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The power rating of wind turbines is constantly increasing; however, keeping the voltage rating at
the low-voltage level results in high kilo-ampere currents. An alternative for increasing the power
levels without raising the voltage level is provided by multiphase machines. Multiphase machines
are used for instance in ship propulsion systems, aerospace applications, electric vehicles, and in
other high-power applications including wind energy conversion systems.

A machine model in an appropriate reference frame is required in order to design an efficient
control for the electric drive. Modeling of multiphase machines poses a challenge because of the
mutual couplings between the phases. Mutual couplings degrade the drive performance unless
they are properly considered. In certain multiphase machines there is also a problem of high cur-
rent harmonics, which are easily generated because of the small current path impedance of the
harmonic components. However, multiphase machines provide special characteristics compared
with the three-phase counterparts: Multiphase machines have a better fault tolerance, and are thus
more robust. In addition, the controlled power can be divided among more inverter legs by in-
creasing the number of phases. Moreover, the torque pulsation can be decreased and the harmonic
frequency of the torque ripple increased by an appropriate multiphase configuration. By increas-
ing the number of phases it is also possible to obtain more torque per RMS ampere for the same
volume, and thus, increase the power density.

In this doctoral thesis, a decoupled d–q model of double-star permanent-magnet (PM) synchronous
machines is derived based on the inductance matrix diagonalization. The double-star machine is
a special type of multiphase machines. Its armature consists of two three-phase winding sets,



which are commonly displaced by 30 electrical degrees. In this study, the displacement angle
between the sets is considered a parameter. The diagonalization of the inductance matrix results
in a simplified model structure, in which the mutual couplings between the reference frames are
eliminated. Moreover, the current harmonics are mapped into a reference frame, in which they can
be easily controlled. The work also presents methods to determine the machine inductances by a
finite-element analysis and by voltage-source inverters on-site.

The derived model is validated by experimental results obtained with an example double-star in-
terior PM (IPM) synchronous machine having the sets displaced by 30 electrical degrees. The
derived transformation, and consequently, the decoupled d–q machine model, are shown to model
the behavior of an actual machine with an acceptable accuracy. Thus, the proposed model is suit-
able to be used for the model-based control design of electric drives consisting of double-star IPM
synchronous machines.

Keywords: double-star, estimation, modeling, permanent-magnet synchronous machine
UDC 621.313.3:51.001.57:519.62/.64:004.94
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Nomenclature

Latin alphabet

a phase rotation operator a = ej2π/n

E electromotive force vector
F transformation matrix
I current vector
J coupling matrix
L inductance matrix
M mutual inductance matrix, vector
R resistance matrix
T transformation matrix
U voltage vector
A amplitude
c scaling coefficient [-]
e electromotive force [V]
g air-gap length [m]
I current [A]
i current [A]
k order of harmonic [-], winding factor [-]
L inductance, self-inductance [Vs

A ]
l effective length, stack length [m]
M mutual inductance [Vs

A ]
m number of winding sets [-]
N number of turns [-], winding function [-]
n number of phases [-], order of harmonic [-]
p time derivative operator, number of pole pairs [-]
R resistance [VA ]
r effective radius of the stator bore [m]
t time [s]
U voltage [V]
u voltage [V]
z number of nonflux/torque-producing reference frames [-]
j imaginary unit

Greek alphabet

α alpha axis, half of the displacement between two winding sets [rad]
β beta axis

11
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ε1 auxiliary variable
ε2 auxiliary variable
γ displacement angle [rad]
κ displacement between two winding sets [rad]
λ permeance coefficient [-]
Ψ flux linkage vector
µ0 vacuum permeability [ Vs

Am ], µ0 ≈ 4π10−7 [ Vs
Am ]

ω angular frequency [ rads ]
φ circumferential position [rad], displacement angle [rad]
ψ flux linkage [Vs]
θ rotor position [rad]
δ rotor position [rad]

Subscripts

d direct-axis
D1 D1-axis of the decoupled model
D2 D2-axis of the decoupled model
e electrical
f field winding, magnetizing
max maximum
min minimum
PM Permanent Magnet
q quadrature-axis
Q1 Q1-axis of the decoupled model
Q2 Q2-axis of the decoupled model
r rotor
s stator
σ1 self-leakage of three-phase winding set no. 1
σ2 self-leakage of three-phase winding set no. 2
σm mutual leakage
σs self leakage
i index
ij between ith and jth phase
j index
n order of harmonic
α alpha-axis of stationary reference frame
β beta-axis of stationary reference frame
a1 phase a of three-phase winding set no. 1
a2 phase a of three-phase winding set no. 2
b1 phase b of three-phase winding set no. 1
b2 phase b of three-phase winding set no. 2
c1 phase c of three-phase winding set no. 1
c2 phase c of three-phase winding set no. 2
d1 direct-axis of three-phase winding set no. 1
d2 direct-axis of three-phase winding set no. 2
diag diagonal
DQ decoupled d–q reference frame
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dq d–q reference frame
ew end winding
kd direct-axis damper winding
kq quadrature-axis damper winding
m0 fundamental component
m2 second-harmonic component
md direct-axis magnetizing
mq quadrature-axis magnetizing
m magnetizing
q1 quadrature-axis of three-phase winding set no. 1
q2 quadrature-axis of three-phase winding set no. 2
rot rotational
s0 fundamental component
s1 stator variable of three-phase winding set no. 1
s2 stator variable of three-phase winding set no. 2, second-harmonic component
src source
VSD Vector Space Decomposition
w1 winding fundamental component
x x-axis of stationary reference frame
y y-axis of stationary reference frame
1 three-phase winding set no. 1
12 three-phase winding sets 1 and 2
2 three-phase winding set no. 2

Other symbols

ˆ peak value
c̄ complex vector
T complex transformation matrix
~f complex variable

Acronyms

AC Alternating Current
DC Direct Current
EMF Electromotive Force
EU European Union
EWEA European Wind Energy Association
FE Finite Element
FEA Finite Element Analysis
FEM Finite Element Method
IPM Interior Permanent Magnet
MRAS Model-Reference Adaptive System
PM Permanent Magnet
PMSG Permanent Magnet Synchronous Generator
PMSM Permanent Magnet Synchronous Machine
RLS Recursive Least Squares
RMS Root Mean Square
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VSC Voltage Source Converter
VSD Vector Space Decomposition
VSI Voltage Source Inverter
WECS Wind Energy Conversion System
WTS Wind Turbine System
WWEA World Wind Energy Association
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Chapter 1

Introduction

1.1 Motivation
Renewable energy production has been increasing its share in the total energy production. The
target of the European Union (EU) is to generate at least 20 % of its energy consumption from
renewable energy sources by the year 2020 (EEA, 2012). The wind turbine system (WTS) tech-
nology, which is still considered one of the most promising renewable energy technology, plays
an important role in achieving the target (Blaabjerg et al., 2012). The installed wind power ca-
pacity worldwide has been doubling every three years, the capacity being over 282 GW at the end
of year 2012 (WWEA, 2012). The World Wind Energy Association (WWEA) estimates that the
global installed wind power capacity could be as much as 1000 GW by the year 2020 (WWEA,
2012). The European Wind Energy Association, instead, expects 230 GW of wind power capacity
to supply 15–17 % of the EU’s then electricity demand (EWEA, 2013). According to the WWEA
(2012), all wind turbines installed globally by the end of the year 2012 contributed 580 TWh to
the worldwide electricity supply representing over 3 % of the global electricity demand. Although
the global share is rather small, in some countries and regions wind has become one of the largest
electricity sources. For example in Denmark, wind energy covers over 30 % of the electric power
consumption (Blaabjerg and Ma, 2013).

The evolution of wind turbines over the past 30 years has been tremendous. Not only has the
size of the wind turbines notably increased but also the role of power electronic converters has
changed substantially. Figure 1.1 illustrates the evolution. In the 1980s, the power rating of wind
turbines was only hundreds of kilowatts, and the role of power electronics in the energy conver-
sion was negligible. However, a decade ago, the largest individual wind turbine generator was
already 2 MW, and a partial-scale power converter was used to control the machine (Hansen et al.,
2001). Today, much larger wind turbines are being developed that adopt full-scale power convert-
ers. The full-scale power converter gives a full variable-speed-controlled wind turbine (Blaabjerg
et al., 2012) thereby increasing the power captured from the wind. According to Liserre et al.
(2011), a 10 MW direct-drive high-temperature superconductor generator for offshore application
is being developed by an Austrian-based company WindTec. To scale the power level even higher,
the Upwind European project has stated that a 20 MW wind turbine is feasible (UpWind, 2011).
However, according to Blaabjerg et al. (2012), the best-seller megawatt range is still only 1–3 MW.

The voltage level of 690 V (line-to-line RMS) of the state-of-the-art generators used in multi-

17



18 1.1 Motivation

Figure 1.1: Evolution of wind turbines and the role of power electronics in the energy conversion over
the last 30 years. The power level of the converters is indicated by blue. Reproduced from
Blaabjerg et al. (2012).

megawatt wind energy conversion systems (WECSs) results in high (kiloamp range) stator cur-
rents. A lower phase current for the same power rating can be obtained by using multiphase
generators. The multiphase generators can be connected through several low-voltage (690 V)
back-to-back voltage source converters (VSCs) or diode full-bridge rectifiers into the DC link.
Figure 1.2 shows an example case where a six-phase permanent-magnet (PM) generator is con-
nected through two VSCs to the DC link and a medium-voltage grid-side converter is used for the
grid connection. In this example case, the voltage of the DC link is elevated because of the series

Figure 1.2: Wind energy conversion system consisting of a six-phase PM synchronous generator con-
nected to the DC link through two VSCs arranged in series. A medium-voltage VSC con-
nects the DC link to the grid. The gearbox and the transformer can be omitted in certain
designs, and are therefore illustrated by a dashed line.

connection of the DC side of the VSCs, and thus, the operating point of the multilevel converter
can be reached by keeping low-voltage at the AC terminals of the machine (Duran et al., 2011).
Since the power electronics can be viewed as an interface between the grid and the generator, the
number of phases of the generator is not limited to the number of phases of the grid.
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In order to fully exploit the advantages such as higher reliability and better torque quality pro-
vided by multiphase machines, a simplified yet accurate machine model in an appropriate refer-
ence frame is needed. An analytical model of the machine in an appropriate reference frame is
of importance especially in model-based control design; for example, in designing a predictive
current control. In this study, the simplified structure serves two requirements: the electric and
magnetic variables of the fundamental frequency must be represented by DC quantities and the
coupling between the variables must be minimized. As the accuracy of the model depends on the
machine parameters, a method for determining the model parameters is also needed.

1.2 Outline of the thesis
This doctoral thesis studies modeling and parameter estimation of double-star permanent-magnet
synchronous machines. The target of this doctoral thesis is to develop an analytical model of
double-star PM machines for analysis and model-based control purposes and to propose methods
to determine the machine parameters. The armature of the studied machine consists of two three-
phase winding sets with an arbitrary displacement angle between the sets. The rotor includes
permanent magnets buried inside the rotor, thus representing a magnetically anisotropic (salient-
pole) structure.

