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Abstract

Electrically excited synchronous machines (EESMs) are becoming an alternative to permanent
magnet synchronous machines (PMSMs) in electric vehicles (EVs). This mainly attributes to
the zero usage of rare-earth materials, as well as the ability to achieve high starting torque,
the effectiveness to do field weakening and the flexibility to adjust power factor provided by
EESMs. Furthermore, in case of converter failure at high speed, safety can be improved by
shutting down the field current in EESMs.

The purpose of this study is to investigate the potential application of EESMs in EVs. To
achieve this aim, several topics are covered in this study. These topics are studied to confront
the challenges before EESMs could become prevalent and to maximumly use the advantages
of EESMs for EV applications. In control strategies, the challenge is to properly adjust the
combination of stator and field currents so that high power factor and minimum copper losses
can be achieved. To tackle this, control strategies are proposed so that reactive power
consumption and total copper losses are minimized. With the proposed strategies, the output
power is maximized along the torque-speed envelope and high efficiency in field-weakening
is achieved. In dynamic current control, due to the magnetic couplings between field winding
and stator winding, a current rise in one winding would induce an electromagnetic force (EMF)
in the other. This introduces disturbances in dynamic current control. In this study, a current
control algorithm is proposed to cancel the induced EMF and the disturbances are mitigated.
In machine design, high starting torque and effective field weakening are expected to be
achieved in the same EESM design. To realize this, some criteria need to be satisfied. These
criteria are derived and integrated into the design procedure including multi-objective
optimizations. A 48V EESM is prototyped during the study. In experimental verification, a
torque density of 10 N-m/L is achieved including cooling jacket. In field excitation, a
contactless excitation technology is adopted, which leads to inaccessibility of the field winding.
To realize precise control of field current in a closed loop, an estimation method of field
current is proposed. Based on the estimation, closed-loop field current control is established.
The field current reference is tracked within an error of 2% in experimental verifications. The
cost of an EESM drive increases because of the additional converter used for field excitation.
A technique is proposed in which the switching harmonics are extracted for field excitation.
With this technique, both stator and field windings can be powered using only one inverter.

From all the challenges tackled in this study, it can be concluded that the application of EESMs
in EVs is feasible.

Index Terms: Electrically excited synchronous machines, electric vehicles, electric machine
modeling, electric machine design, electric machine control, brushless excitation.
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Chapter 1

Introduction

1.1 Background

Electric Vehicles (EVs) have become a fast-growing area in recent years due to an increase of
environmental concerns from society. Lifecycle analysis of EVs has shown that even powered
by the most carbon-intensive electricity in Europe, the greenhouse emission (GHG) from an
EV is still lower than that from a conventional diesel vehicle [1]. Besides, as the grid starts to
accept more renewable electricity, the climate impact caused by EVs will be even lower. A
comparison of GHG emissions per km pursued in [2] is shown in Figure 1-1. A reduction in
GHG emissions is demonstrated with an increasing degree of electrification. Therefore, the
electrification of vehicles has shown an undisputed approach to a sustainable society in the
future. Consequently, from the data collected in [3], the global electric car sales surpassed 1
million vehicles in 2017, and 2 million vehicles in 2019, as shown in Figure 1-2. Moreover, to
keep consistent with the Paris Declaration, the stock of EVs need to achieve over 110 million
by 2030 [4].
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Figure 1-1 Comparison of GHG emissions per km. The data for the figure is from [2].
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Figure 1-2 Fast growing of the global electric car sales, 2010-2019. The data for the figure is from [3].
1.1.1 Rare-Earth Electric Machines in EV Applications

Electric machines are one of the key components in EVs. To achieve a compact design, rare-
earth materials are widely used nowadays. The application of rare-earth materials in electric
vehicles start to prevail since Toyota Prius, equipped with permanent magnet synchronous
machines (PMSMs), was launched in 1997 [5]. Rare-earth materials, especially Neodymium
Iron Boron (NdFeB), allow a strong magnetic field to be generated from a small volume, and
this significantly increases torque and power densities of electric machines. A comparison
between rare-earth-free material ferrite and rare-earth material NdFeB is made in Figure 1-3,
with the data from [5] [6] [7]. As can be seen, the maximum energy product (B * H) .« [8] [9]
of NdFeB is generally seven times higher than that of ferrite, which means NdFeB shows a
prominent advantage with respect to rare-earth-free magnet materials [5]. However,
regarding the application of rare-earth material in electric vehicles, more concerns have been
raised in various areas, from market imbalance, environmental and performance perspectives.
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Figure 1-3 Comparison of typical maximum energy products between ferrite and rare-earth magnets.
The data for the figure is from [6] [7].



A. Imbalance between Demand and Supply

In general, the rare-earth material used in an electric machine is less than 5% by mass, but
more than 70% by material cost and 25% of material related greenhouse gas emission [10]
[5]. If the electrification of vehicles follows the same approach as before, a tremendous
amount of rare-earth material needs to be consumed. According to the estimation in [11],
the demand of NdFeB magnet in EV will become 14 times higher in 2020 compared to that in
2015. However, the growth of NdFeB magnet production will be less than 100% during the
same time interval [12]. Therefore, the production capacity seems not able to keep pace with
the demand increment and there becomes a huge gap between the demand and supply.

B. Environmental Risk

It has been widely recognized that the extraction and refinement process of rare-earth oxides
are the sources of serious pollution [10] [5]. The research from automotive industry agrees
with this and suggests that NdFeB magnets may be, per unit mass, more damaging than other
materials commonly used in electric machines. The production of NdFeB permanent magnets
is a relatively complicated process, which mainly includes smelting, casting, milling, sintering,
forming, electroplating, and magnetization. And among all the processes, smelting, casting,
sintering and electroplating consume huge amount of electric energy, and generate a large
amount of waste slag and waste gas at the same time, which cause great challenges to the
environment. In addition, electroplating is a significant source of water pollution, which
requires an extremely complicated wastewater treatment system. Furthermore, the recycling
of NdFeB has been investigated but until now there are still concerns relating to the quality
and repeatability of such recycled magnetic materials [13].

C. Performance and Safety Risk

As the temperature goes higher, rare-earth magnets risk demagnetization. Once the rare-
earth magnets are demagnetized, the torque output capability will reduce dramatically.
Furthermore, the magnetic flux cannot be shut down even in fault conditions. This can lead
to high faulty current, and it is extremely dangerous when a fault happens at high speed
operation since the strong magnetic flux will induce high voltages in the stator windings.

