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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 £V,./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 £V;./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 benefits 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 configuration 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 configuration. The terminology is vastly different in the literature.
For example a DTP machine with the windings spatially shifted by 30° can be re-
terred to as double-star machine, split-phase or asymmetrical machine as 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 abc-domain 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 modified 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 dg-domain. 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 find 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 flux-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 sufficient 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 dg transformed 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 dg to DQ transformation is available in appendix

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



1.2. Problem statement 4

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 filters 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 simplified 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.
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1.3 Scope of the project

In order to fulfill 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 verified by mea-
surements of the prototype. When the machine is characterised, the laboratory test
setup must be rebuild to fit 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 configuration, 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 verified by
comparing the simulation results to the test setup results.

Lastly, the verified 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 configuration) is not de-
scribed

* Motor winding layout(winding factor, fill 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 fit a DTP system. Lastly, the voltage equations is related to the electric
torque equation such the machine operation can be simulated.

2.1 Voltage Equations DTP Machine abc-domain

The DTP machine can be visualised as six phases consisting of a phase inductance
Ls and phase resistance R; in series. This equivalent electrical circuit shown in
tigure The three abc-currents 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:

o Rs 0 0 0 0 0] [in pAat |
Op1 0 Rs 0 0 0 0 ibl pAbl
Oc1 0 0 Rs 0 0 0 ic1 pAcl

= . 2.1
U2 0 0 0 Rs 0 0 122 + p)Luz ( )
Op2 0 0 0 0 Ry O in p)\bz
_UCZ_ L 0 O O 0 O Rs_ _iCZ_ _pACZ_

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

Vabe(1,2) = Rsiabc(l,Z) + p/\abc(l,Z) (2.2)

Where the subscript abc(1,2) refers to the two sets of three phase windings and p
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\m

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 flux-linkage by A. The placement of the PM inside the rotor categorises the
machine as a parallel topology IPMSM, which is visualised in the simplified rotor
structure diagram
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Figure 2.2: Left figure is the simplified rotor structure and right figure is the magnetic equivalent
[12].

The d-axis is defined as being aligned with the PM north pole and the g-axis is
defined as leading the d-axis by 90° as seen on the rotor structure diagram. The
stator windings are marked as, bs and cs and represents both windings sets. The
dot represents current flowing 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,
Ly < L;. On the simplified magnetic equivalent diagram 4, b and c represents the
flux vector produced by the currents in the windings. The a-axis flux is placed
90° from the as winding. The rotor position is defined as the angle 0, between the
d-axis and the a-axis. This anisotropic magnetic structure makes the inductances
of the machine position dependent in the abc-domain.

2.2 Inductances in DTP Machine abc-domain

To define inductances in the machine, the flux-linkage term from equation 2.1 can
be expanded into the following;:

Aabc(1,2)<97) = L(Qi’)iabc(l,z) + Ampm,abc(l,z)(er) (2.3)

Where L is the inductance matrix and Ay, is the flux 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]:

L) M)
1) = [aie) L) 4
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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]:

La Mab Mac
Ls(er) = |Mp, Lp My (2.5)
Mca Mcb Lc

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

b b
a a a
c [«
Ly L.

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 g-axis 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 as induc-
tance is at its maximum, because the reluctance is at minimum. This results in the
flux linking its own windings to become peak flux linkage value. This is also true
for the phase bs and cs inductances, which are offset by 27" and —27”, respectively.
This can be described by the following set of equations:

L, =Ljs+ La — Lpcos(2(6;)) (2.6)
2

Ly=Ls+Ls— LBCOS(Z(Qr — gﬂ')) (2.7)
2

L. =Ljs+ La— Lpcos(2(6, + 57'()) (2.8)

Where Lj; is the leakage inductance, L4 is the average magnetization inductance
and Lp is the second harmonic peak value. These inductance coefficients represents
positive scalars. The second harmonic term describes that the phase inductance
peaks twice in an electrical period. The non-diagonal elements of the Ls matrix
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describes the mutual inductance’s between the phases of a three phase system [14]
as seen on figure

b b
a ‘ N S
: c
My be

M Mca

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

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

27 7T
M, = My, = Lacos <3> — Lpcos (2 (9, — 5)) (2.9)
My. = My, = Lacos <237T> — Lgcos (2(6, — 7)) (2.10)
27 T
Mea = Mye = Lacos (3> — Lpcos (2 (ar + 5)) 2.11)

Where L4 is the average magnetization inductance produced in one inductor acting
on the adjacent inductor. In a mutual coupling the L4 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
6, = 60° = 180° = 300°. It is 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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Mauiz Mapz Mae
M(6:) = | Mpiiz Mpiz M (2.12)
Ma Maw Meae

The notation M,1,2 describes the coupling of phase al in the first winding set to
phase a2 in the second winding set. Likewise, M,1;, describes the coupling of
phase al is the first 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 figure

b1b2 b1b2 b1b2
S N ala2 ala2 ala2
clc2 cle2 cle2
Maia2 My M,

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:

Ma142 = M acos(0) — Mpcos (26,) (2.13)
2

My = Macos(0) — Mpcos (2 (Qr — 3”)) (2.14)
271

Mc1co = Mycos(0) — Mgcos <2 <9, + 3>> (2.15)

Where M 4 is the average magnetization inductance produced in the inductor of the
first 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. Mp 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 M,;,» inductance is at minimum at
0° and 180° rotor position. Similarly, My, and My, is offset by 27” and —%”,
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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b1b2 b1b2 b1b2

ala2 N S ala2 ala2

cle2 cle2 cle2

M M2 Meia2
Figure 2.6: Mutual inductance between two sets of three phase windings.

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

27T T

Ma1p2 = Mp1a2 = Macos <3> — Mpcos (2 <0r - §>> (2.16)
27T

Mpyco = My, = Macos (3> — Mpcos (2(6, — 7)) (2.17)
27T 7T

Mg = Maico = Macos <3> — Mgcos (2 (91’ + 5)) (2.18)

Where My 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. Mp 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
angles 0, = 60° = 180° = 300°. It is assumed that the inductances are symmetrical,
therefore M;151 = Mp1,1 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 flux linkage equation [2.3|is the flux linkage of the perma-
nent magnets. By definition Ay, is the flux linkage established by the permanent
magnets in the rotor, as seen from the stator side. In other words, the differential
pAmpm would be the open circuit voltage induced in the stator windings by rotat-
ing the shaft[14]. From figure it can be seen that the PM flux linkage can be
described in the abc-domain by the following equations:
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cos (0,
cos(6, — %)
cos(0, + 2F)
cos (0,
cos(6, — 27”)
| cos (0, + ) |

SN—
Y

/\mpm,abc(l,Z) (er) = /\mpm (2.19)

N

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

2.3 Inductances in DTP Machine dg-domain

The transformation from the abc-domian to the dg-domain is performed using the
amplitude invariant Clarke-Park transformation which is defined as [13]:

cos ()  cos (0 — 2L cos (6 + %)
T(0) = 3 —sirll (0) —sin ((19 —2)  —sin ((19 + 27) (2.20)

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 defined by the angle 6 between the d-axis and a known vector in the stator
reference frame.

When transforming the voltage equations from abc-domain into the dg-domain,
all the vectors are transformed from three to two vectors. But first, the induc-
tances need to be reference frame transformed, in order to appear as dg-quantities
in the voltage equations. The value of these terms can be defined by performing
transformtion on the inductance matrix [13]. As introduced in equation 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 modified
transformation is defined [3]:

T1(6) = ﬁii) ﬁfé’)} (2.21)

Where 033 is a null matrix. Using the matrix modified for 6x6 transformation on
the L(6,) transforms the inductances to dg-quantities[3]:

Ly, =Ti(0)-L-Ty(6) " (2.22)

Which yields the following transformed inductance matrix Lr;:
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i 4 Ly — 3LpCos [2 (0 — 6,)] 3LpSin [2 (6 — 6,)] 0 3(My— MgCos[2(0—6,)]) 3MgSin [2 (6 — 6,)] 0
3LgSin [2 (0 — 6,)] 3La 4 L+ 3LpCos[2(0 - 6,)] 0 3MgSin [2 (6 — 6,)] 3 (Ma+MpCos2(6—6,)]) 0

In = 0 0 Lis 0 0 0
3 (Ms — MpCos [2(6 — 6,)]) 3MgSin [2 (6 — 6,)] 0 a1y —3LpCos[2(6-6,)] 3LgSin [2 (6 — 6,)] 0

3MgSin [2 (6 — ;)] 3 (Ma+MpCos[2(6—6,)]) 0 3LgSin [2 (0 — 6,)] a4 L+ 3LpCos[2(0 - 6,)] 0

