm = 4 A at fexc = 200 Hz and D = 11.5%.

However, the Campbell diagram shown in Fig. 7.14 which extracts the frequency spectrum
as a function of speed from a measured stator phase current and rotor current Ifh reveals
that beside the fundamental frequency, a rich harmonic spectrum occurs. The harmonics
correspond to the predicted frequencies from the harmonic field analysis in Tab. 3.3 and are
summarized underneath the spectrogram. The dominant fundamental stator frequencies of
ordinal numbers vh± = ±1 and h = 1 are superimposed by a pronounced third harmonic
(h = 3) due to the rectifier. Higher order rectifier harmonics h = 5, 7, ... occur as well, but are
cropped for better visualization here. Furthermore, stator and rotor currents related to the
ordinal numbers vh∓ = ±5 and vh± = ±7 can be identified which occur due to parasitically
induced voltages that propagate through the control system undamped. Frequencies related
to slotting are almost non-existent. A special case occurs at a speed of n = 2000 rpm. It
can be seen that the frequency of the backward rotating field f− = fexc − phfm and the pm

pole-pair machine electrical frequency pmfm coincide. This leads to some interaction between
the pm and ph pole-pair FOC controllers.
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Figure 7.14: Campbell diagram of phase current and field current Ifh for HESM-no-load experiment.

7.3.3 Load Step
Up to this point, the HESM has only been operated without load currents Idm and Iqm. In this
section the response of the HESM to a load step of 30 Nm at a constant speed of n = 500 rpm
is demonstrated. The desired pm pole-pair currents are I∗

dm = 0 A, I∗
qm = 40 A and rated

field current I∗
fm = 10 A. The excitation system operates at an excitation frequency of fexc =

200 Hz and a duty cycle of 11.5 % and requires a current of amplitude Îdh = kIdhIfm = 8 A

to supply the field current. At this saturation level, a slight reduction of the kIdh value read
from Fig. 7.11 must be taken into account which coincides with the results of the dynamic
simulation (Section 6.4.1). It should be noted that this operating point has only been chosen
to confirm the simultaneous torque generation and harmonic excitation and is not the result
of an operating point optimization. For the determination of optimal HESM drive currents
and the analysis of the HESM speed region see the dedicated Chapter 9.
The reason for the low speed of n = 500 rpm is firstly that the maximum DC link voltage
Udc = 400 V would be exceeded at rated speed and torque due to the voltage demand of
the excitation system: According to the kUh value extracted from Fig. 7.11 the ph pole-pair
machine already takes away about Udc = kUhIfm = 150 V of DC link voltage just to provide
the field current of Ifm = 10 A. Thus, only a stator voltage of Ûm = kmod(Udc − kUhIfm) =
125 V remains for the phase voltages of the pm pole-pair machine. This is not sufficient to
operate the HESM at rated speed. Secondly, due to test bench limitations, operation at
lower speeds has been deemed more secure at the prototyping stage.

The results of the load step are shown in Fig. 7.15. While the dynamics of the HESM have
not been investigated in the scope of this thesis, it should be noted that the slow build-up of
the HESM torque shown in Fig. 7.15c is not due to inherent limitations. In fact, Fig. 7.15a
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discloses that the ramp-up of Ifm is significantly faster than the ramp-up of the load current
Iqm which has intentionally been chosen small here. Furthermore, the large response time
of the load WRSM to the HESM load step is due to an intentionally slow speed controller.
In Fig. 7.15b a close-up of the ph pole-pair excitation system currents is shown. It can be
seen that the ph pole-pair machine currents Idh and Ifh are largely unaffected by the pm

pole-pair load currents. The slight ripple on top of the field current Ifm is likely caused by
parasitically induced voltages due to coupling from the same pole pair or in-between pole
pairs. Fig. 7.15d displays the internal controller voltages Udh, Uqh. A sinusoidal shape of the
voltages can be observed although harmonics at multiples of the excitation frequency occur
because the controller still reacts to harmonics in the measured currents. It can be seen that
the d-axis voltage Udh dominates the voltage demand and the q-axis voltage Uqh is small,
which coincides with the predicted analytical expressions (5.42) for small speeds and large
excitation frequencies.

a) b)

c) d)

Figure 7.15: Measurement results for load step to 30 Nm at n = 500 rpm.

In conclusion, the capability of the HESM to brushlessly supply the field current even during
speed changes while simultaneously producing a load torque can be verified in this chapter.
However, questions concerning the machine efficiency and the torque speed region arise due
to the large amount of iron losses identified in Section 7.3.1 and the large voltage demand
expressed by the high kUh value. These questions are addressed in the following chapters.
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Chapter 8

Iron Losses

In the previous chapter the HESM prototype has been put into operation revealing that
the excitation system efficiency cannot be explained merely by considering the copper losses
produced in stator and rotor. Instead, at the best operating conditions fexc = 200 Hz,
D = 11.5 %, the iron losses account for more than 50 % of the total excitation system losses.
To highlight the severity of this result, it should be noted that the excitation system effi-
ciency would be larger than 90 % (instead of 75−80 %) if iron losses were neglected. Thus, in
this chapter, the reason for the high iron losses will be analyzed and an attempt at modelling
and calculating these losses in advance will be made.
Iron losses constitute the largest loss component in electrical machines apart from copper
losses. While copper losses are modelled directly as resistive losses in equivalent circuits, iron
losses are not directly included in linear machine theory or even Finite-Element-Analysis:
The analytical models derived in Chapter 3 use the relationship B = µ0µrH with the as-
sumption of an infinitely permeable iron core (µr → ∞) to model the magnetic fields. Most
FE software considers a finite, saturation dependent term B = µ0µr(H)H for the relative
permeability. However, both formulas omit the actual magnetization process in the steel
sheets of electrical machines and imply that the H and B fields are always in phase. Actu-
ally, in any ferromagnetic material exposed to a changing magnetic field, the magnetization
lags behind the applied field as the magnetic domains rotate and domain walls move in the
direction of the field. This phenomenon is commonly referred to as hysteresis and the ac-
tual relationship between H and B is thus described by a hysteresis loop. For arbitrary H

and B waveforms, the power loss due to magnetization can be calculated by integrating the
time-dependent loss density pfe over one electrical (symmetry) period Tsym of the H and B

waveforms

pfe = 1
Tsym

∫ Tsym

0
pv(t)dt with pv(t) = H(t)dB(t)

dt
. (8.1)



8 Iron Losses

This integral describes that the losses generated in a ferromagnetic material are proportional
to the area enclosed by a hysteresis loop. The most common method to quantify these losses
in electrical machines is with an empirical approach which categorizes the losses into classical
hysteresis losses phys, eddy current losses peddy and excess losses pexc [49]. Eddy current
losses describe the Joule losses generated in the conductive iron laminations due to currents
induced by the changing magnetic field. Excess losses denote anomalous eddy losses due to
movement of the domain walls under the changing magnetic field. The classical hysteresis
loss describes the hysteresis phenomenon under quasi-stationary excitation, i.e. when eddy
and excess losses are negligible. If the flux density in a ferromagnetic material is homogenous
and sinusoidal, the specific iron losses can be calculated from the frequency f and peak flux
density B̂ as

ptot = KhB̂2f︸ ︷︷ ︸
phys

+ KcB̂
2f 2︸ ︷︷ ︸

peddy

+ KeB̂
1.5f 1.5︸ ︷︷ ︸

pexc

[
W
m3

]
(8.2)

where Kh, Kc, Ke are coefficients that must be fitted to experimental data or determined
from material properties. However, in electrical machines, the flux density in the machine
iron is neither homogenous nor sinusoidal. A common approach to calculate iron losses
for non-homogenous flux density distributions is by discretizing the machine geometry into
smaller mesh elements (finite elements) where the flux density is assumed homogenous.
Applying (8.2) to each partial mesh element and the summing over all elements then yields
the total iron losses.
The extension of the eddy and excess losses in (8.2) to non-sinusoidal flux densities waveforms
is given according to [50] as

time domain frequency domain

peddy = 1
Tsym

∫ Tsym

0

Kc

2π2

(
dB(t)

dt

)2

dt Kc
∑

k
B̂2

kf 2
k

pexc = 1
Tsym

∫ Tsym

0

Ke

Ce

∣∣∣∣∣dB(t)
dt

∣∣∣∣∣
1.5

dt not possible

. (8.3)

They can be obtained by inserting the time-dependent waveforms of each mesh element into
(8.3) and then calculating the mean value over the symmetry period. The eddy current
losses can also be expressed in frequency domain by treating each spectral frequency fk and
flux density B̂k independently and adding up the contribution of each frequency. For ex-
cess losses a frequency-domain representation is not possible. The classical hysteresis losses
phys in (8.2) can be extended to non-sinusoidal waveforms by using half of the peak-to-peak
value of the arbitrary waveforms as B̂. This is because the shape of the classical hysteresis
loop is only determined by the maximum and minimum value. The assumption is that the
hysteresis loop is closed after one period and no subloops occur within the hysteresis loop.
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8 Iron Losses

An important remark is that (8.2) and its extension to non-sinusoidal waveforms is a post-
processing approach. This means that the iron losses are calculated after an already existing
field solution has been obtained using the assumption B = µ0µrH. Therefore, the effects
of the iron losses (i.e. the phase shift between flux density and magnetic field) are not in-
cluded in the field solution. Nevertheless, the approach is extensively used for the iron loss
calculation of electrical machines. In the following sections an analysis of the flux density
waveforms in the machine iron laminations is performed in order to point out the special
case of HESM operation. The eddy, excess and hysteresis losses will then be revisited and
quantified in Sections 8.2.1, 8.2.2 and 8.2.3.

8.1 Simplified Core Flux Model
When only the fundamental frequencies are considered, three independent rotating fields
are superimposed in the HESM: the rotating pm pole-pair field for torque production and
the two forward and backward rotating fields of the ph pole-pair machine. The airgap flux
density in stator reference frame can therefore qualitatively be expressed by

(s)Bδ = B̂δ,m cos (pmωmt + pmϕ) + B̂δ,h

2 cos( ω+t + phϕ) + B̂δ,h

2 cos( ω−t − phϕ). (8.4)

with the forward rotating field ω+ = ωexc + phωm and a backward rotating field ω− =
ωexc − phωm. The parameter B̂δ,m (B̂δ,h) denotes the total amplitude of the airgap flux
densities created by the pm (ph) pole-pair machine as a consequence of stator and rotor
currents. In rotor coordinates, the airgap field is obtained analogously as

(f)Bδ = B̂δ,m cos (pmϕf) + B̂δ,h cos(ωexct) sin(phϕf). (8.5)

As (8.4) and (8.5) illustrate, in addition to the electrical frequency of pmωm which also
occurs in conventional WRSMs, the airgap flux density also features additional flux density
variations at frequencies ω+ and ω− in the stator and ωexc in the rotor iron. On top of
the fundamental frequencies, harmonics due stator and rotor slotting, harmonic winding
factors and rectifier harmonics occur which motivate a more detailed analysis of the core
flux density. FEA is not computationally feasible because first of all, the actual steady-state
harmonic currents Idh and Ifh are time-dependent. Their shape and amplitude are the result
of a transient event involving nonlinear elements like diodes and active elements like the
step-down converter. Secondly, the simulation time Tsym is the least common multiple of
{ω+, ω−, phωm, ωexc} which becomes very large for most rotor speeds ωm.
Hence a simplified core flux model is used. The goal of this model is not to achieve perfect
agreement with FEA or measurement data, but to obtain a tool with which flux density
waveforms in the HESM can be estimated, the additional iron losses due to the excitation
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8 Iron Losses

system can be understood and loss trends can be predicted dependent on parameters like D,
fexc and the rotor speed. A quick and easy way to determine the core flux density analytically
is via the one-dimensional approximation of the airgap field which has already been used
extensively before. Such an approach has already been used in the past, e.g. to size iron loss
due to flux pulsation in the teeth of induction machines [51].