1.1.2 Trend to Develop Rare-Earth-Free Electrical Machines

Due to the reasons illustrated above, a tendency has appeared to develop rare-earth-free
machines. Following this stream, induction machines (IMs) and electrically excited
synchronous machines (EESMs) have become popular candidates. A comparison of the rotors
of an IM, a PMSM and an EESM is shown in Figure 1-4. As shown in (a), aluminum or copper
bars are commonly applied in the rotor of an IM, in which the field current is induced by the
flux created by the stator winding. Then the field current from the rotor excites the machine.
Since the field current originates from the stator side, power factor is usually low for IM. An
interior PMSM rotor is shown in (b), where rare earth magnets are placed in the rotor. The
magnets generate the magnetic flux in the machine without any electric current, which gives
low losses in the rotor. An EESM rotor is shown in (c), which employs copper windings instead
of rare-earth magnets to generate the magnetic flux, and it shows advantages in the following
aspects:

e EESMs are free of rare earth material and therefore is more environmentally friendly
with lower cost, easier to produce and easier to recycle.
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Figure 1-4 Comparison of rotors of IM, PMSM and EESM.

e Due to the flexible field excitation provided by EESMs, high torque at low speed can
be achieved with high field current, and good field weakening at high speed can be
achieved by reducing field current.

e In fault conditions at high speed, the EMF in stator winding can be removed by
shutting down the field current in EESM rotor. In this way, the harmful overvoltage for
insulation and inverter can be avoided.

e Finally, the flexibility of flux also brings a new strategy of sensorless control, which is
to inject high-frequency signal on the field current, and the rotor angle information
can be extracted from the harmonics in the stator currents.

1.1.3 State of Art for EESM in EV Applications
A. Machine Design

In traction applications, the machine is expected to achieve high starting torque, high power
factor in field weakening and high efficiency. Previous studies regarding the design of traction
EESM systems are presented in [14], [15], [16] and [17]. The focus is to design and optimize
rotor shape so that efficiency and torque production capability are improved.

B. Field Excitation

In terms of sending power to the field winding, high-frequency brushless excitation, which
transfers power with no mechanical contact, becomes interesting and is studied in [14] [15]
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Figure 1-5 Schematic of wireless excitation system dynamic model.



[17] [18] [19] [20] [21] and [22]. Friction losses are reduced due to the avoidance of brushes
and slip rings. Efforts to clear the dust, to replace the brushes and to maintain the sliprings
are not needed any more. A general schematic of the high-frequency brushless excitation
system is shown in Figure 1-5. A rotating transformer is introduced between the power supply
and the field winding. The primary side stands still and receives power from an H-bridge
inverter under phase-shift control. Through an airgap the power is transmitted to the
secondary side. The secondary side rotates together with the rotor. A diode rectifier converts
power from AC to DC again and power flows to the field winding.

Some early studies have explored this area. In [14] [15], the design and control of the
brushless excitation system are described. A PCB winding is employed to withstand
centrifugal force. A fill factor of around 35% is achieved. In [23], a compact high-frequency
brushless excitation system is designed and tested with a standalone EESM. The output
capacitance of the switch and the leakage inductance of the transformer are used to achieve
Zero-Voltage Switching (ZVS). The system efficiency reaches 97.6%. In [18], a geometry
optimization is performed to achieve the minimum volume of the transformer. It is concluded
that radial-flux excitation gives higher efficiency to the system compared with the axial-flux
excitation. In [19], interleaved windings and resonant compensation are introduced. The
overall design parameters, including the rotating transformer geometries and the capacitance
for compensation, are optimized. It is confirmed that significant improvement of power
transfer capability is achieved. In [20], the transformer is fit inside the space of the stator end
turns, and SiC diodes are employed. The transformer core and the windings are constructed
from high-temperature-rated material so that the components can survive in the high
temperature environment. These studies have proved that a compact design of high-
frequency brushless excitation system is applicable in EESM drive systems.

Apart from inductive power transfer, capacitive power transfer technology is proposed in
EESM field excitation as well [17]. However, the capacitive coupling requires a small airgap
with a large area. In order to achieve this, five rotary plates are sandwiched between six
stationary plates with 100 mm as the diameter and 115 um as the airgap. Consequently,
reliability issues due to mechanical vibrations become a concern. In addition, the frequency
needed is at MHz range (500 kHz — 2.0 MHz in [17]) which brings EMI issues as well. Therefore,
this is currently not the mainstream of the study.

C. Machine Control

Different strategies to determine current references are proposed by introducing a magnetic
equivalent circuit model or a dynamic equivalent core losses resistance, in order to improve
the efficiency including both iron core losses and copper losses [24] [25]. The strategy to
minimize the total copper loss including both the stator side and the rotor side is proposed to
improve efficiency [26]. Control of power factor is also under consideration to decide current
references [27]. In previous studies, the focus is mainly to minimize the losses. However, due
to complicated operation situations for traction motors, losses may not be the only quantity
to minimize, and various strategies therefore need to be investigated.

Sensorless control of EESM is of great interest as well. In [28] and [29], sensorless control by
high-frequency signal injection to the field winding of EESM through brush and slipring is
implemented. The advantage of this mechanism is that it is independent from the saliency of
the machine. Besides, an inverter-integrated rotor for sensorless control is studied in [30]. In
[31], an excitation machine is mounted on the shaft of the EESM, which acts as a sensor for



the rotor position detection of the EESM. Nevertheless, high-frequency signal injection with
the high-frequency brushless exciter is claimed to be a huge challenge and has not been
solved yet.

1.2 Aim and Scope

The purpose of this study is to investigate the potential of EESM application with high-
frequency brushless exciter in EVs. The scope of this study is to tackle some key challenges of
EESMs, mainly in aspects of control, design and excitation, which are summarized as follows.

1.2.1 Characteristics Study and Control Strategy

The flexibility of field current in EESMs indicates the possibility to achieve high power factor
and the complexity of control strategy to minimize copper losses. Therefore, it is essential to
figure out (1) in which condition can high power factor be achieved and (2) in which condition
can the total copper loss be minimized.

Moreover, the torque-speed envelope of the machine would be influenced when the field
current is adjusted. The torque-speed envelope is decided by the maximum available torque
at each speed of the machine, which indicates the maximum starting torque and maximum
electromagnetic power of the machine. Thus, it is important to comprehend the impacts on
torque-speed envelope in case of different field current levels, especially (1) how would unity
power factor be achieved in field-weakening part of the torque-speed envelope so that a
maximum electromagnetic power can be achieved, and (2) how would stator and field
currents be assigned most properly so that a maximum torque can be achieved.

Furthermore, inside the torque-speed envelope, the adjustable field current in EESM means
easier field-weakening at high speed since there is no need to inject high amount of negative
d-axis stator current to cancel the rotor flux. This further means lower losses at high speed
and consequently higher efficiency compared to PMSM. Hence it is of interest to comprehend
the impacts on distribution of efficiency in torque-speed maps when different strategies of
controlling stator and field currents are followed.