The thesis consists of four main topics:

1. Evaluation of machine-based harmonics using a phase-variable model

2. Analytical derivation of decoupled d–q reference frames for double-star PM machines

3. Determination of double-star machine parameters applying a finite element method and
experimental determination by voltage source inverters

4. On-line estimation of double-star PM machine parameters using recursive least-squares
algorithm

The topics are discussed in four publications.

Publication I studies how the harmonics that originate from the machine itself affect the accu-
racy of the analytical model of double-star permanent magnet machines. The effects are evaluated
using a phase-variable model, which can take into account any number of harmonics. The param-
eters for the model are obtained by finite-element analyses.

Publication II derives a decoupled d–q model for double-star interior PM (IPM) machines. The
derivation of the model is based on the diagonalization of the machine inductance matrix. The
derived machine model is verified by experimental results using diode full-bridge rectifiers as
machine-side converters.

Publication III studies the determination of the inductance parameters for the decoupled d–q
model. Three methods altogether are evaluated by finite element analyses and one method by ex-
perimental results.
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Publication IV proposes an on-line parameter estimation method for double-star IPM machines
using the decoupled d–q model and a recursive least squares algorithm. The parameters are es-
timated at a standstill and in the rotating operating state. The experimental results are compared
with the results obtained from the finite element analyses.

The author of this doctoral thesis is the principal author of Publications I–IV. The analytical cal-
culations in Publication II were made in cooperation with Prof. Mauro Andriollo. In Publications
I–IV the simulations were carried out by the author and the experimental tests were performed in
cooperation with Mr. Jussi Karttunen. The other coauthors have participated in the commenting
of the papers.

The introductory part of the thesis is divided into six chapters: Chapter 1 draws up the outline
of the thesis and lists scientific contributions. Chapter 2 gives a literature review on the research
topic. Chapter 3 introduces and discusses the machine parameters. Chapter 4 addresses model-
ing of double-star PM machines, analyzes Publication I in brief, and compares the decoupled d–q
model derived in Publication II with existing methods. Chapter 5 describes Publications III and
IV in brief and presents an AC standstill method in determination of inductances of double-star
PM machines. Chapter 6 elaborates on the conclusions of this doctoral thesis with suggestions for
future work.

1.3 Scientific contributions
The main contribution of this doctoral thesis is the derivation of an analytical model of double-star
PM machines that represents the machine with two decoupled d–q reference frames. The scientific
contributions of this doctoral thesis can be summarized as follows:

1. Derivation of an analytical model of double-star PM machines in decoupled d–q reference
frames

2. Derivation of analytical expressions to calculate the model inductances from the phase-
variable inductance waveforms

3. Determination of the parameters for the decoupled d–q model with a finite element analysis
and with an experimental setup using two voltage source inverters (VSIs)

4. Estimation of the model parameters at a standstill and in the rotating operating state using
two VSIs



Chapter 2

Double-star electrical machines

In general, electrical machines with more than three phases (n > 3) are categorized as multiphase
machines (Levi et al., 2004). The armature of the machines can consist of one or more winding
sets (commonly star connected). Electrical machines with multiple winding sets (m > 1) have
magnetic couplings both between individual phases of a winding set and between the sets. There
are also ’fault-tolerant’ machines, which have a high degree of magnetic isolation between the
phases, and because of the isolation, no cross-couplings occur (Miller and McGilp, 2009).

The history of multiphase machines dates back to the 1920s when double-winding generators were
proposed to surpass the limitations on the circuit breaker interrupting capacity (Fuchs and Rosen-
berg, 1974). Later, multiphase machines helped to overcome the current limitations of semicon-
ductor devices by decreasing the current per phase value (Schiferl and Ong, 1983a). Multiphase
machines, which consist of two winding sets, also offered a more optimal solution to provide both
AC and DC power on aircrafts and ships: DC power was supplied through a rectifier connected to
one winding set while the other winding set supplied AC power. The system required less filter-
ing but also weighed less than the conventional three-phase generator-transformer-rectifier system
(Schiferl and Ong, 1983a). Double-wound synchronous machines were also used to supply AC
power for air conditioners and illumination systems in DC electric railway coaches (Kataoka et al.,
1981).

Multiphase machines having two three-phase stator windings spatially displaced by 30 electri-
cal degrees have been studied in many papers from the 1970s onwards (Nelson and Krause, 1974;
Fuchs and Rosenberg, 1974; Lipo, 1980; Jahns, 1980; Schiferl and Ong, 1983a; Abbas et al., 1984;
Zhao and Lipo, 1995; Hadiouche et al., 2004; Bojoi et al., 2006; Andriollo et al., 2009; Barcaro
et al., 2010; Tessarolo, 2010). Such machines have been called dual three-phase, dual stator-
winding, or double-star machines. The terms asymmetrical six-phase and split-phase machines
have also been used. The study of Nelson and Krause (1974) shows that the torque characteristic
of a multiphase machine, the armature of which consists of two three-phase winding sets having
a displacement of 30◦ between the sets, is substantially better than for 0- or 60-degree displace-
ments. Moreover, by supplying the two three-phase sets displaced by 30◦ with two three-phase
inverters instead of one set and one inverter, the amplitude of the pulsating torque component
was reduced and the frequency was shifted to 12 times the supply frequency (Nelson and Krause,
1974). Schiferl and Ong (1983b) have also shown that for most operating conditions of a six-phase
synchronous machine with AC and DC stator connections, a displacement angle of 30◦ appears to

21



22 2.1 Modeling of double-star electrical machines

be the optimum with respect to voltage harmonic distortion and torque pulsation. A further im-
provement in the system performance can be obtained by extending the concept to three or more
inverters feeding a single machine (Nelson and Krause, 1974). Consequently, the displacement
angle between the winding sets giving the best performance for n-phase machines is, in general,
180◦/n for an even number of sets and 360◦/n for an odd number of sets (Nelson and Krause,
1974). In symmetrical n-phase systems, the best performance is obtained by an angle of 360◦/n
between the phases.

The main motivations to use multiphase machines instead of conventional three-phase machines
relate strongly to the electric drive performance and the current rating of power converters. In the
following, the main advantages of multiphase machine drives compared with conventional three-
phase machine drives are listed. The statements have been gathered from (Abbas et al., 1984;
Bojoi et al., 2003; Boglietti et al., 2008; Miller and McGilp, 2009)

• the controlled power can be divided among more inverter legs to reduce the current stress
of single static switches instead of adopting parallel techniques,

• it is possible to smooth the torque pulsations by an appropriate choice of a winding config-
uration,

• the rotor harmonic losses can be reduced from the level produced in three-phase six-step
systems,

• the overall system reliability is improved in case of the loss of one machine phase,

• winding factors can be increased, and

• the overall system reliability is improved in the case of the loss of one inverter module.

The feature of redundancy that multiphase machine drives also provide, especially the ones that
are supplied by separate inverter units, is valuable in applications requiring at least partial power
in all situations; for example, in ship propulsion systems (Kanerva et al., 2008). Thus, multiphase
machines have been proposed for aerospace applications, electric vehicles, and other high-power
applications requiring high reliability (Simoes and Vieira, 2002; Parsa, 2005; Levi, 2008).

Although multiphase machines have been studied rather intensively for the past three decades,
little research is reported with regard to modeling of multiphase PM machines, particularly with
machines with a magnetically anisotropic rotor. Moreover, it was not until the mid- to late 1990s
when variable-speed multiphase drives became a serious contender for various applications (Parsa,
2005).

2.1 Modeling of double-star electrical machines
Many advantages motivate the use of transformations for the modeling of electrical machines. An
important advantage is to obtain variables (fluxes, currents, and voltages) that are constants in the
steady state, and are thus easier to analyze. Another advantage is the elimination of the rotor po-
sition dependency of inductances that characterizes salient pole machines – constant inductance
parameters simplify the model structure, and consequently, the control of the machine. Thus, the
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main issue in the modeling of electrical machines is the transformation that maps the machine
variables into a proper reference frame.

Krause et al. (2002) list the reference frames commonly used in the analysis of three-phase elec-
trical machines and power system components:

• arbitrary reference frame,

• stationary reference frame,

• reference frame fixed in the rotor, and

• synchronously rotating reference frame.

The reference frame speed defines the main difference between the four cases and requires some
comments. In the arbitrary reference frame, the speed is unspecified ω. In the stationary reference
frame instead, the speed is zero as the name suggests. The reference frame fixed in the rotor rotates
at the rotor electrical speed ωr, whereas the synchronously rotating reference, which rotates at the
speed ωe, rotates in synchronism with the rotating magnetic field. In the case of a synchronous
machine, the latter two reference frames are exactly the same because ωr = ωe.

Air-gap space harmonics and magnetic nonlinearities complicate the use of linear analysis tech-
niques, and therefore, some assumptions and simplifications must be made (Abbas et al., 1984).
The assumptions of sinusoidally distributed windings and a linear flux path are used both for con-
ventional three-phase machines and multiphase machines. In the case of double-star machines,
also the following simplifications are generally applied (Fuchs and Rosenberg, 1974; Nelson and
Krause, 1974; Abbas et al., 1984; Bojoi et al., 2003):

• The windings are equal and symmetrical within each three-phase set.

• Mutual leakage inductances are not considered.

The first simplification assumes that the parameters of the windings have the same values. The
latter simplification instead assumes that the mutual leakage coupling is negligible. In general,
such a coupling occurs only when coil sides of windings share the same stator slots (Schiferl and
Ong, 1983a). A further simplification for the analysis can be obtained by neglecting the effect of
damper windings, as in Fuchs and Rosenberg (1974). Note that the PM synchronous generators in
WECSs are typically not equipped with damper windings.

The well-known Park transformation projects the stator physical phase variables to a d–q–0 ref-
erence frame fixed in the rotor (Park, 1929). The transformation matrix with a power invariant
scaling to model a conventional three-phase machine in the d–q–0 reference frame is as follows:

TP(δ) =

√
2

3

 cos δ cos(δ − 2π
3 ) cos(δ + 2π

3 )
− sin δ − sin(δ − 2π

3 ) − sin(δ + 2π
3 )

1/
√

2 1/
√

2 1/
√

2

 (2.1)

where δ defines the rotor electrical angle from its zero position. The scaling coefficient can be
selected arbitrarily, but it is convenient to select it to give

• power invariant scaling c =
√

2/3,
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• peak-value scaling c = 2/3, or

• RMS value scaling c =
√

2/3.

Assuming a sinusoidal symmetrical condition with no zero sequence component, as a result of
the peak value scaling, the length of the space vector equals the peak value of the corresponding
phase quantity whereas the power invariant scaling remains power invariant. The RMS value
scaling, instead, yields RMS quantities, but this scaling is seldom used. Regardless of the value of
the scaling factor, the application of the Park transformation to the inductance matrix of salient-
pole machines eliminates the rotor position dependency of the inductances as well as represents
the fundamental components with DC quantities.