0 0 0 0 0 Lis

If the rotor reference frame is rotating with the same electrical speed as the rotor
w, and the 6 angle is measured between the d-axis and the a-axis of the stator, then
the statement 0 = 6, is true. In other words, the dg-frame is rotating with the rotor
speed. The time-varying elements of the inductance is then eliminated and the L,
can be simplified to:

a3 41, 0 0 3 (Ma— Mp) 0 0
0 a3 0 0 3(Ma+Mg) 0
. 0 0 Lis 0 0 0
T =
3 (Ma — Mp) 0 0 %a_3byp, 0 0
0 3(Ma+M;p) 0 0 Loy 0
0 0 0 0 0 L
By defining L4, and My, as
Ly =3(La—Lg)+ L
L, =3(La+Lp)+L
T2 ’ (2.23)
M; =3(Mp— Mp)
M, =3(Ms+ Mp)
the matrix can be further simplified:
'L, 0 0 M; 0 O]
0 L, 0 0 M, O
0 0 L, 0 0 0
Ly = 2.2
h=iM;, 0 0 L; 0 O (2:24)
0 M; 0 0 L, O
0 0 0 0 0 L]
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To finalize the flux linkage in dg-domain the flux linkage from the permanent mag-
nets may also be transformed. Using equation and the Clarke-Park transform
from equation the transformation can be described as:

(9) mpm,abe(1) (97) (2.25)
(9) mpm,abe(2) (07’) (2.26)

Which simplifies to the following term for both set of windings:

Anpmdqg = | —Ampmsin(0 — 6y)
0

T@®)-A
TO)-A

(2.27)

One again, the speed of the rotating frame is set to the electrical speed of the rotor
w, and the matrix is simplified:

/\mpm
Awpmdg = | 0 (2.28)
0

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

An Ly 0 My 07 [in Ampm
Asl 0 L 0 M in 0
q _ q q q

- ] + 2.29
Aa| ~ IMa 0 Lo 0| L] T [ A 229)
A 0 M, 0 L] lip 0

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

2.4 Voltage Equations DTP Machine dg-domain

Performing the modified transformation on the stator voltage equation in abc-

domain

0,
Ta(0)Vape(10) = |0 (2.30)

yields the following set of equations [2]:
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. di . di .

0g1 = Reig + S8 Ly — weLgiqn + My“2 — weMyigp
i , dip ,

U1 = Rslql + WLq + CUE(LdZdl + /\mpm) + Mqﬁ + weMyign 231)
. di . di .

v = Rsigpn + %Ld — a}equqz + Md% — wqu1q1

diy dip

O = Rsiqz + af Lq + C'JE(Ldialz + /\mpm) + MqT?f + weMdidl

Where the subscript d1 describes a d-axis component of the first sets of windings
and 42 describes a g-axis component of the second set. Looking at the first equa-
tion of vy voltage the set-to-set coupling terms are identified as the second to last
and last term, where currents from the other set is featured. This is the case for all
the stator dg-voltages, which suggest that the two sets are indeed influencing 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 = S Npp(Apm(iqn +ig2) + (La — L) (iniqn +iaig2) + (Ma — M) (iqig2 + ia2ig1))

2
(2.32)

The first 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 dg-axis currents are
required in both winding sets and since L; > L;, My > M, 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 definition 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-
quency voltage source in the common mode circuit. The consequences are different
inverter induced bearing currents that can be classified 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
film of the bearings a discharge current will flow 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 flux 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 film 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 simplified common mode circuit for the DTP where the
pole voltage are viewed as a HF voltage source. Z;, is the grounding impedance
and Zpj is the transmission impedance of the cable for each phase. Cyy is the par-
asitic capacitance between the stator winding and the motor frame, C, is between
the stator winding and the rotor and C,f is between the rotor and the motor frame
[11]. Rsf, Rsr and R, are expressing the iron core losses for the high-frequency
leakage current. In the simplified CM circuit the bearings consists of the resistance
Ry, a variable capacitance C; 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 definition 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 efficient as possible at different torque and
speed profiles, 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 defined as the average instantaneous voltage of each phase
with respect to the DC link midpoint.

1
ch = g(

Vio+ Vo + Vco) (3.1)
The voltage V,0, Vo and V.o for a 2-level inverter can have two voltage levels:
Viac/2 or —V;./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 configuration and
DTP can be seen visualised in figure
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Figure 3.2: Dual inverter and DTP configuration.

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

1

chl = é(valO + VblO + VClO) (32)
1

Vema = g(VaZO + Vino + Vi20) (3.3)

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

Vem = %(chl + chZ) = %(Valo + Va20 + V1o + Vizo + Veio + VCZO) (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 first
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 defined as "1".
The opposite is defined as "0". The gate signal controlling the half bridge of each
phase are notated as S;, Sy 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 vectors Vg, V;....V;. Here
Vi — Ve are called the active voltage vectors and Vg, 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

Voltage Vector | State V.o Vo V.o Space vector
Vo 000 | —Vu./2 | -V /2 | -V /2 -
Vi 100 Vie/2 | Ve /2 | -V /2 | 2/3 V3.£0°
%) 110 Vie/2 | Ve /2 | -V /2 | 2/3 V. £60°
V3 010 | -V /2 | Vu/2 | -V /2 | 2/3 V43.£120°
Va4 011 Vi /2 | Vae/2 | Vae/2 | 2/3 V3. £180°
Vs 001 Ve /2 | Vi /2| Vao/2 | 2/3 V;.£240°
Vi 101 Vic/2 | -Vae/2 | Vi /2 | 2/3 V4.£300°
V7 111 | Vi /2 | Vi /2 | Vi /2 -

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 abc voltages reference are represented as a space vector Vs 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 first 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 figure (@), Vier 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 first sector, the reference vec-
tor is synthesised by a combination of active- and zero vectors in the sequence of:
Vo—=-Vi—=V, = V; = Vo =» Vi — V. 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 V};./2 as seen in figure 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.

V3 [010] o] v, }> : 4{

Vo Vi V2iVy i vz V2 Vi Vo

Sector 2

Sector 3 Sector 1

_____________ Vrer
V7 [111] \ Sa ’ ‘

Vo
4 Vp [000]

[011]“‘

Vo Vi V2. vz i V7 V2 V1 Vo

Sector Sector 6

N T ! Sea
5 [001] o] Vg
to/2 /2 /2 t7/2 /2 t/2 t/2 tg/2
Ts

(a) (b)

Figure 3.3: a) Hexagon showing the different voltage vector and V,,¢, 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 Vj 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 Vi 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 Vj, inverter 2 will shift to operate in V;, while inverter 1 is still producing
Vi and the CM voltage becomes equal to —V;./6. Inverter 1 is then shifted to V;
for the next phase and zero CM voltage is achieved. The first half of the switching
period is ended in the next step where inverter 1 is operating in zero vector V; and
inverter 2 operates in the other zero vector V. 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 £V;;./6. The difference between
the active times ¢; and t, defines the total time of the pulse duration. The dura-
tion of t; compared to t; also defines whether or not the pulses are positive or
negative. In the case of the V,,; being in sector 1, the CM voltage pulse will be
negative if t; > tp, while t; < t, will give a positive pulse. Overall, the interleaving
scheme can reduce the CM voltage from V;./2 to V;./6 when compared to the
conventional SVM scheme, but not eliminate it.

(ta-t) /2 (ta-t1)/2

Sa | Vo 1] V2 vz vz V2 1Z] Vo
Sh1
Se1

to/2 t/2 t/2  ti/2 t7/2 /2 t;/2 tg/2
Sa2 | V7 i V2 Vi Vo i Vo Vi V2 vy
Sha
S

/2 /2 t/2 w2 /2 t/2 /2 t/2
TS

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 Inverters” suggests 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 Reduction further 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 0V.
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 Vi , inverter 2 is either in state "110" to produce V; or in state "101"
producing V; leading to three "1" and three "0". A total of 6 adjacent vectors pairs
are possible and they are displayed in the hexagon in figure 3.5(a). Two zero vector
pairs Vi + 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 V,’s 110 gives V; 4+ 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 fulfill 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 figure 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 defined
as t; and t, while time spend on the adjacent zero vector pair is defined as t, just
as conventional SVM.
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Figure 3.5: (a) Reference voltage synthesis with adjacent voltage vector pairs. (b) ZCMV PWM
scheme in sector 1.