1.2.2 Machine Dynamic Control

In machine dynamic control, the field-oriented control (FOC) is a mature technology. In FOC
structure, (1) current references are calculated based on the torque request, and then (2) the
current references are followed by regulating the terminal voltages. To have the FOC
structure in EESM dynamic control, the field current is introduced as the third degree of
control freedom. Therefore, in EESM dynamic control, one challenge is to determine the
current references effectively with three degrees of control freedom. In addition, due to the
magnetic coupling between stator and field windings, an EMF spike will be induced in the
stator winding when there is a field current rise and vice versa. This EMF spike is proportional
to the derivative of current rise and it is a disturbance in EESM current control which does not
exist in PMSM current control since the PMSM field excitation is always fixed. Thus, another
challenge is to compensate for the EMF disturbances due to the magnetic coupling in dynamic
current control.

1.2.3 Machine Design

In traction applications, it is preferable to have high starting torque at low speed and effective
field-weakening at high speed. This is a contradiction in PMSM design, since to achieve high
starting torque, a high rotor flux is needed whereas a high rotor flux leads to difficulties of



field-weakening at high speed. Therefore, a trade-off of rotor flux always needs to be made
in PMSM design. However, this is not a problem for EESM due to the flexibility to adjust field
current. Thus, the possibility to achieve both high starting torque and good field-weakening
in the same machine design is the key advantage for the application of EESMs.

Nevertheless, the design criteria to maximize this advantage have not been studied vyet,
specifically (1) following which criterion can starting torque achieve the maximum, (2)
following which criterion can electromagnetic power achieve the maximum at high speed.
Furthermore, since machine design is a multi-objective problem, another challenge is to
integrate both criteria into a systematic design procedure with other optimization objectives,
such as to minimize iron-core loss while to have high starting torque.

1.2.4 High-Frequency Brushless Field Excitation

As an alternative to excitation through brushes and sliprings, friction can be reduced when
high-frequency brushless excitation is adopted. However, with brushless excitation, the field
current becomes physically inaccessible. Consequently, it becomes difficult to feedback
control the field current in a closed loop. To solve this problem, it is essential to explore the
possibility to estimate the field current from the stationary side of the excitation system.

Another challenge of EESM in traction applications is that, compared to PMSM and IM, the
field excitation of EESM requires an H-bridge converter in addition to the three-phase inverter
which powers the stator winding. This indicates an extra cost for EESM drives. Hence it is of
interest to explore the possibility of using one inverter to power both stator and field windings
simultaneously.

1.3 Contributions

Contributions of this study cover the following aspects: characteristics study, machine control,
machine design and high-frequency brushless field excitation.

1.3.1 Characteristics Study and Control Strategy

Power factor contours in dqg current plane are proposed in this study to comprehend in which
condition can high power factor be achieved. Areas with different levels of power factor can
be identified with these power factor contours. The most special power factor contour is the
one that defines unity power factor. This contour can be used to determine whether the
maximum electromagnetic power can be achieved along the torque-speed envelope.

Visualization of machine characteristics with isosurfaces in 3D space is proposed in this study.
The traditional illustration using characteristic curves in the dg-plane for PMSM analysis
becomes not intuitive in EESM since the field current is introduced as the third degree of
control freedom. To improve the visualization in EESM control strategy analysis, the field
currentisillustrated as an f-axis perpendicular to the dg-plane. Then a 3D space is established,
and the characteristic curves in the dg-plane are extended to iso-surfaces in this 3D space. In
this 3D space, the current limit is visualized as an oblique elliptic cylinder and unity power
factor is visualized as a purple oblique elliptical cone. Copper loss minimization can be
illustrated as the copper loss isosurface and the torque isosurface pushing against each other.

To achieve the best performance of the machine, control strategies are studied to find the
most proper combination of stator and field currents. Considering saturation of the iron-core,
an iterative method is proposed to find the optimum solution of current reference in torque-
speed map. Flexible penalty factors are introduced for stator current and field current



separately. Relations between d-axis, g-axis and field currents are derived for different
control strategies to achieve different optimization targets. The shape of the torque-speed
envelope is decided by the maximum level of field current. Inside the envelope, the
distributions of efficiency, power factor and terminal voltage are decided by different control
strategies. Relative contents are included in Article VIII of the publication list in Section 1.3.5.

1.3.2 Machine Dynamic Control

In this study, an algorithm is proposed to determine current references by taking torque
gradients. This is to tackle the increased complexity of current reference determination in the
FOC structure due to the third degree of control freedom introduced by the field current. The
move of current reference vector follows the direction of torque gradients so that the torque
built by the current references catches the torque request swiftly. When the current limit or
voltage limit is reached, extra constraints are introduced. Consequently, the move of current
reference vector is redirected following the limits. Therefore, the algorithm also works in the
torque boosting and field weakening conditions.

To deal with the disturbances due to the magnetic mutual coupling between stator and field
windings, a compensation technique is proposed in dynamic current control. With this
technique, an extra voltage component is added into the output of the controller which
cancels the induced EMF due to the magnetic mutual coupling. Consequently, the
disturbances due to mutual coupling are mitigated. Relative contents are included in Article
[l of the publication list in Section 1.3.5.

1.3.3 Machine Design

In this study, design criteria are proposed to maximize the starting torque and peak
electromagnetic power of EESMs. This is to make use of the flexibility to adjust field current
in EESMs. Following these design criteria, a multi-objective machine design procedure is
proposed. Pareto Frontier is used to identify the optimal solution. With this procedure, a high
peak torque is achieved whereas the losses are kept low. Relative contents are included in
Article Il of the publication list in Section 1.3.5.

1.3.4 High-Frequency Brushless Field Excitation

To avoid mechanical losses and maintenance, high-frequency brushless excitation is used in
this study. A simplified but effective dynamic model of high-frequency brushless excitation
system is developed [32]. Based on the model, some key characteristics of the system are
studied. Relative contents are included in Article V of the publication list in Section 1.3.5.

Due to that the field winding is inaccessible using high-frequency brushless excitation, to have
feedback control of field current in closed-loop, a dynamic estimation method is proposed.
An observer is established using the duty cycle of the H-bridge inverter as the input and the
dc-link input current as the correction. The algorithm is validated in simulations and
experiments. A closed-loop field current control is built by using the estimation of the
observer. Relative contents are included in Article | of the publication list in Section 1.3.5.