8.1.1 Tooth and Yoke Flux Density
First, the winding functions of each phase and coil are evaluated numerically according to
(4.6) and (4.10). In order to obtain the MMFs, the winding functions are multiplied with the
stator and rotor coil currents Ikc and IFr which are imported from the dynamic simulation (see
Section 6.4) after steady-state is reached. These currents include the influence of rectifier
harmonics, but do not include current harmonics due to higher order harmonic winding
factors. The resultant airgap flux density is calculated from the MMFs and permeance
waves in the respective (stator or rotor) reference frame

(x)Bδ = xΛf
xΛs

 ∑
k=U,V,W

∑
c=1,2

xWkcIkc +
∑

r=1,2,3,4

xWFrIFr

 with x ∈ {s, f}. (8.6)

To this end, the stator and rotor permeance waves Λs and Λf of the machine prototype have
to be determined. They have been calculated using the FE approach [52] and are shown in
Fig. 8.1. The permeance waves disclose that the local flux density above the stator teeth is
identical to a machine with a hypothetical homogenous airgap, but drops significantly in the
vicinity of a slot opening. Analogously, the rotor flux density drops to a minimum between
poles and is maximum above the pole shoe. It can be observed that the rotor permeance
function is lower than one even at the pole tip where the airgap reaches its minimum value
which indicates high leakage flux between two consecutive pole shoes.

π/2

Figure 8.1: Permeance waves of stator and rotor for the machine prototype.
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8 Iron Losses

Once the total airgap flux density has been evaluated numerically, the time-dependent stator
(rotor) tooth flux density can be obtained by integrating the airgap flux density (s)Bδ in
stator coordinates ( (f)Bδ in rotor coordinates) over one slot (pole) pitch

Statortooth i Bstooth,i(t) = 1
btooth

∫ 2π
Zs

(i+0.5)

2π
Zs

(i−0.5)
(s)Bδ(ϕ, t)dϕ i = 1, ..., Zs (8.7)

Rotortooth j Brtooth,j(t) = 1
btooth,r

∫ π
pm

(i+0.5)+ωmt

π
pm

(i−0.5)+ωmt

(f)Bδ(ϕf , t)dϕf j = 1, ..., 2pm (8.8)

where btooth and btooth,r are the width of a stator slot and rotor pole according to Fig. 6.2.
The averaged, time-dependent stator (rotor) yoke flux density can be obtained by cumulative
summation of the tooth flux density

Statoryoke i Bsyoke,i(t) = 1
hyoke

i∑
k

Bstooth,k(t) i = 1, ..., Zs (8.9)

Rotoryoke j Bryoke,j(t) = 1
hyoke,r

j∑
k

Brtooth,k(t) j = 1, ..., 2pm (8.10)

where hyoke and hyoke,r are the yoke heights according to Fig. 6.2. Since these flux densities do
not include slot leakage, they are then multiplied with stator and rotor leakage coefficients
accounting for the flux lines that close through the slots and tooth tips. These coefficients
have been obtained heuristically so that a decent agreement with FEA is obtained. The
rotor leakage flux is especially significant because of the large embrace of the pole shoes that
almost touch each other. Taking into account symmetry, only one half of the motor needs
to be modelled, i.e. the flux density in the whole machine is simplified by 24 stator tooth
and yoke segments each and 4 rotor tooth and yoke segments each.

8.1.2 Model Limitations and Accuracy
It is obvious that several limitations in the core flux model exist which are briefly pointed
out using the FE model as a benchmark. First of all, the flux in the machine iron of electrical
machines not only varies in time (i.e. is unidirectional) as is assumed in the core flux model,
but varies in space and time. Fig. 8.2 depicts the rotationality r of the magnetic field in each
mesh element at HESM-no-load operation. The excitation system operates at an excitation
frequency of fexc = 200 Hz and duty cycle of D =11.5 %. The rotationality r is defined here
as the area enclosed by the ellipse that the radial and tangential flux density form over time
normalized to its maximum amplitude.

r =
∮

BtangdBrad · 1

max
(√

B2
rad + B2

tang

) (8.11)
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a)

b) c)

d)

e) f)

g) h)

Figure 8.2: Rotationality r of the magnetic field for harmonic excitation. The yellow zones mark
the zones where the core flux is mostly unidirectional and thus, where the simplified core flux model
is most accurate.

Fig. 8.2 shows that the magnetic field is mostly unidirectional in the middle of the stator
teeth b), rotor teeth f) and yoke flux g) and e). However, in the transition between stator
tooth and yoke d) the field is highly rotary. Even right in between two stator teeth c), the
yoke flux density has a significant rotary component even though the tangential component
dominates. The effect of the rotary field in the machine iron is completely omitted in the
simplified core flux model. Furthermore, the coarse discretization of the core geometry in-
troduces some errors: As a homogenous flux density is assumed in every tooth and yoke
segment, local flux density maxima especially at sharp edges in the machine geometry are
completely omitted. In the yoke there is also a radial dependence of the flux density which
is disguised in the single-segment yoke representation.
For verification of the model, the flux densities obtained from FEA are compared to the
averaged flux densities calculated from the model from (8.7) to (8.10). This is demonstrated
exemplarily for a single stator/rotor tooth and yoke segment in Fig. 8.3a-d. Firstly, con-
ventional WRSM-no-load operation is investigated (only field current Ifm supplied). As the
actual flux densities are not homogenous in a segment, the actual range of flux densities in
a given segment are displayed as envelopes. As the flux is not purely unidirectional, the flux
in the dominant direction is used with the rotary component neglected. When the FE flux
densities are averaged over the light yellow areas in Fig. 8.2, a mean flux density is obtained
from FEA which can be compared to the core flux model. This averaged FEA waveform is
denoted as FEA average in Fig. 8.3.
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1/fmpm 1/fmpm

FEA
FEA average
flux model

time [s]

Figure 8.3: Exemplary comparison of the flux densities and eddy losses for WRSM-no-load opera-
tion at a speed of n = 500 rpm and field current of Ifm = 4 A. The rotor losses are negligible due
to the constant flux density and thus not portrayed.

It can be seen that the (light blue) FE flux envelope of each segment spans a large area and
deviates significantly from the averaged fields. This is to be expected because of local flux
density maxima and minima at the edges of the iron core and the radial dependency of the
flux in the back iron. The spread of the envelope seems excessive in the rotor segments, but
it should be noted that the large envelope is mainly because of a small amount of dominant
local maxima and minima. This is highlighted by the light yellow envelope which shows that
the majority of the flux is in quite close vicinity to the averaged flux density. Especially
the (light yellow) flux envelope in the middle of a tooth is in very good agreement with the
averaged and analytical flux densities. For the yoke there is still a greater deviation even for
the light yellow envelope, because of the radial dependency of the yoke flux density. Fig. 8.3e
also demonstrates the time-dependent eddy currents calculated directly from FEA and from
the averaged fields using (8.3). It can be seen that for all three methods the time-dependence
and the magnitude of the iron losses can be estimated with decent agreement. However, a
slight difference in the third and fifth harmonics in the no-load flux density yields an over-
estimation of the analytical stator losses (Fig. 8.3e) compared to the FEA case by 10%.
In Fig. 8.4, the same comparison is performed for HESM no-load operation i.e. with addi-
tional harmonic currents Idh and Ifh. The excitation system parameters are fexc = 200 Hz
and D = 11.5%. Figs. 8.4a-d confirm that the analytical core flux model agrees well with
the averaged FE fluxes. However, Figs. 8.4e and f reveal that the eddy losses caused by
excitation system harmonics are underestimated compared to the losses obtained via FEA.
A possible explanation is the overall larger spread of the flux density envelope when the
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1/fexc

1/fmpm

1/fexc

1/fexc

1/fexc

1/fmpm

FEA
FEA average
flux model

Figure 8.4: Comparison of the flux densities and eddy losses for harmonic excitation at a speed of
n = 500 rpm and a supplied field current of Ifm = 4 A.

machine is harmonic-excited. While the results have only been shown for a single no-load
operating point, a similar accuracy could be observed for different speeds and excitation
system parameters. Overall, it can be concluded that despite its limitations, the analytical
model is a computationally quick method to estimate the core flux.

8.2 Evolution of the Iron Losses
The analytical model is used in this section to investigate the frequency spectrum of the core
flux as a function of speed. To this end, the flux density waveforms in each segment are cal-
culated for HESM no-load operation until a maximum speed of 6000 rpm. The spectrogram
of the flux densities in stator and rotor is given in Fig. 8.5 for an excitation frequency of
fexc = 200 Hz (configuration 1 in Tab. 8.2). As the magnitude of each spectral component is
similar (but not identical) in all tooth segments of the stator and rotor, the average spectral
magnitude is plotted. In order to highlight the excitation harmonics, the spectrogram of
HESM operation in Fig. 8.5a is contrasted with WRSM operation in Fig. 8.5b.
It can be seen that the iron flux is heavily polluted in case of HESM operation. All spectral

lines present in WRSM operation also occur unaltered in the HESM. As expected, in the
stator the dominant spectral line pmfm for both HESM and WRSM operation is the pm pole-
pair fundamental flux (vm = 1). Odd multiples |vm| = 3, 5, ... of this flux also occur with
lesser intensity. Analogously, in the rotor the dominant spectral line for both HESM and
WRSM operation is the DC excitation field. For HESM operation the second largest spectral

112



8 Iron Losses

pmfm

5 ·
p m

f m

3 · pm
fm

−phfm + fexc

phfm + fexc

3 · phfm
+ fexc

−3 · phfm
+ fexc

5 · p hf
m
+ f exc

−5 · phf
m

+ f exc

fexc

3 · fexc

6 · p hf
m
+ f ex

c

−6 · p hf
m
+ f ex

c

DC flux

a)

b)

Figure 8.5: Spectrogram of simulated flux density in stator teeth (left), stator yoke (middle) and
rotor teeth (right).

lines in the stator originate from the fundamental (vh± = ±1) of the forward and backward
rotating ph pole-pair field. Furthermore, the spectral lines related to higher order harmonics
|vh±| = 3, 5, 7, ... are significant. Analogously, in the rotor the excitation frequency fexc is the
second largest spectral component apart from the DC flux. The stator harmonics vh∓ = ±5
also induce corresponding fluxes which can be seen faintly in the HESM spectrum. Overall,
the frequencies in the spectrogram correspond to Tab. 8.1.

Table 8.1: Visible core flux frequencies with ordinal numbers for the forward rotating field vh+ =
1, −5, 7, ... and backward rotating field vh− = −1, 5, −7, ... . For the rotor, fields related to ordinal
numbers µ = ±1, ±3, ±5, ... occur. Rectifier harmonics are considered by h = 1, 3, 5, ... .