Figure (b) shows the switching pattern to generate V,,s for the ZCMV scheme.
The shown switching pattern is for one switching period. As the reference vector
is placed in sector 1 adjacent vector pairs Vi 4+ V, and Vs + V; 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
PWM scheme is that length of the adjacent voltage vector pair has a length that is
V/3/2 of the original voltage vectors, which leads to the maximum length of V,, 7 is
reduced to v/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 dg voltages that is outputted from the current con-
trollers. The corresponding abc phase voltage reference for both inverters can be
obtained by inverse park transformation. The abc voltage references can be defined
as:

Vu*l = Voo = dy - Vac/2

Vi =V =d; V2 (3.5)
Vc*l = :2: j'Vdc/z

Where d;, dj 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:

ty = —d} - T;
ty = —dZ - T (3.6)
to = (1—d;)-Ts

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

Sector No. Condition Vector time calculation
ty =—dl- T,
1 dy <0 & df <0 tr = —dj - Ts
fo = (1_d;)'Ts
t1 =dj, - T
2 dy >0 & dj; >0 th=d;-Ts
to=(144d%) - Ts
ty =—d} - T,
3 d; <0 & d} <0 thy = —d}-Ts
to = (1—d;)-Ts
ty =d; - Ts
4 dy, >0 & di >0 tr=dj - Ts
th = (1+d;) . Ts
t1 = —d; - Ts
5 d, <0 & dj; <0 th =—d} - T,
to=(1—df) - Ts
th=d;-Ts
6 d; >0 & d} >0 th=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



3.3. PWM schemes 27

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—ty/T,
i =1— (fy+2t)/Ty
i =1— (tg+2t) /Ty
iv =1— (to+2t +2t)/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 S;;, for both half cycles. For Sy, (ii) is used for
the positive gradient half cycle and switched to (iv) in the negative gradient half
cycle. Lastly S.1 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 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]

VSI 1 VSl 2

1—to/Ts
— 1 (tg+2)/T, =

1— (to + 2t1)/T;
1 — (to + 2ty + 2¢2) /T

-
n s s ]

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 dg reference voltages from the current con-
trollers are transformed to abc reference quantities. The abc voltages are used to
calculate which sector the reference voltage vector lies in and the corresponding
time segments, all according to table 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 figure

| ZCMV Modulation strategy \
I S '
| - sector R abe,1 |
vy 2 5 Sector # ZCMV > |
|—> dq Vb* Judgement 1 Comparator ———> |
vy > & t5 & Sabe2 !
—1 abc V) | Dwell Time Pulse e I
|‘ | Calculation t’(j Generation —>

—)/

—_— e e - - —

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 figure 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 configuration, 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 (b), where the a1 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°.

—= iy, =
\ — Yy -
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=\ /=
A
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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
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the machine is a prototype, the electrical parameters are unknown. The parameters
in question is the PM flux linkage constant, inductances and phase resistance. The
resistance is uncovered with a simple resistance measurement and the permanent
magnet flux 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 configuration. 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 modified 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
finite element analysis (FEA) to solve electromagnetic field problems. The main
objective of the simulation model is to simulate abc inductances 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

figure
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Figure 4.2: Simulated induced voltage in each winding set with I; = 0A from Ansys Maxwell

As seen on the figure, it is verified that the back EMF is sinusoidal, abc back EMFs
are symmetrical and 120° shifted, and the displacement angle is 0°. From these
data points the value of the PM flux-linkage can be calculated, as presented in ap-
pendix [Bland determined to be Apy;sim = 0.3 Wh.

With sinusoidal operation of the model verified, the inductances are simulated
in the abc domain. In figure the plot of all self-inductances are presented.
The self-inductances show identical characteristics and the minimum and manxi-
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 abc inductance in an electrical period, it is possible to determine the dg
inductances via reference frame transformation. The modified Clarke-Park trans-
formation from equation is applied to the data and the results is an electrical
period of the dq inductances as seen in figure
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Figure 4.3: Simulated Self inductance for a) winding set 1, b) winding set 2. from Ansys Maxwell
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Figure 4.4: Simulated dg inductances from Ansys Maxwell
The inductances are not DC quantities. Therefore, the average values of each wave-

form in the figure are calculated to decide the values of L4, L;, My and M,. 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 dq inductances from the trans-
formation are displayed in table

Parameter ‘ Value

L, 28.88 mH
L, 36.53 mH
M, 1.88 mH
M, 3.58 mH

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

4.2 Measured Parameters

A workflow similar to the simulation of parameters are employed for the mea-
surement of the physical machine. Again, the first 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 first 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 first test
setup used is visualised in figure

. ------- @ -------- Three phase inverter
;EKDTP — Shaft QASM l:

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 figure
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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 first set of windings and the bottom is the second
set. From the sequence of voltages, it is verified 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 configuration of the two sets of windings shows in the plot
as there is no angle displacement between the two sets. The flux-linkage from the
PM was determined in appendix at the value of Apyr = 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 flux-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 first 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 figure

Figure 4.7: Test setup 2. a) self-inductance measurement phase a1, b) mutual-inductance phase a; to
by. Voltage and current measurements is pictured as V' A in a circle.

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

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 1. which is the voltage drop across
the parallel RL branch. Integrating this voltage yields the flux linkage and the flux
linkage current curve can be plotted.
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The test is performed at an input frequency of 50Hz 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 filtered signal. The core loss of the circuit is defined 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 . is integrated and the flux-linkage current curve can be drawrfd.9 The
full step by step calculation is available in appendix

0.06
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Figure 4.9: Flux linkage current loops of one rotor position, at different values of input current.

The above figure presents multiple datasets, each corresponding to increasing in-
put current. The red dots indicate the vertices of the flux-linkage current loop. The
two inner dots represent a pair of resulting minimum and maximum flux 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 fitting 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: Phase c1 self-inductance as a function of rotor position. The x-axis is the number of
different rotor positions.

The self-inductance of phase c; 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 L; = 25.69 mH. The data and calcula-
tion can be found in appendix

The measurement of the mutual inductance follows the same course of action as
for self-inductance. However, the test setup 2 in 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 figure

1T

@ Uin Ue Rc Lal Lbl Up1

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 flux-linkage producing current in phase al
which induces a voltage in the second phase called u;;. This current and the
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induced voltage is used for calculating the flux-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 coefficients are presented in table

Single Set | Set to Set | Leakage
Inductance | Ly Lp My | Mp | Ly 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 coefficients determined, the equations from chapter two are used to
calculate the dg-inductances from the measurements. In addition, the FEA simu-
lated abc-inductances from figure 4.3|is also calculated using the same equations.

The results are provided in

FEA Transformed | FEA Calculated | Measurement | Unit
L; | 28.88 27.50 25.83 mH
L; | 36.53 37.81 37.60 mH
M, | 1.88 1.78 3.18 mH
M, | 3.58 3.88 5.89 mH

Table 4.3: dg inductances from modified Clarke-Park transformation, calculated simulation and cal-
culated measurements.

The tables features the reference frame transformed results from the table the
results from the FEA simulated abc-inductances 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 verifies the FEA simulation as being
descriptive of the physical system and the coefficients from the measurement col-
umn is chosen as machine parameters.

It is preferable to calculate the simulated dg inductances 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 modified Clarke-Park transformation is verified. 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
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The electrical and the mechanical ratings are all listed in the table below 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) Vi 380 \Y I]El]
Rated Current I, 2.9 A
Rated Power P, 3 kW 18]
Rated Torque T, 9.9 Nm
Rated Speed 1y 2900 | rpm
Stator Resistance R, 2.44 (@) A1
Stator Inductance L 25.69 mH A3
Flux Linkage from Permanent Magnets Apm 0.274 Wb A2
Moment of Inertia J 0.004 | Kgm?
Number of Pole Pairs Nyp 3 -

Table 4.4: Parameters for DTP Machine.

The machine prototype is pictured below in figure 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 flow 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
torque control of an AC motor [13]. The aim for FOC is to control the torque
and magnetic flux separately. This is realised by reference frame transforming the
stator current into dg-quantities and achieve independent control of i; and i;. The
torque production of a PMSM is dependent on the size and direction of the stator
current vector and therefore also the size of i; and ;. It is of interest to find 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 # L, requires a revisit to the
torque equation from previously.

T, = ENPP(APM(lql +ig) + (La — Ly) (igigr + ianige) + (Mg — Mg) (igiiga + igigq))

(.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

40
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two terms. The magnetic term is only dependent on g-axis currents, which is the
flux-producing current linking with the flux from the rotor PM’s. The reluctance
term is dependent on a combination of d- and g-axis currents and since L; < L,
for the DTP machine, the d-axis currents has to have negative polarity to have the
reluctance positively contribute to the torque [13].

Unfortunately, as the main focus of the project has not been efficient control of the
DTP this form of IPMSM MTPA control has been neglected. The MTPA method
used in this project is the proposed method for a SM-PMSM. With no difference
in dg-inductances in such machine, the electrical toque equation can be reduced to
the following:

3 . .
Tetot = *Npp(/\PM(lql + qu)) (5.2)

2

The aim is to control i; to be zero as any d-axis current only will lead to extra
copper losses and will yield no torque, in an SM-PMSM.

The result of running the IPMSM in this manner is a less efficient control as the
reluctance torque of the machine is not utilised. However, one can easily run
the machine using this method and the block diagram to control the machine is
presented in Note that only SVM has been used for testing the FOC in this
chapter.

.y
. L

Sapes | INVerter

SVM

B8

;

ap

abc

G

Sabe,2
SVM | Inverter

>, ‘E— Vbe,2
0

Figure 5.1: Block diagram of FOC implemented on the experimental setup.

imiipi

This diagram shows how this FOC uses a total of three PI controllers. From left
side, the first PI controller is introduced which is used for speed control. The
PI controller searches to minimize the error between the speed reference and the
measured speed, by controlling the stator current vector. Since the stator current is
controlled by i; and 7;, a PI controller is used for each dq current. These controllers
are referred to as the current controllers.
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The speed controller is connected in a cascade structure to the g-axis current con-
troller, where the output of the speed controller is the reference to the g-axis current
controller. The reference for the d-axis current controller is set to 0.