In this study, a technique is proposed to make use of the common mode switching harmonics
of the stator inverter for field excitation [33]. With this technique, it is sufficient to use only
one inverter to power both the stator and field windings. To realize this, an extraction circuit
is built to form resonance at switching frequency. The rotating transformer and the rectifier
are kept the same as those in the conventional solution of brushless excitation. Relative



contents are included in Article Xl of the publication list in Section 1.3.5. The harmonic analysis
can be applied to mitigate zero-sequence power flow in emulation of traction motors [34].
Relative contents are included in Article XlI of the publication list in Section 1.3.5.
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Chapter 2

Machine Modeling

In this chapter, modeling of electrical and thermal parts of an EESM is presented. The model
is used for the analysis of machine characteristics, machine design and machine control in the
coming chapters. Electrical modeling can be done in stationary frame and then transformed
to rotary frame using abc-aBy transformation (Park) [35] and afy-dqo transformation (Clarke)
[36]. These relative contents are attached in Appendix A. The transformation adopted in this
study is amplitude-invariant. In this chapter, modeling starts directly in dg-frame.

2.1 Electrical Dynamics

In dynamic control of the machine, an accurate model of the electrical dynamics is required,
whereas the accuracy of efficiency calculation is not the focus. Hence the current
consumption due to iron-core losses can be neglected in this section. The terminal voltages
u, currents i, and flux linkages ¥ follow

dy

_ pi ay 21
u Rl+wl[l+dt (2-1)

where the vectors consist of d-axis, g-axis and field quantities

Ug bq Yq
u=|ug| , i=|ig| , P=1|Yq (2-2)
us if Ve
the resistance matrix R consists of stator resistance Rg and field resistance R¢, and the speed
matrix w consists of rotation speed w,
Re 0 0 0 —w, 0
R=|0 Ry 0| , w=|w, 0 0 (2-3)
0 0 Rs 0 0 0

The differential of flux linkages can be expressed by incremental inductances and currents
dy = ldi (2-4)
where L is the incremental inductance matrix which is the Jacobian of the flux linkage matrix

lag  laq lar 0Yq/0iq 0Yq/0diqg 0Yq/0is
l = lqd qu qu = alpq/aid al/)q/aiq al,bq/aif (2-5)
lta  lyg Ll 0Ye/diq 0Ye/diy OYy/0is

The incremental inductance matrix can be decomposed into two parts, the self-inductance
part and the mutual inductance part

l = lerr + Lputual (2-6)
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where

lg 0 O 0 lag lar
Lt =0 log O , lputwar =|laa O lge (2-7)

Usually the mutual inductances between d- and g-axis are much smaller than other elements.
Hence sometimes an approximation can be made

l 0 I
laa 0 lgr g ] (r)n
I~|0 g 0= 9 (2-8)
3
lla 0 > Im 0 I

The factor 3/2 appears in the matrix due to the amplitude-invariant transformation, which is
explained in Appendix A. In case of no saturation, the inductances are constant. Otherwise,
the values are variables. With the definition in (2-5), (2-1) can be reformulated and current
derivatives can be calculated
. di di 1 .
u—Rl+wtp+ldt = dt_l (u — Ri — w) (2-9)

The schematic diagram of the dynamic model can be illustrated in Figure 2-1. The inputs of
the model are terminal voltages and rotation speed, while the outputs are terminal currents
and electromagnetic torque as shown in (a). The current derivatives are calculated by using
(2-9) and then the currents are obtained by integrating current derivatives as shown in (b)
and (c). The flux linkages are interpolated using the maps obtained from finite element
method (FEM) analysis. The inductance map is calculated from the flux linkage maps using
(2-5). The flux linkages can also be described using apparent inductances

Yy =1Li (2-10)
where L is the apparent inductance matrix, which can be calculated as

[ laa-diq  Jlaq-diq [lgs-dif
iq iq if

Lag Laq L

ad - da iy dig [lggcdiq [l di

L = qu qu qu = (2-11)
lq lq lf
Ltq  Leq L _ _ _
flfd ' dld flfq ' dlq flff ' dlf
| g iq i
Similar to (2-8), an approximation can be made to apparent inductances
L 0 L
Lag 0 Lgr d
0 Ly O
L=~|0 Ly 0]= (2-12)
3
Lg 0 L om0 L
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ta Electrical Dynamics | d
Ellectrlcal . ‘ iy Electrical
nputs Outputs
U —> — i
Mechanical ) . T.. Mechanical
Input Output

(a) Inputs, outputs, states and parameters of electrical dynamic model.

— > W,
_lay| qMap lpq: w, — vy +
i}
iy Re-ig | dyasde
—41 R, M - | = ——
Uq
—_— + )
Ig g If
LN dipa/dt dia/dt iq
—> > >
i Rs-i dy,/dt dy,/dt -1 diy/dt i
i R, s q} _ — Yo/ ‘l]q/ G L. \ q/ s J- q N
, Ig,Iq, If
_lay) e 0r - s dye/dt 4 di¢/dt it
—lay q Map > w, > - — > | >
N
Ug
|| | dw
it Re- i - g
— R > -
(b) Determination of flux linkage derivatives. (c) Determination of currents.

Figure 2-1 Schematic diagram of EESM dynamic model.

In case of Lq = Lq, the machine is named as non-salient. Otherwise, it is salient. The
difference and ratio in between can be used to describe the saliency

LA = Ld - Lq , kdq = (2-13)

With the apparent inductances defined, (2-9) can be formulated as

di
== I"1(u — Ri — wLi) (2-14)

Then the model can be structured into state space format

di _ a4 B
i = C i + D
where
N T | |
A = (R + wl) B =1 (2-16)
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2.2 Instantaneous Power

According to the instantaneous power theory [37], the instantaneous stator power can be
calculated by voltages and currents at the stator terminal

( , 3 . .
ps = Re{ss} = 5 (ud “iq +Uq lq)
- 3 - - 3 . .
Ss =5 Us ‘Ts > {1q;, = Im{3} = > (uq-iqg—uq-iq) (2-17)
- 3 — -
se = l8I = Il N

The basics of instantaneous power theory are introduced in Appendix B. The instantaneous
power due to the interaction between EMFs and currents are

( a 3 . .
Pem = Re{Sem} = E (ed "lgteqr lq)
> 3 - - 3 . .
Sn=3 8T = At = W) = (e iameariy) (19
- 3 - -
 Sem ISemll = 5 llesll - 1]l
where
€q = —Wr- l/)q y €q = Wy Ya (2-19)

and peny, is the electromagnetic power produced by the machine. Due to resistive losses, ps >
Pem While g5 = qem- With the apparent inductances introduced in (2-11), the power can also
be expressed in quadratic form as

