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Summary

Grundfos is a Danish pump manufacturer that searches to use two inverters to
control a IPMSM for potential cost savings on hardware development. In addition,
the literature suggests that using two inverters may include the benefit of being
able to reduce CM voltage. This is of interest, as CM voltage can be a main source
of bearing currents, which can decrease the lifetime, performance and reliability of
the machine.

The focus of this thesis is the machine model of a Dual-Three-Phase IPMSM,
parameters determination, FOC implementation and CM voltage reducing PWM
strategies. A machine model describing the inductances in such machine is out-
lined and the model is validated by inductance measurements and FEA simula-
tion. The measurements and FEA simulation share the same characteristics and
the parameters from the measurements was chosen as machine parameters. The
machine model had to be validated and FOC was chosen as operation implemen-
tation. First, FOC was validated in a Simulink model and then it was deployed on
the test bench setup. The simulation and implementation had to fulfill the same
test criteria and was tested in steady state and under a dynamic speed ramp, as
well as a load step. Both the simulation and experimental results passed the test
criteria and show equivalent characteristics and therefore the machine model and
FOC implementation is validated.

The investigation into CM voltage starts by outlining what CM voltage is and
how it appears in a DTP machine. Then three PWM schemes are tested: syn-
chronized SVM, interleaved SVM, and Zero CMV (ZCMYV). The simulations show
that SVM generates to highest amount of CM voltage, which aligns with the the-
ory. The interleaved SVM showed a reduced amount of CM voltage, with pulses
of Vyc/6. Lastly, the ZCMV strategy shows eliminated CM voltage when sim-
ulated under ideal conditions. When different dead times was included in the
simulation, this strategy showed CM voltage pulses with amplitude of Vy./6
and are dependent of the dead time duration. The alignment of opposite polarity
pulse edges is critical for ZCMYV, as the method uses inverter pulse cancellation
to reduce CM voltage.Experimental measurements on the test bench highlighted
some synchronization issues between the inverters. Furthermore, some current
balancing issues between the inverters was also observed, which is mentioned
the literature to be a common challenge. No CM voltage reducing strategy was
implemented on the test setup, but some measurements of the CM voltage and
the leakage current was performed. Clearly, both phenomenons were present
in the prototype under operation. The future work involves implementing the
PWM strategies to investigate if CM voltage is reduced on the experimental setup.
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Nomenclature

Acronyms

abc  abc reference frame

back EMF back Electromotive Force

CM Common Mode

dq direct-quadrature reference frame

DTP Dual-Three-Phase

FEA Finite Element Analysis

FOC Field Oriented Control

HF  High Frequency

IPMSM Interior-Mounted Permanent Magnet Synchronous Machine
MTP Multiple-Three-Phase

PM  Permanent Magnet

SPMSM Surface-Mounted Permanent Magnet Synchronous Machine
SPWM Sinusoidal Pulse Width Modulation

SVM Space Vector Modulation

VSI  Voltage Source Inverter

ZCMV Zero Common Mode Voltage
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Chapter 1

Introduction

Grundfos is a Danish pump manufacturer that produces a variety of pumps for
different applications and power ratings. As the need for power output rises, the
rating of the power electronic inverters also increases. In some Grundfos produc-
tion pumps the winding construction is rated for higher power rating, which points
to the inverters as the limiting factor. The power demand is at the brink of needing
specially designed boards that are based on busbars instead of PCB’s with thick
cobber tracing. A solution to the challenge could be to use two inverters to meet
the power demand, thereby no new inverter needs to be designed, but the power
output can meet the demand. This saves the cost of designing and producing new
power electronics and existing hardware can be used instead. Besides meeting the
increased power rating, there might be other benefits by using two inverters, as the
number of controllable stator phases doubles from three to six. Literature suggests,
that with the use of two inverters there might be the possibility of reducing the in-
duced common mode voltage, which is known to be a key factor when it comes to
bearing currents.

Each inverter is supplying the motor with three phase power, which effectively
categorises the machine as a Dual-Three-Phase synchronous machine. This type of
machine configuration is the main scope of this thesis and Grundfos has provided
a prototype of the DTP to be studied. In order to understand the characteristics
and control of such a machine, an extensive study of literature has been conducted.
First, the modelling of the machine and the inherent inductance is studied, which
is followed by the implementation of FOC to operate the machine. Lastly, a study
on different PWM strategies is presented, aiming to reduce CMV with the potential
effect of minimizing bearing currents.
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1.1 Literature Study on DTP Machines

Electrical machines with more than three phases is referred to as multi-phase ma-
chines. The number of phases can range from a multiple of three phases to ma-
chines with 4,5,7 or more phases. Every type of multi-phase machine offers dif-
ferent bene ts and drawbacks in terms of cost, production, reduced torque ripple,
lower THD, an so forth [1].

The multi-phase machine composed of two three-phase winding sets with isolated
neutral points is referred to as a Dual-Three-Phase. An important aspect to note
about DTP systems is the electrical angle of the two sets of windings in relation
to each other. The winding con guration can be constructed with a spatial shift,
offsetting the two systems in terms of phase and common angle displacements are
0, 15 and 30 . The angular displacement can be implemented by placing the sets
in different slots in the stator and the resulting angle is a product of the slot offset
and slot/pole con guration. The terminology is vastly different in the literature.
For example a DTP machine with the windings spatially shifted by 30 can be re-
ferred to as double-star machinesplit-phaseor asymmetrical machinaes stated in [2].
In the review on Multi-Phase-Machines [1], it is stated that this spatial offset re-
sults in reduced torque ripple at high torque output, which is due to the harmonic
reduction capabilities of the winding structure.

The DTP machine studied in this thesis has an angular displacement of 0 . The
reason being, the prototype Grundfos provided is made from a conventional three-
phase IPMSM that has two sets of three-phase windings that are wound on each
half of the stator. The two winding sets are then connected in parallel resulting
in a conventional three-phase system. By splitting the parallel connection into the
two sets again, the machine becomes a DTP with no angular displacement.

As this machine features parallel current carrying leads, the inductance in the sta-
tor voltage equations must differ from a conventional PMSM. In the article [2] the
extra couplings from set to set is explored and it is described how the machine
model differs from that of a conventional PMSM. Moreover, a simulation under-
lines how this has an effect on the machine model and the dynamic performance
when operating. This thesis does not focus on dynamic performance, as the pri-
mary use case is pumping, which often run continuously.

The mutual inductance from set to set has to be described to fully understand
the machine and in [3], [4] a general approach to modelling these terms is intro-
duced. Overall, the inductance in the abecdomain of the machine is broken into
three parts: the self-inductance, the mutual inductance within a single set and the
mutual inductance from one set to another.

Moreover, a modi ed Clark-Park transformation is also introduced that makes it
possible to perform reference frame transformation of the 6-by-6 matrix from abc
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to the dgdomain. This makes it possible to describe the stator voltage equations in
the rotating reference frame, which is essential for FOC.