From Stator From Rotor

To Stator
pm vmpmωm µpmωm

ph
v+phωm + hωexc

µphωm + hωexc
vh−phωm + hωexc

To Rotor
pm (1 − vm)pmωm —

ph
(1 − vh+)phωm + hωexc

hωexc(−1 − vh−)phωm + hωexc
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An important observation in the HESM spectrogram is that at specific rotor speeds and
ordinal numbers, the spectral lines of the ph and pm pole-pair machine intersect in stator or
rotor. For example, the fundamental of the pm pole-pair machine vm = 1 intersects with the
backward rotating field of the ph pole-pair machine (vh− = −1) at

vmpmωm = −vhphωm + hωexc → fm = fexc

pm + ph

which is at 2000 rpm for an excitation frequency fexc = 200 Hz. At these speeds (or these
spectral frequencies), the core fluxes of the ph and pm pole-pair machines have the same
frequency and thus the magnitude is the sum of both components and can take on a maximum
or minimum depending on the phase. As the iron losses are proportional to the magnitude
to the power of 1.5 − 2 according to (8.3), the calculated iron losses at these intersecting
frequencies are outliers.

In the following sections a qualitative investigation of each of the iron loss components eddy
current, hysteresis and excess loss is performed based on the simulated core flux densities.
This is performed for the three excitation system configurations in Tab. 8.2 which all supply
the same field current Ifm = 5 A at no-load.

Table 8.2: Excitation system operating points under investigation

Configuration excitation system supplied field current ph pole-pair machine
fexc [Hz] D [%] Ifm [A] Îdh [A] Îfh [A]

1 200 11.5 % 5 A 3.8 A 1.25 A
2 100 13 % 5 A 5 A 1.5 A
3 50 16 % 5 A 7 A 1.8 A

The duty cycles D are chosen so that the best efficiency at the chosen excitation fexc is
achieved (see Fig. 7.10). Only the iron loss contribution of the ph pole-pair machine Pfe,h

is important for the analysis of the excitation system losses. In order to obtain this value,
first, the calculated pm pole-pair machine iron losses Pfe,m are subtracted from the HESM
iron losses. This yields only the iron losses Pfe,h attributable to the excitation system.

8.2.1 Eddy Current Losses
As seen in (8.3), eddy losses can be calculated in frequency domain as the product of flux
density and frequency squared. A graphical representation of the loss evolution can therefore
be obtained by multiplying each spectral magnitude Bk with its spectral frequency fk and
squaring. This is shown exemplarily for the excitation frequency fexc = 200 Hz in Fig. 8.6.
Spectral components related to the pm pole-pair machine are removed to isolate the effect of

114



8 Iron Losses

−5 · phf
m

+ f exc

5 · phf
m

+ f exc

3 · phfm
+ fexc

phfm + fexc

−phfm + fexc

−3 · phfm
+ fexc

fexc

3 · fexc

Figure 8.6: Spectrogramm of spectral flux density times frequency squared which is representative
of the eddy current losses.

the excitation system. Generally speaking, the increasing intensity of the spectral lines in the
stator as a function of speed reveals that eddy current losses increase nonlinearly with rotor
speed. It can be seen that the contribution of the forward rotating frequency vh+ dominates
the eddy losses produced in the stator. Furthermore, the harmonics of the forward rotating
field vh+ = −5 as well as the vf = 3rd harmonic of the rotor field make up a significant part
of the eddy current losses. On the contrary, the fundamental of the backward rotating field
vh− = −1 contributes insignificantly in a large part of the speed-range. However, the fifth
harmonic vh− = 5 of the backward rotating field does generate significant eddy losses.
In the rotor, Fig. 8.6 shows that the eddy current losses are largely speed-independent and
only increase slightly due to the |vh±| = 5, 7th spatial harmonics induced from the stator.
An important observation is that a noticeable portion of the rotor losses is due to the speed-
independent rectifier harmonics (h = 3).

Figure 8.7: Eddy current losses as function of speed for varying excitation frequencies for eddy loss
coefficient Kc = 1.
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If the flux density waveforms of each segment for each of the three excitation frequencies are
inserted into (8.3), once for HESM and once for WRSM operation, and then subtracted, the
eddy loss evolution Pfe,h is obtained as depicted in Fig. 8.7. A distinction between the losses
generated in stator and rotor is made. It can be seen that at very small speeds, the eddy
current losses in the stator are proportional to the excitation frequency fexc with the lowest
losses produced by fexc = 50 Hz. This is because according to (8.3) the eddy current losses
are proportional to the frequency squared.

For rising speeds, the eddy current losses increase nonlinearly. The slope of the speed
dependence is greater for lower excitation frequencies fexc. As the main contributor to the
eddy losses is the forward rotating field f+, this can be illustrated with a simple example:
At fexc = 50 Hz when the speed rises from standstill 0 rpm to 3000 rpm, the forward rotating
field of frequency f+ rises from 50 Hz to 150 Hz by a factor of three. However, for a large
excitation frequency fexc = 200 Hz, f+ increases from 200 Hz to 300 Hz by only a factor of
1.5. Thus, while the overall frequencies for fexc = 50 Hz are significantly lower than for
fexc = 200 Hz, the speed-dependent increase is larger.
In the rotor, the eddy losses are largely constant and proportional to the excitation frequency
fexc — as predicted — with only a slight speed-dependent increase due to the 5, 7th winding
harmonic from the stator.

8.2.2 Excess Losses
For non-sinusoidal waveforms, excess losses cannot be investigated in frequency domain.
Instead, they must be evaluated using the time-dependent flux densities in time domain
according to (8.3). In Fig. 8.8, the trends for the speed-dependent excess losses of Pfe,h in
stator and rotor are predicted. The trends are generally similar to the eddy loss compo-
nent. The only difference is that the stator losses decrease first and and afterwards increase
nonlinearly. The decreasing region is larger for increasing excitation frequencies.

Figure 8.8: Excess losses as function of speed for varying excitation frequencies for excess loss
coefficient Ke = 10.
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8.2.3 Classic Hysteresis Losses
Classic hysteresis losses are the most difficult loss component to evaluate. They do not only
depend on the magnitude and frequency of the core flux, but on the area of the hysteresis
loop that is produced by the time-dependent flux density. In order to calculate the hysteresis
loop thoroughly, hysteresis models such as the Preisach model [53], the Jiles-Atherton Model
[54] or phenomenological Play Models [55] have to be used, but even for those models a
correct rendition of minor loops is a challenging task that requires model modifications [56]
or heuristic parameters [57] so that extensive verification and tuning of the models with
experimental data is necessary. The implementation, parametrization and validation of a
hysteresis model that accurately predicts major and minor loops under harmonic excitation
is not feasible in the scope of this work. This is why the approach from [58] has been
implemented which extends the Bertotti approach (8.12) to incorporate major and minor
loops in arbitrary flux-density waveforms. In this case, the BH loop is not calculated with
a hysteresis model, but the major and minor loops are identified from the field reversals of
the time-dependent flux density waveforms. Thus, each identified loop k is fully defined by
its DC bias Bdc,k and its amplitude B̂k. The coefficient Kh represents the shape – and thus
the area — of the actual hysteresis loop that the amplitude Bk would produce in the BH
coordinate system. As the shape of BH loops depends on the DC bias of that loop, Kh is
heuristically adjusted as a function of the DC bias Bdc

phys =
∑

k
Kh(1 + kdc · B2

dc,k)B̂2
m,kf (8.12)

where f = 1/Tsym denotes the frequency at which the waveform repeats. The recursive
algorithm for the identification of the major and minor loops from the flux densities is as
follows:

1. Start with minimum value of the flux density waveform and ascend through the data
until a field reversal Bi+1 < Bi (= minor loop) occurs or until the maximum value is
reached

2. If the maximum value is reached then descend through the data until a field reversal
Bi+1 > Bi (= minor loop) is found or until the minimum value is reached (= major
loop closed).

3. As all minor loops can include subloops, the algorithm is called recursively for each
minor loop.

4. Save the flux density amplitude and DC bias of all detected loops and repeat until
every data point has been traversed.

An example for the algorithm is applied in Fig. 8.9 to the flux density in a single stator tooth
of the HESM. It can be seen that the major hysteresis loop does not necessarily close after
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Figure 8.9: Major and minor hysteresis loop identification algorithm applied to exemplary data.

one fundamental pm pole-pair period, but after two periods in the given case. Minor loops
in the ascending and descending branches are identified by field reversals and major loops
by the maximum and minimum value remaining in the (untraversed) data. Thus, for each
identified loop the flux density amplitude B̂m,k and DC-bias Bdc,k can be determined. On
the right, the actual hysteresis loop of the waveform is shown which highlights the emergence
of DC-biased major and minor loops. The hysteresis loop has been calculated exemplarily
by a Preisach model implemented in PLECS [59]. It only provides a qualitative rendition of
what the actual hysteresis loops might look like.
Applying this algorithm to each segment gives insight into the speed-dependence and origin

of the hysteresis losses. In Fig. 8.10, the evolution of minor and major loops in the stator
core is shown for no-load operation. The area of each subloop is defined according to the
iron loss formula (8.12) from the DC-bias and amplitude of the identified major loops as

A = Kh(1 + kdcB̂
2)V

where V takes into account the volume of each respective segment. In Fig. 8.10a, the minor
loop area in percent denotes the cumulative area of all minor loops in all stator segments
divided by the total hysteresis loop area (major and minor loops) for HESM excitation.
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Figure 8.10: Evolution of minor and major loops as a function of rotor speed for different excitation
frequencies.

This value is a direct measure for the percentage of iron losses that are attributable to minor
loops. It can be seen that iron losses due to minor loops make up around 20 % of the total
excitation system iron losses for small speeds, but quickly decrease and almost vanish above
1500 rpm. There is a slight dependence of the minor loop losses on the excitation frequency.
For large fexc the impact of minor loops is slightly more pronounced, but in all cases minor
loops make up an insignificant part of the iron losses after 1500 rpm.

This is investigated in Fig. 8.10b by first calculating the cumulative major loop area in all
stator segments for HESM operation and WRSM operation and then dividing both areas
from another. The hysteresis loop area in percent indicates how much the (major) hysteresis
loop area is enlarged as a function speed and excitation frequency. It can be observed that
for small excitation frequencies fexc the hysteresis losses are significantly larger than for
higher fexc. This is because more harmonic current Îdh and thus higher flux densities are
required to supply the field current Ifm (see e.g. Fig. 7.10). For all excitation frequencies
the hysteresis losses are significantly larger at smaller speeds and decrease for rising speeds.
On close inspection, the curves exhibit two transitional speeds where the slope of the curves
change. These transitions occur at the intersections of the fundamental pm pole-pair field
with the fundamental of the backward and forward rotating field of the ph pole-pair machine.
They are highlighted with the dotted lines and depend on the excitation frequency fexc. In
the first interval

[
0, fexc/(pm + ph)

]
the major loop area decreases with the steepest slope.

In the second interval
[
fexc/(pm + ph), fexc/(pm − ph)

]
the area decreases further, but at a

reduced rate. After a speed of fexc/(pm − ph) the hysteresis loop area stays constant. An
explanation for this is that at small speeds the frequency of the forward and backward
rotating fields f+, f− are much larger than the pm pole-pair machine field of fundamental
frequency pmfm. Thus, each maximum of the pm pole-pair flux density falls on top of a
maximum of the oscillating ph pole-pair field. For rising speeds, the number of enlarged
minor loops decreases as the difference between ph and pm pole-pair frequencies decreases.
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In the third interval the number of enlarged major loops has converged to a constant 50 %
so that half of the major loops are larger and the other half smaller than the WRSM loop.