The well-known Clarke transformation (Clarke, 1943), again, can be used to map the phase vari-
ables into the stationary α–β–0 reference frame. The transformation with peak-value scaling is as
follows

TC =
2

3

 1 −1
2 −1

2

0
√
3
2 −

√
3
2

1
2

1
2

1
2

 . (2.2)

Naturally, both the transformations (2.1) and (2.2) can be used for multiple three-phase winding
sets.

Nelson and Krause (1974) have used the Park transformation to model a multiphase induction
machine the armature of which consists of multiple three-phase winding sets. The transformation
is applied to each of the winding sets separately. Consequently, the model is a straightforward
extension of the model of three-phase machines. Similarly, Fuchs and Rosenberg (1974) have used
a transformation matrix that has been constructed from two Park transformation matrices. Such a
modeling method is generally known as the double d–q winding approach because of the resulting
two d–q reference frames. In general, the application of the Park transformation to multiphase
machines, the armature of which consists of m three-phase winding sets, results in m pairs of
d–q equations (Levi, 2008). Figure 2.1 shows the double d–q reference frame equivalent circuits
of double-star synchronous machines (Schiferl and Ong, 1983a) with the following parameters:
Rs is the stator resistance, Lσ is the leakage inductance, ωe is the electrical angular speed, Lmd,
and Lmq are the d–q axis magnetizing inductances, respectively, ψd and ψq are the d–q axis flux
linkages, Lkd andLkq are the inductances of the damper windings,Rkd andRkq are the resistances
of the damper windings, and If is the magnetizing current. The mutual leakage coupling between
the stator windings, illustrated in Figure 2.1, is omitted further on.

Abbas et al. (1984) have presented the steady-state characteristics of a six-phase squirrel-cage
induction motor excited by a voltage source inverter (VSI). The motor was a modified indus-
trial three-phase machine rewound with a six-phase stator winding consisting of two three-phase
winding sets displaced by 30 electrical degrees. The transformation Abbas et al. used was a sym-
metrical component transformation that actually originated from the transformation proposed by
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Figure 2.1: Equivalent circuits of a double-star synchronous machine when applying the Park trans-
formation to both of the winding sets separately. The dashed lines represent the damper
windings, which are neglected in this study. Adapted from Schiferl and Ong (1983a)

Fortescue (1918). The Fortescue transformation for symmetrical n-phase systems is the following:

F =
1√
n



1 1 1 1 · · · 1
1 a a2 a3 · · · an−1

1 a2 a4 a6 · · · a2(n−1)

1 a3 a6 a9 · · · a3(n−1)

...
...

...
... · · ·

...
1 az+1 a2(z+1) a3(z+1) · · · a(z+1)(n−1)

1 −1 1 −1 · · · −1

1 az+3 a2(z+3) a3(z+3) · · · a(z+3)(n−1)

...
...

...
... · · ·

...
1 an−3 a2(n−3) a3(n−3) · · · a(n−3)(n−1)

1 an−2 a2(n−2) a3(n−2) · · · a(n−2)(n−1)

1 an−1 a2(n−1) a3(n−1) · · · a(n−1)2



(2.3)

where a = ej2π/n and the parameter z defines the number of nonflux/torque-producing reference
frames (in the case of a six-phase machine z = 1). In general, there are one torque-producing ref-
erence frame and one zero sequence axis if n is odd, or two zero sequence axes if n is even (Yepes
et al., 2012). Since the symmetrical component transformation is appropriate only for symmetrical
n-phase machines where each phase is displaced by 360/n electrical degrees, it cannot be directly
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applied to double-star machines having a phase displacement of 30◦ between the winding sets.
This limitation, however, can be overcome by representing the machine as a symmetrical 12 phase
machine, as in Abbas et al. (1984).

For the control of double-star induction machines, Zhao and Lipo (1995) have proposed a vec-
tor space decomposition (VSD) control technique, which also separates the electromechanical and
nonelectromechanical energy-conversion-related machine variables into different two-dimensional
reference frames. The VSD transformation is based on finding surfaces that are orthogonal to each
other and are spanned by different orders of harmonics. The transformation, applicable to double-
star machines with a 30◦ displacement between the sets, is as follows

T =
1√
3



1 cos(2π3 ) cos(4π3 ) cos(π6 ) cos(5π6 ) cos(9π6 )
0 sin(2π3 ) sin(4π3 ) sin(π6 ) sin(5π6 ) sin(9π6 )
1 cos(4π3 ) cos(2π3 ) cos(5π6 ) cos(π6 ) cos(9π6 )
0 sin(4π3 ) sin(2π3 ) sin(5π6 ) sin(π6 ) sin(9π6 )
1 1 1 0 0 0
0 0 0 1 1 1

 . (2.4)

The transformation maps the machine variables into three two-axis reference frames that are de-
coupled with respect to each other. Thus, the machine model and its control are simplified.

Knudsen (1995) derived an extended Park transformation matrix applicable to double-star syn-
chronous machines having the two winding sets displaced by 30◦. The extended Park transfor-
mation was a result of finding a transformation that diagonalizes the stator inductance matrix of a
salient-pole double-star synchronous machine, and it is as follows (Knudsen, 1995)

T =
1√
2

(
TP(θ) TP(θ − π/6)
TP(θ) −TP(θ − π/6)

)
. (2.5)

Application of the extended Park transformation results in a constant inductance matrix with a
minimum number of mutual couplings – similarly as the application of a conventional Park trans-
formation to three-phase machines (Knudsen, 1995).

The objective of matrix diagonalization is to convert a square matrix into a diagonal matrix that
shares the same fundamental properties of the original matrix. The entries of the diagonalized
matrix are the eigenvalues of the original matrix, and the eigenvectors of the square matrix make
up a new set of axes corresponding to the diagonal matrix (Tang, 2007). The main advantages of
using diagonalization are reduction in the number of parameters from n×n for an arbitrary matrix
to n for a diagonal matrix, yet retaining the characteristic properties of the initial matrix, and most
importantly, obtaining the simplest possible form of the system.

Diagonalization of the stator inductance matrix has also been proposed by Hadiouche et al. (2000).
The machine under study was a double-star induction machine with an arbitrary displacement
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between the winding sets. The transformation Hadiouche et al. derived is

T =
1√
3



1 cos(2π3 ) cos(4π3 ) cos(κ) cos(κ+ 2π
3 ) cos(κ+ 4π

3 )
0 sin(2π3 ) sin(4π3 ) sin(κ) sin(κ+ 2π

3 ) sin(κ+ 4π
3 )

1 cos(4π3 ) cos(2π3 ) cos(π − κ) cos(π3 − κ) cos(5π3 − κ)
0 sin(4π3 ) sin(2π3 ) sin(π − κ) sin(π3 − κ) sin(5π3 − κ)
1 1 1 0 0 0
0 0 0 1 1 1

 , (2.6)

where κ defines the displacement between the two winding sets. The model is constructed in a sta-
tionary reference frame, and is similar with (2.4): three two-dimensional decoupled subspaces are
obtained. Moreover, different harmonics are divided into different subspaces. Later, Hadiouche
et al. (2004) used the transformation to study the mutual leakage coupling in double-star induction
machines with a 30◦ displacement between the sets.

Inductance matrix diagonalization has also been the basis of a decoupled d–q model of double-star
PM machines derived by Andriollo et al. (2009). The transformation results in two d–q reference
frames that are decoupled with respect to each other. The transformation can be regarded as a
general transformation, since it considers the displacement angle as a parameter and does not as-
sume a specific symmetry in the mutual inductances (the mutual inductances between the phases
are considered with different coefficients). Moreover, the model takes into account the rotor-based
harmonics. However, it does not take into account rotor saliency, and thus, it is not applicable to
double-star PM machines with embedded magnets.

Multiphase PM machines have also been analyzed by Miller and McGilp (2009). The analysis
covered six-phase and nine-phase PM machines, and the models were derived using the Park
transformation. Moreover, particular attention was paid to the magnetic interactions, which are of
interest in determining the performance of the machine and in designing a control system (Miller
and McGilp, 2009). In addition, the mutual couplings are relevant when analyzing fault tolerance.

Figure 2.2 shows the above-mentioned transformations as milestones in the modeling of double-
star machines over the past 40 years. Most of the transformations have been derived for multiphase
induction machines (Nelson and Krause, 1974; Lipo, 1980; Abbas et al., 1984; Zhao and Lipo,
1995). These transformations map the machine phase variables into stationary reference frames.
The transformations proposed for synchronous machines, instead, map the variables into reference
frames fixed in the rotor (Knudsen, 1995; Andriollo et al., 2009). Since the stator windings of in-
duction machines and synchronous machines are commonly similar, the transformations proposed
for induction machines can be, in principle, applied to synchronous machines (and vice versa).
The VSD approach proposed by Zhao and Lipo (1995) has commonly been taken in the literature
when considering the modeling and control of double-star machines (Bojoi et al., 2003).

The tendency shows that the transformations result in decoupled reference frames by decomposing
vector spaces or by diagonalizing the inductance matrix. All in all, decoupled two-axis reference
frames have received much attention in the literature. Despite the multitude of papers considering
transformations for double-star machines, it appears that no papers have discussed their appli-
cability to double-star IPM machines, or proposed a specific transformation for double-star IPM
machines. In this doctoral thesis, a transformation for double-star IPM machines is proposed.
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Figure 2.2: Milestones in the modeling of double-star machines from 1970 until today.

2.2 Parameter estimation of electrical machines
Machine parameter estimation methods can be divided into off-line and on-line methods. The on-
line estimation methods are specified to be performed during the normal operation of the machine.
The off-line methods, instead, are performed while the service of the machine is interrupted. In
addition, the off-line methods include the parameter estimation of the machine using their numer-
ical models.

The parameters of conventional three-phase IPM machines have been estimated using the d–q
reference frame model and recursive least-squares (RLS)-based algorithms in Morimoto et al.
(2006), Ichikawa et al. (2006), and Inoue et al. (2011). The method proposed in Ichikawa et al.
(2006) also uses a signal injection and an extended EMF (electromotive force) model. Inoue
et al. (2011) estimate the stator resistance on-line while the q-axis inductance is estimated off-line.
Morimoto et al. (2006) instead, estimate the PM flux in the operating state and the inductance and
resistance parameters are estimated at a standstill.

The state-of-the-art solutions for three-phase machines in general also include the use of an adap-
tive interconnected observer (Hamida et al., 2013), a converter self-commissioning at a stand-
still (Peretti and Zigliotto, 2012; Zubia et al., 2011), an unscented Kalman-filter-based method
(Valverde et al., 2011), an extended Kalman-filter-based method (Shi et al., 2012), the use of
adaptive linear neuron networks (Bechouche et al., 2012), and a multiparameter estimation (Liu
et al., 2011). In addition, Liu et al. (2012) propose a model-reference adaptive system (MRAS) es-
timation method. The standstill methods proposed by Peretti and Zigliotto (2012) and Zubia et al.
(2011) for three-phase induction machines are a step toward a complete self-commissioning of the
vector-controlled drives. The nonlinear interconnected observer proposed by Hamida et al. (2013)
estimates the rotor position, rotor speed, and load torque in addition to the machine parameters.
The method uses the measured currents and the command voltages in the d–q reference frame.
The convergence of the observer is proven by means of Lyapunov practical stability techniques.
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The multiparameter on-line estimation for non-salient pole PM machines proposed by Liu et al.
(2011) estimates simultaneously the winding inductance L, winding resistance Rs, and flux link-
age produced by the PMs ψPM. The method applies an Adaline neural network and the voltage
equations of the PMSM in two operating points, namely id = 0 and id 6= 0. Two operating points
have to be considered because of the rank deficiency of the equations: if the number of estimated
parameters is greater than the rank of the steady-state equations, the estimated values may not
converge to the correct values, and consequently, the equation is rank deficient.