Although the machine is currently in production at Grundfos, it has been rewired,
requiring some machine parameters to be characterized. Especially the inductances
are of interest, since the two sets of windings are to couple with each other with
an unknown strength. Various methods from the indirect method of static torque
measurement, to the DC method of measuring the time constant of the current
reacting to a step change, has been proposed. In the article [5], the estimation of
inductances in the DTP is investigated. The method employed is based on a volt-
age step change. However, this method introduces some current oscillations, as it
is challenging to nd a DC source that is not capacitor-based to deliver the steep
step change. One simple, yet effective method using a simple AC test has been
proposed in [6]. Similar to other methods, the proposed approach relies on the
relationship between back EMF and ux-linkage. Using this method, the induc-
tance within a single set can be measured, and only minor adjustments to the test
setup and post-processing are needed to measure the inductances arising from the
coupling between two sets.

With the prototype parameterised it enables vector control of the machine. In
the article [2] it is stated that conventional FOC utilizing two off-the-shelf VSI's
should be suf cient to run the machine. The two inverters would control a wind-
ing set each and they are controlled to apply the same current vector. If every
aspect of the system is identical, meaning two identical inverters sharing the same
DC link and controlling two identical balanced sets of windings, the same current
references can be fed to both controllers. The article underlines how this con-
ventional FOC can achieve correct steady state performance, but shows decreased
dynamic performance in the DTP compared to conventional PMSM with the same
control. If dynamic performance of the DTP is needed, article [4] suggest a decou-
pled vector control scheme, where the dqtransformed quantities are transformed
yet again. This second transformation uses a vector space decomposition method
called DQ-transformation, which decouples the system and represents it mathe-
matically without the cross couplings between the two sets. Once again, this topic
is not investigated further as dynamic performance is not within the scope of the
project, but the outline of this dqgto DQ transformation is available in appendix C.

From Grundfos' perspective, the reduction of CM voltage using the DTP system
is of interest. The CM voltage produced by the switching action of the inverter
is closely linked to system reliability due to its association with bearing degrada-
tion. In inverter driven variable speed drives, the PWM generated output voltage
induces a common mode voltage that excites parasitic capacitance couplings in the
motor. This leads to unwanted shaft voltage and bearing currents that affect the
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lifetime of the system [7], [8].

CM voltage suppression methods can be divided into hardware and software im-
plementations. Hardware suppression relies on adding additional components
such as Iters or a grounding brush to the motor bearing, in order to suppress the
CM path in the system. By adding components the cost increases and the power
density decreases as stated in [9]. On the other hand, software suppression can
be implemented by altering the PWM strategy with the goal of suppressing the
source of the CMV.

The article [10] describes a PWM control strategy with a resulting CM voltage of
zero, in theory. This control strategy utilizes two VSI's working in parallel. The
parallel phase legs on the inverters are connected with a coupling inductor and the
combined currents are fed to a three-phase RL load. This ZCMV PWM strategy is
tested against the conventional space vector modulation PWM scheme, where gate
pulses to the inverters are synchronized and with the gate signals interleaved.

In [11] the ZCMV PWM strategy is further analyzed and implemented on a DTP
machine with two identical winding sets. As each winding set is controlled inde-
pendently by its own VSI the need for coupling inductors is eliminated. This zero
CM voltage can only be implemented on a DTP machine that has two identical
groups of three phase back EMFs.

1.2 Problem statement

As indicated by the introduction and literature study, this project is centered around
the DTP machine. The objective is to describe the theoretical machine model of the
DTP and with this knowledge determine the parameters of the prototype. The ma-
chine can then be operated in the laboratory using FOC and the machine model can
be validated. This enables the investigation of the different PWM strategies and
whether any strategy leads to a reduced CMV in this prototype. The objectives can
therefore be simpli ed to:

» Describe and determine the parameters of the DTP prototype
» Describe and implement a FOC on the DTP prototype

» Describe and implement CMV suppressing PWM strategies

This thesis seeks to answer these questions by exploring the related theory, creating
simulations and building a test setup to measure and conclude on the problem
statement objectives.



1.3. Scope of the project 5

1.3 Scope of the project

In order to ful Il the scope of the problem statement, a machine model of the DTP
has to be developed. Then the parameters of the DTP prototype is investigated
and the inductances of the machine is simulated using FEA and veri ed by mea-
surements of the prototype. When the machine is characterised, the laboratory test
setup must be rebuild to t the needs of the project. This includes rewiring the in-
verters of an existing two-motor test setup, to use both inverters for supplying the
DTP. The load machine, which is normally inverted fed, is connected to a resistor
bank and transformer con guration, thereby acting as a variable load. A simula-
tion of FOC on the DTP machine model is created and this control is implemented
on the test setup. The performance of the speed- and current loop is veri ed by
comparing the simulation results to the test setup results.

Lastly, the veri ed model of the DTP is used to simulate the different CM volt-
age reduction PWM schemes. Due to time- and laboratory constraints these PWM
schemes can not be realised in the test setup. Some CM voltage measurements
on the physical system underlines the existence of the problem and the missing
implementation is discussed in the 'Future Work' section.

1.4 Limitation and assumptions
This thesis will exclude or not consider the following list:

* No hardware is produced (Custom PCB's)

» The mechanical machine construction (slot/pole con guration) is not de-
scribed

» Motor winding layout(winding factor, Il factor etc.) are not covered

I/F start-up assisted sensorless control algorithm for position estimation is
not described

MTPA for IPMSM is not implemented on the test setup

» Cross-coupling compensation for current loop control is not covered



Chapter 2

Generel Machine Model for DTP

This chapter describes the DTP machines stator voltage equations, details the in-
ductances and explains how to extend the Clarke-Park reference frame transfor-
mation to t a DTP system. Lastly, the voltage equations is related to the electric
torque equation such the machine operation can be simulated.

2.1 \oltage Equations DTP Machine abc-domain

The DTP machine can be visualised as six phases consisting of a phase inductance
Ls and phase resistanceRg in series. This equivalent electrical circuit shown in
gure 2.1. The three abecurrents runs in two sets of three phase windings which
are connected in two neutral points. The angle b describes the angular displace-
ment between the two winding sets, which in this machine is 0 as the winding's
are parallel wound. The voltage equation and machine variables as seen from the
stator terminals are:

2 3 2 32 3 2 3
Va1 Rs O 0 0 0 0 la1 pI al
Vp1 0 R O 0 0 0 ibl pl bl
Vel - 0 0 R O 0 0 ic1 + pI cl (2 1)
Va2 0 0 0 R¢ O 0 ia2 pI a2 '
V2 0 0 0 0 Rs O ib2 pl b2
V2 0 0 0 0 0 Rg ic2 pl 2

Which can be compressed into the following equation, where the bold values sym-
bolizes a matrix.

Vabg1,2) = Rslabg1, t Pl abg1,2) (2.2)

Where the subscript abd1, 2) refers to the two sets of three phase windings and p
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Figure 2.1: Equivalent electrical diagram of an DTP machine.

describes the derivative. The phase voltage is denoted by v, the currents by i and
the ux-linkage by | . The placement of the PM inside the rotor categorises the
machine as a parallel topologyPMSM, which is visualised in the simpli ed rotor
structure diagram 2.2
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Figure 2.2: Left gure is the simpli ed rotor structure and right gure is the magnetic equivalent
[12].