The output of the current controllers are the dg voltage commands that the in-
verter is responsible to produce. The voltage commands are fed to the inverter
using SVM. Only the current measurements from the first set of windings is used
in the current feedback loop.

5.2 Simulation model

A simulation model of the DTP with FOC has been made in MATLAB/Simulink.
The model consist of a motor block simulating the DTP IPMSM and it is con-
structed with transfer functions based on the voltage equation in the dg frame
presented in section The parameters for the motor model is equal to the ones
obtained in the laboratory, which was found in chapter

The motor model has been modified to allow control using two inverters, en-
abling the implementation of the three different PWM schemes in the simulation
model. The inverters are from the Simulink package Simscape Electrical and use
IGBTs as transistors. The model is used to perform steady state and dynamic tests
in order to verify the motor model against the experimental data gathered from
the laboratory. The FOC block, containing the speed and current controllers, are
called with an interrupt routine matching the sampling frequency of the physical
system to simulate the experimental test setup as precise as possible.

5.3 Experimental Setup

The 'Drives Control Laboratory” at AAU Energy features several motor drive test
stands with a PMSM and an induction machine acting as a variable load. The two
machines are supplied by two separate inverters, which are controlled using the
dSPACE DS1103 system, that is programmed via MATLAB/Simulink environment
[20]. This enables the user to draw block diagrams in Simulink and deploy them
to the test setup via dSPACE. In figure [5.2| a screenshot of the ControlDesk UI is
presented. The Ul enables the user to modify variables in the control and plot
measurements in real time.
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Figure 5.2: Screenshot from ControlDesk UL

In addition to modifying the Ul to fit the setup, the physical setup is also modified
compared to the standardised test bench. The induction machine is replaced by
the DTP machine and the two inverters is wired to a set of windings each in the
DTP machine. This leaves the PMSM machine to act as a load by operating as a
generator dissipating the energy into a variable transformer and a power-resistor
bank. The load torque can be adjusted by changing the current flowing into the
resistor bank using the variable transformer. The torque is calculated based on
the power dissipated in the resistors and the mechanical speed. The test setup is
sketched in figure

VDC,I J__ I 11,abc

= /DTP\S CI\/ISM
N chNing e

Power
Resistor]
Bank

Figure 5.3: Test setup for FOC on DTP.

The two inverters are positioned on the left hand-side and are labeled inverter 1 &
2. This highlights that the two inverters are not identical, as one is rated for 15 kW
and the other for 2.2 kW. [20]. Furthermore, the DC links are separate and are also
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not identical. The experimental test setup for FOC on DTP is pictured in

- =40,
AR s,

Figure 5.4: Experimental test setup for FOC. Left-hand side is the DTP and right-
hand side is the PMSM.

Figure 5.5: From left to right: the two inverters, the transformer and the power-
resistor bank.

It was underlined in the literature study that the under underlying idea to
enable simple transition from conventional three-phase to DTP, is that every aspect
of the system is identical. The test-bench available for use unfortunately comes
with two different inverters and DC links. When controlling the system according
to figure [5.1|and feeding the exact same duty cycles to the inverters, the results is
non-identical as seen in figure [5.6/a).
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Figure 5.6: Current differences from set to set, with different controller and DC link configurations.
a) One controller, two DC links. b) One controller, one DC link. ¢) Two controllers, two DC links. d)
Two controllers, one DC link.

The phase-a currents from each set (is1,i:2), is expected to be identical in phase
and amplitude, but shows difference. The investigation into where this difference
is rooted starts by verifying that the machine operation is correct and is able to
produce identical currents it both sets. Therefore, a second current control loop is
deployed for set 2, that uses the current and DC link measurements from set 2 as
feedback.

The two currents control loops receives the same current reference from the
speed controller and the results of using two controllers and two DC Links is
presented in figure|5.6/c). The system is able to produce identical currents from the
two sets, which points to the machine operating under normal conditions. Next
step is to investigate the DC link voltage. Normally, the test bench configuration
features separate DC links, as one inverter is grid connected by a bi-directional
converter, whereas the other is connected via a full bridge rectifier. The voltages
is therefore not equal with the values of approximately 540V and 580V. The test
setup is rebuild to feature a DC link comprised of two DC sources in series, with
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the resulting voltage of 540V .7

Figure 5.7: DC link by two DC sources in series.

In addition, this configuration also enables the midpoint of the the two sources to
be accessed, which is used for CM voltage measurements. The result of using a
single DC link voltage and a single current loop is presented in figure |5.6|b). The
results is exactly the same with a single DC link as for two. Again, the two con-
troller configuration is deployed and the results is shown in d). The two-controller
configuration shows identical currents and therefore it can be excluded that the
difference stems from the DC link. The last variable in the entire system, which is
not identical is the inverters. As mentioned previously, the test stand features two
different inverters. Because of time constraints, it was not possible two rebuild the
cabinet and install to identical inverters. If the system would still produce currents
of unequal magnitudes with two identical inverters, the system might have unbal-
anced current sharing, as some literature suggest [2]. In order to produce results
the implementation settled on a two controller and one DC link configuration, as
this behaved like the simulation model. The resulting control diagram is expanded
as shown in which is the control that was implemented on the setup.

Sapes | Inverter
>

Sabe2 | Inverter
>

2 Vbe

Figure 5.8: Block diagram of FOC using two current control loops.
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5.4 Results

To verify the FOC and the model, the simulation and measurements are compared.
The PI parameters for the speed and current loops where determined by manual
tuning on the test bench. The parameters are presented in table

Speed | ig iy
K, | 0.015 | 10 10
K; | 0.05 1000 | 1000

Table 5.1: PI parameters for FOC.

The results show steady steady operation and dynamic performance. The scope of
the project is not efficiency or dynamic performance, however the control needs to
be verified. The criteria for passing the tests are listed below:

Test Criteria Conditions

Steady State | Balanced currents, DC idq currents | 1800 rpm, 9.4 Nm
Speed Ramp | Max. 2% OS 0-1800 rpm, 9.4 Nm
Load Step Step 0-9.4 Nm 1800 rpm

Table 5.2: FOC test criteria.

The steady-state is tested by examining the speed and iy, currents, as these are
fundamental to the speed and current control loops. The abc-currents must be si-
nusoidal and equal in both sets. In addition, the dg-currents must resemble DC
quantities as this is expected in the rotating reference frame.

The load torque is limited by the current limit of the power resistor bank and
the torque rating of the DTP. At the operating speed of 1800 rpm, the maximum
possible load torque, without exceeding the current limit of the resistor bank and
the torque rating, was found to be 9.4 Nm.

In the speed ramp it is expected that the machine follows the ramp without os-
cillations and does not overshoot the final set point by more than 2%. The test is
performed at full load of 9.4 Nm. The load step is performed when the machine is
running at 1800 rpm in steady state and the load is stepped from 0-9.4 Nm. It is
expected that the machine does not lose stability and regains speed to the set point
of 1800 rpm.

In figure the simulated steady state operation at 1800 rpm and a load torque
of 9.4 Nm is presented.
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Figure 5.9: FOC steady state simulation. a) set 1 abc currents. b) set 1 dq currents. c) set 2 abc
currents. d) set 2 dg currents.

The abc currents are sinusoidal and in phase for both sets, displaying no angular
displacement between them. The high-frequency content in this simulation can
stem from various sources, such as solver configuration or the switching action of
the simulated inverters. However, this does not affect the validity of the results as
they meet the steady state test criteria. The same applies to the dq currents, which
exhibit the characteristic behavior of resembling DC quantities under steady-state
conditions. The measured steady state results are presented in
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Figure 5.10: FOC steady state measurements. a) set 1 abc currents. b) set 1 dg currents. c) set 2 abc
currents. d) set 2 dg currents.

The measurements shows smooth abc-currents in both sets, once again without an-
gular displacement between sets. There is a small amount of noise in both sets,
which could stem fromvarious sources. However, the amount and magnitude of
this interference certainly does not compromise the validity of the results. The
dg-current are tracking the set points and are within acceptable range in terms of
oscillations. Furthermore, when the motor is operating at steady state with a load
torque of 9.4 Nm, only small deviations in dg currents exist between the simulated
and measured results. This further validates the motor model and the parameters
found for the motor.

In figure [5.9| the speed ramp and load step for both the simulation and the mea-
surements are presented.
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Figure 5.11: FOC results. a) simulated speed ramp. b) measured speed ramp. c) zoom - simulated
speed ramp. c) zoom - measured speed ramp. d) simulated torque step. e) measured toque step.

The simulation and the physical machine can handle both speed ramping and load
step. The top plot shows the entire ramping period, while the second row is a
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zoomed view of the ramp reference ramp reaching the final set point. At plot e)
it can be seen that the simulation overshoot the reference value by 1% and the
measurement overshoot is even less. With the load step the simulation shows a
speed decrease of 50 rpm, whereas the measurements decreases by over 200 rpm.
None of them loses control and they both stabilises back to the reference speed of
1800 rpm. By these results the simulation and measurements is passing the test
criteria. Moreover, the data also shows a clear resembles between simulation and
implementation which verifies the simulation as a representation of the physical
system.