The MRAS method in Liu et al. (2012) uses the d–q model of the machine as the reference model.
Liu et al. consider a surface-mounted PM machine, and thus, the reference model can be sim-
plified further since Ld = Lq = L. Despite the simplification, the parameters L, Rs, and ψPM

are not simultaneously identifiable because of the rank deficient problem (Liu et al., 2012). The
problem can be solved by estimating first L in the id = 0 condition and then estimating Rs and
ψPM in the id 6= 0 condition as done in (Liu et al., 2012).

Despite the multitude of papers on parameter estimation of three-phase machines, only a few pa-
pers consider specific estimation techniques for multiphase machines. In particular, the on-line
estimation of double-star IPM machine parameters is a subject that has not been covered in the
literature. Yepes et al. (2012) and Riveros et al. (2012) have recently made an effort to fill this
gap by proposing parameter estimation schemes for multiphase induction machines. The methods
proposed by Yepes et al. (2012) are off-line methods and do not consider on-line estimation in
the rotating operating state. In Riveros et al. (2012), the parameters are estimated at a standstill
using time-domain tests and the RLS algorithm. The method requires modification in the winding
connection, and therefore, the method is not the most straightforward one to apply to machines
on-site. In this thesis, methods to estimate double-star IPM machine parameters off-line and on-
line are presented.

2.3 Conclusion
Modeling of double-star machines in general has followed two different paths: The earlier path
suggests a double d–q winding approach that represents the machine with two d–q reference
frames which correspond individually to the three-phase winding sets. Thus, the double d–q wind-
ing approach represents the machine with mutually coupled reference frames. The later path, a
vector space decomposition approach, represents the machine with two pairs of two-axis windings
(reference frames) that are orthogonal with respect to each others, and thus the coupling between
the reference frames is eliminated.

Despite the multitude of papers considering transformations for double-star machines, it appears
that no papers have discussed their applicability to double-star IPM machines, or proposed a spe-
cific transformation for double-star IPM machines.
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Chapter 3

Parameters of double-star PM machines

This chapter introduces and discusses the equations of the main parameters needed in the model-
ing of double-star PM machines.

3.1 Self- and mutual inductances

Stator inductances are important in the modeling of electrical machines in general since all the
stator flux linkages are related to all the stator currents through inductances. The inductances con-
sist of self- and mutual inductances, which can be further divided into magnetizing and leakage
components.

In a magnetically linear system, the self-inductance L of a winding is the ratio of the flux ψ linked
by a winding to the current I flowing in the winding with all the other winding currents zero
(Krause et al., 2002). For example, the self-inductance of a winding i can be expressed as follows

Li =
ψi
Ii
. (3.1)

Similarly, the mutual inductance linking the windings i and j results in the following expression

Mij =
ψj
Ii
. (3.2)

PM machines with buried magnets correspond to salient pole machines, in which the inductances
depend on the rotor position. In such machines the fundamental wave of the self-inductance of
a stator winding varies by 2θe (Vas, 1998). The dependency can be taken into account in the
analytical expression of inductances with an inverse air-gap function. Krause et al. (2002) express
the inverse air-gap function with the following approximation

g(φs − θe)−1 = ε1 − ε2 cos(2φs − 2θe) (3.3)

where φs is the stator circumferential position and θe is the rotor position. The variables ε1 and ε2,
defined with the help of the minimum and maximum air-gap lengths gmin and gmax, respectively,

31
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are

ε1 =
1

2

(
1

gmin
+

1

gmax

)
(3.4)

ε2 =
1

2

(
1

gmin
− 1

gmax

)
. (3.5)

This approach provides accurate results if the air gap is very small (Figueroa et al., 2006). How-
ever, it provides some insight into the influence of the machine structure in the inductances. Fig-
ure 3.1 illustrates the inverse air-gap function. For surface-mounted PM (non-salient pole) syn-
chronous machines the effective air-gap length is approximately constant.

1/gmax

1/gmin

θe θe + π
2

θe + π θe + 3π
2

θe + 2π

g−1(φs − θe)

φs

Figure 3.1: Inverse air-gap function of a sinusoidally distributed air gap.

With the help of the inverse air-gap function (3.3) and a function called the winding function
Ni(φs), the analytical expression for the self-inductance of the stator winding i results in

Li = µ0rl

∫ 2π

0
Ni(φs)

2g(φs − θe)−1dφs, (3.6)

where l is the stack length, r is the effective radius of the stator bore, and µ0 is the permeability of
vacuum (4π10−7 [Vs/Am]) (Obe, 2009). The mutual inductance linking any two stator windings
i and j can be expressed similarly

Mij = µ0rl

∫ 2π

0
Ni(φs)Nj(φs)g(φs − θe)−1dφs. (3.7)

These equations give the magnetizing inductances, and can be used to define all the self- and
mutual inductances of the stator windings (Lipo, 2012).

Figure 3.2 shows the winding arrangement of the studied double-star PM machine. The reference
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Figure 3.2: Winding arrangement of the studied double-star machine PM machine. The displacement
angle α is defined in the bisection of the phases a1 and a2. The neutral points of the two
winding sets are galvanically isolated from each other.

axis being defined in the bisection of the coils a1 and a2, the mathematical expression for the
self-inductance of the stator winding a1 results in

La1(θe) = Ls0 + Ls2 cos(2θe + 2α), (3.8)

where Ls2 is the magnetizing inductance produced by the rotor position dependent air-gap flux
and Ls0 consists of the magnetizing inductance caused by the fundamental air-gap flux and of the
leakage inductance Lσs. The general expression for the self-inductance is as follows:

Li(θe) = Ls0 + Ls2 cos(2θi), (3.9)

where θi is the displacement angle from the d-axis. The higher-order harmonics of the inductances
are omitted, although they may not be negligible as Publication I demonstrates. In the phase-
variable model described in Publication I, the self-inductances are defined with the following
equation taking into account also higher-order harmonics

Li(θe) = Lis0 +
∞∑
n=1

Lis2n cos(2nθi + γin), (3.10)

where γin is the offset of the displacement of the corresponding harmonic order n.

Mutual inductance can be defined as the ratio of the flux linked by one winding caused by the
current flowing in another winding with all the other winding currents zero, as (3.2) shows. The
value of the mutual inductance depends on several factors: the distance between circuits, the
number of turns in each circuit, and the orientation of circuits. The shapes and sizes of circuits
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also have an effect on the mutual coupling. If the winding axes are perpendicular, no mutual
couplings exist. However, because of the rotor saliency, there is a rotor position dependent mutual
inductance term also between perpendicular windings. For example, in double-star machines with
a displacement of 30 electrical degrees between the two winding sets, the phase pairs a1–c2, b1–a2,
and c1–b2 are perpendicular, giving a zero average value for the mutual inductance, but the rotor
position dependent term, instead, is not zero. Figure 3.3 illustrates the mutual couplings related to
the coil a1 in the cases of three-phase and double-star machines. The mutual inductance between

a1

c1
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Ma1c1

Ma1b1

a1

c1

b1

Ma1c2

Ma1b2

c2

b2

a2

Ma1a2

a) b)

Ma1c1

Ma1b1

Figure 3.3: Mutual inductances related to the coil a1 of a) a three-phase machine and b) a double-star
machine.

the stator windings i and j of the same winding set can be expressed as

Mij(θe) = Ms0 +Ms2 cos(θi + θj). (3.11)

where Ms0 is the constant part, Ms2 is the coefficient of the rotor position dependent part, and
angles θi and θj define the displacement of the corresponding winding from the d-axis.

In Publication II, the mutual inductances between the coils of different winding sets are assumed
with a specific symmetry, and are thus expressed as

Mij(θe) = Mm0 cos(θi − θj) +Mm2 cos(γij) (3.12)

where Mm0 cos(θi − θj) defines the average value, Mm2 is the second-harmonic coefficient, and
the displacement angle γij is defined as

γij =


2(θi − α) if ij = a1a2, b1b2, or c1c2

2(θi − α− π/3) if ij = a1b2, b1c2, or c1a2

2(θi − α− π/6) if ij = a1c2, b1a2, or c1b2.

(3.13)

Consequently, two inductance coefficients Mm0 and Mm2 need to be determined. The symmetric
structure has been a common assumption used in the literature (Schiferl and Ong, 1983a). Publi-
cation I, instead, defines all the mutual inductances with the following general equation that can
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also take into account higher-order harmonics

Mij(θe) = Mijs0 +
∞∑
n=1

Mijs2n cos(n(θi + θj) + γin). (3.14)

The inductance matrix considering the stator section of double-star machines can finally be ex-
pressed as follows:

L(θe) =

(
L1(θe) M12(θe)

M21(θe) L2(θe)

)
(3.15)

where the submatrices are given by
[
M21(θe) = MT

12(θe)
]

L1(θe) =

 La1(θe) Ma1b1(θe) Ma1c1(θe)
Mb1a1(θe) Lb1(θe) Mb1c1(θe)
Mc1a1(θe) Mc1b1(θe) Lc1(θe)


L2(θe) =

 La2(θe) Ma2b2(θe) Ma2c2(θe)
Mb2a2(θe) Lb2(θe) Mb2c2(θe)
Mc2a2(θe) Mc2b2(θe) Lc2(θe)

 . (3.16)

M12(θe) =

 Ma1a2(θe) Ma1b2(θe) Ma1c2(θe)
Mb1a2(θe) Mb1b2(θe) Mb1c2(θe)
Mc1a2(θe) Mc1b2(θe) Mc1c2(θe)



3.1.1 Leakage inductances

In general, the flux that does not contribute to the electromechanical energy conversion is called
leakage flux, and the leakage inductance is the inductance associated with this flux component
(Lipo, 2012). According to Krause et al. (2002), the amount of leakage inductance is generally
5 to 10% of the maximum self-inductance. In double-star machines, the leakage inductance lim-
its the harmonic currents that can originate from the voltage supply or from the machine itself
(Kanerva et al., 2008). Thus, the computation of stator leakage inductances can be an issue in the
design of multiphase machines (Tessarolo and Luise, 2008).