The d-axis is de ned as being aligned with the PM north pole and the gaxis is
de ned as leading the d-axis by 90 as seen on the rotor structure diagram. The
stator windings are marked as bsand csand represents both windings sets. The
dot represents current owing out from the plane and the cross is into the plane.
Because of this structure the d-axis inductance is less than the g-axis inductance,
Lg < Lg. On the simpli ed magnetic equivalent diagram &, b and c represents the
ux vector produced by the currents in the windings. The aaxis ux is placed
90 from the aswinding. The rotor position is de ned as the angle ¢ between the
d-axis and the a-axis. This anisotropic magnetic structure makes the inductances
of the machine position dependent in the abedomain.

2.2 Inductances in DTP Machine abc-domain

To de ne inductances in the machine, the ux-linkage term from equation 2.1 can
be expanded into the following:

| abq1,2 (%) = L(A)iap¢r,2 + | mpmabq1,2 (0F) (2.3)

Where L is the inductance matrix and | mpm is the ux linkage from the perma-
nent magnets. Assuming the two sets of winding's are balanced and the saturation
effects are neglected, the inductances can be described by the following four ma-
trices[3]:

_ Ls(q) M(a)
@)= v L) 24)



2.2. Inductances in DTP Machine abcdomain 9

Where L is the inductances within a single set of windings and M is the mutual
inductance from one set to the other. The inductance of a single set of windings
can be described by its self-inductance and the mutual inductance within its own
winding's [13]:
2 3
La Mab Mac
Ls(or) = 4Mba L Mbc5 (2.5)
Mca Mcb Lc

The diagonal describes the self-inductance and can be visualised for each phase as
seen on gure 2.3, which represent a full electrical period.

Figure 2.3: Self-inductances in a single set of three phase windings.

The self-inductance of winding as becomes minimum when the rotor d-axis is
aligned with the aaxis at position 0 and 180, because the reluctance is at its
maximum at these angles. When the d-axis is at 90 and 270 , the phase asinduc-

tance is at its maximum, because the reluctance is at minimum. This results in the

ux linking its own windings to become peak ux linkage value. This is also true

for the phase bsand csinductances, which are offset by %1 and % respectively.

This can be described by the following set of equations:

La= Lis+ La Lgcog2(q)) (2.6)
2

Lp = Lis+ La Lgcog2(q ép)) (2.7)
2

Lc= Lis+ La  Lecog2(q + ép)) (2.8)

Where L5 is the leakage inductance, L, is the average magnetization inductance
and Lg is the second harmonic peak value. These inductance coef cients represents
positive scalars. The second harmonic term describes that the phase inductance
peaks twice in an electrical period. The non-diagonal elements of the Lg matrix
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describes the mutual inductance's between the phases of a three phase system [14]
as seen on gure 2.4.

Figure 2.4: Mutual inductances in a single set of three phase windings.

These inductances can be described by the following set of equations:

Y

2

Map= Mpa= LacoOs ?p Lgcos 2 ¢ 3 (2.9)
2p

Mpe= Mcp = Lacos —=  Lgcos(2(q  Pp)) (2.10)
2

Mca= Mg = Lacos ?p Lgcos 2 g + % (2.11)

Where L, is the average magnetization inductance produced in one inductor acting
on the adjacent inductor. In a mutual coupling the L, term is scaled by a factor of
cos{%), which is the angle displacement between the phases. Again, Lg describes
the peak value of the second harmonic part of the coupling and both values are
positive scalars. The mutual inductance between two phases is at its minimum
when the d-axis is positioned equally between them, which occurs at the angles
g = 60 = 180 = 300. Itis assumed that the inductances are symmetrical,
therefore M, = My, and so forth, and that the average value and second harmonic
variation is equal in all three phase to phase mutual couplings.

In addition to the self-inductance and the mutual inductance between phases in
a single winding set, there is the magnetic coupling between the two winding
sets. This inductance can be described similarly to the mutual inductance within
a single set. The matrix M describes the mutual inductances between two sets of
three phase windings:
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2
Maiz May Maie

M(%) = 4Mpso Mpibe Mpie® (2.12)
Maa Mee Mcae

The notation M 41, describes the coupling of phase al in the rst winding set to
phase a2 in the second winding set. Likewise, M, describes the coupling of
phase al is the rst winding set to phase b2 in the second winding set. Like
the inductance matrix for a single set of windings, the diagonal of the set-to-set
inductance also features a form of self-inductance: The mutual inductance between
the same phases in the two sets. This is visualised in gure 2.5.

Figure 2.5: Mutual inductance between two identical phases in two sets of three phase windings.

The diagonal elements of the set-to-set inductance can be described as:

Maiz2 = Macog0) Mpgcos(2g) (2.13)

Mpie = Macog0) Mgpgcos 2 o Z?p (2.14)
2p

M = Macog0) Mpcos 2 o + 3 (2.15)

Where M 4 is the average magnetization inductance produced in the inductor of the
rst set, acting on the identical phase in the other set. This value is not scaled by a
factor as the angle difference between them are zero. Mg describes the peak value
of the second harmonic part of the coupling and both values are positive scalars.
Like the self-inductance in a single set, the Mg inductance is at minimum at
0 and 180 rotor position. Similarly, My, and My, is offset by 2 and 22,
respectively.

Figure 2.6 illustrates the three non-diagonal elements of The matrix M that couples
from one set of windings to the second set of windings.
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Figure 2.6: Mutual inductance between two sets of three phase windings.

These inductances can be described by the following set of equations:

P

Mai2 = M2 = Macos 3 Mgcos 2 g 3 (2.16)
2p
Moz = Maay = Macos —  Mgcos(2(g p)) (2.17)
_ _ 2p p
Mca2 = Maic2 = MacoS 3 Mgcos 2 o + 3 (2.18)

Where M, is the average magnetization inductance produced in one inductor act-

ing on the adjacent inductor. Again, the mutual coupling M, is scaled by a factor
of cos{%), which is the angle displacement between the phases. Mg describes
the peak value of the second harmonic part of the coupling and both values are

positive scalars. The effect of the mutual inductance between two phases is at its
minimum when the d-axis is positioned equally between them, which occurs at the

anglesg = 60 = 180 = 300. Itis assumed that the inductances are symmetrical,
therefore M 1 = Mp1a1 @and so forth, and that the average and second harmonic
value are equal in all three phase to phase mutual couplings.

The last element of the ux linkage equation 2.3 is the ux linkage of the perma-
nent magnets. By de nition | mpmis the ux linkage established by the permanent
magnets in the rotor, as seen from the stator side. In other words, the differential
pl mpm Would be the open circuit voltage induced in the stator windings by rotat-
ing the shaft[14]. From gure 2.5 it can be seen that the PM ux linkage can be
described in the abedomain by the following equations:
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cogq)
cog %31)
cogq + &31)

cogq)
cog o %)‘)
cogq + %3)‘)

The ux linkage between the permanent magnet and the ux vectors from the 6
phases is at its maximum when the vectors are directly aligned. This is true at the
anglesg = 0 = 120 = 240. Itis assumed that the back EMF produced by the
permanent magnets are sinusoidal and have a constant amplitude [14].

I mpmabq1,2 (%) = | mpm (2.19)

2.3 Inductances in DTP Machine dg-domain

The transformation from the abedomian to the dgdomain is performed using the
amplitude invariant Clarke-Park transformation which is de ned as [13]:

2
cos(g) cosq 2 cos q+ 2
T(q) = 54 sin(q) sing 2 sin g+ % 5 (2.20)
1 1 1
2 2 2

The transformation is able to transform three vectors in the stator reference frame,
into two vectors in a rotating reference frame. The rotor reference frame displace-
ment is de ned by the angle g between the d-axis and a known vector in the stator
reference frame.