3 3
Pem = E Wy * iTKPi y Qem = E T Wyt iTKQi (2-20)
where
_L de - qu _E [ L qu + qu ﬂ-
L L L Lgqg + L L
Kp =" Ly 5 | K=" w 5| @2
L L L L
qf df df af
-— — 0 — — 0
2 2 s 2 2 .
Neglecting the couplings between d- and g-axis, (2-21) becomes
[ Ld — Lq 0 T Lm
Lg O >
Lqg—1L
Kp = | ¢ . q 0 LT , Kq=|0 Ly 0 (2-22)
L
L —_m
0 7‘“ 0 ; 00
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2.3 Electromagnetic Torque

The instantaneous electromagnetic torque can be derived from the electromagnetic power

p 3 . .
Ten =T = 50~ Wiy =y i) 223
r

where (2, is the mechanical speed and p is the number of pole pairs. With the apparent
inductances, the torque can also be formulated as

3
Tom = 2P i"Kpi (2-24)

In case of constant d- and g-axis inductances and neglecting coupling between d- and g-axis,

3
Tem =3P [Lm - ie+ (La — Lq) - ia] - iq (2-25)

As can be seen, Top, consists of two components, a synchronous torque component, which is
due to the interaction between field excitation and g-axis current, and a reluctance torque
component, which is due to the difference between d- and g-axis inductances

3 y L 3 . .
Tsynzz'p'Lm'lf'lq , Trelzz'p'(Ld_Lq)'ld'lq (2-26)

For a non-salient EESM, the reluctance torque component is zero.

2.4 Copper Losses

The total copper loss pc, consists of stator copper loss pc, s and field copper loss pcy ¢

Pcu = Pcus T Pcuf (2-27)

The stator copper loss is

o2 3 ., . 3
pCu.s:(lg‘}'lg‘l'lcz)'Rs:E'(lé-}‘lé)'RS:E'lsz'Rs (2-28)

where i is the amplitude of the stator phase current, while the field copper loss is

Pcus = if * Ry (2-29)
The copper loss can also be expressed in quadratic form as

Pey = iTKRi (2-30)
where

3R/2 0 0
0 3Ry/2 0
0 0 R

KR = (2'31)
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2.5 Iron-Core Losses

The iron-core loss pge of lamination steel is modeled as the sum of hysteresis 10SS Pgep,
classical eddy current loss pge . and excess eddy current l0ss pgee [38]

Pre = Preh t PFec T Pree (2-32)

where
pFe.hzkh'f'Br%l'M , pFe.czkc'fz'BI%'M , pFe.ezke'flls'Br%iS'M (2-33)

where ky, k¢, ke are coefficients of hysteresis loss, classical eddy current loss, excess eddy
current loss, f is frequency, By, is the flux density amplitude and M is the mass of the
lamination steel. The values of kj, and k. for commonly used lamination steels in automotive
machines are shown in Table 2-1, whereas the values of k. of these materials are negligible.

Table 2-1 Iron-Core loss parameters

. . Pm kh kc
Lamination Grade
kg/m?3 W/m?3 W/m?3
SURA M235-35A 7600 204.5 0.3239
SURA M250-35A 7600 219.3 0.3446
B35AV1500 7650 130.7 0.3279
B35AV1900 7650 156.2 0.5543

Therefore, it is applicable to only consider pge, and pgec, Which means
Dre X B2+ M (2-34)

Considering only fundamental component of B, the iron-core loss at a frequency f, can be
scaled from the iron-core loss at another frequency f, i.e.
Pres _kn'fy BE M4k ff-BA-M _ ki fo+ke fF
Pre1 Kn-fi-B&-M+ke f?-BA-M  ky-fi+ke f?

(2-35)

To model the iron-core loss more accurately, additional losses due to rotational fields and
sheet cutting can be considered as well [39]. The corrected iron-core 10ss Pge cor bECOMES

PFe.cor = Pre " Krot * Kcut (2-36)

where k¢ is the rotation correction factor and k., is the sheet cutting correction factor.
From the results in [39], the range of k., are 1.04 — 1.06 for machines in MW range whereas
around 1.02 for machines in kW range. For a strip width thinner than 30 mm, k; is positive,
whereas k., is negative for a strip width wider than 30 mm. For instance, k., is around 1.02
with a strip width of 10 mm.

In dynamic modeling, an iron-core loss map pg, as a function of iy, ig and i can be calculated
in FEM at a base speed. Then interpolation and scaling are applied based on (2-36) to find the
instantaneous iron-core loss

ky 'f+kc'f2
ky 'fbase + k- szase

pFe(id ) iq ’ if rf) = ' pFe.base(id ) iq ’ if) (2'37)
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2.6 Steady State Model Considering Iron-Core Current Consumption

In this thesis, the lower-case letters e, u and i are used to describe instantaneous quantities,

whereas upper-case letters E, U and I are used to describe steady state quantities. The
. . di .

steady state model can be obtained by settmgd—; = 0in(2-1)

U = RI + oy (2-38)

This equation is true in general. However, especially in machine design, when a higher
accuracy of efficiency calculation is required, the voltage drop across the end winding
inductance and the additional current consumption due to the iron-core losses need to be
included. To implement this, the end winding inductance is represented separately, and an
iron-core loss branch is added in parallel to the electromagnetic branch as shown in Figure
2-2. The flux linkage used to calculate the terminal voltage in (2-38) consists of the
electromagnetic part obtained from FEM and the end winding part

Ya =Vdgem + Laend la wq = 17bq.em + Lq.end ’ Iq (2-39)

The terminal current used in (2-38) consists of the components going through the
electromagnetic branch and the iron-core loss branch

lg = lgem — lare Iq = Iq.em + Iq.Fe (2-40)
The iron-core loss branch current consumption can be calculated as

Pd Fe Pq Fe
Iagpe=—"""—" , Iqre=—"— (2-41)
¢ Wy * l/)q.em are Wr " Pd.em

where Py ge and Py g are the iron-core losses in d- and g-axis respectively

F ’ .Fe — F -
w?l.em + lpéem © are wzlem + lpéem ©

From (2-41) and (2-42), the equivalent resistance in iron-core branch can be calculated as

Pyre =

2 2
RFe — Pd.Fe — Pq.Fe _ 0)2 _lpd.em + l/)q.em (2_43)
I§ I ' P
d.Fe q.Fe Fe

In (2-43) when both 4 em and g e are close to zero, P is also close to zero. In this case,
R can be interpolated from the points around it. It should be pointed out that, (2-41) and
(2-42) are intermediate steps to achieve (2-43). In practical implementations, R, is firstly
calculated by using (2-43). Then I ge and I g are calculated as

Iq Rs Wy Lgena'ly Ijem Iy Rs wr'Lgenda'la Iy.em
o —1 1+ o —1 + 1
+ —/ + —/
Uqg IqFe T Rge wr Pgem Uy Iqre l Rge W Paem
o o
(a) Circuit in d-axis. (b) Circuit in g-axis.