This can be confirmed exemplarily by taking a look at the time-dependent stator and rotor
flux densities in a single stator and rotor tooth/yoke for selected speeds as shown in Fig. 8.11
for an excitation frequency of fexc = 200 Hz. For illustration purposes only those speeds are
portrayed where the symmetry period is two fundamental pm pole-pair periods. In order to
highlight the deviation of the (blue) HESM flux densities from the (red) WRSM flux densities
both are displayed in the same graph. In the first column of Fig. 8.11 the enlargement of
the major loop is shown based on the stator tooth waveforms. It can be seen that at a small
speed of 300 rpm both major loops are enlarged compared to the WRSM. If the speed rises,
the size of the first major loops decreases which coincides with the major loop trends in
Fig. 8.10b. It can also be observed that the major loops are not fully centered, but have a
slight DC bias.
The second column of Fig. 8.11 uses the stator yoke flux densities to emphasize that within
the major loops multiple additional minor loops occur due to flux reversals. They are denoted
as blue areas and have been identified according to the algorithm in Fig. 8.9. It can be seen
that the number and area of these minor loops is maximum for small speeds and decreases
with rising machine speed. This also coincides with the results of the minor loop evolution
shown Fig. 8.10a. The flux density of a single rotor tooth is shown in the third column of
Fig. 8.11. As the rotor flux consists of a constant DC component superimposed by an AC
component of constant frequency fexc = 200 Hz, the shape of the rotor flux density is speed-
independent which coincides with the spectrogram in Fig. 8.5. Hence, the area enclosed by
the hysteresis loops in the rotor iron stays roughly constant.

In Fig. 8.12 the evolution of the hysteresis loss is quantified. In the stator, the three regions
predicted in the evolution of the major loops can be observed divided by the dotted lines.
In the first region hysteresis losses decrease slightly and stay roughly constant in the second
region. As the hysteresis losses depend on the area of the hysteresis loop multiplied by the
frequency according to (8.12), the decrease of the major loop area is mostly compensated by
the increase of the frequency. However, in the third region where the area is constant, the
hysteresis losses increase linearly. For the rotor, there is almost no speed-dependence, but
it can be seen that — unlike for the eddy current losses — at lower excitation frequencies
fexc, the hysteresis losses are higher. This is because the hysteresis losses depend on the
flux density magnitude squared, but only linearly on the frequency. As the magnitude of
the flux density is disproportionally larger when the HESM is operated at a lower excitation
frequency fexc, the hysteresis losses are also larger.
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Figure 8.11: Time-dependent flux densities in one stator tooth segment, stator yoke segment and
rotor tooth segment for fexc = 200 Hz.

Figure 8.12: Hysteresis losses as function of speed for varying excitation frequencies for hysteresis
loss coefficient Kh = 350.
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8 Iron Losses

8.3 Experimental Verification
Before a comparison of the predicted iron loss models with experiments is attempted, the
following remarks should be made: In addition to the simplifications of the iron loss model
in Section 8.1.2 and the measurement inaccuracies discussed in Section 7.1.1, some effects
occur in the experiment that are completely neglected in the simulation and further increase
the difficulty of an experimental verification of the iron loss trends. Firstly, in the actual
machine unpredictable eddy current losses occur in near metallic objects (frame, end-shield,
conductors, etc) due to stray fields which are measured on top of the iron losses. Secondly,
in the simulation the core flux is calculated without the effect of spatial harmonics (v =
5, −7, ...) on the motor currents. Thirdly, in the experiment the currents are superimposed
by PWM switching harmonics imposed by the two three-phase drive inverters connected
to the stator windings and by the buck converter in the rotor winding of the HESM. In
Section 7.3.1, these have already been observed to produce significant iron losses and are not
included in the calculated iron losses in Sections 8.2.1, 8.2.2 and 8.2.3 so far. PWM-induced
iron losses make up a significant portion of the total iron losses in an electrical machine and
vary with switching frequency, DC link voltage and modulation index [60].

8.3.1 Inclusion of PWM Current Ripple
This is why a verification of the iron loss model can only be performed by including the PWM
current ripple into the core flux calculation. So far, the iron losses predicted in this chapter
have been calculated from smoothed currents which only account for the fundamental fields
as well as higher order winding, slotting and rectifier harmonics. In the following sections it
will be seen that these iron losses do not fully explain the loss component Pfe,h measured in
the test bench. The reason for the omission of the PWM current ripple so far is threefold:
Firstly, far more sophisticated iron loss models in conjunction with FEA are usually used
in the literature to accurately include PWM effects such as hysteresis models with variable
parameter sets [61], [62]. Nevertheless, some success is attained using the simple Bertotti
approach presented in this chapter. Secondly, the determination of the PWM ripple is very
time-consuming because it depends on the motor speed (and DC link voltage) via the SPWM
modulation strategy. This requires recalculating the dynamic model for each operating point.
Thirdly, a separate look at the iron losses produced by the ’smooth’ currents allows isolating
the effect of the PWM ripple.
In order to include the PWM ripple into the core flux model in a computationally efficient
manner, the approach in [61] is used on the linear HESM voltage model. The general
idea is to analytically calculate the PWM ripple for each variation in motor speed and then
superimpose it onto the smooth (PWM-current-free) currents used previously. The following
approach is taken:
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1. Use the smooth steady-state dq current vector Idq to first calculate the smooth terminal
voltages in dq coordinates Udq and then apply the inverse transformations to obtain
the smooth phase voltages Uph

Uph = T−1
ppUT−1

dqf

(
RdqIdq + Ldq

d
dt

Idq + ωmJ2LdqIdq

)
. (8.13)

2. Use Uph to create the pulse-width modulated phase voltages Uph,PWM by applying
the SPWM strategy

3. Transform the isolated PWM voltages ∆Uph,PWM back into dq coordinates: Udq,PWM =
Tdqf TppUUph,PWM.

4. The subtraction Udq,PWM − Udq isolates only the dq voltage waveform which is re-
sponsible for the PWM current ripple. Neglecting the resistances, use the voltage
equations to calculate the PWM current ripple in dq coordinates

∆Idq,PWM = L−1
dq

(
Udq,PWM − Udq

)
. (8.14)

As the rotational speed is lower than the switching frequency the induced voltage of
the PWM current ripple due to rotation can be neglected.

5. Transform the current ripple ∆Idq,PWM back into phase coordinates and add on top
of the smooth currents Iph

∆Iph,PWM = T−1
ppIT−1

dqf ∆Idq,PWM Iph,PWM = Iph + ∆Iph,PWM (8.15)

The core flux is then calculated using the PWM currents Iph,PWM. As the smooth drive
currents in dq coordinates are independent of speed and DC link voltage at a given operating
point, the core flux can be calculated for arbitrary DC link voltages and motor speeds. A
much finer discretization has to be adopted in order to consider the effects of the PWM ripple
which increases the computational time significantly. Therefore, a discontinuous discretiza-
tion which samples the voltages only at the PWM voltage steps has been utilized instead of
continuous discretization. Apart from that, the iron loss components are calculated just as
before.

8.3.2 Model Parametrization
In order to parametrize the iron loss model, the conventional WRSM-no-load losses are
calculated once for the pm pole-pair machine and once for the ph pole-pair machine by
parametrizing the core flux model only with a DC current Ifm (Ifh).Thus, the calculated
no-load eddy, excess and hysteresis losses are obtained as functions of the loss coefficients
Kh, Kc and Ke. The calculated iron losses have then been fitted to experimental iron losses
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curves recorded during the pm and ph pole-pair no-load experiment (see Section 7.2.2). An
important remark is that both no-load curves for the pm and ph pole-pair machine are used
for fitting the coefficients Kh, Kc and Ke because the iron loss model needs to properly
reproduce the iron losses in both machines simultaneously. As the linear iron loss model
does not include saturation effects, only small field currents until Ifm = 8 A (Ifh = 6 A)
have been used to fit the pm (ph) pole-pair no-load losses to experimental data. In Fig. 8.13
the measured and fitted iron losses are shown. It can be seen that a single set of iron
loss coefficients can replicate the measured no-load iron losses of both pm and ph pole-pair
machine adequately. The result of the fit are the iron loss coefficients Kh = 350, Kc = 1 and
Ke = 10, which were used in advance for the iron loss calculation Figs. 8.7, 8.8 and 8.12.

Figure 8.13: Surface fit of the simulated no-load losses with experimental data.

8.3.3 Comparison between Measurement and Calculation
In this section, the core flux densities are calculated with the PWM ripple included and the
resultant iron losses are compared to the measured iron losses obtained from an equivalent
experiment. The current ripple is determined for a DC link voltage of 250 V and switching
frequency of 8 kHz for the stator inverter and 2 kHz for the rotor converter. The measured
excitation system iron losses Pfe,h are determined using (7.16) and (7.18) by first isolating
the ph pole-pair losses and afterwards subtracting the copper and power electronic losses.
Just as in Section 7.3.1, the reference no-load losses Pfe,m are determined once with the sta-
tor windings connected to the two B6 inverters and once with the stator windings in open
circuit.
In Fig. 8.14 the comparison with the stator windings in open circuit is shown. In order to
highlight the effect of the PWM ripple, the blue area denotes the iron losses Pfe,h calculated
with smooth currents and the red area the additional PWM-induced iron losses when the
PWM ripple is considered in the core flux calculation. It can be seen that the neglect of
the PWM ripple in the iron loss calculation yields large deviations with the measurements.
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However, with the addition of the PWM ripple into the iron loss model, a good match
between the calculated and measured losses is obtained. Both the magnitude and the speed-
dependent increase of the losses can be predicted by the core flux model for all excitation
frequencies, which is surprising in light of the measurement limitations, the coarsely dis-
cretized core flux model and the simplified iron loss model which is fully parametrized by
only three coefficients Kh, Kc and Ke.

Figure 8.14: Comparison between measured and simulated iron losses Pfe,h (Pfe,m obtained with
stator windings in open circuit).

Fig. 8.14 serves in demonstrating the significant increase of the iron losses when a PWM
current ripple is present and verifies the capability of the iron loss model to predict iron
losses even for PWM excitation. However, the experiment is not a good choice to isolate the
excitation system iron losses Pfe,h because it compares the HESM-no-load experiment (where
a PWM ripple is present) with the WRSM-no-load experiment with open stator windings
(where no PWM ripple present).