When transforming the voltage equations from abedomain into the dg-domain,
all the vectors are transformed from three to two vectors. But rst, the induc-
tances need to be reference frame transformed, in order to appear asdg-quantities
in the voltage equations. The value of these terms can be de ned by performing
transformtion on the inductance matrix [13]. As introduced in equation 2.4 the
inductance matrix a 6x6 matrix and the conventional transformation only works
for three phase systems, that is described by a 3x3 matrix. Therefore a modi ed
transformation is de ned [3]:

T@= o) o (221)

Where 03 3 is a null matrix. Using the matrix modi ed for 6x6 transformation on
the L(q) transforms the inductances to dg-quantities|[3]:

Lt, = Ti(g) L Ta(g) * (2.22)

Which yields the following transformed inductance matrix  Lr;:
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0
%a+ L 3LeCos[2(q )]

3LeSin[2(a )]
0
3(Ma  MgCos[2(a &)])
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If the rotor reference frame is rotating with the same electrical speed as the rotor
Wwe and the g angle is measured between the d-axis and the a-axis of the stator, then

the statement g = ¢ is true. In other words,

the dgframe is rotating with the rotor

speed. The time-varying elements of the inductance is then eliminated and the L,

can be simpli ed to:

0 1
Lo Bay 0 0 3(Ma Mg) 0 0
0 Sar et 0 0 3(Ma+ Mg) O
0 0 Lis 0 0 0
LT N 3 3L 3L
3(Ma Mp) 0 0 Ha e | 0 0
0 S(Ma+ Mg) O 0 Sar Azt 0
0 0 0 0 0 Lis
By de ning Lyqand Mgyq as
8
ng = 3(La Ls)* Lis
Lg = %(LA"' Le) + Lis
(2.23)
%Md = 3(Ma Mpg)
- Mg = %(MA"' Mg)
the matrix can be further simpli ed:
2
L4y 0 O Mg O O
0 Lg 0 0 Mq O
0O 0 Ls O O O
Lt, = 2.24
mT"BMgy O O Ly O O (2.24)
0 Mg 0 O Lg O
0O O O 0 0 Ls
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To nalize the ux linkage in  dg-domain the ux linkage from the permanent mag-
nets may also be transformed. Using equation 2.19 and the Clarke-Park transform
from equation 2.20 the transformation can be described as:

T(Q) Impmab((l)(Qr) (2-25)
T(Q) Impm,ab((Z)(qr) (2-26)

Which simpli es 2.252.26 to the following term for both set of windings:

2 3
| mpmcOgd )
| mpmdq = 4 mpmSin(q Qr)S (2.27)
0

One again, the speed of the rotating frame is set to the electrical speed of the rotor
We and the matrix is simpli ed:

2 3

Impm
| mpmag= 4 0 O (2.28)
0

The full ux linkage matrix in the dg-domain is expressed in its nal form, without
the zero-sequence vector, as:

2, 3 2 3232

I di I—d 0 IVld I mpm
S ES - . éﬁ 12 g0 Z

= + 2.29
I g2 My |—d |d2 I'm (2.29)

From this ux-linkage matrix it is seen that the non-zero off-diagonal elements
describes a coupling between the two sets of windings.

2.4 \oltage Equations DTP Machine dg-domain

Performing the modi ed transformation on the stator voltage equation in  abe
domain 2.2

2 3
Va1

\
T1(QVapq12) = §ij§ (2.30)

yields the following set of equations [2]:
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— ; di : di :
_ . digy . dig .
Var = Reigr+ Gt Lg+ We(Lgigi + | mpm) + Mgt + WeMgigo (2.31)

— ; di ; di ;

" VARRARAN/ JAV AN VYS Vi ee]

I dip . digg .
Ve = Rsip+ 5 Lg+ We(Ldige + | mpm) + Mq—g + WeMgigr

Where the subscript d1 describes ad-axis component of the rst sets of windings
and g2 describes ag-axis component of the second set. Looking at the rst equa-
tion of vy voltage the set-to-set coupling terms are identi ed as the second to last
and last term, where currents from the other set is featured. This is the case for all
the stator dgvoltages, which suggest that the two sets are indeed in uencing each
other.

The electrical torque produced by the machine can be described by the conven-
tional three-phase torque equations [2]. The sum of the torque from each set yields
the total torque produced.

Te= éNpp(I pm(igt + i)+ (La  Lg)(igaigr + igpige) + (Mg Mg)(iqige + idiqr))

(2.32)

The rst term represents the magnetic toque produced by the permanent magnets
and is only dependent on the g-axis currents. The other terms are the torque gen-
erated by the reluctance, that is present in the machine because of the salient pole
construction of the rotor. To utilize the reluctance torque both dgaxis currents are
required in both winding sets and since Ly > Lg, Mg > Mg the d-axis currents
must be of negative polarity, resulting in positive contribution from both the mag-
netic and reluctance torque in the combined electrical torque [13]. This must be
taken into account when designing a suitable control strategy for running the DTP
machine.



Chapter 3

Common Mode Voltage in a DTP

This chapter aims to describe the common mode voltage and which problems it
may cause such as shaft voltage and bearing currents. The literature claims that
25% of all bearing faults are due to high-frequency switching and high dv/dt [15].
The problems from CM voltage and how to solve them have gained huge interest
from the industry due to impact of the reliability of the system. In the litterature
study it was outlined that both hardware and software solutions can be imple-
mented to suppress the problems created from CM voltage.

This project focus on migitating the CM voltage from the software side by ana-
lyzing different PWM schemes. A total of three different PWM schemes and their
performance in suppressing common mode voltage in a DTP will be covered:

1. Conventional Space Vector Modulation (SVM), where gate signals to both
inverters are synchronized.

2. Conventional Space Vector Modulation with interleaving.

3. A proposed Zero CM voltage PWM scheme (ZCMV).

First a review of inverter induced bearing currents and the parasitic elements in
the DTP is conducted. Afterwords the de nition of the common mode voltage in
the DTP is presented and lastly an analysis of the three mentioned PWM schemes
will be outlined.

3.1 Inverter induced bearing currents and parasitics

Faults in the motor bearings can stem from either a mechanical or electrical side.
On the electrical side shaft voltage and current are a main factor for degradation of

17
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the bearing. When an inverter is operating a motor it can be viewed as a high fre-
guency voltage source in the common mode circuit. The consequences are different
inverter induced bearing currents that can be classi ed as[16]:

1. Capacitive bearing current caused by dv/dt over the bearings and the bearing
capacitance. This current amplitude is small compared to other forms and is
not dangerous to the drive.

2. Electric discharge machining (EDM) current. The CM voltage will induce a
shaft voltage. If this shaft voltage exceeds the dielectric strength of the oil
Im of the bearings a discharge current will ow though the bearings.

3. HF circulating currents. The high dv/dt at the terminals excites mainly the
stator winding to frame parasitic capacitance, that leads to a high frequency
common mode current. The ground current excites a magnetic ux around
the shaft which induces shaft voltage along the shaft. If the shaft voltage is
large enough to puncture the insulating properties of the lubricating Im it
causes a circulating current in the bearings. Size of the current peaks vary
with the size of the motor.