Lipo (2012) divides the leakage inductances into two main categories: the end-winding leakage
inductances and the gap leakage inductances. A 2-D FEA is sufficient to take the gap leakage
flux into account. Instead, predicting the leakage inductance proportion caused by the stator end-
windings is a more challenging task. The end winding is the part of the armature winding that
connects the coil sides located in the slots positioned in different pole regions (Ban et al., 2005).
The end-winding inductance is generally approximated to be a negligible component of the wind-
ing inductance because the end windings are relatively far from the iron parts, but in machines
with a low length/diameter ratio, long-pitched windings, or small inherent phase inductances, it
may be of a particular importance (Hsieh et al., 2007). The end-winding leakage inductance can
be estimated by the following equation (Bianchi, 2002)

Lσs,ew = µ0
N2

2p
lewλew (3.17)
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where lew is the effective end-winding length, and λew is a specific permeance coefficient. Ha-
diouche et al. (2004), instead, have assumed that the end-winding leakage flux distribution around
the stator periphery is the same as for the slot leakage flux. In this thesis, the end-winding leakage
inductance is omitted, and only the proportion of the leakage flux that is inherently taken into
account by the 2-D finite-element analysis is considered in the inductance values.

3.2 Flux produced by PMs
In the modeling of PM machines, another key parameter is the flux produced by the PMs. The
PM flux is an important parameter of the PM machine models, since it contributes to the torque
production and determines the no-load back electromotive force (EMF).

3.2.1 Fundamental component
At no load, the flux density distribution in the air gap is a function of magnet magnetization and
stator tooth and slot structure (Dajaku and Gerling, 2010a). In load conditions, the armature reac-
tion further modifies the flux density distribution. In many cases it is preferred to have a sinusoidal
flux density distribution in the air gap. A sinusoidal air-gap flux density can be achieved by placing
and forming the magnets appropriately (Jahns and Soong, 1996). In some PM machines, the flux
density distribution can also be rectangular.

Figure 3.4 shows six different PM rotor topologies. The magnets can be mounted on the surface
of the rotor or buried inside the rotor. Rotor topologies with inset magnets have also been used. In
topologies b) and f), the pole shoes are shaped to produce sinusoidal flux density in the air gap. In
machines with surface-mounted PMs, the armature reaction is small compared with IPM machines
(Heikkilä, 2002).

The surface integral of the air-gap flux density gives the air-gap flux. According to Faraday’s
induction law, the air-gap flux linkage ψm induces a voltage in the winding

em = −dψm

dt
. (3.18)

Assuming that the main flux penetrating a winding varies sinusoidally, the flux linkage can be
expressed as

ψm(t) = ψ̂m sin(ωet), (3.19)

where ωe is the electrical angular frequency. Taking into account the winding factor kw1 of the
fundamental component and the number of turns N in the coil, the fundamental wave of the back
EMF can be obtained by the following equation

em = −Nkw1ωeψ̂m cos(ωet). (3.20)

The flux density distribution and the winding distribution affect the back EMF, and therefore,
in some machines the back-EMF waveform can be far from sinusoidal. Even if the flux density
distribution and the winding distribution were purely sinusoidal, some amount of harmonics would
be present because of the stator slotting (Dajaku and Gerling, 2010b).
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Figure 3.4: Different rotor topologies with permanent magnets producing radial flux; a) and b) surface-
mounted PMs; c) inset PMs; d), e), and f) buried PMs. In topologies b) and f) the pole shoes
are shaped to produce sinusoidal flux density in the air gap. Adapted from Heikkilä (2002).

3.2.2 Harmonics

Depending on the machine design, the amount of harmonics in the PM flux can be significant,
and therefore, they should be considered in order to improve the accuracy of the model. Equation
(3.19) can be expanded with the help of a Fourier series expansion to take into account the n
harmonics. Thus, the main flux penetrating a winding can be expressed as

ψm =

∞∑
n=1

ψ̂mn sin(nωet+ φn). (3.21)

The angle φn defines the displacement angle of the corresponding harmonic component; for the
fundamental component φ1 = 0.

Skewing of the stator (or rotor) improves the distribution of the stator windings, which further
decreases the harmonics in the back EMF. Hence, a more sinusoidal back-EMF waveform can
be obtained by skewing. Skewing can also be used to decrease the cogging torque. Skewing,
however, has also some drawbacks: it decreases the average torque and reduces the fundamental
component of the back EMF, and finally, there are some manufacturing problems involved (Jahns
and Soong, 1996).
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3.3 Conclusion
This chapter introduced the equations of the main parameters of double-star PM machines used
in the phase-variable model in Publication I and in the derivation of the decoupled d–q model
in Publication II. These parameters include the stator inductances and the flux produced by the
PMs. The inductances are the key factors in the machine modeling since they relate the fluxes to
the currents. The PM flux is important as it contributes to the torque characteristics of the machine.



Chapter 4

Modeling of double-star PM machines

This chapter discusses the modeling of double-star PM machines by analyzing Publications I and II
in brief. The decoupled d–q model derived in Publication II is compared by main elements with
existing models, which are obtained by the double d–q winding approach and the vector-space
decomposition approach. Further, the decoupled d–q model is represented with space vectors to
show the influence of the difference between the d- and q-axes inductances on the voltage equa-
tions. Later on, capital DQ letters are used to distinguish the decoupled D–Q reference frames
from the three-phase d–q reference frame.

4.1 Publication I – Phase-variable model

The key issues on the modeling of double-star PM machines are rotor position dependent induc-
tances, mutual couplings, and harmonics. Publication I studies the effect of inductance harmonics
and PM flux harmonics using a finite-element-based phase-variable model. For the simulation and
analysis of conventional three-phase machine drives, a phase-variable model has been proposed
in Mohammed et al. (2004). Later in Mohammed et al. (2007), the model was extended to take
into account also fault conditions. The phase-variable model provides the same performance in
particular operating point as the full application of FE models but with a much faster simulation
speed (Mohammed et al., 2004). It is expected that the phase-variable model for double-star PM
machines provides the same advantages. In Publication I the emphasis is on the model correspon-
dence with the finite-element analysis taking into account the inductance and PM flux harmonics,
and thus, the simulation speeds are not compared.

The phase-variable model is based directly on the voltage equations of electrical machines

U = RI +
dΨ

dt
, (4.1)

where, in the case of PM machines, the flux linkage is defined as

Ψ = LI + ΨPM. (4.2)

39
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Substituting (4.2) into (4.1) yields

E = (R + pL + Lp) · I−U (4.3)

where p is the time derivative operator and E is the no-load EMF. The model is constructed with-
out any transformations, and thus, the inductance harmonics as well as the harmonics in the flux
produced by the PMs can be easily included in the model. The clear drawback of the model is
that the PM flux and the inductances have to be determined as a function of rotor position, and
thus, the model becomes more complex. Although the data can be obtained straightforwardly by
using a finite-element analysis, its construction by using look-up tables can be time consuming.
Analytical approaches to calculate the winding inductances can also be adopted (Obe, 2009), but
for saturated conditions the FEM is preferred.

4.1.1 Effect of Harmonics
In Publication I, an example double-star machine, in which the two three-phase winding sets are
displaced by 30 electrical degrees, is supplied with sinusoidal voltages in order to generate only
machine-based harmonics. The inductance and no-load PM flux parameters are obtained from
finite-element analyses by using ANSYS Maxwell. Four cases are considered as included in the
model:

1. only fundamental components (case 1),

2. back-EMF harmonics (case 2),

3. inductance harmonics (case 3), and

4. both above-mentioned harmonics (case 4).

Cases 1 and 2 produce nearly sinusoidal curves with a negligible harmonic content. Instead, in
cases 3 and 4, where the inductance harmonics (n = 1, 2, . . . ,7) are taken into account, the cur-
rents contain a notable amount of harmonics. Moreover, compared with cases 1 and 2, the current
curves in cases 3 and 4 have better correspondence with the FEA current curve. Clearly, the accu-
racy of the model is improved by taking into account the inductance harmonics. In this example
machine, the inductance harmonics have a significant effect, whereas the back-EMF harmonics
have only a minor effect on the current curves.

4.2 Publication II – Decoupled D–Q reference frames
The number of electrical differential equations required to describe the behavior of an electrical
machine depends on the number of independent electrical variables, which are either currents or
fluxes. The number of independent variables is not affected by the mathematical transformation;
in other words, although the phase-variable model of a multiphase machine is transformed, the
number of independent variables must remain the same (Levi, 2008).
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The transformation matrix derived in Publication II for double-star salient-pole machines with an
arbitrary displacement angle between the winding sets is as follows (Kallio et al., 2013)

TDQ(θ) =
1√
2

(
TP(θ + α) TP(θ − α)

TP(θ + α+ π
2 ) TP(θ − α− π

2 )

)
(4.4)

where TP(δ) is the Park transformation with power-invariant scaling. Note that the zero sequence
components have been omitted, and thus, (4.4) is a 4 × 6 matrix. Applying (4.4) to the phase-
variable model of double-star electrical machines (4.3) results in

EDQ = (RDQ + pLDQ + ωJ · LDQ + LDQp) · IDQ −UDQ (4.5)

where the J matrix is as follows

J = TDQ(θ) · d

dθ
TDQ(θ)T

=


0 −1 0 0
1 0 0 0
0 0 0 −1
0 0 1 0

 .
(4.6)

The J matrix is a constant matrix and causes no coupling between the two reference frames. Note
that the term pLDQ in (4.5) can be eliminated because the elements of LDQ are constants.

Figure 4.1 illustrates the decoupled D–Q reference frames. In the representation of the D2–Q2

reference frame (see Figure 4.1(b)), the rotor is depicted by a dashed line, because fixing the
reference frame to the rotor is unnecessary. Moreover, if α = 0◦ or α = 30◦ and even harmonics
are neglected, the phase variables do not map into the D2–Q2 reference frame. Instead, if α = 15◦,
certain harmonics map into the D2–Q2 frame but they rotate only in the stator and do not contribute
to the torque. Mapping of the harmonics is further discussed in Section 4.2.4.

D1

Q1

iD1

LD1

iQ1LQ1

(a) D1–Q1 reference frame

D2

Q2

iD2

LD2

iQ2LQ2

(b) D2–Q2 reference frame

Figure 4.1: Decoupled D–Q reference frames; no coupling between the reference frames occurs. In
(b) the rotor is depicted by a dashed line as it can be omitted. (Publication III)
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4.2.1 Stator model

The stator model (the stator flux linkages) is obtained by applying (4.4) to (4.2)

ψD1 = LD1iD1 + ψPM,D1

ψQ1 = LQ1iQ1

ψD2 = LD2iD2

ψQ2 = LQ2iQ2 .

(4.7)

The fundamental component of the PM flux is aligned on the D1-axis. Application of (4.4) to
the phase-variable inductance waveforms presented in Chapter 3 maps the constant and second-
harmonic inductance coefficients into the D–Q reference frames as follows

LD1 = Ls0 +
Ls2

2
−Ms0 +Ms2 +

1

2
(3Mm0 +Mm2)

LQ1 = Ls0 −
Ls2

2
−Ms0 −Ms2 +

1

2
(3Mm0 −Mm2)

LD2 = Ls0 −
Ls2

2
−Ms0 −Ms2 −

1

2
(3Mm0 −Mm2)

LQ2 = Ls0 +
Ls2

2
−Ms0 +Ms2 −

1

2
(3Mm0 +Mm2).