A closer estimation of the iron loss increase Pfe,h can be obtained when the no-load reference
losses Pfe,m are also determined with the stator inverter connected to the machine i.e. PWM-
induced iron losses are also present. The corresponding comparison between measurement
and calculation is depicted in Fig. 8.15. It can be observed that the accuracy between
measurement and calculation is lower than in Fig. 8.14 especially after a speed of about
1700 rpm where noise in the measurement data and significant deviations in the loss trend
appear. The reason for this is twofold: Firstly, the losses are overall smaller in Fig. 8.15
compared to Fig. 8.14 especially with increasing speed. This smaller magnitude of the losses
makes the measurement much more prone to measurement noise and errors. Secondly, there
appears to be a deviation between the numerically estimated and measured reference no-
load losses Pfe,m. This discrepancy likely stems from an inaccurate prediction of the PWM
current ripple which could be a side effect of the HESM control system: As the ph pole-pair
HESM controller is active during the WRSM-no-load experiment, it reacts to noise, current
offsets and slight asymmetries of the phase currents and sets irregular voltage commands Udh

and Uqh, which affect the modulation index and thus the PWM-induced iron losses. Despite
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some deviations between measurement and calculation there is a satisfactory agreement in
light of the model simplifications, measurement inaccuracies and unknowns. The red areas
highlighted in Fig. 8.15 indicate that overall the iron losses due to the PWM ripple increase.
However, the additional iron losses due to the PWM ripple do not increase significantly with
speed and for fexc = 200 Hz they even decrease with speed. For speeds greater than 1500 rpm
the PWM-induced iron losses make up less than 20 % of Pfe,h.

Figure 8.15: Comparison between measured and simulated iron losses Pfe,h (Pfe,m obtained with
stator windings connected to the inverter).

In conclusion, the explanation and estimation of the excitation system iron losses with a
computational quick and simple iron loss model has been achieved in this chapter. While
the results have only been investigated for no-load operation, the approach is analogous
for operation under load. The experimental analysis of the iron losses under load has been
omitted here, because the mechanical power dominates the stator and shaft power so that
the iron losses constitute only a vanishingly small portion of the power flow.
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Chapter 9

Torque-Speed Region of the HESM

In the previous numerical and experimental analyses, the focus was mainly on isolating the
effect of the ph pole-pair machine excitation system and its losses, instead of analysing the
HESM as a single machine. Furthermore, in a variable-speed drive system, a machine is not
operated in a single operating point, but within a torque-speed region which encompasses all
feasible operating points. The operating points in the torque-speed region are determined
by an optimization which minimizes the total losses (MTPL = maximum torque per loss) or
the stator current (MTPA = Maximum-torque-per-ampere) under the following constraints:

• Mechanical considerations which limit the maximum speed.

• Overcurrent protection of the power electronics which limits the maximum currents.

• Maximum output power of the drive inverter.

• The temperature which limits the maximum continuous and short-term currents and
leads to a distinction between the continuous and overload torque-speed region.

• The maximum DC link voltage which determines the constant torque region (armature
setting region) and the field-weakening region.

The most critical constraint is the maximum DC link voltage which directly limits the
maximum voltage that can be applied to the machine windings. This constraint splits the
torque-speed region into two parts: The armature-setting region describes the operating
points until the maximum possible terminal voltage is reached. In this region, the torque is
either limited by the maximum stator and rotor currents IS,max, Ifm,max or by a fixed maxi-
mum torque value Mel,max. As the motor speed rises, at a certain corner speed the constant
torque cannot be maintained with the same currents without exceeding the maximum pos-
sible terminal voltage. In this case the machine has to transition into the field-weakening
region where the induced voltage is weakened by adjusting the drive currents. In the field-
weakening region, the drive currents are optimized (within their constraints) to realize the
maximum possible torque per speed.



9 Torque-Speed Region of the HESM

In a WRSM there are three degrees of freedom, the stator d-axis current Idm, q-axis current
Iqm and the field current Ifm. The capability of adjusting the field current depending on the
speed and load presents considerable efficiency advantages in the field-weakening and partial
load region compared to a permanent excitation field as shown in [45], [63]. The optimal
choice for the three degrees of freedom at a given torque and speed is non-trivial. In fact,
both the d-axis current Idm and the field current Ifm are used for field-weakening.
While this is also valid in the HESM, there is a critical difference compared to conventional
WRSMs: In a WRSM, the supply of the field current Ifm does not occupy any DC link volt-
age. However, in the HESM the additional ph pole-pair currents required for the injection of
Ifm very much take up DC link voltage that cannot be used for the pm pole-pair machine any
more. This additional voltage demand affects the torque-speed region in a HESM negatively.
In the previous chapters, the voltage demand of the excitation system has only been ana-
lyzed without going into detail: The steady-state equations of the HESM in Section 5.2.3
predicted a factor kUh that quantifies the voltage demand of the ph pole-pair machine. This
factor could be experimentally verified in Section 7.3.1 and partly motivated that the rated
torque in Section 7.3.3 was shown only for a low speed of 500 rpm. In this section, the voltage
demand and its impact on the torque-speed region of the HESM is revisited in detail.

9.1 Maximum Torque per Speed Curve
The maximum torque-speed curve describes the boundaries of the torque-speed region. By
comparing the maximum torque per speed of the HESM and WRSM, the impact of the
excitation system on the speed range can be quantified. The following simplifications are
made in order to investigate the HESM speed region:

• The machine is not investigated in the deep saturation region so that

– the pm pole-pair machine and ph pole-pair machine are perfectly decoupled. This
is valid if the machine is not deeply saturated as shown in Section 6.2.

– saturation in the ph pole-pair machine is neglected which is valid as shown in
Section 6.4.1.

– saliency is neglected (Lqm = Ldm) so that an analytical solution is tenable

• The DC link voltage demand of the ph pole-pair machine is considered by the constant
factor kUh valid in the speed interval fm = [0, fexc

pm−ph
] as has been shown in Section 5.2.3.

The parameter kUh fully replicates the influence of the ph pole-pair machine on the
operational limits of the drive system.

• A current constraint for the stator current IS,max and rotor current Ifm,max is considered
only for the pm pole-pair machine. This is because the excitation system currents Idh
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and Ifh depend on the field current Ifm. The maximum field current Ifm,max therefore
uniquely determines the current limits of the ph pole-pair machine. Thus, the current
demand of the ph pole-pair machine is only implicitly taken into account

With these simplifications, the entire HESM can be modelled using only the Park equations of
the pm pole-pair machine extended by the factor kUh. It can be determined experimentally as
a constant value or as a speed-dependent value. However, here a single constant kUh = 15 V

A
is used as extracted from Fig. 7.11.

The determination of the maximum torque-per-speed curve can be defined as an optimization
problem that consists of finding the maximum torque at a given speed that satisfies the
voltage and current constraints

max Mel for


Udc = Ûm

kmod
+ kUhIfm < Udc,max DC link Voltage Constraint

Ifm < Ifm,max Rotor Current Constraint
Îm < IS,max Stator Current Constraint

. (9.1)

In (9.1) the term highlighted in red considers the additional DC link voltage demand due
to the ph pole-pair machine currents. This additional voltage demand is the reason for
the reduced speed range of the HESM compared to a conventional WRSM. Otherwise, the
equations that govern the optimization (9.1) are the conventional torque equation (9.2) and
voltage equation (9.3) which is extended by the voltage demand of the excitation system Ûh

Mel = 3
2pmLdfmIfmIqm + 3

2pm
(
Ldm − Lqm

)
IdmIqm (9.2)

Ûm = pmωm

√
(LdfmIfm + LdmIdm︸ ︷︷ ︸

=Ψdm

)2 + (LqmIqm︸ ︷︷ ︸
=Ψqm

)2 (9.3)

Udc = Ûm

kmod
+ kUhIfm . (9.4)

In a conventional WRSM (kUh = 0) the DC link voltage demand Udc depends only on the
pm pole-pair terminal voltage Ûm which can be lowered by either decreasing the d-axis flux
Ψdm or the q-axis flux Ψqm. As Ψqm is proportional to the torque-producing current Iqm, the
main method of reducing the voltage is by lowering the d-axis flux Ψdm (= field weakening).
Contrary to the field current Ifm, the d-axis current Idm is independent of the torque (if
saliency is neglected) and therefore the primary means of reducing the flux Ψdm. Thus, field-
weakening in conventional WRSM consists in primarily applying a negative Idm and only
lowering the current components Iqm and Ifm responsible for torque-production if absolutely
necessary [63].
In the HESM, the same principle applies. However, the cost of supplying a field current Ifm

is far higher than in WRSMs, because Ifm not only affects the pm pole-pair voltage Ûm, but
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also the ph pole-pair voltage Ûh. As the current Idm only affects the voltage demand Ûm, its
field-weakening capability is limited and most field-weakening must be achieved by adjusting
Ifm which negatively affects the torque. This is shown by performing the optimization (9.1)
in MATLAB using the fmincon function. The calculated torque-speed curve for a DC link
voltage of Udc = 250 V is shown exemplarily in Fig. 9.1. The following regions can be
distinguished:

Figure 9.1: Maximum torque-speed curves of the HESM for a DC link voltage of Udc = 250 V with
predicted corner speeds without saliency.

Region I: Armature Setting Range
In the armature setting range the maximum torque M∗

el stays constant and the machine
operates below the maximum terminal voltage. The operating currents Idm,I, Iqm,I and Ifm,I

are constant if the MTPA strategy is used. As the induced voltage of the machine rises with
speed, at a certain speed ωm,I, the voltage demand of the machine reaches the limits imposed
by the maximum DC link voltage. This speed can be obtained by inserting the known drive
currents Idm,I, Iqm,I, Ifm,I into (9.4) and rearranging

ωm,I = 1
pm

kmodUdc,max − kmodkUhIfm,I√(
LdfmIfm,I + LdmIdm,I

)2
+
(
LqmIqm,I

)2
. (9.5)

After this speed, field weakening must be used which keeps the voltage demand just at the
limits of the DC link voltage Udc = Udc,max. The red term in (9.5) indicates that field-
weakening must be initiated sooner in HESMs compared to WRSMs.
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Region I.1: Field-Weakening at Constant Torque
Beyond the armature setting region the maximum torque M∗

el can only be maintained if the
maximum stator current

√
I2

dm,I + I2
qm,I < IS,max isn’t reached yet. If the HESM already op-

erates at its maximum currents, region I.1 does not occur. In Fig. 9.1 a constant torque line
below the maximum torque is chosen for the armature setting region so that the maximum
currents are not reached yet. In region I.1 the HESM uses field-weakening via a negative
d-axis current Idm and by lowering the field current Ifm to lower the voltage demand. In
order to maintain the torque due to the lower field current, the q-axis current Iqm has to
be increased. The steep decline of the field current Ifm demonstrates that the voltage can
not be compensated by a negative Idm alone and is mostly attributable to high excitation
system voltage demand (kUh). This is in contrast to a WRSM where the field current Ifm

stays constant in the maximum torque line and mostly Idm is used for field-weakening if the
condition LdfmIfm,I < LdmIS,max is fulfilled (which is the case here) [45], [63]. Region I.1 lasts
until the maximum stator current IS,max is reached.

Region II: Field-Weakening with Decreasing Torque and Flux
The torque cannot stay constant when the HESM operates at its maximum stator current
IS,max because the voltage can only be reduced by freeing field-weakening current Idm (which
reduces Iqm =

√
I2

S,max − I2
dm) or by further reducing the field current Ifm. As both current

components Iqm and Ifm reduce the torque, the torque inevitably decreases in Region II.
Thus, the field-weakening strategy consists in reducing Iqm and Ifm so that the torque is
least affected. In Fig. 9.1, it can be seen that both Idm and Ifm are used for field-weakening
with the largest contribution to field-weakening from lowering Ifm. Again, this is unlike a
conventional WRSM and emphasizes that most of the voltage demand is due to the excitation
system. The current Iqm only decreases slightly to make room for Idm. It can be observed
that the field-weakening currents — and thus the d-axis flux Ψdm — decrease linearly. The
end of region II is reached once the d-axis flux Ψdm has reached zero. In Fig. 9.1 a small
non-zero Ψdm remains in region III due to local minima in the optimization.