4. Bearing currrent due to rotor ground currents. If the motor frame is poorly
grounded and the rotor is connected to earth potential via the load that
has lower impedance grounding, the overall common mode current may arc
through the bearings, though the shaft and pass as rotor ground current. The
size of this can reach great magnitudes and destroy bearing within a short
period.

The current types (1) and (2) are related to the CM voltage on the bearing voltage
while (3) and (4) are caused by HF common mode currents that comes from the
interaction of the CM voltage with high dv/dt and parasitics capacitance between
stator winding and the motor frame.

When analyzing the motor, there are different parasitic capacitances that can be ex-
cited. Figure 3.1 shows the simpli ed common mode circuit for the DTP where the
pole voltage are viewed as a HF voltage source. Zygq is the grounding impedance
and Z.apleis the transmission impedance of the cable for each phase.Cg; is the par-
asitic capacitance between the stator winding and the motor frame, Cg; is between
the stator winding and the rotor and C;; is between the rotor and the motor frame
[11]. Rst, Rsr and Rs are expressing the iron core losses for the high-frequency
leakage current. In the simpli ed CM circuit the bearings consists of the resistance
Ry, a variable capacitanceC, and a switch S,
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Figure 3.1: CM equivalent model for the dual three phase machine [11].

3.2 Common mode voltage

As the consequences of the CM voltage have been described, this section will give a
description of the de nition of the CM voltage. In ideal motor operation with three
phases the voltage applied to the motor is sinusoidal waveforms that are complete
symmetric in amplitude, have same frequency and are 120 phase shifted. The
average voltage of the 3 voltage components would then at all time be zero.

With the introduction of variable speed drive where a PWM-driven inverter is used

to ensure that the motor is operating as ef cient as possible at different torque and
speed pro les, the sum of all voltage in a single three-phase system cannot be as-
sumed to be 0 due to its square pulse waveforms.

The CM voltage is de ned as the average instantaneous voltage of each phase
with respect to the DC link midpoint.

1
Vem = é(VaO + Vpo + Vo) (3.1)

The voltage Va0, Vpo and Vo for a 2-level inverter can have two voltage levels:
Vg2 or  Vyd/2. Three of these voltage values together can therefore never be
zero and the CM voltage cannot be eliminated for a standard three phase two-level
inverter. To achieve zero CM voltage, more control freedoms should be introduced.
This is where the DTP machine is introduced. The dual inverter con guration and
DTP can be seen visualised in gure 3.2.
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Figure 3.2: Dual inverter and DTP con guration.

For a DTP setup with two isolated neutral points two sub-CM voltage for each
system exist:

1
Vemt = é(Valo + Vpio + Veio) (3.2)

1
Vemp = §(Va20 + Vipo + Ve20) (3.3)

Even with isolated neutral points, both of the two sub-CM voltages can in uence
the CM related performance at the same time through the stray capacitance in the
motor and the generalized total common mode voltage is [17]:

1 1
Vem = E(chl + Venp) = é(Valo + Va0 + Voo + Viwo + Veio + Vo) (3.4)

As the number of elements accountable for producing CM voltage is 6 and thereby
an equal number, it can be easily deduced that the common voltage can be removed
with a dual inverter setup. The criterion for zero CM voltage is that three upper
switches of the half bridges are ON, while the lower switches are ON in the 3
remaining half bridges. These state must be met at all time in order to produce
zero CM voltage. In order to do so, the chosen PWM strategy is essential for the
CM voltage mitigation.
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3.3 PWM schemes

The following section will outline the three different PWM schemes. The two rst
schemes are based on the space vector modulation PWM strategy, while the last
scheme is a modulation strategy that theoretically can eliminate the CM voltage.
One important note for the following description is, that in a 2-level VSI having the
upper switch in the half bridge active, while the lower is inactive is de ned as "1".
The opposite is de ned as "0". The gate signal controlling the half bridge of each
phase are notated asS,, S, and S.. All PWM schemes are visualised as modelling
the same reference, which is passed to both inverters.

As there are 6 switches in one standard 2 level VSI, a total of 8 legal switching
states are possible . Thereby there exist 8 different voltage vectorsVy, V;...V7. Here
V, Vs are called the active voltage vectors and Vy, V7 are called zero vectors, as
they do not produce a voltage difference across the load. All voltage vectors and
their corresponding switch states are shown in table 3.1.

Voltage Vector | State Va0 Vo Vo Space vector
Vo 000 Vgd2 | -Vgd2 | -Vyd2 -
Vi 100 | V42 Vgd2 | -Vyd2 2/3 Vg 0
V> 110 | V42 Vyd2 | -Vgd2 | 2/3 Vyo\ 60
V3 010 | -VyJ/2 Vad2 | -Vgd2 | 213 Vg 120
Vy 011 | -VyJ2 Vad2 | Vgd2 | 2/3 Vg4 180
Vs 001 | -Vyd2 | -Vgd2 | Vyd2 | 213 V4o 240
Vs 101 Vg2 Vyd2 | Vgd2 | 213 Vg 300
V7 111 Vg2 Vod2 | Vgd2 -

Table 3.1: Switching states and the corresponding voltage vectors of a 2-level inverter.

3.3.1 SVM with synchronized pulses

Space vector modulation is a widely used PWM strategy within inverter control.

It produces fundamental output voltage 15.5% higher than what can be produced
by for example the SPWM method. It also introduces less harmonic distortion of
the load current, lower torque ripple in AC motors, and lower switching losses
[12]. In SVM the abcvoltages reference are represented as a space vectoY,es in the
complex plane and the reference vector is synthesised by the two adjacent vectors
of the sector the space vector is positioned at.

For the rst presented PWM scheme, the DTP is operated with SVM and PWM

signals send to the transistors are synchronized. The switching pattern is there-
fore identical for VSI 1 and VSI 2. In gure 3.3 (a), Vet iS in sector 1 in the
hexagon and the active vectors V; and V, along with the zero vectors are used
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to synthesise the space vector by switching between the two adjacent vectors and
the zero vectors, in the sector. For example in the rst sector, the reference vec-
tor is synthesised by a combination of active- and zero vectors in the sequence of:
Vo! VoI Vol V1! V! Vi1 Vg This is a full switching period and the
times to, t7, t; and t, refers to time spent on each vector.

When synchronized operation on VSI 1 and 2 with SVM is applied, the highest
CM voltage is generated at the zero voltage vector, where the CM voltage has an
amplitude of V4J/2 as seenin gure 3.3 (b). Furthermore the CM voltage will never
be zero, as the total number of "1" and "0" are never identical. This is due to the
fact that both inverters are always using the same voltage vectors during a whole
switching cycle.

() (b)

Figure 3.3: a) Hexagon showing the different voltage vector and Ve, b) Convential SVM scheme.