Chapter 6

Implementation of PWM strategies

This chapter will describe the implementation of the three PWM schemes pre-
sented in chapter (3| First, the PWM schemes are implemented on the Simulink
model to verify that they work in combination with the FOC. The currents will be
evaluated to ensure that equal current distribution is obtained and the resulting
CM voltage produced by each strategy is measured to verify the theory. Finally,
the measurement obtained on the laboratory setup will be showed.

6.1 Simulation

All three schemes was able to control the motor and handle dynamics. As the
equal current distribution and CM voltage are of interest and not the dynamics, all
plots showed regarding the CM voltage and the current distribution are at steady
state operation. The simulation is performed with a speed of 1800 rpm and a load
torque of 9.4 Nm. The switching frequency for all three schemes is 5 kHz and
DC-link voltage is 540 V. All PWM strategies are simulated with one current loop
control and the inverters modulates the same voltage reference vector.

6.1.1 SVM with synchronized pulses

Figure a) and b) shows the simulated CM voltage for SVM where identical
pulses are sent to inverter 1 and 2. Plot a) verifies that the CM voltage reaches
a maximum of £V, /2 = £270V as expected and b) shows the zoomed plot of
Vem. The zoomed-in view illustrates how the CMV changes each time the inverters
switches to a new state.
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Figure 6.1: a) Simulated CM voltage with synchronized SVM operation b) With zoomed time axis.
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Figure 6.2: Simulated phase current for Synchronized SVM. a) winding set 1, b) winding set 2, c) i;;

and ;.

In figure a) and b) all currents in both sets are plotted and it shows that
all currents have same amplitude and the phases are 120° shifted for both sets. In
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c), the i1 and i, currents are plotted and are completely identical. This indicates
that balanced currents in both winding sets are achievable when the SVM operates
with synchronized pulses to the two inverters. Note that the simulation uses ideal
inverters, so any unbalanced current sharing that could stem from the inverters
will not be shown in the simulation.

6.1.2 SVM with interleaving

Figure |6.3| a) and b) shows the simulated CM voltage for SVM with interleaving.
a) shows that the CM voltage has been reduced compared to synchronized SVM,
with the CMV being a maximum of +V;./6 = £90V. b) shows the zoomed plot of
Vem. The duration of the pulses changes at each instance, which indicates how the
difference between the active times t; and t, changes constantly.

In figure a) and b), all currents in both sets are plotted. Once again, it shows
that all currents have same amplitude and the phases are 120° shifted for both
sets. In c), the currents i,; and i, are plotted and the interleaving method becomes
visible as the current ripple is not in phase at all instances. Like the synchronized
SVM, there is still no amplitude difference between the two currents which points
to balanced currents in both winding sets when the SVM is operating with the
interleaving scheme.
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Figure 6.3: a) Simulated CM voltage with interleaved SVM operation b) With zoomed time axis.
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6.1.3 ZCMV

Lastly, the implementation of the proposed ZCMV PWM strategy is presented.
Figure |6.5| shows that the strategy can indeed eliminate the CM voltage, maintain-
ing zero voltage throughout the entire period. However, the simulation is done
without the implementation of dead time between gate signals. Therefore, the
shift from a "0" to a "1" and vice versa happens instantaneously for the phase legs,
enabling the criterion for zero CM voltage to be met with this PWM strategy.
Figure (a) and (b) shows the phase currents for each set under steady condi-
tions. The strategy delivers symmetrical three-phase sinusoidal currents to both
winding sets. When comparing the i,; and i, currents in (c) it can be observed
that the current ripple is phase shifted. Furthermore, it can be observed that the
two current signals are in phase, but not completely identical in amplitude. The
peak is highest for i,; in the positive half, while i,; has the highest peak in the
negative half. This suggests that a small offset exists between the two sets.
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Figure 6.5: a) Simulated CM voltage with the ZCMV PWM strategy b) With zoomed time axis.
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6.1.4 ZCMV with dead time

When operating a 2-level VSI, dead time is crucial for controlling the switches to
prevent a short circuit condition. Dead time between the gate signals for each
inverter leg is therefore implemented in the simulation model and the CM voltage
is recorded. In total, 3 different dead times will be simulated to investigate the
impact on the CMV:

* 2us
* lus
* 0.5us

It is assumed that the transistor can change state significantly faster than the dead
time for all simulations.

The simulation results show that the implementation of dead time have affected the
CM voltage. The resulting voltage from the ZCMYV algorithm have increased from
non-existing to pulses of =V;./6 = £90V, in all three dead time implementations
as, seen from figure (@), (c) and (e). In figure (b), (d) and (f) a zoomed plot
of a CM voltage pulse is shown. From the plot, it can be seen that the duration of
the pulses equals the implemented dead time. The simulation results indicate that
the performance of the ZCMV PWM strategy in reducing the CM voltage strongly
depends on the dead time. The lower the dead time in the system, while still en-
suring no shoot-through occurs, the shorter the total CM voltage pulses will be.
However, the common mode voltage will not be completely eliminated in the case
of dead time, suggesting that leakage and bearing current may still be present in
the motor.
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Figure 6.7: Simulated CM voltage with dead time. a), b) 2us. c), d) 1us. e), f) 0.5us

6.2 Leakage current

Recalling the CM circuit from figure [3.1) many capacitive couplings exitsted in the
motor. These parasitic capacitances are unknown for the Grundfos motor which
makes the unwanted inverter induced bearing currents difficult to simulate. How-
ever, investigating the characteristics of potential leakage current when operat-
ing under different PWM schemes remains relevant. Therefore, a new simulation
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model is introduced. The simulation model is a simplified version of the HF CM
circuit and is shown in figure The model neglects the rotor side parasitic cou-
plings and the grounding impedance and thereby only looks at the stator winding
to frame CM loop. Furthermore HF pole voltages are replaced by the sub-CM volt-
age from each set V.1 and V3. The current running to ground is defined as the
leakage current. In other words, the HF circuit on the rotor side are neglected and
the assumption that if the leakage current formed from stator winding to frame
is reduced, then the same case is true for corresponding current running in the
bearings.

All sizes of the passive elements in the HF model for simulation are arbitrary
values, which is strongly inspired by parasitic parameters values found in [8],[21].
The stray capacitor Css is 3 nF, Rgy = 5002 and the Z,, impedance consists of a
resistive and inductive element with a value of 2.4Q) and 150uH.

Q,
Zcable
Vem1 Csf ——
Rsf
Csf ——
Ileakage
(_

-|||||—.

Figure 6.8: Simplified HF circuit.

The sub-CM voltage signals V.,,;; and V2 are obtained from the steady state sim-
ulation, which was plotted in the above sections. Only one electrical period is
simulated.

Figure |6.9 shows the simulation results of the leakage current for the three differ-
ent PWM schemes. The highest leakage current is produced by the synchronized
SVM operation with peak current exceeding 2 A. In comparison, the interleaving
method have the leakage current peaking just over 1 A as a results of the reduced
CM voltage. In the ideal case with no dead time, the ZCMV scheme can elimi-
nate the leakage current as all rising and falling edges of the switching pattern are
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aligned, meaning that the charge and discharge currents cancel out. The case of
operating the ZCMV PWM scheme with different dead times was also tested and
the results from it can be seen in figure The results shows that the leakage
current are present in all three cases but the current is decreasing with decreasing
dead time.
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Figure 6.9: Simulated leakage current for the three PWM schemes.
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Figure 6.10: Simulated leakage current for the the ZCMV PWM scheme with three different dead
times.
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6.3 Experimental setup

The CM voltage and leakage current was measured on the test bench setup. The
CM voltage measurement was performed by measuring voltages between the DC-
link midpoint and the two separated neutral points on the motor, thereby extract-
ing Vipn and Veyp created from each winding set. The total CM voltage can thereby
be calculated from the two measurements.

The PWM scheme used is SVM operation with synchronized pulses. The DC-link
voltage is 540V, switching frequency is 5 kHz and the motor is operating at 1800
rpm. The dead time for each inverter is 2us.

6.3.1 Common mode voltage measurement

From figure (a) the measured neutral point voltages are displayed. The CM
voltage from each set have six steps during one switching period and a total four
different voltage levels are reached: +V,;./2 and +V,;./6 which confirms what
was analyzed and simulated for SVM operation. However, it can also be viewed
that the CM voltages signals are not aligned as expected, where a delay of 60us
exist between V,,,;; and V2. The signal for the total CM voltage is showed in
(b) and it can be seen that the signal is stepping between +V;./3 = £180V and
£V;./6 = £90V through a switching period.
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Figure 6.11: Measured CM voltage. a) Resulting CM voltage from each winding set, b) total CM
voltage.

The delay between inverters was investigated on the setup. In order to do so, the
duty cycle for each inverter was set to a constant of 0.5 and V,0; and V02 was
measured. As it can be seen on figure the same delay exist between the phase
voltages of each set. This suggest that the counter used for pulse generation in the
two PWM block are not synchronized. As no solution on the software side were
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found to synchronize the two PWM blocks, a new interface board is needed before
the three PWM schemes can be tested. Due to time constraints it was not possible
to design and implement a new control board before the deadline of the project.