Figure 2-2 Circuit diagram of EESM steady state model.
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Wy * l/)q.em Wy " Pdem

ljgpe =——— , Ilqjpe =—— 2-44
d.Fe RFe q.Fe RFe ( )
The electromagnetic torque is calculated by only considering the electromagnetic branch
3
Tem = E ‘b (l/)d.em ' Iq.em - l/)q.em ' Id.em) (2-45)

2.7 Efficiency
Neglecting stray and mechanical losses, the efficiency of EESM can be formulated as

= Pout 1009 = Pem X 100% (2-46)
Pin Pem + Pcu + Pre

In steady state, if mechanical losses Ppechioss and stray losses Pgirayioss are considered, then
the efficiency of the machine can be formulated as
Pout Pem - Pmechloss

X 100% = X 100% 2-47
Pin Pem + PCu + PFe + Pstrayloss ( )

Prechloss and Pgirayioss in steady state operation can usually be estimated as [40]

fz
Prechloss = Faom fT +0.5% (2-48)
nom
Is \* f
Pstrayloss = Poom * <I > ) f -0.5% (2-49)
Ss'‘nom nom

where B, o, is the nominal power, f,,om is the nominal frequency and Ig.;,om is the nominal
stator current.

2.8 Power Factor
In instantaneous power theory, the instantaneous power factor (PF) can be calculated as [37]
_bs _ Ps

== 2-50
Ss \pé+a4d (250

Another approach is to determine power factor by the angle difference between the voltage
and current vectors

PF

PF = cos @pp = cos(6, — 6;) (2-51)

where 6, is the voltage vector angle, 6; is the current vector angle and @pp is the power
factor angle. In terms of a converter-driven machine, the inverter output voltage contains
switching harmonics. In this case, the amount of reactive power is not only decided by the
machine, but also decided by the switching actions of the inverter. To evaluate the machine
performance, displacement power factor (DPF) is use. DPF is defined as the power factor
considering only the fundamental voltage and current components

Ps(1)
DPF = S, = Psc1)/ /Pg(l) + G2y = €OS Ppp(1) = cos(Ouy — Oiry)  (2-52)
s(1

In terms of experimental validation of the machine performance in this study, DPF is used.
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2.9 Thermal Modeling

To assist the design and analysis of the machine, a thermal model is needed to estimate the
thermal condition of the machine at different operation points. The schematics of the
machine radial cross-section in terms of thermal modeling are shown in Figure 2-3. The stator
structure is shown in (a). The copper winding in stator slot is simplied as an area of copper in
the center, surrounded by an equivalent material with equivalent thermal conductivity [41]
[42]. The winding together with the equivalent material is further enclosed by the stator iron.
The statorironis attached to an aluminum cooling jacket with an interface gap in the between.
Inside the aluminum cooling jacket, there is a coolent channel, through which water flows to
take the heat away. The stator iron has an interface with airgap as well in which convection
occurs. The rotor structure is simplier, as shown in (b). The winding-slot structure is the same
as the stator side and the rotor iron has an interface with airgap. Wedge in both cases are
considered not as thermal conductive material.

With this simplified structure, a lumped parameter model is built. Heat transfer mechanisms
are firstly presented, based on which the lumped parameter model is built. The consideration
of adiabatic process to characterize peak operation of the machine is presented as well.

2.9.1 Conductive Heat Transfer

Conduction is the heat transfer through homogeneous and opaque solid and it originates
from the difference in temperature between the warm and the cold part of the solid [43]. The
conductive heat transfer P can be calculated by

I —T

P =
Rth.cond

(2-53)

where T; is the temperature at Point 1, T, is the temperature at Point 2 and Ry, cong IS the
conductive thermal resistance. Ry, cong €an be calculated as

—> — Water — —

Aluminum

Q Airgap O O

Equivalent

Ilntcterrace Labp

Stator Iron

Equivalent
Field

Copper
Stator

Copper Material

Material
Wedge

O Q Airgap

(a) Stator. (b) Rotor.

Rotor Iron

Figure 2-3 Schematics of machine structure in terms of thermal modeling.
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L
1
R =f -dl (2-54)
th.cond o A'A(l)

where A is the thermal conductivity of the solid in W/(m-K) and A is the cross-section as a
function of distance L.

In EESM, thermal conduction happens between different parts of the iron-core, from copper
winding to the iron-core, and from the stator iron to the aluminum cooling jacket. The first is
simple since the geometry is known and lamination iron is the only material. The latter two
are complicated and are explained as follows.

A. Conduction between Copper Winding and Iron Core

The slot-winding structure involves several different materials. In terms of the winding
insulations, there are mainly three: the surface varnish of the strands, the impregnated vanish
and the slot insulation [44]. For low-voltage AC machines (rated voltage lower than 1 kV), a
thickness of 0.2-0.3 mm is usually reserved for slot insulation. In order to simplify the
calculation, an equivalent slot thermal conductivity A.q is proposed in [45] [46] [41] [42]

Aeq = 0.2425- [(1 - kfill) * Aslot * Lcore]_o'427 (2-55)

where kg is the fill factor, i.e. the copper area divided by the slot cross-section area, Agjot iS
the slot cross-section area, Lo is the length of the iron-core. Figure 2-4 shows the curve of
the equivalent slot thermal conductivity with respect to (1 — k1) * Asiot * Leore-
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(1-kan) - Agot * Liron [em?]
Figure 2-4 Equivalent slot thermal conductivity.
B. Conduction between Stator Iron Core and Aluminum Cooling Jacket

From the study in [45] [46], the interface gap between the stator iron core and aluminum
cooling jacket is related to the imperfections along the touching surfaces. The imperfection is
a complex function of material hardness, interface pressure, surface smoothness, and so forth.
From an engineering perspective, one simple way to model the thermal contact is to utilize
an average interference airgap. From the data presented in [46], the average interference
airgap varies from 0.01 mm to 0.08 mm. And it is concluded that the thickness of average
interference airgap is strongly influenced by the assembly process. Therefore, in this study,
0.05 mm is taken as the initial value to do the modeling.
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2.9.2 Convective Heat Transfer

Convection is the type of heat transfer that occurs between different parts of fluid with
temperature differences, or between the fluid and the wall licked by the fluid itself [47].
Several dimensionless numbers are for frequent use in convective heat transfer analysis, and
they are summarized in Table 2-2.