3.3.2 SVM with interleaving

One way of reducing the CM voltage with SVM is by delaying the phase of the
carrier wave for one of the inverters by 180 , also known as interleaving. The refer-
ence voltage for both in inverters are still the same, thereby also the duty cycle and
the SVM algorithm does not change. The interleaved operation of the PWM signals
enables the two inverters to use different voltage vectors and opposite zero vectors
while still producing the desired reference vector. Figure 3.4 shows the switching
pattern for one switching period when operating with interleaving in sector 1. The
cycle is started with Vg operating for inverter 1 and V; operating for inverter 2
yielding three "1" and "0" overall. The CM voltage is therefore zero. In the next
step V1 becomes active for inverter 1, while V, becomes active for inverter 2. The
criterion for zero CM voltage is still met. However as the time spent on V; is less
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than for Vy, inverter 2 will shift to operate in V1, while inverter 1 is still producing
V; and the CM voltage becomes equal to V4/6. Inverter 1 is then shifted to Vs
for the next phase and zero CM voltage is achieved. The rst half of the switching
period is ended in the next step where inverter 1 is operating in zero vector V7 and
inverter 2 operates in the other zero vector Vy. The CM voltage remains zero. The
same pattern is repeated for the last half cycle, but with reversed sequence.

The CM voltage will thereby have two pulses in one switching period which will
have either a positive or negative amplitude of  V4/6. The difference between
the active times t; and t, de nes the total time of the pulse duration. The dura-
tion of t; compared to t, also de nes whether or not the pulses are positive or
negative. In the case of the V..t being in sector 1, the CM voltage pulse will be
negative if t; > ty, while t; < t, will give a positive pulse. Overall, the interleaving
scheme can reduce the CM voltage from VyJ/2 to Vy4J/6 when compared to the
conventional SVM scheme, but not eliminate it.

Figure 3.4: Convential SVM scheme with interleaving.
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3.3.3 ZCMV PWM

The paper "Common-Mode Voltage Reduction for Paralleled Invertergfjgests a PWM
strategy for two inverters working in parallel that theoretically would result in
zero CM voltage. The article Dual-Segment Three-Phase PMSM With Dual Inverters
for Leakage Current and Common-Mode EMI Reductiorther analyzes the ZCMV
PWM strategy by adjusting it and implementing it on a DTP machine with a wind-
ing displacement of 0 . The working principle of this scheme based on the two
articles will be covered in this section.

If the two voltage vectors from the two inverters through a whole switching cycle
contain three "1" and three "0" the resulting common mode voltage would be 0OV.
The general working principle behind the ZCMV PWM scheme is that the two in-
verters at all time are not using the same voltage vector but instead are operating
with two adjacent voltage vectors pairs. As an example, when VSI 1 is in the state
"100" producing V1 , inverter 2 is either in state "110" to produce V; or in state "101"
producing Vg leading to three "1" and three "0". A total of 6 adjacent vectors pairs
are possible and they are displayed in the hexagon in gure 3.5(a). Two zero vector
pairs V1 + V7 and V7 + V; are also available. When adding their switching states
they both result in "111". The notation for a switching state of the adjacent vector
pairs is that the vector V; "100" added to vector Vy's 110 givesV, + V2 ="210". E.g
"2" means same switch on same half bridge of each inverter is "1". If the values
of the vector are added, such that "120" =3, one notices that every one of the new
vector pairs add up to three. Therefore, all vectors are a combination of three '1'
and three '0" which ful Il the zero CM voltage criterion.

The combination of adjacent voltage pairs and zero vector pairs can be utilized to
create the reference voltage vector. In gure 3.5 (a) the adjacent vector pairs also
yield 6 new sectors in the vector plane and each sector is between two adjacent vec-
tor pairs. The reference voltage will be generated by two adjacent voltage vectors
pairs in each sector. The active time spend on the adjacent vector pairs are de ned
ast; and t,, while time spend on the adjacent zero vector pair is de ned as tg, just
as conventional SVM.
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(a) (b)

Figure 3.5: (a) Reference voltage synthesis with adjacent voltage vector pairs. (b) ZCMV PWM
scheme in sector 1.

Figure 3.5 (b) shows the switching pattern to generate V,q¢ for the ZCMV scheme.
The shown switching pattern is for one switching period. As the reference vector
is placed in sector 1 adjacent vector pairsV; + V, and Vg + V7 are used. This leads
to both inverters generating 3 active voltage vectors during a whole switching
period. The ZCMV differs from SVM as it has asymmetrical pulse arrangement,
which is necessary for the ZCMV PWM scheme. One drawback of the presented

WM scheme is that length of the adjacent voltage vector pair has a length that is

3/2 of the original voltage vectors, which leads to the maximum length of Vet is
reduced to = 3/2 of SVM.

Vector time calculation and sector judgement

One key step in closed loop operation is to accurately judge which sector the ref-
erence voltage vector lies in. In the closed loop control of the motor, the reference
vector is obtained from the dq voltages that is outputted from the current con-
trollers. The corresponding abcphase voltage reference for both inverters can be
obtained by inverse park transformation. The abcvoltage references can be de ned
as:

8
3V, = V= dy Vad2
5 Vor = Vip = oy Va2 (3.5)

' Vcl = Vc2 = dc Vdc/2

Where d,, d, and d, are the quasi duty cycles with a range of -1 to 1. The sector
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can be determined by using the sign of two quasi duty cycles and the vector time
can be calculated. As an example when the reference vector is in sector 1,d, and
d. must be negative and the synthesized adjacent voltage vector pairs active times
t; and t, and the time spent on the zero vector pair is calculated as follows:

3 tr = db TS (36)

Here Ts is the time of one switching period. All sector judgement condition and
corresponding time calculation are displayed in table 3.2. When t4, t; and to are
obtained the pulse generation for the six phase legs can be generated by comparing
carrier waves to reference signals based on thet; t, and tg.

Sector No. Condition Vector time calculation
t1 = dc Ts
1 d, <0 & d; <0 to= d, Ts
to = ( 1 da) Ts
t1 = db Ts
2 d,>0& d, >0 tr=dy Ts
o = ( 1+ dc) Ts
t1 = da Ts
3 d, <0 & d; <O to= d. Ts
to=(1 dy) Ts
t1 = dc TS
4 d, >0 & d. >0 tp=d, Ts
to=(1+d,) Ts
t1 = db Ts
5 d, <0 & d, <0 tr= d; Ts
to = ( 1 dc) Ts
t1 = da TS
6 d, >0 & d; >0 tr=d, Ts
to=(1+d) Ts

Table 3.2: Sector judgement and active time calculation.

Pulse generation

Once the times have been calculated, the pulse generation are performed. The
generation is done by comparing two carrier waves, one for each inverter, with

four reference values calculated from the vector times. The carrier waves have an
amplitude from -1 to 1 and they are shifted 180 from each other. The frequency
of the carrier wave determines the switching frequency. Each reference value is
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assigned to be accountable for the switch state of a phase leg. The state for a phase
leg is "1" if the assigned value is bigger than the value of the carrier wave and "0"
otherwise. The four values are calculated as follows:

i=1 tof Ts
i =1 (to+ 2tp)/ Ts
i =1  (to+ 2t1)/ Ts
iv =1 (tot+ 2ty + 2tp)/ Ts

Due to the pulse alignment being asymmetrical the reference value assigned to a
gate signal changes between the half cycle with a positive gradient and the half cy-
cle with a negative gradient of the carrier wave. For instance, in sector 1 reference
value (i) is assigned to control Sy 2 for both half cycles. For Sy » (i) is used for
the positive gradient half cycle and switched to (iv) in the negative gradient half
cycle. Lastly Sy 2 uses (iv) for the positive and (iii) for the negative gradient of the
half cycle. The division of half cycles of the carrier wave signal ensures optimal
switching of the transistor as only the state of a half bridge is changed at a time for
one inverter.