500 T T T T T T T T T
Vao1 Vao2
i
>
[0}
o i
8
©°
>
500 I I I I I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s] %1073

Figure 6.12: Measured voltages V10 and V;;;0 when operating with a constant duty cycle of 0.5.

6.3.2 Leakage current measurement

The leakage current measurement was performed by connecting a current probe
to the PE wire from the motor frame and the shields around the cable from the
inverter. Since the PWM schemes could not be tested, the leakage current was
observed only to understand its behavior and confirm its presence. From Figure
a), it can be seen that current is flowing through the PE, showing both positive
and negative spikes with peak sizes exceeding +1A. In b), the plot is shown with a
zoomed time axis. The current signal spikes, which results in oscillating behavior
before it dampens back to 0 A.
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Figure 6.13: Measured leakage current.
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The signal of the measured leakage current shows similar waveform tendencies,
except in amplitude, as the simulated waveform. This indicates that the simplified
HF simulation model, consisting of the sub-CM voltages and the RLC branches,
can represent the behavior of the leakage current. However, further test with PWM
schemes for CM voltage reduction must be made to see if the leakage current
would have decreased before any validation of this simulation model can be made.



Chapter 7

Discussion

In this chapter, the project and the obtained results are discussed. The results are
evaluated in light of the problem statement, and subsequently, the DTP is exam-
ined in terms of its advantages and disadvantages.

The determined parameters are acceptable as the results conformed with the simu-
lations and only a single value raises a question: the leakage inductance. The leak-
age inductance constitute to 46% of the self-inductance. This amount of leakage
inductance seems high and it may result in the prototype being less magnetically
efficient when its operated as a DTP.

This type of problem might stem from the stator construction and winding ar-
rangement. Recall that this prototype is two three-phase sets that are mirrored
on opposite sides around the rotor profile. The information regarding such multi-
phase machines are limited and it is difficult to find some leakage inductance
values to compare the results to. In the multi-phase literature review [1] there is
a comparison of different winding configurations and their corresponding angular
displacements. It can be observed that the 0° angular displaced machine is the
only winding configuration with the sets positioned on opposite sides of the ro-
tor. Two other angular displacements are illustrated and their sets are mixed and
positioned adjacent to each other around the stator. Unfortunately, there are no in-
ductance values available with these different winding arrangements, which could
otherwise leave a clue to whether or not the winding configuration is the root of
the leakage inductance.

The transition from the standardized motor bench test setup to the dual-inverter
DTP test bench brought many insights. The general idea was to rebuild and inte-
grate the DTP machine into the existing setup. The primary reason to use the test
bench is the simple and efficient software setup, which enables the user to deploy
control algorithms directly from Simulink to the setup. Considering the project’s
scope, which involves parameter determination, FOC, and different PWM imple-
mentations within the constraints of a single semester, it appeared to be the right
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solution with the best chances of success. In hindsight, this approach led to a series
of problems and overlooked the importance of the general underlying idea: that
every aspect of the setup needs to be identical. The system must have identical
inverters, DC link and winding sets and this setup only provided the latter. Espe-
cially, in the context of the CM voltage reduction techniques, which relies on the
phenomenon of canceling pulses by aligning opposite polarity pulses.
Therefore, using two identical inverters would be beneficial in relation to synchro-
nisation of pulses but also in relation to current distribution. From the results in
section 5.3 it was discovered that the two sets were not producing the same phase
currents when executing the same duty-cycle using only a single DC link. There-
fore, a second current control loop was implemented to have a balanced current
distribution and to create FOC results. It is still unknown whether two identical in-
verters would yield equal current sharing. The literature suggest that unbalanced
current sharing is common in DTP machines because small inherent asymmetries
between the winding sets and the VSI's can cause uneven currents. A DTP machine
performs with the best torque quality, stator MMF and efficiency if the currents are
sinusoidal and equal in both sets [22]. Therefore, achieving equal and balanced cur-
rent sharing is an important topic for future research on this machine.
In the investigation in regards to CM voltage, only simulation results was ob-
tained. It showed that the proposed ZCMV PWM scheme under ideal conditions
could completely remove the CM voltage and suppress the leakage current in the
simplified HF model. When dead time was taken into account the scheme was pro-
ducing a CM voltage with voltage pulses that had same duration as the dead time.
With dead time implemented, the simulated leakage current was still reduced for
the ZCMV scheme compared to the synchronized SVM scheme, but had similar
current peaks to SVM with interleaving. The simulation model is still a much
simplified version of the HF circuit, parameters did not fit actual motor and the
validity of the results are questionable. However, a problem arises for the ZCMV
scheme if unbalanced currents in each set exist. As mentioned, the test results
extracted on the test bench showed that the motor had some problems with main-
taining same current level. This only occurred when one current loop controller
was used. When using two current loop controllers the two sets were balanced.
The potential consequence of a second current controller is that the two invert-
ers are not modulating the same voltage reference. The ZCMV PWM strategy is
highly dependent on having one voltage reference for both inverters to utilize its
advantages in regards to CM voltage reduction. If different references was sent to
the pulse generation of the ZCMV scheme, the immediate alignment of on and off
switching would not be met, as the duty cycles for inverter 1 and 2 may not be the
same.
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Another drawback of the ZCMV is the limited modulation index compared to
a conventional SVM. SVM enables a higher modulation index compared to the
ZCMV PWM strategy, resulting in better utilization of the DC-link voltage. The
asymmetrical gate pulses needed for ZCMYV can also further complicate the practi-
cal implementation compared to SVM. In addition, once SVM is implemented, the
adding of interleaving between inverters is simple in order to reduce CM voltage.

7.1 Future Work

The starting point of future work would be implementation of the PWM strategies
in the laboratory. The test bench needs to be modified in two ways before this
implementation is possible: two identical inverters and a new interface board. The
importance of two identical inverters has been discussed throughout the thesis.
Furthermore, it is still unknown if the prototype machine suffers from unbalanced
current sharing before the inverters are identical and this should also be investi-
gated thoroughly.

The interface board is a technical detail on the test setup. The AAU motor labora-
tory [20] uses a specially designed interface board between the Simulink/dSPACE
setup and the inverters. The gate signals is generated by passing duty cycle values
from Simulink to a dSPACE PWM block and then the interface board produces the
gate signals for each inverter. Because the dASPACE PWM block only takes a duty
cycle as an input, it is not possible to take control over the switch pattern, which
is needed to implement the ZCMV strategy. By designing a new interface card, it
might be possible to use a DAC to switch in a specific pattern and implement the
ZCMV strategy.

If the ZCMV strategy could be implemented, it would open up the possibility of
investigating the CM voltage and measuring whether the reduction that the sim-
ulation showed is present in the experimental setup. It would be interesting to
implement the control with different dead times and observe if the effect is as pro-
nounced as the simulation suggests.

The primary purpose of deploying a ZCMV strategy is to suppress the CM volt-
age, which in theory should reduce bearing currents as seen in the simulation. It
would be interesting to measure the actual bearing current within the machine and
it should be investigated if this is possible. Determining the parasitic capacitances
and other parasitic impedances in the motor is also of interest to improve the pre-
cision of the simulation model of the HF CM circuit.

In relation to the DTP prototype in general a study into the leakage inductance
and the mechanical construction could be are research topic. In the original project
proposal from Grundfos, it was suggested that one of two main focuses could
be chosen: control of the machine and CMV reduction techniques or motor de-
sign and dynamic simulation. With the findings of this thesis in mind, it would
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be beneficial to launch an investigation in to the motor construction and leakage
inductance. Maybe this investigation could undercover the impact is has on the
machine performance when rewiring a conventional PMSM into a DTP.

In regards to the three PWM schemes the advantages and disadvantages regard-
ing motor operation, such as Total Harmonic Distortion, torque ripple, and other
factors, are also important to investigate. Since ZCMV is not well documented,
future work could involve comparing the different PWM strategies while consider-
ing various motor operation criteria. ZCMV operation might introduce unwanted
behavior in terms of THD of the current or could offer superior performance con-
cerning torque ripple. All this is unknown, but plays an important role when it
comes to reliability of the motor.



Chapter 8

Conclusion

This thesis aimed to explore the workings of a DTP machine and the potential ben-
efits by using two inverters for the control. Grundfos provided a prototype of such
machine, as they have an interest in using existing hardware to meet increasing
power demands. This save the cost of designing and implementing new inverters
for use in their pumps.

Initial literature study into the machine modelling, resulted in a DTP machine
model that describes the inductances and the extra couplings that arises when
using two sets of three-phase windings compared to a conventional PMSM. In
addition, a Clark-Park reference transformation was detailed that enabled the abc-
quantities of the machine to be transformed to dg domain. The inductance matrix
in the dg-domain showed a clear magnetic interaction between the two sets, which
does not occur in the conventional PMSM.