Table 2-2 Dimensionless numbers of frequent use

Name Symbol Meaning Expression
e : -~ : prv-l
Reynolds Number Re The ratio of inertial forces to viscous forces within a fluid
U
The ratio of convective to conductive heat transfer h-d
Nusselt Number Nu . . —_—
at a boundary in a fluid 2
Co -
Prandtl Number Pr The ratio of momentum diffusivity to thermal diffusivity pT#

The flow of a fluid can be classified as laminal flow, i.e. smooth flow, and turbulent flow, i.e.
distorted flow. The schematics of laminal flow and turbulent flow are shown in Figure 2-5. In
order to determine whether a flow is laminal or turbulent, the Reynolds number, which is the
ratio between inertia force and viscous force, needs to be calculated

_prvl
U

Re

(2-56)

where the density of the fluid p is in kg/m3, the velocity of the fluid v is in m/s, the
characteristic length [, i.e. the hydraulic diameter, is in m, the dynamic viscosity of the fluid u
is in kg/m-s and the kinematic viscosity of the fluid v is in m?/s. In terms of the flow in airgap,
the hydraulic diameter is twice of the annular airgap thickness [48]. For a Re below 2000, the
viscous force is dominated and the flow is certainly laminar, whereas for a Re above 3000,
the inertia force is dominated and the flow is certainly turbulent [47].

3 3
> >
3 >
7 >
> 3
1 14
3 3
1 14

> > \>/\

(a) Laminar flow. (b) Turbulent flow.

YY
YY

Figure 2-5 Schematics of laminar flow and turbulent flow.

The convective heat transfer can be calculated by temperature difference and thermal
resistance as well

T, —T.
p=_ "2 (2-57)
Rth-conv
and the convective thermal resistance Rip.cony €Can be calculated as
1
Rih-conv = h-A (2-58)

21



where the convection heat transfer coefficient h is in W/(m?:K). Further, h can be calculated
as
A-Nu

h = l (2-59)

where the thermal conductivity of the fluid A is in W/(m-K), and the characteristic surface
length [, i.e. the hydraulic diameter, is in m. Nu is the Nusselt number, which represents the
ratio of convective to conductive heat transfer at a boundary in the fluid
h-L
Nu =" (2-60)
A

And in order to determine Nu, the Prandtl Number, Pr, is sometimes necessary, which is
defined as the ratio of momentum diffusivity to thermal diffusivity

_oH

Pr h

(2-61)
A low value of Pr, Pr < 1, means a domination of thermal diffusivity, whereas in case of a
large Pr, Pr > 1, means a domination of momentum diffusivity.

A. Convection Thermal Resistance Between Coolant and Cooling Channels

In order to calculate h to characterize the convection between coolant and cooling channels,
one approach is provided by [49], where the Nusselt Number can be calculated as

vyl . (Re—1000) Pr
N 1
. +12.7- (g)E : (pr§ - 1) (2-62)

where f is the friction factor and if the wall is smooth, then it can be approximated as

1
~ (0.79 - InRe — 1.64)2

f (2-63)

and then, the heat transfer factor is calculated as in (2-59) where the characteristic surface
length is the channel diameter.

B. Convection Thermal Resistance Between Iron-Core and Airgap

To calculate the heat transfer coefficient at the airgap, the type of airflow in the airgap has to
be determined [48]. The Taylor number indicates the relative effects of inertial forces and
viscosity for an annulus with rotation of one or more of the cylindrical surfaces. The Taylor

. Tqt+Th . .
number based on mean annulus radius r;;, = az 2 is defined as
04 1,%% (1, — 1)
Tam _fa 'm ( b a) (2_64)
v

where 7, and 3, are the inner and outer annulus radius respectively. Please be aware that v
is the Greek letter “nu” instead of the English letter “v”, and it is the kinematic viscosity of the
fluid in m?/s. The critical speed based on Taylor’s solution can be determined as
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2

Qe =m-v-

2-5'(rb—ra)3-ra2-(1—ﬁ-@)-( _&) (2-65)

where (2, is the speed of the inner cylindrical surface, (2, is the speed of the outer cylindrical
surface, and

N Dy -
1+ 0. - 1+ 0. Ty
S =0.0571 2 +0.652 (1 - —) + 0.00056 2 +0.652 (1 - —) (2-66)
_ & Ta _ & Ta
n, 2,

In case of outer stator, i.e. 2, = 0, and a narrow gap, i.e. 1, = 13, then (2-65) becomes

1
Ny =mv \/ (2-67)

S-(ry—13)° Ty

Hence (2-66) becomes
S =0.0571 4+ 0.00056 = 0.05766 (2-68)

together with the assumption of a stationary outer cylinder, the critical speed gives a
corresponding critical Taylor number Ta,, .- as

1.[2
— =+vV1697 = 41.19 (2-69)
VS

In case of a Taylor number smaller than Ta,, ., the air flow in the airgap remains a Couette
flow, whereas in case of a Taylor number greater than Ta,, ., Taylor vortices can form. The
critical speed in (2-67) in this case becomes

Tamer =

0 41.19 -v ( )
cr — 2-70
(rb - ra)3 "Tm

For a larger airgap size, i.e. when r, = 13, is not valid, the value of Ta,, . needs to be
corrected accordingly. However, for the sack of convenience, in order to use the same
pricewise function to determine Nu for all geometries, a geometric factor can be defined to
correct Ta,, instead of Ta,, .

2

F o= T (rb + ra> (2-71)
9741195 \ 2-1,

In case 1, ~ 1y is valid, F; = 1. Then according to [50] [51] [52] [48], the Nusselt Number can
be determined by the same pricewise function
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(1 o Tay,\’
2-(——1)/ln<—> ) <1.7x103
ra ra F"g
0.734 2
Ta Ta
Nu=+< 0128 -2 1.7x103 < |2 < 10*  (2-72)
Fg Fg
0.482 2
Ta Ta
0.409 - <—m> 10% < <—"‘> < 107
\ Fg Fg

Then based on the definition of Nu, the heat transfer coefficient can be calculated as

_A-Nu_/l-Nu
L 11

(2-73)

2.9.3 Thermal Capacitance

In case thermal dynamics is of interest, thermal capacitance needs to be introduced. The
thermal capacitance of each structure can be expressed as the multiplication of specific heat
of the material and the mass, and the mass is the product of mass density and the volume

Ch=c-m=c-py Volume =c-py, Area- Length (2-74)
where py, is the mass density and c is the specific heat of the material.