Figure 3.6 shows the comparator for sector 1 and the equivalent pulse genera-
tion. The reference value assigned to a gate signal also changes according to the
sector resulting in different comparators for every sector. The comparator for the
rest of the sectors are available in appendix D.

Figure 3.6: Comparator of sector 1.
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The full sequence for the ZCMV modulation strategy, when integrating it to the
control strategy, is as followed. The dq reference voltages from the current con-
trollers are transformed to abcreference quantities. The abcvoltages are used to
calculate which sector the reference voltage vector lies in and the corresponding
time segments, all according to table 3.2. The sector number and times are then
passed on to the two comparators that decides the pulse generation and the gate
signals are send to the two VSI's. The full overview can be seen in gure 3.7.

Figure 3.7: Control block diagram ZCMV modulation strategy.



Chapter 4

Prototype DTP Machine Parameter
Characterisation

The motor investigated in this project is a Grundfos MGE100-LA Saver2-small,
which is pictured in gure 4.1 (a). The Saver2 is a three-phase PMSM with interior
mounted magnets, 36 slots and 3 pole pairs, which is in production at Grundfos.
This motor was chosen due to its winding con guration, where each set of phase
windings has a parallel path around the stator. The two parallel winding patterns
are mirrored in the center axis, as seen in Figure 4.1 (b), where theal and a2 phases
are positioned on separate halves of the stator, and the same applies to the other
phase pairs. In the prototype delivered by Grundfos, this parallel connection has
been split, resulting in the motor having two three-phase systems. The electrical
phase shift between the two three-phase sets is 0.

(@) (b)

Figure 4.1: Machine structure and winding arrangement of Saver2 and the rewired DTP version.
One of the project objectives is to determine parameters of the machine and since

29
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the machine is a prototype, the electrical parameters are unknown. The parameters
in question is the PM ux linkage constant, inductances and phase resistance. The
resistance is uncovered with a simple resistance measurement and the permanent
magnet ux linkage is determined from a no load test of the machine where the
back EMF is recorded. The inductance determination of a synchronous machine
can be performed in different ways and the literature describes the measurement
of the self-inductance in depth, but there is a lack of information regarding mutual
couplings and especially within a double set con guration. The measurement of
these couplings are crucial in understanding the operation of the machine and to
correctly model and simulate its behavior. The chosen inductance measurement
method is used to measure the inductances within a single set, and is modi ed to
measure the additional couplings from set to set.

4.1 Simulated Parameters

In order to have a simulation to compare the measurements with, a simulation
model of the motor has been made in the program Ansys Maxwell 2D, that uses
nite element analysis (FEA) to solve electromagnetic eld problems. The main
objective of the simulation model is to simulate abcinductances and estimate dq
inductances. Furthermore, the back EMF from all phases are simulated to ensure
them being sinusoidal, symmetric, 120 phase shifted and to verify that the angular
displacement of set 1 and set 2 are 0. All the simulations are conducted with a
shaft speed of 2900 rpm. When the back EMF is recorded the motor is simulated
without current in the windings. For the inductance, the motor is simulated with
rated current applied to the windings. A single electrical period are simulated for
each test and 50 data points are collected. The back EMF results are presented in
gure 4.2.
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Figure 4.2: Simulated induced voltage in each winding set with I = OA from Ansys Maxwell

As seen on the gure, it is veri ed that the back EMF is sinusoidal, abcback EMFs
are symmetrical and 120 shifted, and the displacement angle is 0 . From these
data points the value of the PM ux-linkage can be calculated, as presented in ap-
pendix B and determined to be | py sim = 0.3 Wh.

With sinusoidal operation of the model veri ed, the inductances are simulated
in the abcdomain. In gure 4.3, the plot of all self-inductances are presented.
The self-inductances show identical characteristics and the minimum and maxi-
mum inductance values occurs at the expected angle positions. Ansys Maxwell
has the advantage that it can evaluate the self- and mutual inductances for each
phase within both winding sets. By recording and extracting the inductance data
for every abcinductance in an electrical period, it is possible to determine the dq
inductances via reference frame transformation. The modi ed Clarke-Park trans-
formation from equation 2.22 is applied to the data and the results is an electrical
period of the dginductances as seen in gure 4.4,
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Figure 4.3: Simulated Self inductance for a) winding set 1 , b) winding set 2. from Ansys Maxwell

Figure 4.4: Simulated dginductances from Ansys Maxwell

The inductances are not DC quantities. Therefore, the average values of each wave-
form in the gure are calculated to decide the values of Ly, Lg, Mg and Mq. This
method of determining the dq inductances is referred to as the reference frame
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transformation method. The average values of the dqginductances from the trans-
formation are displayed in table 4.1.

Parameter \ Value

Lq 28.88 mH
Lq 36.53 mH
Mg 1.88 mH
Mq 3.58 mH

Table 4.1: Average values of reference frame transformed dqinductances from Ansys Maxwell

4.2 Measured Parameters

A work ow similar to the simulation of parameters are employed for the mea-
surement of the physical machine. Again, the rst objective is to verify symmetric
behavior of the machine, phase shift and angular displacement, which is proved by
a no load back EMF test. Upon assembling the rst test setup the phase resistance
was also measured for each phase. The inertia is not measured and the value from
the manufacturer is used. The viscous friction is not characterised either, as the
effect of this parameter is negligible.

The prototype has all leads exposed, meaning there is access to both ends of all
six leads, which makes for easy measurement of individual phases. The rst test
setup used is visualised in gure 4.5.

Figure 4.5: Test Setup 1: Back EMF Test of DTP Machine.

In this test setup the PMSM acts as a variable speed machine controlled using the
dSPACE interface and the motor is driven at a constant speed. The back EMF
induced by the PM in the DTP is measured between the phase terminals and the
related neutral point. The test was performed at three different speeds: 500, 1500
and 2900 rpm and the results of the second test is presented in gure 4.6.
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Figure 4.6: Induced voltage measured at DTP terminals in each winding set, at 1500 rpm.

The top plot is the voltage of the rst set of windings and the bottom is the second
set. From the sequence of voltages, it is veri ed that the labeling of the termi-
nals are correct and that all phases are functional. The shape of the voltages is
sinusoidal and the system is balanced as seen on the equal magnitude of all six
phases. The parallel con guration of the two sets of windings shows in the plot
as there is no angle displacement between the two sets. The ux-linkage from the
PM was determined in appendix A.2 at the value of | py = 0.274 Wb, which is
8.6% lower than the simulation. The difference might originate in the simulation
being a calculation on the back EMF behavior in an ideal system. The difference
is not investigated further and the PM ux-linkage constant obtained from the
measurement is chosen as the parameter value.
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4.3 Inductances

The inductance measurement follows the method called "Simple AC Measurement
Method"[6], where a single stator phase is supplied by an AC voltage and the
instantaneous voltage and current is recorded. Like the rst test setup, access to
both ends of all phases is crucial, as it allows for the excitation of one phase at a
time. The phase is excited by an AC source connected to one of the stator phases
as illustrated in gure 4.7.