(4.8)

The inductances represented in the decoupled D–Q reference frames are constant and do not de-
pend on the rotor position. It is evident that if the second harmonic coefficients are zero, the
inductances result in LD1 = LQ1 and LD2 = LQ2 , which denotes non-salient pole machines. In
interior permanent magnet machines all the second harmonic coefficients are negative, which re-
sults in LQ1 > LD1. The D2–Q2 frame inductances are different in that regard as they can result
in same values also in the case of IPM machines (if Ls2 = Mm2 − 2Ms2, then LD2 = LQ2).

4.2.2 Rotor model

The rotor model considering the fundamental components only can be defined simply with the
no-load flux linkage ψPM,D1 produced by the permanent magnets. The PMs, however, can be rep-
resented with an equivalent rotor winding supplied by a constant current If , and the harmonics in
the no-load flux can be included in the rotor model by considering that the no-load flux harmonics
are formed by the mutual inductances Mfs(δ) supplied by the current If (Andriollo et al., 2009):

Mfs(δ) =
ψfs(δ)

If
. (4.9)

The mutual inductances can be expressed in the form

Mfs(δ) =

∞∑
n=1

Mfn cos(nδ + φn), (4.10)
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and for the transformation it is necessary to define them in a vector form

Mfs(θ) =



Mfs(θ + α)
Mfs(θ + α− 2π/3)
Mfs(θ + α+ 2π/3)

Mfs(θ − α)
Mfs(θ − α− 2π/3)
Mfs(θ − α+ 2π/3)

 . (4.11)

Application of (4.4) to (4.11) results in

MfD1(θ) =
√

3
∞∑

k=0,±1,±2
Mf|1+3k| cos(3kα) cos(3kθ + φ|1+3k|)

MfQ1(θ) =
√

3
∞∑

k=0,±1,±2
Mf|1+3k| cos(3kα) sin(3kθ + φ|1+3k|)

MfD2(θ) =
√

3

∞∑
k=0,±1,±2

Mf|1+3k| sin(3kα) cos(3kθ + φ|1+3k|)

MfQ2(θ) =
√

3
∞∑

k=0,±1,±2
Mf|1+3k| sin(3kα) sin(3kθ + φ|1+3k|)

(4.12)

Multiplying (4.12) with the constant current If , the no-load flux linkages in the D1–Q1 and D2–Q2

reference frames are obtained. With this procedure, the rotor-based harmonics can be taken into
account in the decoupled D–Q model of double-star PM machines.

4.2.3 Complex representation
To operate with space vectors instead of real values, the proposed double-star machine model
can be represented by complex space vectors. In general, the model of an electric machine is a
multiple-input/multiple-output system that can be simplified to an equivalent single-input/single-
output complex vector system by using a complex vector notation (Briz et al., 2000). Although
the complex vector representation is appropriate only to electric machines whose rotors are mag-
netically isotropic (Huh, 2008), it is used here to show the influence of the difference between the
D- and Q-axes inductances on the voltage equations.

The electrical variables can be represented in a complex form as follows:

~f1 = fD1 + jfQ1

~f2 = fD2 + jfQ2

(4.13)

where f denotes either u, i, ψ, e, or L. In order to represent the transformation matrices in a
complex form, the complex 1× 3 vector needs to be introduced

c̄ = e−jθ
(

1 ej2π/3 ej4π/3
)
. (4.14)

The Park transformation matrix that transforms electrical variables of two three-phase windings
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(displaced by 2α) into a double d–q reference frame is expressed as

Tdq(θ) =

√
2

3

(
e−jαc̄ 01,3

01,3 ejαc̄

)
(4.15)

with 01,3 is a 1× 3 vector with all the elements zero. The transformation matrix that diagonalizes
the stator inductance matrix after application of (4.15) to (3.15) can be expressed in a complex
form as follows

Tdiag =
1√
2

(
ej0 ej0

e−j
π
2 ej

π
2

)
. (4.16)

The final transformation matrix is obtained by combining (4.15) and (4.16), and thus

TDQ(θ) =
1√
3

(
e−jαc̄ ejαc̄

e−j(α+π/2)c̄ ej(α+π/2)c̄

)
. (4.17)

Converting (4.5) into two scalar complex equations results in

~e1 = (Rs + jωLD1 + LD1p)~i1 + ∆L1(ω − jp)iQ1 − ~u1
~e2 = (Rs + jωLD2 + LD2p)~i2 + ∆L2(ω − jp)iQ2 − ~u2,

(4.18)

where the back-EMF waveforms including the harmonics in the PM flux are expressed as

~e1 = −(p+ jω)~ψ1(θ)

~e2 = −(p+ jω)~ψ2(θ)
(4.19)

with

~ψ1(θ) =
√

3If

∞∑
k=0,±1,±2

Mf|1+3k| cos(3kα)ej(3kθ+φ|1+3k|)

~ψ2(θ) =
√

3If

∞∑
k=0,±1,±2

Mf|1+3k| sin(3kα)ej(3kθ+φ|1+3k|),

(4.20)

and

∆L1 = LD1 − LQ1

∆L2 = LD2 − LQ2 .
(4.21)

Equation (4.18) results in exactly the same form as originally presented by Andriollo et al. (2009)
for non-salient pole PM machines, if LD1 = LQ1 and LD2 = LQ2 , as is the case for non-salient
pole machines. The complex form representation of double-star IPM machines modeled in the
decoupled D–Q reference frames includes additional terms which show the influence of the reluc-
tance differences between the D- and Q-axes. Obviously, the effect of the reluctance differences
depends on the rotational speed ω. In addition, the reluctance differences are associated with the
Q-axes currents only. Because of the reluctance difference, the voltage equations expressed with
complex vectors cannot be simplified further, and thus a more compact representation is obtained
by the matrix representation (4.5).
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4.2.4 Mapping of harmonics

Publication II discusses the mapping of harmonics when the displacement between the winding
sets is 30 electrical degrees: the fundamental wave and the (12k±1)th harmonics (k = 1, 2, 3, . . .)
in the original quantities are mapped into the D1–Q1 reference frame, and the (6(2k + 1) ±
1)th harmonics (k = 0, 1, 2, . . .) are mapped into the D2–Q2 reference frames. For the general
displacement angle we may consider a vector of the form

fn =



An sin(n(θ + α) + φn)
An sin(n(θ + α− 2π/3) + φn)
An sin(n(θ + α+ 2π/3) + φn)

An sin(n(θ − α) + φn)
An sin(n(θ − α− 2π/3) + φn)
An sin(n(θ − α+ 2π/3) + φn)

 (4.22)

where n is the order of harmonic (n = 1,−5, 7,−11, 13, ...), An is the peak value of the corre-
sponding harmonic component, and φn is the harmonic displacement angle.

Considering first the fundamental component (n = 1), the application of (4.4) to (4.22) results in

n = 1


fD1 =

√
3A1 sin(φ1)

fQ1 = −
√

3A1 cos(φ1)
fD2 = 0
fQ2 = 0

(4.23)

Hence, the fundamental component is always mapped into the D1–Q1 reference frame indepen-
dently of the displacement angle 2α between the winding sets. The 5th and 7th harmonics, instead,
map into the D–Q reference frames as follows

n = −5


fD1 = −

√
3A5 cos(6α) sin(6θ − φ5)

fQ1 = −
√

3A5 cos(6α) cos(6θ − φ5)
fD2 =

√
3A5 sin(6α) sin(6θ − φ5)

fQ2 =
√

3A5 sin(6α) cos(6θ − φ5)

(4.24)

and

n = 7


fD1 =

√
3A7 cos(6α) sin(6θ + φ7)

fQ1 = −
√

3A7 cos(6α) cos(6θ + φ7)

fD2 =
√

3A7 sin(6α) sin(6θ + φ7)

fQ2 = −
√

3A7 sin(6α) cos(6θ + φ7)

(4.25)

whereas the 11th and 13th harmonics map as follows:

n = −11


fD1 = −

√
3A11 cos(12α) sin(12θ − φ11)

fQ1 = −
√

3A11 cos(12α) cos(12θ − φ11)
fD2 =

√
3A11 sin(12α) sin(12θ − φ11)

fQ2 =
√

3A11 sin(12α) cos(12θ − φ11)

(4.26)
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and

n = 13


fD1 =

√
3A13 cos(12α) sin(12θ + φ13)

fQ1 = −
√

3A13 cos(12α) cos(12θ + φ13)

fD2 =
√

3A13 sin(12α) sin(12θ + φ13)

fQ2 = −
√

3A13 sin(12α) cos(12θ + φ13)

(4.27)

Table 4.1 illustrates the mapping of the fundamental component and harmonics of the order 5, 7,
11, and 13 into the D–Q reference frames with different values of α. Note that α is defined as the
half of the displacement angle between the winding sets.

Table 4.1: Mapping of the fundamental component and harmonics of the order 5, 7, 11, and 13 into
the D–Q reference frames in symmetrical load conditions. The numbers in bold refer to that
the magnitude of the corresponding harmonic is greater in the reference frame at issue.

α D1–Q1 reference frame D2–Q2 reference frame
0◦ 1, 5, 7, 11, 13 –

3.75◦ 1, 5, 7, 11, 13 5, 7, 11, 13
7.5◦ 1, 5, 7 5, 7, 11, 13

11.25◦ 1, 5, 7, 11, 13 5, 7, 11, 13
15◦ 1, 11, 13 5, 7

18.75◦ 1, 5, 7, 11, 13 5, 7, 11, 13
22.5◦ 1, 5, 7 5, 7, 11, 13

26.25◦ 1, 5, 7, 11, 13 5, 7, 11, 13
30◦ 1, 5, 7, 11, 13 –

The fundamental component maps always into the D1–Q1 reference frame as (4.23) shows. If the
winding sets are equal in phase (i.e., α = 0◦) or displaced by α = 30◦ (symmetrical six-phase ma-
chine), all the harmonics map into the D1–Q1 frame and none into the D2–Q2 frame. By selecting
α = 7.5◦ or α = 22.5◦ the 11th and 13th harmonics map only into the D2–Q2 reference frame.
If α = 15◦, the 5th and 7th harmonics do not contribute to the D1–Q1 frame variables. On the
contrary, in that case the 11th and 13th harmonics are mapped only into the D1–Q1 frame. Thus,
selecting the displacement angle α = 15◦ results in the highest harmonic frequency components
in the D1–Q1 frame.