Region III: Field-Weakening with Decreasing Torque and Ψdm = 0
Once Ψdm = 0 is reached, it stays at zero. In this case (9.4) simplifies to

Udc = 1
kmod

ωmpmLqmIqm + kUhIfm ⇒ Iqm = kmodUdc − kmodkUhIfm

ωmpmLqm
. (9.6)

The torque (9.2) can then be expressed only in terms of Ifm by inserting (9.6) into (9.2).
This equation expresses the torque as a function of field current Ifm at the maximum DC
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link voltage Udc,max for a given speed ωm

Mel(Ifm) = 3
2

Ldfm

Lqm
kmodIfm

Udc,max − kUhIfm

ωm
. (9.7)

In order to obtain the maximum torque at a given speed ωm, the extremum is found

∂Mel

∂Ifm
= 3

2
Ldfm

Lqm

kmod

ωm

(
Udc,max − 2kUhIfm

) != 0 ⇒ Ifm,III = Udc

2kUh
. (9.8)

The value Ifm,III denotes that the field current stays constant in region III. With the condition
of zero d-axis flux Ψdm, the corresponding stator current Idm in region III is defined as

Ψdm = LdfmIfm + LdmIdm
!= 0 ⇒ Idm,III = −Ldfm

Ldm
Ifm,III (9.9)

This shows that the field-weakening current Idm,III only depends on Ifm,III and is also constant.
Thus, the voltage Udc can now only be reduced further by lowering the q-axis flux Ψqm.
Thus, in region III, the voltage demand can only be lowered by decreasing Iqm so that
the stator current falls below the maximum current IS,max. Inserting Ifm,III into (9.4) the
speed-dependent current Iqm follows

Iqm = 1
2

kmodUdc

pmLqm

1
ωm

. (9.10)

The torque in region III is therefore also defined as

Mel = 3
4

Ldfm

Lqm

1
kUh

(
kmodUdc,max

)2 1
ωm

. (9.11)

This result coincides very well with the results shown by the numerical optimization in
Fig. 9.1. An important conclusion of this analysis is that the field current Ifm and the field-
weakening current Idm are held constant in the deep field-weakening region III at values that
depend only on the DC link voltage Udc

Ifm,III = Udckmod

kUh
Idm,III = −Ldfm

Ldm

Udc

2kUh
. (9.12)

This means that the higher the DC link voltage Udc,max and the lower kUh, the more field
weakening via Idm can be used. This is demonstrated in Fig. 9.2 for different DC link
voltages Udc: For a low DC link voltage of Udc = 200 V the excitation system voltage
demand dominates the available DC link voltage. In this case the constant torque region I is
almost non-existent and only very low field currents Ifm are possible in region III. There is no
such limitation in conventional WRSMs, where the field current in the deep field-weakening
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Figure 9.2: Maximum torque-speed curve for different DC link voltages Udc . Dotted lines denote
the analytically predicted currents in the field-weakening region III.

region mostly depends on whether sufficient Idm is available to reduce the d-axis flux Ψdm.
However, for larger DC link voltages the field-weakening behavior approaches conventional
WRSM operation. More precisely, if Ifm,III in (9.12) exceeds the maximum field current
Ifm,max, the field-weakening behavior is identical to a conventional WRSM, i.e. only Idm is
used for field-weakening and the field Ifm stays at its maximum.
As the maximum DC link voltage is usually fixed in a drive system, the excitation system
parameter kUh is the main parameter which determines the reduction of the speed region of
HESMs compared to WRSMs. For kUh = 0 the HESM is identical to a conventional WRSM.
The influence of the kUh value is demonstrated in Fig. 9.3 for three exemplary values of kUh.
The reduction of kUh is purely exemplary and does not imply that such a reduction can (or
cannot) be realized. It can be seen that the HESM speed region is significantly reduced
because of the large kUh. The derating of the HESM speed range compared to the WRSM
speed range can be approximated by the division of the corner speeds ωm,I of the HESM
from the respective corner speed of the WRSM (kUh = 0)

Derating = Udc,max − kUhIfm,I

Udc,max
[%]. (9.13)

Hence, it must be stressed that the significant reduction of the speed range is the most
profound disadvantage of the proposed excitation system.
While the analysis in this section neglects rotor saliency, the results apply to salient-pole
machines analogously. When taking into account saliency Lqm < Ldm the negative reluctance
torque in the field-weakening region rewards field-weakening with Ifm even more than field-
weakening with Idm. This is why Ifm is reduced even further in the field-weakening region.
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Figure 9.3: Maximum torque-speed curves of the HESM for DC link voltages Udc = 400 V for
different kUh.

However, the maximum torque per speed is similar because the saliency-induced torque
reduction in the field-weakening region is compensated at least partially by the lower voltage
demand due to the lower q-axis flux Ψqm ∼ Lqm.

9.2 Torque-Speed Map
While the previous section has focused on the boundaries of the torque-speed map, this
section will address the performance in the entire operation region. The same simplifications
as in Section 9.1 are made, but now saturation-dependent inductances obtained from the
verified FEA model are used to calculate the voltage demand and torque (see Section 6.2).
Furthermore, saliency is now considered. The optimization problem consists in minimizing
the losses at a given speed n and load torque M∗

el

min Pv,tot for


Mel = M∗

el Torque Constraint
Udc = Ûm

kmod
+ kUhIfm < Udc,max DC link Voltage Constraint

Ifm < Ifm,max Rotor Current Constraint
Îm < IS,max Stator Current Constraint

(9.14)

The total dissipated power Pv,tot in the machine consists of the pm pole-pair machine and
ph pole-pair machine losses and is calculated as in (9.15). The stator copper losses of the
pm pole-pair machine are calculated using Joule’s law from the dq currents. The iron losses
Pfe,m are a function of the magnetizing currents and speed and are calculated from look-up
tables obtained from FEA. The term Pv,mech denotes the frictional loss at the bearings and
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slip rings as well as the windage losses due to air friction.

Pv,tot = 3
2RsmÎ2

m + Pfe,m(Idm,mag, Iqm,mag, fm) + Pexc
1

ηexc
(fm) + Pv,mech (9.15)

For the ph pole-pair machine, it was shown in the previous chapters that the excitation
system losses are difficult to predict mainly because of the iron losses Pfe,h. A numerical
solution of the harmonic machine iron losses Pfe,h for each variation of speed and load under
consideration of the PWM ripple is not feasible from the perspective of calculation time.
However, it could be seen in Chapter 8 that the overall excitation system efficiency ηexc is
around 75 − 80% in no-load operation and speed-dependent. While no generalization of
the no-load excitation system efficiency ηexc to arbitrary load operating points is possible, a
constant averaged worst-case excitation system efficiency ηexc = 75 % is used in (9.15).
The solution to the optimization (9.14) for a DC link voltage of Udc = 400 V yields the
contour maps for the drive currents and for the drive system efficiency ηgen in Fig. 9.4.
Generally, the HESM has all the characteristics of a conventional WRSM. It can be seen
that due to saliency the HESM benefits from a slight d-axis current Idm in the armature
setting region. The advantage of the variable excitation field compared to PMSMs can be
observed by the reduction of the field current Ifm in the partial load region. In the (yellow)
field-weakening region, it is apparent that the HESM uses both the d-axis current Idm and
the field current Ifm for field-weakening. The HESM can achieve high efficiencies close to
90 %, although they are limited by the premature ending of the torque-speed region. The
substantial speed range reduction compared to a WRSM is highlighted by the gray area
which indicates the additional speed range of a WRSM (calculated using kUh = 0).
In Fig. 9.5 the difference between the HESM drive system efficiency to that of the WRSM is
shown. The WRSM efficiency has been obtained by setting the excitation system efficiency
ηexc to 100 % indicating ideal excitation through slip-rings and brushes. It can be seen
that the difference in efficiency is relatively small despite the lower excitation frequency ηexc

which is an expected result as the excitation power is only a small portion of the mechanical
(output) power. The loss of efficiency is at maximum 4 % in the deep field-weakening region
and below 1 % in a large part of the torque-speed region. On the one hand, these additional
losses are caused by the excitation system losses. On the other hand, they are caused by
slightly different drive currents in the armature setting region because the HESM behaves
like a WRSM with a higher field resistance Rfm/ηexc. Hence, the optimization of the losses
penalizes larger field currents in the HESM more severely than in the WRSM. This yields
lower field currents Ifm in favor of more stator current Idm, Iqm. Furthermore, a significant
drop of the HESM efficiency is observed due to the early onset of the field-weakening region.
Here, the suboptimal drive currents of the HESM cause additional losses compared to the
WRSM which still operates in the armature setting region with optimal drive currents to
reach a given torque.
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Figure 9.4: Simulated Contour map for the drive currents Idm, Iqm, Ifm and the drive efficiency
ηgen in the entire torque-speed region for HESM operation and Udc,max = 400 V. The yellow area
denotes the field-weakening area where the drive system operates at the maximum DC link voltage
Udc,max. The gray area denotes the reduction of the torque-speed-region.
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Figure 9.5: Difference in drive system efficiency for HESM and WRSM operation in the entire
torque-speed region. The yellow and gray area definitions are identical with Fig. 9.4.
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It can be concluded that while the excitation concept generates noticeable iron losses, copper
losses and power electronic losses — which require further optimization — they reduce the
efficiency by at most a few percent. The more critical limitation of the excitation system is
the reduction of the speed range summarized in the parameter kUh.

9.2.1 Measurement of the Torque-Speed Region
In this section the analytically and numerically predicted torque-speed curves are confirmed
experimentally. Due to the limitations in the test bench, all experiments are performed only
until n = 2000 rpm. A reduced DC link voltage of Udc = 200 V is used to showcase the
field-weakening region. First, the (theoretical) optimal control currents I∗

dm, I∗
qm and I∗

fm
for Udc = 200 V are determined numerically from the optimization (9.14) where I∗

dh follows
from I∗

fm/kIdh with kIdh = 1.3 according to Fig. 7.11. The resulting drive currents — shown
in Fig. 9.6c – are then set as references in the test bench. It can be seen in the chosen
torque-speed region for Udc = 200 V that field-weakening is predominantly achieved using
Ifm due to the high excitation system voltage demand. The maximum torque-per speed
curve and the torque lines between 5 Nm and 25 Nm for speeds from 500 rpm to 2000 rpm
are set as operating points in generator mode. The calculated drive system efficiency η is
then determined from the measured electrical output power Pout and the shaft input power
Pin

ηgen = Pout

Pin
. (9.16)

Furthermore, the required DC link voltage demand is calculated from the internal controller
voltages Ûh =

√
U2

dh + U2
qh and Ûm =

√
U2

dm + U2
qm of the ph and pm pole-pair machine which

are recorded during each experiment. In Fig. 9.6a, the measured drive efficiency and the
recorded voltage demand are shown. It can be confirmed that the drive currents determined
from the optimization correspond to the desired torque with satisfactory agreement, even
though the torque line 25 Nm is not reached exactly, because kIdh drops slightly. Analogously,
the maximum torque per speed line at larger speeds is slightly higher than predicted. This
can be explained by a slight disagreement between the desired field current I∗

fm and the actual
(measured) field current induced as a consequence of the open-loop control of Î∗

dh = I∗
fm/kIdh.