Figure 4.7: Test setup 2. a) self-inductance measurement phasea;, b) mutual-inductance phase a; to
b,. Voltage and current measurements is pictured as V A in a circle.

In test setup 2 a), the voltage u;, and the current ij, applied to the phase under test
is recorded. The equivalent of this circuit is shown in gure 4.8.

Figure 4.8: Equivalent circuit for measurement at steady state with AC excitation [6].

The objective is to calculate the current i, through L, which represents the induc-
tance of the phase and to identify the voltage uc which is the voltage drop across
the parallel RL branch. Integrating this voltage yields the ux linkage and the ux
linkage current curve can be plotted.
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The test is performed at an input frequency of 50 Hz and the data is captured
during steady state. A single electrical period is extracted from the data and the
fundamental signal of the current and voltage is calculated using an FFT, which
yields a Itered signal. The core loss of the circuit is de ned by the input power, in-

put current and phase resistance. Using the core loss, the equivalent core resistance
is determined and the currents in the parallel branches can be found. Hereafter the
voltage uc is integrated and the ux-linkage current curve can be drawn4.9. The
full step by step calculation is available in appendix A.3.

Figure 4.9: Flux linkage current loops of one rotor position, at different values of input current.

The above gure presents multiple datasets, each corresponding to increasing in-
put current. The red dots indicate the vertices of the ux-linkage current loop. The
two inner dots represent a pair of resulting minimum and maximum ux linkage
values, and as the input current rises, these dots spread further apart. Since all
measurements are aligned with increasing input current, there is no saturation,
making the measurements within this current range suitable for inductance deter-
mination.

Performing a linear curve tting and extracting the slope of the data yields an in-
ductance value. When performing all the above for many different rotor positions
the inductance as a function of rotor position can be drawn 4.10.
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Figure 4.10: Phasecl self-inductance as a function of rotor position. The x-axis is the number of
different rotor positions.

The self-inductance of phase ¢; is pictured and the minimum, maximum, and av-
erage values of the inductance are recorded. The self-inductance is measured in
several phases and the average value of all measurements represents the general
parameter value, which is determined to be Ls = 25.69 mH. The data and calcula-
tion can be found in appendix A.3.

The measurement of the mutual inductance follows the same course of action as
for self-inductance. However, the test setup 2 in 4.7 b) features an additional volt-
age measurement that captures the voltage induced in the winding under test. The
extended equivalent circuit for mutual inductance measurement is seen in gure
4.11:

Figure 4.11: Extended equivalent circuit for mutual inductance measurement at steady state with
AC excitation. This example is measuring the mutual inductance from phase al to bl.

In the diagram the current i, is the ux-linkage producing current in phase al
which induces a voltage in the second phase called uy. This current and the
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induced voltage is used for calculating the ux-linkage vs current curve of the
mutual inductance. All measurements are processed in appendix A by averaging
the values of all symmetric inductances. In addition, the leakage inductance is
also determined using the relation between self-inductance, average magnetization
inductance and leakage inductance. All coef cients are presented in table 4.2.

Single Set | Setto Set | Leakage
Inductance | La Lg Ma | Mg | Lis Unit
Avg. 12.06| 3.92| 3.03| 0.90 | 13.63 mH

Table 4.2: Average magnetizing inductance, average peak second harmonic and leakage inductance.

With the coef cients determined, the equations 2.23 from chapter two are used to
calculate the dgrinductances from the measurements. In addition, the FEA simu-
lated abeinductances from gure 4.3 is also calculated using the same equations.
The results are provided in 4.3.

FEA Transformed | FEA Calculated | Measurement | Unit
Ly | 28.88 27.50 25.83 mH
Lq | 36.53 37.81 37.60 mH
My | 1.88 1.78 3.18 mH
Mg | 3.58 3.88 5.89 mH

Table 4.3: dqginductances from modi ed Clarke-Park transformation, calculated simulation and cal-
culated measurements.

The tables features the reference frame transformed results from the table 4.1, the
results from the FEA simulated abeinductances and the results from the measure-
ments. As anticipated, all g-axis inductances is larger than the d-axis inductances.
Although there are minor differences between the outcomes, they are generally
acceptable. The results presented in the table veri es the FEA simulation as being
descriptive of the physical system and the coef cients from the measurement col-
umn is chosen as machine parameters.

It is preferable to calculate the simulated dqinductances using the same method
as for the measured values, for the purpose of comparing the results, as demon-
strated in the above table. Because the FEA simulation is validated in the above
table, and the FEA reference frame transformed results also aligns with these re-
sults, this suggests that the modi ed Clarke-Park transformation is veri ed. With
the inductances in place, the machine parameters needed to describe the motor
behavior is completed.
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4.4 Prototype DTP Machine Parameters

The electrical and the mechanical ratings are all listed in the table below 4.4. On the
right-hand side of the table is the reference column, which indicates the appendix
chapter that describes the raw data and calculations that results in the parameters
that needed to by determined. The rest of the table is from datasheets.

Parameter Symbol | Value | Unit | Reference
Rated Voltage (Line-line) Vn 380 \Y [18]
Rated Current In 2.9 A
Rated Power Pn 3 kw [18]
Rated Torque Tnh 9.9 Nm
Rated Speed nn 2900 | rpm
Stator Resistance Rs 2.44 W Al
Stator Inductance Ls 2569 | mH A.3
Flux Linkage from Permanent Magnets | pm 0.274 | Wb A.2
Moment of Inertia J 0.004 | Kgm?
Number of Pole Pairs Npp 3 -

Table 4.4: Parameters for DTP Machine.
The machine prototype is pictured below in gure 4.12. On the right side of the

terminal block, the two winding sets with three phases each are placed, while on
the left-hand side, the phases are connected to the two separate neutral points.

Figure 4.12: Grundfos MGE100-LA Saver2-small rewired to a DTP prototype.



Chapter 5

Implementation of Control

In this chapter, the physical system and its control are presented. Firstly, the con-
ventional FOC is introduced, and the ow of information is highlighted in a block
diagram. A simulation of the system, including the DTP and the inverters is pre-
sented.

Secondly, the experimental test setup is introduced through pictures and using a
schematic overview of the setup. The setup is built in two different forms: one with
two different DC links and one with a shared DC link. Results from simulation
and experimental setup are compared.

5.1 \Vector Control Method

Field Oriented Control (FOC) is a type of vector control used for instantaneous
torgue control of an AC motor [13]. The aim for FOC is to control the torque
and magnetic ux separately. This is realised by reference frame transforming the
stator current into dg-quantities and achieve independent control of iy and iq. The
torque production of a PMSM is dependent on the size and direction of the stator
current vector and therefore also the size of iy and iq. It is of interest to nd the
smallest stator current vector is which produces the most torque. This is known as
Maximum Torque Per Ampere (MTPA) operation[19]. Implementing this operation
on an IPMSM where the inductances are unequal Ly 8 Lg, requires a revisit to the
torque equation 2.32 from previously.

Te= SNpp(l pm(iqn + i2) * (La  Lo)(iariqn + iazie) + (Mg Mg)(igriqe + iaica))

2
(5.1)

In contrast to a SM-PMSM, which only generates magnetic torque, the IPMSM also
produces reluctance torque. Therefore the electrical torque equation consists of
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