4.3 Comparison with existing methods

4.3.1 Double d–q winding approach
The double d–q reference frames are obtained with the following transformation matrix

Tdq(θ) =

(
TP(θ + α) 02,3

02,3 TP(θ − α)

)
(4.28)
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where TP(δ) is the Park transformation matrix (2.1) without the last row, which takes into account
the zero-sequence component. Assuming that the windings are equal and considering only funda-
mental (constant and second-harmonic) components of phase-variable inductances, the application
of (4.28) to the stator inductance matrix L(θ) (3.15) results in

Ldq = Tdq(θ) · L(θ) ·TT
dq(θ)

=


Ld 0 Md 0
0 Lq 0 Mq

Md 0 Ld 0
0 Mq 0 Lq

 ,
(4.29)

where Ld and Lq are the d–q reference frame inductances of the winding sets, andMd andMq are
the d–q reference frame mutual inductances that are due to the coupling between the d–q frames.
The elements of (4.29) do not depend on the rotor position, and thus, the rotor position dependency
of inductances is eliminated with the double d–q winding approach. However, there are mutual
couplings between the d–q frames. Figure 4.2 illustrates the mutual couplings.

d1

q1

id1

Ld

id2

Md

iq1Lq

iq2Mq

(a) d1–q1 reference frame

d2

q2

id2

Ld

id1

Md

iq2Lq

iq1Mq

(b) d2–q2 reference frame

Figure 4.2: Double d–q reference frames. The mutual couplings between the frames are illustrated by
the mutual inductances Md and Mq.

The stator flux linkages in the d1–q1 and d2–q2 reference frames (obtained by multiplying (4.2)
by (4.28)) illustrate the mutual couplings further

ψd1 = Ldid1 +Mdid2 + ψPM

ψq1 = Lqiq1 +Mqiq2

ψd2 = Ldid2 +Mdid1 + ψPM

ψq2 = Lqiq2 +Mqiq1 .

(4.30)

The above equations suggest that in order to calculate the flux linkage for example in the d1-axis,
the inductance Ld, the current id1 and flux linkage ψPM, and the mutual inductanceMd linking the
two d-axes and the current in the second d-axis are needed. Equation (4.30) also suggests that if
only one winding set is loaded, the flux linkages in the other d–q reference frame will not be zero
even if the flux produced by the PMs is omitted. Consequently, because of the mutual coupling,
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the double d–q reference frame is not the optimal reference frame for control design purposes of
double-star PM machines.

4.3.2 Vector space decomposition approach

The vector space decomposition (VSD) approach proposed by Zhao and Lipo (1995) is commonly
used in modeling and control of double-star machines in which the displacement between the two
winding sets is 30 electrical degrees (α = 15◦). Application of the VSD transformation (2.4)
(without the last two rows) to the stator inductance matrix L(θ) (3.15) when α = 15◦ results in

LVSD = T · L(θ) ·TT

=


Lα(θ) Mαβ(θ) 0 0
Mαβ(θ) Lβ(θ) 0 0

0 0 Lx(θ) Mxy(θ)
0 0 Mxy(θ) Ly(θ)

 ,
(4.31)

where

Lα = Ls0 −Ms0 +
3

2
Mm0 +

1

2
cos(2θ)(Ls2 + 2Ms2 +Mm2),

Lβ = Ls0 −Ms0 +
3

2
Mm0 −

1

2
cos(2θ)(Ls2 + 2Ms2 +Mm2),

Mαβ = cos(θ) sin(θ)(Ls2 + 2Ms2 +Mm2),

Lx = Ls0 −Ms0 −
3

2
Mm0 +

1

2
cos(2θ)(Ls2 + 2Ms2 −Mm2),

Ly = Ls0 −Ms0 −
3

2
Mm0 +

1

2
cos(2θ)(Mm2 − Ls2 − 2Ms2),

Mxy = cos(θ) sin(θ)(Mm2 − Ls2 − 2Ms2).

(4.32)

The elements of (4.31) depend on the rotor position because the VSD transformation maps vari-
ables into stationary reference frames α–β and x–y. The two reference frames, on the other
hand, are clearly uncoupled. The α–β reference frame is commonly rotationally transformed to
d–q (synchronously rotating) reference frame in which the fundamental components becomes DC
quantities and which is more suitable for vector control (Levi et al., 2007). Instead, the x–y refer-
ence frame is not transformed to synchronously rotating reference frame because the x–y reference
frame variables do not contribute to the electromechanical energy conversion (Che et al., 2014).
If the second-harmonic inductance coefficients are zero, the matrix (4.31) results in a diagonal
matrix where the diagonal elements do not depend on the rotor position and where Lα = Lβ and
Lx = Ly. Thus, application of the rotational transformation is of no importance. In the case of
double-star IPM machines the stator inductances depend on the rotor position and therefore the
both reference frames need to be rotationally transformed.

The dependency of the parameters on the rotor position can be eliminated by transforming the
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matrix (4.31) by using a rotation transformation

Trot =


cos(θ) sin(θ) 0 0
− sin(θ) cos(θ) 0 0

0 0 cos(θ) − sin(θ)
0 0 sin(θ) cos(θ)

 . (4.33)

Note that the two reference frames have to be rotated in different directions: The transformation of
the α–β reference frame variables to the d–q frame variables is identical to the transformation of a
three-phase system (Lipo, 2012). The x–y reference frame instead need to be rotated into counter
synchronous direction. The rotation of the x–y reference frame in the counter synchronous di-
rection has also been proposed in (Che et al., 2012) for induction machines at asymmetrical load
conditions. The rotation transformation (4.33) diagonalizes the matrix (4.31) and eliminates the
rotor position dependency. The resulting diagonal elements correspond with the inductances in
(4.8) with the exception that the D2–Q2 reference frame inductances are the other way round. The
transformation proposed in this thesis is derived based on the diagonalization of the stator induc-
tance matrix of double-star IPM machines and thus it directly results in two decoupled reference
frames with inductances that do not depend on the rotor position.

4.4 Conclusion
This chapter discussed modeling of double-star PM machines using a phase-variable model and
a decoupled D–Q model that was derived through inductance matrix diagonalization. Models for
the rotor and stator sections were introduced. The proposed decoupled D–Q model was also rep-
resented by complex vectors. Such a representation has its advantages, such as compactness and
generality, when considering non-salient pole machines. Here, the complex vector representation
is used to show the influence of the difference between the D- and Q-axes inductances on the volt-
age equations.

Mapping of harmonics in phase-variable waveforms into the decoupled D–Q reference frames
were also discussed. The harmonics map differently into the decoupled D–Q reference frames
depending on the harmonic order and the displacement angle α. All the considered harmonics
map into the first D–Q reference frame only, when the displacement between the sets is 0◦ or
60◦. The 5th and 7th harmonics map entirely to the second D–Q reference frame by selecting the
displacement between the sets as 30◦.

The double d–q winding approach and the vector space decomposition (VSD) approach were also
described in brief for comparison with the proposed decoupled D–Q transformation. The double
d–q winding approach eliminates the rotor-position dependence of inductances but does not elimi-
nate the mutual coupling. The mutual couplings in the double d–q frames complicate the machine
control and may have a significant effect on the dynamic performance of the electric drive. The
VSD approach that maps the variables into stationary reference frames, instead, does not eliminate
the rotor-position dependence of inductances. However, the reference frame that contributes to the
electromechanical energy conversion is commonly further transformed with a rotational transfor-
mation. In the case of double-star IPM machines the both reference frames have to be rotationally
transformed in order to eliminate the rotor position dependence of inductances. However, rota-
tional transformation of the second reference frame to the synchronous direction does not result
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in constant inductances. Instead, the reference frame has to be rotated in counter synchronous
direction.

The proposed decoupled D–Q reference frames that were derived through inductance matrix diag-
onalization consider the inductance parameters as constants, and consequently no further rotational
transformations are required.



Chapter 5

Determination of machine parameters

The knowledge of the model parameters is of importance in the design and implementation of
high-performance vector-controlled drives. Moreover, the machine parameters are needed for
analysis and simulation purposes. The proposed analytical model of double-star PM machines
consists of the following parameters: the flux produced by PMs ψPM, the stator resistance Rs, and
four inductances LD1 , LQ1 , LD2 , and LQ2 . Thus, six parameters are to be determined. The ma-
chine parameters can be determined at the design stage, but sometimes the parameters need to be
determined afterwards because the parameters of the machine may vary with the operating point
(Boileau et al., 2011) or as a result of ageing processes (Valverde et al., 2011) or the parameters
are unknown.

This chapter outlines Publications III and IV that address the determination of double-star PM ma-
chine parameters by using finite-element analyses (FEAs) and measurements with voltage-source
inverters (VSIs). In addition, an AC standstill test is evaluated for this particular machine type.
In Publication III, three simple yet accurate methods for determining inductance values in the de-
coupled D–Q reference frames are proposed. The methods are referred to as off-line methods.
Publication IV, instead, proposes an on-line estimation method to update the inductances and the
PM flux in different load conditions. The stator resistance and initial values of the inductances are
estimated at a standstill, which is considered a special condition in the on-line estimation scheme.

5.1 Off-line estimation of machine inductances
An appropriate method is important in the estimation of electric machine parameters. The finite-
element method (FEM) is a very powerful tool in the estimation of machine parameters, since it
takes into account the geometry details, the actual distribution of windings, and the nonlinearity
of magnetic materials (Chang, 1996). The 2-D FEM can provide acceptable results although some
geometry details are inherently omitted (such as end windings). The problem with the FEM is the
calculation time, which is the longer the finer mesh is used (Dajaku and Gerling, 2010a). More-
over, in some cases the 2-D FEM is insufficient, and thus, the 3-D FEM is needed, which is more
difficult to construct and requires more elements.

In this thesis, the off-line parameter estimation is specified as a procedure to obtain machine
parameters from FEM models or by controlling the actual machine in different load conditions
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required by the estimation scheme. The off-line estimation of machine parameters can also be
performed by a separate voltage supply. Such a technique is, for example, an AC standstill test
(Dutta and Rahman, 2006).

5.1.1 Publication III – Off-line methods
Publication III studies three off-line methods to determine the decoupled D–Q model inductance
parameters. The inductances are determined using the 2-D FEM of ANSYS Maxwell and the 2-D
FEM including skewing of Flux 2D by CEDRAT. In addition, an experimental determination is
performed by supplying the machine by VSIs.

The first studied method in Publication III uses the phase-variable inductance waveforms obtained
from the 2-D FEA. The waveforms are then transformed with the proposed transformation (4.4).
The method originates from the model derivation, and is therefore straightforward to apply, but
requires the knowledge of the inductances in different rotor positions. Thus, it is important that
the rotor angle θ is known precisely, and that the phase sequence is correct.

The second method uses flux-current relations. In that method, the FEM model is supplied with a
specific current aligned with the desired axis. The method applies the fundamental definition of in-
ductances and thereby valid values are expected. The rotor position must be known precisely also
with this method in order to supply the current with the desired reference frame axis. In principle,
this method should provide same values as the previous method, but because of the differences in
the calculation of fluxes and inductances of the used FEM software, there are some discrepancies,
as shown in Publication III.

The third method studied uses the stator voltage equations of the decoupled D–Q model. In this
method, the machine is supplied by VSIs. The inductance parameters are then calculated from the
reference voltages, the measured currents, and the electrical rotational speed. Because, in addition
to the inductances, the stator voltage equations include the stator resistance and the PM flux, two
adjacent operating points are considered. This eliminates their effect on the inductance calcula-
tion. The experimental results of Publication III show that the method provides inductance values
with an acceptable agreement compared with the corresponding FEA values. In addition, the pa-
rameters obtained with the VSI supply were validated by tuning model-based current controllers.
Thus, the method is applicable to the determination of the inductances of actual machines supplied
by VSIs.