This problem can be solved by a simple Ifm-observer which adjusts Îdh so that the desired Ifm

is reached. The predicted drive efficiency corresponds to the measured efficiency with decent
agreement. The required DC bus voltage is a constant 185 V at the maximum torque per
speed line and hence below the Udc = 200 V value used in the optimization. This is because
the kUh value 15 V/A used in the operating point optimization in the previous calculations
has been intentionally chosen a bit larger than required to account for irregular voltage
harmonics and spikes.
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Figure 9.6: Experimental results for the drive efficiency η and required DC link voltage Udc for
predicted torque-speed region.

To conclude, the experiments confirm the validity of the torque-speed-region prediction.
The computationally fast modelling approach which represents the ph pole-pair machine by
constant parameters kUh and ηexc seems to be a feasible simplification for the prediction of
the torque-speed map, even though some inaccuracies in the supplied field current Ifm are
observed. While more extensive measurements for higher DC bus voltages and load torques
in the overload region are pending, they have been omitted due to test bench limitations.

9.3 Improvement of the Torque-Speed Region
In the preceding sections, it has been shown analytically and confirmed experimentally that
the reduction of the torque-speed region is the biggest drawback in the HESM concept.
Therefore, in this section some ideas concerning its improvement are given. Generally, the
high voltage demand of the excitation system can be reduced by the following levers.
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• A geometry optimization of the HESM with the goal of reducing the leakage induc-
tances and increasing the mutual inductance Ldfh leads to a better power transfer
capability.

• From a control perspective, better tracking of the sinusoidal reference current allows
reducing the current demand Îdh (see Section 6.3) and thus the voltage demand.

• An improved rotor circuitry, e.g. the utilization of an active rectifier on the rotor can
not only eliminate rectifier harmonics, but also allows Ifh to be adjusted independently
from Idh as a degree of freedom.

• From an operational standpoint, the dependence of kUh on the excitation frequency
(see Fig. 7.11) allows reducing the voltage demand by reducing the excitation frequency
in the field-weakening region.

However, all these approaches only reduce kUh slightly. The origin of the excessive voltage
demand lies in the large frequencies due to the forward rotating fields of fundamental fre-
quency f+. The simultaneous use of both a forward and backward rotating field f+ and
f− for harmonic excitation were motivated by two factors: On the one hand, a rotating
single-phase field winding fed by an AC current inevitably induces voltages of both fre-
quency components back into the stator anyway (see Section 3.2.3). On the other hand,
the usage of both frequency components creates a pulsating rotating field which only excites
the dh-axis which couples with the field winding (and not the qh-axis) and thus reduces the
stator copper losses by half (see Section 3.2.2).
Both aspects are related to the single-phase ph pole-pair rotor winding and can be addressed
by utilizing a multi-phase rotor winding for pole pair ph. In this case a rotating field of a
single frequency f+ or f− can be used. As the high frequencies of the forward rotating field
f+ are responsible for both the high voltage demand and a large portion of the iron losses
(see e.g. Fig. 8.6) it is apparent that the utilization of only the backward rotating field
f− can tackle the two major limitations of the proposed HESM. Thus, an extension to the
proposed HESM consists in integrating a multi-phase winding into the rotor — for which
one possibility is briefly presented here:
In the current HESM concept only each second salient pole is wound and only a field point-
ing in the direction of the dh-axis can be produced if the ph pole-pair paths of the field
winding are excited. However, if the unwound salient-poles are used to accommodate a
second identical field winding shifted simply by one salient pole, a field in qh-direction can
also be produced. The corresponding winding scheme is depicted in Fig. 9.7a. It can be
seen that the rotor copper of the existing HESM is simply split up into two field windings
— each consisting of four coils just as before (compare Fig. 4.2). The Fd coil groups F1d,
F2d, F3d, F4d also occur in the existing HESM concept while the additional (blue) Fq coil
groups F1q, F2q, F3q, F4q denote the extended concept. The coil groups are arranged into
the bridge configurations in Fig. 9.7b. In Fig. 9.7c the capability of this coil arrangement
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to excite both the dh- and qh-axis is shown by feeding the currents Ifdh and Ifqh into the
respective ph pole-pair terminals. On the contrary, feeding the currents Ifm1 and Ifm2 into
the pm pole-pair terminals of the Fd and Fq windings both excites the dm-axis. Thus, a
two-phase rotor winding with respect to the ph pole-pair paths is created which behaves as a
single-phase winding with respect to the pm pole-pair machine. The windings Fd and Fq can
then both be connected to an independent rotor circuit according to Fig. 5.2. This means
that an additional set of power electronics must be placed on the rotor, but it is only rated
for half the current.

+ + + ++ + + +

F1q
F3d

F4q
F1d F2d

F2q F3q
F4d

dm axis excited (Ifm1=Ifm2) dh axis excited (Ifdh) qh axis excited (Ifqh)

dm-axisqm-axis dh-axis
qh-axis qh-axis

dh-axis

F1d F2d

F4d F3dIfm1 Ifm1

Ifdh

Ifdh

F1q F2q

F4q F3qIfm2 Ifm2

Ifqh

Ifqh

a)

c)

b)

Figure 9.7: Extension of the HESM concept.

The realization of a two-phase winding allows the elimination of the voltage demand in the
high-speed region by cleverly adjusting the frequency of the backward rotating field f− as a
function of speed. Fig. 9.8 shows the operating behavior of this extended HESM concept. It
should be noted that these curves are not based on quantitative simulation or experimental
results, but are only meant to explain the concept:

1. Low-speed region: In the low speed region the voltage demand is irrelevant because
the maximum terminal voltage is not reached yet. Therefore, the HESM can be excited
with a high and constant excitation frequency, e.g. fexc = 200 Hz which is optimized for
maximum efficiency. As only the backward rotating field occurs, the harmonic stator
frequency f− = fexc − phfm decreases with increasing speed. Thus, the excitation
system voltage demand decreases simultaneously. This decreasing voltage demand
indicates that the speed-range derating will be lower.

2. Transitional region: While the voltage demand for the high excitation frequency
fexc = 200 Hz decreases, it is still significant and does not reach zero until a very
high speed of 6000 rpm where the backward rotating field f− reaches 0 Hz. This is
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why at some point the maximum terminal voltage is reached. Now the excitation
frequency fexc must be lowered to further reduce the voltage demand at the cost of
lower excitation system efficiency. The increasing speed and the decreasing excitation
frequency lead to a drastic reduction of voltage demand that reaches almost zero when
f− = 0 Hz, eg. at fexc = 115 Hz and fm = 3450 rpm.

3. Zero voltage region: In this region the harmonic stator frequency remains at f− = 0 Hz
which means that only a DC current is supplied that causes only a small ohmic voltage
drop. In this case, the excitation frequency satisfies the condition fexc = phfm and
increases with the motor speed. This indicates that the efficiency increases again. In
conclusion, in the high-speed region the excitation system operates with high efficiency
and with negligible additional voltage demand.
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Figure 9.8: Conceptual operational curves of extended HESM.

A proof of concept is shown in Fig. 9.9 by comparing the existing HESM with the extended
HESM concept proposed here. The results have been obtained from transient coupled-circuit
FEA analysis. In order to demonstrate the elimination of the voltage demand, the condition
fexc

!= phfm must be fulfilled, so that a speed of 6000 rpm is required for excitation frequency
fexc = 200 Hz. The operating point is no load at a supplied field current of 7.2 A. The duty
cycle is D = 10 % for the existing HESM concept and D = 12 % for the extended HESM. In
the existing HESM concept only the dh-axis is excited with Idh which induces an AC current
Ifh into the ph pole-pair field winding. After the rectifier circuitry this yields the pm pole-pair
field current Ifm. In contrast, the extended HESM concept uses both stator components Idh

and Iqh to induce the currents Ifdh and Ifqh into the dh- and qh- axis of the ph pole-pair
rotor field winding. The stator (rotor) currents Idh and Iqh (Ifdh and Ifqh) are phase-shifted
by 90% and thus produce a rotating stator (rotor) field. After the rectifier circuitry both
currents are rectified into the two rotor DC field currents Ifm1 and Ifm2 which each provide
half of the the pm pole-pair field excitation. The copper losses in both concepts are similar
as indicated by the current amplitudes which are smaller by a factor

√
2.
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HESM Extension

Existing HESM

Ûm
Ûh

Figure 9.9: Comparison between existing and extended HESM concepts.

The most important distinction between the existing and extended concepts is in the Fourier
spectrum of the six phase voltages at fundamental frequency: In the existing HESM concept
the frequency of the backward rotating field f− = fexc −phfm is zero, but the frequency of the
forward rotating field f+ = fexc + phfm is large2 and requires a significant voltage Ûh which
is superimposed on the phase voltages and increases the DC link voltage demand. On the
contrary, the extended HESM has no additional induced voltages due to the excitation system
apart from parasitical induced voltages at higher order slotting and winding harmonics. Here,
the induced voltage at 400 Hz is purely the pm pole-pair voltage Ûm induced by the rotor
current Ifm = Ifm1 + Ifm2. It should be noted that the comparatively high Ûm compared
to Ûh in Fig. 9.9 is only due to the high speed to fulfill the zero voltage demand condition
fexc

!= phfm at fexc = 200 Hz.
While the results in this section are only a first glance at a possible improvement to the
existing HESM concept, they do suggest that the most critical drawbacks can be improved.
Further analysis is left for future work.

2In the special case of 6000 rpm and fexc = 200 Hz the forward rotating frequency ω+ = phωm + ωexc of
the ph pole-pair machine is equal to electrical frequency pmωm of the pm pole-pair machine. For most other
speeds it takes on distinct frequencies.
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Chapter 10

Conclusion and Outlook

The wound-rotor synchronous machine (WRSM) is a promising alternative to permanent-
magnet synchronous machines for variable-speed applications offering ecological and opera-
tional benefits. One of the main reasons against their more widespread use are the slip rings
and brushes needed to supply the rotating field winding. In order to feed the field winding
brushlessly, research in academia and industry is mostly focusing on external inductive or
capacitive power transfer devices which use wide-bandgap semiconductors to reach high op-
erating frequencies and thus small exciter dimensions.
In this dissertation a different approach was taken. Instead of developing an external power
transfer device, the general idea is integrating an exciter machine into a conventional WRSM
which jointly uses the existing iron stack and windings. The three main requirements for
such a harmonic-excited synchronous machine (HESM) concept are firstly that an arbitrary
field current can be supplied independently of the speed (i.e. it is viable for variable-speed
applications). Secondly, no significant torque ripple should be produced by the excitation
system. Therefore, only those topologies are examined which can attribute torque produc-
tion and harmonic excitation to distinct pole pairs pm and ph which do not generate common
space harmonics. This endeavor is constrained by the third requirement that no significant
degradation of the torque capability or machine size is allowed to integrate the exciter ma-
chine. This requirement motivates the elimination of any kind of auxiliary winding in either
stator or rotor.