In order to characterise the DTP prototype the parameters of the machine had to
be determined. The flux linkage from the permanent magnets and the inductances
were simulated using FEA and measured on the machine. The chosen inductance
measurement method was used to measure and calculate the self-inductance in the
prototype and was modified to measure mutual inductances as well. The results
of simulation and experimental measurements aligned and this validated the pa-
rameters values.

In addition, the inductances were also determined using the extended Clark-Park
transformation. The results showed great resemblance to the calculated dg induc-
tances and this verifies the extended Clark-Park transformation that was needed to
employ FOC on the DTP machine.

A Simulink model was used to validate FOC on the DTP machine. The intention
was to employ MTPA for IPMSM that utilises both the inherent magnetic and re-
luctance torque in the machine. When implementing the FOC on the experimental
test setup, the MTPA was implemented for a SM-PMSM, which results in no uti-
lization of the reluctance toque and therefore a less efficient control. The FOC was
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validated under both steady state and dynamic conditions. The dynamic tests was
a speed ramp and a load step and both the simulation and the experimental tests
fulfilled the test criteria.

The use of two inverters opens the possibility to suppress CM voltage within the
machine. An extensive study into CM voltage and PWM schemes to mitigate this
phenomenon was detailed in the report. The SVM scheme with synchronized gate
signals demonstrated the highest amplitude of CM voltage compared to the two
other strategies. A simple yet effective way to reduce the CM voltage with SVM
operation is interleaving the gate operation between the two inverters. Theory
indicated that the CM voltage could be reduced to V,./6 which was validated
through simulation. The last PWM scheme, ZCMYV, showed promising results in
the simulation, where it completely removed the CMV voltage in an ideal sim-
ulation. However when dead time was incorporated into the simulation model,
results revealed that the CM voltage was dependent on dead time.

A simplified simulation model focusing on the stator winding to frame CM loop
provided insights in leakage current behaviour. The simulation results indicated
that synchronized SVM operation resulted in the highest leakage currents, while
the interleaving method and ZCMYV schemes reduced these currents. Measure-
ments on the motor test bench showed expected CM voltage steps under SVM
operation but revealed a delay between gate signals. Investigation showed unsyn-
chronized pulse generation from the two inverters, though they were supposed to
be synchronized. In order to solve this problem, a new control board is needed for
the inverters and the time constraints prevented the implementation.

Due to synchronization issues between the software PWM blocks and time con-
straints, the experimental verification of all PWM schemes was incomplete. In
conclusion, further experimental validation is needed to confirm CM voltage sim-
ulation results.
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Appendix A

Motor Parameters Measurements

A.1 Resistance

The resistance is measured at an ambient temperature at approximately 22°C and
without heating up the motor by running it.

Resistance
al | 24O
bl | 24 O
cl | 250
a2 | 240
b2 | 245 Q)
2250

Table A.1: Resistance measurement pr. phase and average value.

The average value of the phase resistance is Ry = 2.44Q).
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A.2 Back EMF test

The flux-linkage constant is calculated using the back EMF constant, which is given
by the following equation [23]:

epn = kewnm (A1)

where e, is the peak voltage induced in the windings by rotating the DTP and
recording the generated terminal voltage, at the mechanical speed w;, which yields
the back EMF constant k.. The flux linkage of the permanent magnets is then
found by the relation between the constant and the number of pole pairs Ny, is the
machine:

NPP

Apm (A.2)

ACRMS | rpm Vpeak Wi ke Apm

c2 | 30.25 500.00 | 42.78 | 52.36 | 0.82 | 0.272
b2 | 30.30 500.00 | 42.85 | 52.36 | 0.82 | 0.273
a2 | 3040 500.00 | 42.99 | 5236 | 0.82 | 0.274
2 | 91.20 1500.00 | 128.98 | 157.08 | 0.82 | 0.274
b2 | 91.50 1500.00 | 129.40 | 157.08 | 0.82 | 0.275
a2 | 91.70 1500.00 | 129.68 | 157.08 | 0.83 | 0.275
2 | 176.00 2900.00 | 248.90 | 303.69 | 0.82 | 0.273
b2 | 176.50 2900.00 | 249.61 | 303.69 | 0.82 | 0.274
a2 | 177.00 2900.00 | 250.32 | 303.69 | 0.82 | 0.275
al | 30.30 500.00 | 42.85 | 52.36 | 0.82 | 0.273
bl | 30.35 500.00 | 4292 | 52.36 | 0.82 | 0.273
cl | 30.35 500.00 | 4292 | 52.36 | 0.82 | 0.273
al | 91.40 1500.00 | 129.26 | 157.08 | 0.82 | 0.274
bl | 91.60 1500.00 | 129.54 | 157.08 | 0.82 | 0.275
cl | 91.50 1500.00 | 129.40 | 157.08 | 0.82 | 0.275
al | 176.40 2900.00 | 249.47 | 303.69 | 0.82 | 0.274
bl | 176.90 2900.00 | 250.17 | 303.69 | 0.82 | 0.275
cl | 176.70 2900.00 | 249.89 | 303.69 | 0.82 | 0.274

Table A.2: Back EMF measurement pr. phase at speeds: 500, 1500 and 2900 rpm. Calculated average
flux linkage from permanent magnets Apy;.

The average value of the flux linkage from the PM is: Apy = 0.274Wb.



A.3. Inductance 75

A.3 Inductance

A.3.1 Flux-linkage vs. Current Curve Calculation

A single phase is exited by an AC voltage u;, at f = 50Hz, which leads to the
following equivalent diagram presented i figurdA.1]

Figure A.1: Equivalent circuit for measurements at steady state with ac excitation (Diagram from

f6D-

First, the core loss resistance is calculated by the input power and phase resis-
tance R. The average input power is calculated by integrating the product of the
voltage and current of a fundamental period and divide it by the period T = %:

T/2
in T/ /2 ”m t lzn )dt (A3)

then the average power of the core loss is calculated

. 2
l‘
P. = Py — Ry < \%k> (A.4)

To get the voltage across the parallel RL brach the voltage drop across the phase
resistance must be deducted

uc(t) = uin(t) - Rsiin(t) (A5)



A.3. Inductance 76

The core resistance is calculated

( Ue,peak )

Ro=~Y¥2/ (A.6)
P

The current through the inductor is calculated

() = inlt) — 2o (A7)

The flux produced by the inductor over the fundamental period is calculated
by integrating the voltage across it

T/2
Asora) = / e (1) dt (A.8)
-T/2

The DC component, which corresponds to the flux linkage that is produced by
the permanent magnets, is removed from the total flux by deducting the average
value of the flux-linkage:

)\m}g — )\totul (A,g)

The flux-linkage generated by the inductance and the AC voltage is calculated:

AL = /\total - /\avg (A.lO)

The flux-linkage and current loop can then be plotted as seen in figure [A.2
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Figure A.2: Flux-linkage current curve.

The vertices of this loop is the minimum and maximum flux linkage. Perform-
ing linear regression and extracting the slope of the line yields the value of the
inductance:

dAr
L= di,

(A.11)

Performing all the above at multiple rotor positions yields all the inductances
and the plot is seen in figure
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Figure A.3: Inductance versus position. Top red line is maximum value, bottom is minimum and the
green is the average. Y-axis is inductance [mH] and x-axis is rotor position in Nr. of measurements.

As seen on the figure, the x-axis is the number of inductance calculation, mean-
ing there has been performed 20 inductance calculations at 20 different positions.
The electrical position is unknown since the encoder malfunctioned. This has no
effect on the measurements because only the min-, max- and average values are
needed from this data to characterise the inductance over an electrical period.
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A.3.2 Inductance Measurements

All inductance measurements is presented in figure

1D 3 4 3 6 7 8

Inductance min max min max min max min max min max min max Avg.
alal 19.4 31.16 19.4 31.17] 19.38 31.07] 25.26333
albl -8.11 -3.52 -5.815
ala2 0.68 2.56| 1.62|
alb2 [ 2515
alc2 -1.81
clcl 20.26 31.95 20.26 31.97 26.11f
clbl -8.12 -3.51] -5.815
clb2 -2.64|
clal -7.82 -5.1 -6.46|
cla2 -1.87|

Figure A.4: Inductance Measurements.

Averaging the four different inductances:

Measurements Average Min. Max.
Self 25.26333 26.11 25.69 19.74 31.46
Single Sef{Mutua -5.815 -5.815 -6.46 -6.03 -8.02 -4.04
Set2set Self 1.62 1.62 0.68 2.56
Set-to-Sef] -2.545 -1.81 -2.64 -1.87 -2.22 -3.08 -1.35

Figure A.5: Average Inductance Measurements.