5.1.2 AC standstill test
The AC standstill test was applied to this particular double-star IPM machine to have experimental
values with which the results obtained by the VSI-supply method in Publication III can be com-
pared. In the AC standstill test one phase is supplied with an AC voltage source while the other
windings are open circuited. The voltages induced in the open windings are measured in different
rotor positions. Figure 5.1 shows the measurement arrangement. The advantage of the method
is that the current, the induced voltages, and the rotor position can be measured accurately. The
generated load condition, however, does not correspond with the normal operating point of the
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machine. Moreover, the effect of saturation is not fully considered in the way it can be considered
with the VSI supply.

a1

b1

c1

Usrc

A

V

V

(a) winding set 1

a2

b2

c2

V

V

V

(b) winding set 2

Figure 5.1: Supply arrangement to measure phase-variable inductances in different rotor positions.
The phase a1 is supplied by an AC voltage source, 10 V and 50 Hz. The symbols V and A
represent the voltage and current measurements, respectively.

The phase a1 was selected as the reference winding and it was supplied by an AC voltage source of
10 V and 50 Hz. The phase current in the winding and the induced voltages in the other windings
were measured with a Yokogawa Power Analyzer. The rotor electrical angle was varied from zero
to 180 degrees with 9-degree increments. The rotor position was measured with an incremental
encoder attached to a dSPACE system. Figure 5.2 shows the measured inductance waveforms and
the corresponding approximate waveforms that include only the second harmonic. Although the
measured inductance waveforms cannot be represented perfectly with fundamental components
only, a satisfactory agreement can be observed.

Table 5.1 lists the inductance parameters in the decoupled D–Q reference frames. The methods

Table 5.1: Calculated inductance parameters using the coefficients from the waveforms of Figure 5.2
obtained by the AC standstill test. The values from Publication III obtained with the VSI
supply are shown for comparison.

Inductance AC standstill test VSI supply
LD1 34.0 [mH] 35.6 [mH]
LQ1 55.1 [mH] 57.3 [mH]
LD2 8.8 [mH] 7.8 [mH]
LQ2 11.7 [mH] 12.7 [mH]

provide similar values, and are thus applicable to double-star IPM machines.
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Figure 5.2: Phase-variable inductance waveforms for the phase a1. From top to bottom: the self-
inductance La1a1, the mutual inductance between the phases a1 and c1 (phases of the same
star) Ma1c1, and the mutual inductances between the phases a1–a2, a1–b2, and a1–c2
(phases of different stars) Ma1a2, Ma1b2, and Ma1c2, respectively. The blue curves with
stars are the measured values whereas the red curves correspond to the approximate wave-
forms that include only the second harmonic.

5.2 On-line parameter estimation
On-line estimation of machine parameters provides benefits in many applications such as model-
based control methods. In this thesis, the on-line parameter estimation is specified as an operating
state estimation applying only the signals used for the machine control. Standstill is considered a
special case of on-line estimation. At a standstill, appropriate excitation signals are needed.

5.2.1 Publication IV – RLS method
Publication IV proposes an RLS-based on-line estimator for double-star PM machines. The esti-
mation can be carried out at a standstill and in a rotating operating state. Only the measurements
used for the machine control are needed.



55

In the standstill estimation, suitable voltages are supplied at the machine terminals by VSIs that
are used to control the machine. The rotor is assumed not to be locked, and thus, the resulting
currents must maintain the machine at a standstill. This requirement is easily met in the D2–Q2

reference frame since these current components do not interact with the flux produced by the PMs,
and therefore, no torque is produced. Thus, the value for the stator resistance can be easily iden-
tified at a standstill by using the D2–Q2 reference frame. Inductances, instead, must be estimated
on the axis in question.

The estimation in the rotating operating state is based on the voltage and current models of the
double-star PM machine. The voltage model, in which the only unknown model parameter in
the calculation is the stator resistance, is first used to calculate the stator flux linkage. Since
typically only the currents are measured and not the voltages, there are differences between the
estimated and actual terminal voltages. The voltage error caused by the converter nonlinearity can
be mitigated by applying the techniques proposed in (Munoz and Lipo, 1999; Liu et al., 2012),
estimated as in (Morimoto et al., 2006; Inoue et al., 2009) or considered as an acceptable error as
is done here. The effect of the voltage error is more significant at low speeds, especially in the
estimation of the PM flux.

5.3 Conclusion
The parameters of the double-star IPM machine were determined both off-line and on-line. The
off-line methods comprise phase-variable inductance waveforms, flux-current relations, and sta-
tor voltage equations in the decoupled D–Q reference frames. The methods were evaluated by a
2-D FEM, and experimental results were provided by applying the stator-voltage-equation-based
method. All the methods discussed in Publication III can be used in different load conditions, and
thus, the saturation can be taken into account. Although the methods yield similar values, some
discrepancies can also be observed.

The phase-variable inductance waveforms were also measured by an AC standstill test using a
one-phase voltage supply. The obtained values are in a good agreement with the experimental
values obtained by the stator-voltage-equation-based method. The method, however, requires a
special supply arrangement, and thus, the VSI supply provides a more feasible solution.

An on-line estimation method based on the RLS algorithm and the machine model was also eval-
uated. The method is well established and simple to implement. In the literature, the method has
been used for the parameter estimation of three-phase machines. The results show that the method
is valid also for double-star IPM machines. With this method, the inductance parameters and the
PM flux can be updated in different load conditions. As a drawback the method is not applicable
to the estimation of the PM flux at low speeds in the considered case because of the voltage error
between the reference voltage and actual terminal voltage.
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Chapter 6

Conclusions and further study

In this doctoral thesis, a D–Q model for double-star permanent-magnet synchronous machines
(PMSMs) was derived and methods to determine the model parameters were proposed. The stator
of the studied double-star PMSM consists of two three-phase winding sets with separated neutral
points. The displacement between the sets is considered as a parameter. The rotor includes PMs
that are buried in the rotor core, thus representing a salient-pole structure in which the inductances
depend on the rotor position. The studied machine is referred to as double-star interior-permanent-
magnet (IPM) machine.

The derived D–Q model consists of two D–Q reference frames that are decoupled; capital DQ
letters are used to distinguish the decoupled D–Q reference frames from the three-phase d–q ref-
erence frame. The model was derived with a transformation that was obtained by finding a matrix
that diagonalizes the stator inductance matrix and eliminates the rotor position dependence of in-
ductances (only the fundamental components of the phase-variable inductances were considered).
Diagonalization reduces the number of parameters, yet retains the characteristic properties of the
initial matrix and results in the simplest possible form of the system. The derived transformation
has a specific feature that is similar to the existing vector-space decomposition transformation:
when the displacement between the sets is 30◦, the fundamental component and the harmonics of
the order 11, 13, 23, 25, etc. are mapped into one reference frame and the harmonics of the order
5, 7, 17, 19, etc. are mapped into another reference frame. The mapping of harmonics depends on
the displacement between the sets.

The parameters of the double-star IPM machine were determined both off-line and on-line. The
off-line methods comprise phase-variable inductance waveforms, flux-current relations, and stator
voltage equations in the decoupled D–Q reference frames. The methods were evaluated by a 2-D
FEM, and experimental results were provided applying the stator-voltage-equation-based method.
All the methods can be used in different load conditions, and thus, the saturation can be taken into
account. Although the methods yield similar values, some discrepancies can also be observed.
The well-established RLS method for on-line estimation of three-phase machine parameters was
extended to double-star IPM machines. The method is well established and simple to implement.
With this method, the inductance parameters and the PM flux can be updated in different load
conditions. As a drawback, the method is not applicable to the estimation of the PM flux at low
speeds in this particular machine drive, unless the voltage error is compensated.
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The derived decoupled D–Q model has been demonstrated to be effective with an example double-
star IPM machine, in which the displacement between the sets is 30 electrical degrees. The two
sets displaced by 30◦ provide enhanced torque characteristics when compared with conventional
three-phase machines. The accuracy of the model is improved by taking into account the rotor-
based harmonics, namely the harmonics in the no-load flux linkage. The obtained accuracy im-
provement depends highly on the magnet magnetization and the rotor geometry. When also taking
into account the rotor-based harmonics, the model becomes more complex.

The decoupled D–Q model of double-star PMSMs derived in this doctoral thesis is suitable for
model-based control design as well as for general analysis of double-star PM machines. The
proposed transformation simplifies the machine model by eliminating the mutual coupling of the
fundamental components and by representing the variables in reference frames where the induc-
tances do not depend on the rotor position.

6.1 Suggestions for future work
As the main motivation for the modeling of double-star IPM machines was the model-based con-
trol design, it is of interest to study different control methods and especially, to optimize the
transient behavior of the drive system.

It would be advisable to extend the modeling concept to m-star machines because the torque qual-
ity can be further improved by increasing the number of winding sets. Moreover, by increasing
the number of winding sets, also the redundancy of the system can be increased. Redundancy
is a desirable feature because it is increasingly important to guarantee uninterrupted operation of
various electric drive systems also under fault conditions. Especially in safety-critical applications
the continuous operation is of paramount importance. Therefore, it would be worth studying how
the model has to be modified for fault tolerant control of double-star PM machines.

Finally, the on-line estimation of machine parameters could be considered with the MRAS-based
estimator and investigate if multiple parameters could be estimated simultaneously in the case of
double-star PM machines.
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Appendix A

Experimental machine data

Geometrical dimensions of the stator and the rotor of the double-star IPM synchronous machine.

Double-star winding system: the base winding star and the winding layout. The phase coil groups are
connected in series.
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Table A.1: Parameters of the double-star IPM synchronous machine.

Description Unit Value
Nominal power, Pn kW 25
Nominal current, In A 22.5
Nominal voltage, Un V 380
Nominal frequency, fn Hz 23.3
Number of poles, 2p 8
Stator resistance, Rs mΩ 530
d-axis magnetizing inductance, Lmd mH 22.0
q-axis magnetizing inductance, Lmd mH 29.5
Leakage inductance, Lσ mH 4.5

Frame size 225
Outer diameter, De mm 364
Air-gap diameter, Dδ mm 250
Stack length, l mm 270
Air-gap minimum length, δ0 mm 1.2
Phases, n 6
Stator slots, Qs 48
Slot cross-sectional area mm2 240
Insulated slot area mm2 215
Copper fill factor 0.6
Number of slots per pole and phase, q 1
Winding type full-pitch winding
Winding step 1–7
Winding factors kw1 0.989

kw5 0.738
kw7 0.527
kw11 0.090
kw13 0.076

Diameters of wires in parallel mm 1.12 mm × 3
mm 0.9 mm × 2

Winding turns in series per stator phase 120
Conductors per slot 30
Number of coil groups 24
Parallel paths 1
Current density at nominal torque A/mm2 5.3
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