In order to achieve this, the available methods to produce two different pole pairs from a
single winding have been reviewed, i.e. pole-amplitude modulation (PAM) and pole-phase
modulation (PPM). Based on these concepts a general design approach starting from the
coil groups of the conventional WRSM windings has been derived. For the stator, the
coil groups have been arranged as in a Dahlander winding and then fed from independent
inverter legs. The rotor coils have been arranged in a bridge configuration and connected to
a rectifier circuit. These modifications enable the simultaneous creation of the two pole-pair
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numbers pm = 4 and ph = 2. A novelty of this work is that this has been realized without
any auxiliary windings. A unique feature of this concept is that the realized ph pole-pair
machine shares the entire copper diameter with the pm pole-pair machine rated for much
higher operating currents and thus produces low copper losses. However, a problematic
property of the concept is that a buck converter is needed on the rotor to adjust the load
impedance between the ph and pm terminals of the rotor winding.

A physical machine model of the HESM concept has been derived. It has been seen that
three coordinate systems can be distinguished: Phase coordinates describe the HESM by its
actual six physical stator coils and four physical rotor coils which are cumbersome for control
or modelling purposes. These can be transformed into a virtual pole-pair coordinate system
which isolates the information about the pole pairs pm and ph. This representation mimics
a machine with two independent winding sets which can then each be transformed into
their respective, independent dq coordinate systems. A simplified steady-state model for the
HESM has been presented which can be used to predict the excitation system performance.
A field-oriented control system for the HESM is proposed which consists of two field-oriented
controllers — one for the ph and one for the pm machine. The challenge of the ph pole-pair
controller consists in tracking a sinusoidal reference current which is needed to inductively
excite the field winding. A solution with sinusoidal controllers has been proposed.

A prototype for the machine concept has been designed and later constructed using linear
scaling laws and Finite-Element-Analysis (FEA). The machine prototype is equipped with
slip rings and brushes for prototyping purposes. The FE model of the prototype has then
been used to investigate the effect of cross-saturation as a consequence of the combined flux
paths of the ph and pm pole-pair machine fields in the iron laminations. It was seen that the
saturation state of the HESM is determined by magnetizing currents from both pole pairs.
The excitation system currents create an oscillating saturation wave that also degrades the
torque-production, albeit only to a small extent in the low saturation region. However, it
shows that not only the ability of the excitation system to provide the field-current, but also
the torque capability of the HESM degrades in the deep-saturation region.

In order to investigate the ph pole-pair machine controller the complete drive system consist-
ing of the full-order machine model, the field-oriented control system and power electronics
have been implemented in the circuit simulator PLECS. It has been seen that odd harmon-
ics of the excitation system frequency fexc imposed by the rotor diode full-bridge rectifier
propagate through the control system. The sinusoidal controllers used in the field-oriented
controller cannot attenuate and even amplify the rectifier harmonics for careless designs,
which leads to a degradation of the power transfer capability. Despite these harmonics, the
HESM drive system has successfully been validated via simulations. The improvement of
the controllers presents an area of optimization for future work.
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To verify the designed machine prototype, an automated test bench for the HESM proto-
type has been built from scratch. To this end, two three-phase stator inverters and the rotor
circuitry have been designed. This test bench has then been used to identify the pm and ph

pole-pair machine parameters of the HESM. Afterwards, the HESM has successfully been
put into operation and the degrees of freedom of the excitation system have been investi-
gated experimentally. An excitation system efficiency between ηexc ≈ 75 − 80 % could be
identified with an increasing trend for rising speeds. However, the measurement of ηexc has
only been performed for no-load operation and limited speeds due to test bench limitations.
Therefore, in the future more accurate and numerous measurements are required to quantify
the excitation system efficiency.
The rated torque (field current) has successfully been achieved for HESM operation. How-
ever, three important effects were observed:

• The efficiency of the excitation system is lower than can be explained purely with
copper losses and features a significant speed-dependence. This can be attributed to
iron losses.

• The DC link voltage demand required to inject the ph pole-pair machine currents is
large. Thus, less voltage for the pm pole-pair machine remains.

• In addition to the rectifier harmonics, the higher order winding factors of the ph pole-
pair machine result in a rich harmonic spectrum in the machine currents.

In order to explain the high iron losses, an analysis of the HESM core flux has been performed.
As the core flux is composed of both the pm and ph pole-pair frequencies, the symmetry
period is significantly larger than in a conventional WRSM. Thus, a simplified core flux
density model has been implemented and verified with FEA. Based on this model, the speed-
dependence of the hysteresis, eddy current and excess loss components have been analyzed.
It has been identified that the PWM current ripple plays a major role in the generation of the
iron losses. An inclusion of the PWM ripple into the iron loss model has been accomplished,
which gives a surprisingly decent agreement of the model with measurements. Due to the
limited precision of the torque readings, a more accurate measurement of the iron losses
produced is left for future work.

In order to quantify the voltage demand, the torque-speed region of the HESM has been
investigated numerically and experimentally and compared to the torque-speed region of a
conventional WRSM. A very simple HESM model which captures the effects of the excita-
tion system voltage demand and efficiency has been introduced which enables an analytical
investigation of the maximum torque-speed curve. It has been shown that the HESM suffers
from a significant degradation of the speed range.
The operating points in the entire torque-speed region of the HESM have been calculated via
optimization revealing that the efficiency of the entire HESM drive system is only decreased
by less than one percent in a large region of the available speed region.
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10 Conclusion and Outlook

As the reduction of the torque-speed region is the most critical issue for the HESM concept,
an extension to the investigated HESM concept has been discussed which can reduce the
voltage demand of the ph pole-pair machine to the ohmic voltage drop. The general idea
is to split and duplicate the existing field winding so that a two-phase rotor winding of
pole pair ph is realized. This allows eliminating the dominant forward rotating frequency
which is responsible for the large voltage demand. More detailed analysis and experimental
verification have not been possible in the scope of this work.

While a host of topics have been addressed in this work, it should be mentioned that the
HESM has mostly been investigated electromagnetically even though thermal, structural
and acoustic questions arise: A detailed analysis of the thermal derating of the HESM due
to the additional losses is necessary. Furthermore, at the present prototyping stage the rotor
circuitry is still located outside of the machine and connected to the field winding via slip
rings and brushes. In future work, they have to be placed on the rotor which exposes the
power electronics to the hot rotor environment and necessitates a thermal analysis. The
placement of the rotor circuitry also presents structural challenges which have been omitted
in this work. During operation, higher acoustic noise compared to conventional WRSM
operation have been heard which warrants an inspection of the radial forces and vibrations.
Moreover, high induced voltages into the field coils during dynamic events or faults must not
damage the rotor DC link or the power-electronics. Therefore, the question of safety during
transients arises when operating the HESM as a variable-speed drive.

Lastly, based on the analysis conducted in this work, a realistic assessment of the proposed
concept, its limitations and improvements are briefly discussed here: The focus is not on
inherent limitations of harmonic excitation (like larger rotor time constant, earlier saturation
and difficult monitoring of the rotor values) but on the operational drawbacks specific to the
HESM in this work.
First of all, the obvious should be stated: The HESM concept in the proposed configuration
and control scheme is not competitive with external brushless exciters neither from the
perspective of efficiency nor from an operational standpoint. The most critical limitation of
the HESM is the excessive DC link voltage demand required to inductively supply the field
current. The second major limitation of the HESM is the low excitation system efficiency of
around 75 − 80 % caused mainly by the additional iron losses of the ph pole-pair machine.
The proposed extension with a two-phase rotor winding may tackle both issue although the
analysis is still in its infancy and is left for future research. However, it should be conceded
that the considerable increase of complexity and cost of the additional power electronics
in conjunction with safety, acoustic, thermal and mechanical challenges presently calls into
question the economic viability of such a machine.
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Glossary

Abbreviations

back EMF Electro-Motive Force (induced voltage)
DPNV Dual Purpose No Voltage
EMI Electromagnetic Interference
FE Finite-Element
FEA Finite-Element Analysis
FMM Flux Modulation Machine
FOC Field-Oriented Control
FSM Flux Switching Machine
HESM Harmonic-Excited Synchronous Machine
LUT Look-Up Table
MMF Magneto-Motive Force Θ
MTPA Maximum Torque Per Ampere
PAM Pole Amplitude Modulation
PMSM Permanent-Magnet Synchronous Machine
PPM Pole Phase Modulation
PWM Pulse Width Modulation
VBR Voltage-Behind-Reactance
WRSM Wound-Rotor Synchronous Machine

Most important parameters

HESM WRSM
torque-
production

brushless
excitation

generic
machine

d-axis current Idm Idh Id
q-axis current Iqm Iqh Iq
field current Ifm Ifh If
fundamental stator winding factor kwsm kwsh

1kws



Glossary

fundamental rotor winding factor kwfm kwfh
1kwf

mutual inductance between d-axis and field
winding

Ldfm Ldfh Ldf

d-axis self inductance Ldm Ldh Ld
q-axis self inductance Lqm Lqh Lq
field winding self inductance Lfm Lfh Lf
d-axis magnetizing inductance Lhd,m Lhd,h —
number of series turns of stator winding Nsm Nsh Ns
number of series turns of field winding Nfm Nfh Nf
pole-pair number pm ph p

isolated iron losses Pfe,m Pfe,h —
stator resistance Rsm Rsh Rs
field resistance Rfm Rfh —
d-axis terminal voltage Udm Udh Ud
q-axis terminal voltage Uqm Uqh Uq
field winding terminal voltage Ufm Ufh —
induced voltage into field winding — Ufh,ind —
referral field to d-axis current um uh —-
ordinal numbers of stator winding vm vh+ and vh− v

ordinal number of field winding µm µh µ

radial electrical frequency pmωm ω+ and ω− pω

stator current phase shift — — θs
d-axis flux Ψdm — Ψd
q-axis flux Ψqm — Ψd

Superscripts and Subscripts
c stator coil
cf rotor coil
d d-axis
dq dq coordinates
f rotor/ field winding
h ph pole-pair machine
k looping index
m pm pole-pair machine
mag magnetizing current
ph phase coordinates

pp pole-pair coordinates
q q-axis
r looping index of rotor coils
s stator
σ leakage
δ airgap
′ referred to stator (Chapter

5 onward)
∗ desired (control) value
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Glossary

Symbols
a ordinal number for integration
A surface current
Acu copper area
AT ampere turns
btooth tooth width of stator or rotor
B flux density
d inner stator (bore) diameter

(d = 2r)
dL differential inductance matrix
dL differential inductance
fexc excitation frequency
hyoke yoke height of stator or rotor
hδ mechanical airgap length
I current
j complex number

√
−1

kc double-sided carter factor
kcs stator-side carter factor
vkws stator winding factor
µkwf rotor winding factor
kUh DC link voltage to supply 1

ampere of field current Ifm

kIdh stator current to supply 1 am-
pere of field current Ifm

lFe stack length
L absolute inductance matrix
m number of phases

Mel electromagnetic torque
ns, nf ordinal number of permeance

waves
n phase shift parameter (Chap-

ter 4)

N number of series turns
p pole-pair number
phys hysteresis losses [W

kg ]
peddy eddy losses [W

kg ]
pexc excess losses [W

kg ]
r radius to middle of airgap
Req equivalent input resistance of

rectifier circuit
R resistance matrix
D duty cycle of buck converter
T transformation matrix
U voltage
Udc DC link voltage
W winding function
Z number of slots
Ψ flux
Λ permeance wave
Θ MMF
ϕ position along airgap circum-

ference (stator coordinates)
ϕf position along airgap circum-

ference (rotor coordinates)
ωm radial shaft speed
β rotor displacement
θI phase shift of rotor current
ωexc 2πfexc

η drive system efficiency
ηexc excitation system efficiency
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