From the row "Single Set Self” the average phase self-inductance is noted as:

Ls = Lag = Lyp = Lec = 25.69mH (A.12)

The leakage inductance can be expressed as the difference between self-inductance
and mutual inductance in a single set of windings. From the relation between self-
inductance and average magnetization inductance the leakage inductance can be
determined [14]:

Ls - Lls + LA (A13)

Where L, is the average magnetizing inductance and Lj; is the leakage induc-
tance. This equation described how a part of the flux is not linking with its own
windings, resulting in a leakage flux that links elsewhere fx. the stator iron. The
average mutual-inductance in a single set can be described by this magnetizing
inductance:
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1
Lap = Lo = Leo = —5La  La = Lap(=2) (A.14)
(A.15)

And the leakage inductance is therefore determined:

Ls=Ls—La < Lis=Ls— Lub(_z) (A~16)

Using the average self inductance and mutual values (marked by red on figure
the leakage is calculated:

Lis = 25.69 — ((—6.03)(—2)) (A.17)
Ly = 13.63mH (A.18)

With the leakage inductance is known, the average magnetization value L4 and
second harmonic amplitude Lp for a single set, as well as set to set, be determined.
The results are displayed in table

Single Set | Set to Set

La Lg | Ma Mg
Self 12.06 | 5.86 | 1.62 0.94
Mutual | 12.06 | 1.99 | 44325 | 0.87
Avg. 12.06 | 3.92 | 3.02625 | 0.90

Table A.3: Average DC and 2nd Harmonic Inductance values from measurements.

Using the results displayed in the table and leakage inductance, the dg induc-
tances can be calculated using equation [2.23}

Parameter ‘ Value

L 25.83 mH
L, 37.60 mH
M, 3.18 mH
M, 5.89 mH

Table A.4: Average values of measured dg inductances.



Appendix B

Motor Parameters Simulation

B.1 BEMF Calculation

Induced phase voltages recorded at zero current, corresponding to spinning the

motor without supplying the stator.

BEMF Set 1

400.00
300.00
200.00 o® .

100.00 ° °

Voltage [V]
o
o
o
®

[ ]
0.00 1.00 2.00 300 ®400 5.00 6.00 @/ 00 8.00
-100.00 Y od

L)
-200.00 ° o®
-300.00

-400.00 :
Time [ms]

Figure B.1: Induced phase voltages set 1.
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BEMF Set 1
400.00
300.00 .o
L
o’.' ®o
200.00 °® %
o ®
__ 100.00 .. .
= ° e
- ® ® ® InducedVoltage(PhaseAZ) [V]
2 0005 ° .
s 0.00 1.00 2.0d 300 ®4.00 5.00 600 /.00 8.00 InducedVoltage (PhaseB2) [V]
* .100.00 ° .. InducedVoltage (PhaseC2) [V]
a
® o
-200.00 o0 ®
@
.. ..
Soge®
-300.00
-400.00 :
Time [ms]

Figure B.2: Induced phase voltages set 2.

The min- and max peak voltage values are calculated:

Al Bl C1 A2 B2 C2

min | -276.80 | -277.44 | -276.84 | -276.80 | -277.44 | -276.84

max | 277.40 | 276.00 | 277.22 | 277.40 | 27599 | 277.22

peak | 27710 | 276.72 | 277.03 | 277.10 | 276.71 | 277.03

Table B.1: Min- and max. values of peak induced voltage pr. phase.

The flux-linkage is calculated at the rated speed as described in [A}

k. Apm

0.912447 | 0.304149

0.9112 0.303733

0.912218 | 0.304073

0.912451 | 0.30415

0.911181 | 0.303727

0.912211 | 0.30407

Average | 0.303984

Table B.2: Flux-linkage constant from PM calculated from simulation.

The average flux-linkage from the PM is Apy; = 0.3 Wb.



Appendix C
dq to DQ

A further transformation is suggested in [4] to eliminate the coupling terms be-
tween dg; and dg, reference frames that exist due to the mutual inductances de-
rived in Lt;. The transformation matrix from dq to the final DQ reference matrix
is obtained:

1 01 0
0 10 1

L=k|y 1 o0 1 (C.1)
~1 01 0

There the coefficient k = % to enable the amplitude to be invariant. Combining
the Clarke-Park transformation matrix T;(6) and the full abc-DQ transforma-
tion matrix can be found:

_ 1 T(9) T(0)
e =3 |re+2) T00-7) (©2)

The new inductance matrix can be calculated:

Lpg = Tpq(8)LagTog(6) ! (C3)

Note that the only inductances are on the diagonal of the matrix.

ILpgy 0 0 O
0 Lot 0 0

L —

be 0 0 Lp O
0 0 0 Lg

From there are no mutual coupling between DQ; and DQ,. The induc-
tances in the DQ reference frame can be defined as:

(C.4)
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Lor =Ly + M, (C.5)
Lpy = Ly — M,
Lo =L;— My

The transformation matrix from can be used to transform all electrical pa-
rameters in the machine model into the DQ reference frame. The voltage eqautions
when applying Tpg(6) are as followed:

Upi Rs O 0 0 iDl /\Dl _)\Ql
Uo1 0 Rs 0 0 iQ1 AQl /\Dl

= . + +w C.6
Upo 0 0 RS 0 D2 p /\DZ ¢ _AQZ ( )
[276)] 0 0 0 Rs in )\QZ )\DZ

up1 = Rsipy + “#Lp1 —weLoiigr
ugl = RSZQl —|- LQ1 + wg(L[)llpl + )\pm)

(C.7)
upz = Rsipz + dtz Lpy — weLgaig
Ugy = RSZQZ —|— LQz + we(Lpzlpz)
C.0.1 Torque equation
From equation the current in DQ reference frame can be defined as:
ip] = (ld1+1d2)
. o (Zq1+lqz)
101 =
. (qu zqz) (CS)
D2 =
ipy = (ldz ldl)
The flux linkage will be:
AD1 Lpy 0 0 O ip1 Apm
Agrl | 0 Lo O 0 o1 0
)\DZ - 0 0 Lp> 0 iDZ + 0 (C9)
A 0 0 0 LoJ Lig 0

Combining the new expression for the current and the flux linkage with the
torque equation for the PMSM:

3 : . . . .
T, = EI\f;g]g(Z)Lm;mlel +2(Lp1 — Lo1)ip1ig1 +2(Lp2 — L) ip2ig2) (C.10)
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Assuming Lp, = L, the torque equation ends up looking like:

Te = 3Npp(Ampmior + (Lp1 — Lg1)ip1igr) (C.11)



Appendix D

Comparator for ZCMV PWM Strat-
€8y

VSI1 VSI 2

1—to/Ts
= 1-(to+2t)/Ts =

s 1— (g +2t1)/Ts
1— (to + 2t1 + 2t5) /T,

Sa Sa2 |
L s s |
n s s ]

Figure D.1: Sector 2.
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VSI1

VSI 2

1—to/Ts

- 1—(to+2t2)/T, =

v 11— (to+2t1)/Ts

1— (to + 2t1 + 2t)/T,

[ ]Sa Seo

VSI 1

Figure D.2: Sector 3.

VSI 2

1—to/Ts

= 1—(to+2ts)/T, =

' 11— (to+ 2t1) /T,

1— (ko + 2ty + 2t3) /T

Figure D.3: Sector 4.
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VSI1

VSI 2

1—t/T,

- 1 (tg+2t)/Ts =

v 11— (to+2t1)/Ts

1— (to + 2t1 + 2t)/T,

VSI 1

Figure D.4: Sector 5.

VSI 2

1—1to/T;

= 1—(to+2t2)/Ts =

' 11— (to+2t1)/Ts

1— (to + 2t1 + 2t5) /T,

r
Se1 Sea

Figure D.5: Sector 6.

88



	Front page
	English title page
	Contents
	1 Introduction
	1.1 Literature Study on DTP Machines
	1.2 Problem statement
	1.3 Scope of the project
	1.4 Limitation and assumptions

	2 Generel Machine Model for DTP
	2.1 Voltage Equations DTP Machine abc-domain
	2.2 Inductances in DTP Machine abc-domain
	2.3 Inductances in DTP Machine dq-domain
	2.4 Voltage Equations DTP Machine dq-domain

	3 Common Mode Voltage in a DTP
	3.1 Inverter induced bearing currents and parasitics
	3.2 Common mode voltage
	3.3 PWM schemes
	3.3.1 SVM with synchronized pulses
	3.3.2 SVM with interleaving
	3.3.3 ZCMV PWM


	4 Prototype DTP Machine Parameter Characterisation
	4.1 Simulated Parameters
	4.2 Measured Parameters
	4.3 Inductances
	4.4 Prototype DTP Machine Parameters

	5 Implementation of Control
	5.1 Vector Control Method
	5.2 Simulation model
	5.3 Experimental Setup
	5.4 Results

	6 Implementation of PWM strategies
	6.1 Simulation
	6.1.1 SVM with synchronized pulses
	6.1.2 SVM with interleaving
	6.1.3 ZCMV
	6.1.4 ZCMV with dead time

	6.2 Leakage current
	6.3 Experimental setup
	6.3.1 Common mode voltage measurement
	6.3.2 Leakage current measurement


	7 Discussion
	7.1 Future Work

	8 Conclusion
	Bibliography
	A Motor Parameters Measurements
	A.1 Resistance
	A.2 Back EMF test
	A.3 Inductance
	A.3.1 Flux-linkage vs. Current Curve Calculation
	A.3.2 Inductance Measurements


	B Motor Parameters Simulation
	B.1 BEMF Calculation

	C dq to DQ
	C.0.1 Torque equation

	D Comparator for ZCMV PWM Strategy