2.9.4 Lumped Parameter Model

Based on the schematics of structure shown in Figure 2-3, and the theories introduced in
previous sections, a simplified lumped parameter thermal model can be formulated as shown
in Figure 2-6. The stator windings and the field winding are the sources of heat, and they are
denoted as Node 1 and 2 in the figure. The heat then flows to the iron core through the
material with equivalent thermal conductivity as introduced in (2-55). The heat from the rotor
is dissipated to the airgap and further to the stator iron core with the convection mechanism.
The heat in stator then goes to the aluminum jacket through the average interface gap of
0.05 mm. Finally, the heat is taken away by the coolant in the form of convection.

i3 T4 {5

Ta
Ryater-al H Rreals

—
—_

Twater CAl j_: CFe.s

Figure 2-6 Schematic of a simplified lumped parameter thermal model for EESM.
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2.9.5 Adiabatic Process

Adiabatic process is to study the temperature rise before any cooling mechanism takes effect.
This study is performed to verify the peak operation of traction electric motors for 30 s [53].
The copper loss can be expressed as

l
PCuzlz.R=12.pr.Z=I.].pr.l (2-75)
in J/s. With (2-74), the copper thermal capacitance is expressed as
Cn=c" Pm - Acy - lCu (2-76)

where A, is the cross-section area of copper wire and I, is the length of copper wire. Based
on these, it becomes possible to calculate the temperature derivative when copper heats up
itself

dT _ Pcy _ I]-pr-lcy =J2- Pr (2-77)

dt Cin.cu a Ccu’Pm" lCu " Acu B Ccu ' Pm

With the parameters of copper, p, = 1.72 X 1078 [Q - m], ¢, = 3.9 x 102 [J/(kg - K)] and
Pm = 8.96 X 103 [kg/m3] into the formula, then

dT
= =492 10732 (2-78)

with the current density J in A/mm?. It should be pointed out that, in case of AC current, the
current density here should be the root mean square (RMS) value. The temperature rise
derivative of adiabatic process of copper in K/s is shown in Figure 2-7.

15.0

12.31
12.5

10.0

7.5

5.0

2.5

Temperature Rise Derivative [K/s]

0.0 —
0 5 10 15 20 25 30 35 40 45 50
Current Density [A/mm?]

Figure 2-7 Temperature rise derivative during adiabatic process.
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Chapter 3

Machine Performance in Steady State

In this chapter, the steady-state performance of EESM is discussed. This includes the
characteristic curves in the dg-plane, the characteristic surfaces in three-dimensional space
of d-, g- and field coordinates and torque-speed characteristics.

3.1 Characteristic Curves in the DQ-Plane

To describe the machine characteristics, the vectors in the dg-plane are presented in Figure
3-1, where 6; is the current vector angle, 8,, is the voltage vector angle, pr is the power
factor angle and § is the load angle (power angle). The current and voltage vector angles are
defined with respect to the d-axis. The EMF vector is at the g-axis. The power factor angle is
defined as the difference between the current and voltage angles, while the load angle
(power angle) is defined as the difference between the voltage angle and the back-EMF

T

ppr =6y, —6; , 6=9u_§ (3-1)

Hence, these angles follow

T
Hi+(pPF=0u=5+§ (3-2)
The d- and g-axis current components can be expressed in polar form as
ig=1is-cosb; , ig=1is-sing; (3-3)
so as the d- and g-axis voltage components
Ug =Ug-COSO, , Ug=Us-sinb, (3-4)

Here the vectors presented in Figure 3-1 and the relation described in (3-1) (3-2) (3-3) and
(3-4) are instantaneous. They are also valid in steady state.

Figure 3-1 Angles in EESM dg-plane.
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3.1.1 Current Limit Circle and Voltage Limit Ellipse

A. Current Limit Circle

The stator current is limited by the current output capability of the power electronic converter
and the cross-section of the copper conductors of the machine winding. A maximum current
amplitude I .« is decided by these two aspects for the operation of the machine

) . .
ig + i =& < IZnax (3-5)
The current limit can be illustrated as a circle with a radius of I )55 in Figure 3-2.

B. Voltage Limit Ellipse

Similarly, the stator voltage is limited by the voltage output capability of the power electronic
converter and the insulation level of the machine winding. A maximum voltage amplitude
Us max is decided by these two aspects for the operation of the machine

ug +ud =u? < Ulpax (3-6)

With third harmonic injection or with space vector modulation (SVM)
Usmax = —= (3-7)

In steady state, assuming the resistive voltage drops are negligible, then the voltage limit
criterion (3-6) can be described as

2

U U?
2 _Ys s.max )
¢d+1/’§—w—rzﬁ w2 (3-8)

To describe (3-8) with apparent inductances, it becomes

l]_S2 S Ugmax (3_9)
wf T wf

2
(Lg-Iqg+ Ly I)*+ (Lq'lq) =

which can be further formulated as an ellipse in Figure 3-2

\/oltage Lin.qit Ellipse . ‘g‘q—axis Voltage Limi .EIIipseASK g-axis

d-axis

B SRR eI L L E R I w, T

(a) Increase of field current. (b) Increase of speed.

Figure 3-2 Current limit circle and voltage limit ellipse of EESM in the dg-plane.
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(Id + Ich)z + Ic%

a2 ﬁ <1 (3'10)
where a is the major semi-axis, b is the minor semi-axis and (—I. , 0) is the ellipse center
U 2 U ? L
az — < s.max) ) bz — Ss.max ) Ich — _I‘IlIf (3_11)
Wy - Ld Wy - Lq Ld

(3-12)

In PMSM studies, a characteristic current is usually defined as 1”;—“‘ [54] [55], and similarly here
d

. - . L . .
for EESM studies, a characteristic current can be defined as I, = L—mIf, which decides the
d

center of the voltage limit ellipse. The center of the ellipse (—I, , 0) shifts as the field current
changes as illustrated in Figure 3-2 (a). Additionally, as the speed w, increases, a and b
decrease which means a collapse of the ellipse to its center as illustrated in Figure 3-2 (b).

At low speed, the current limit circle is inside the voltage limit ellipse. As the speed goes higher,
the voltage limit ellipse collapses and starts to intersect the current limit circle. In case of
I, > I, the voltage limit ellipse will detach the current limit circle at high speed, whereas in
case of I, < I, the voltage limit ellipse will become totally inside the current limit circle.
However, no matter how the ellipse collapses or shifts, the eccentricity remains the same.

C. Intersection

It is the common area of the current limit circle and the voltage limit ellipse that defines the
possible operation area on the dg-plane. Therefore, the intersection of the two defines the
case when the maximum apparent power is reached. When the intersection occurs, the speed
wy can be solved from (3-9) and it can be expressed by d- and g-axis current components in
polar form

_ Us.max
Wy =
2
J(Ld g+ Ly - 1)% + (Lq - 1g)
— S.max
. 2
J(Ld I max - €OS Oy + L, - I))? + (Lq * Is max * SIin 91)
The speeds when tangential intersection occurs can be found out by
dw L3 — L2
L'=0 = Lyl Ly lomay Sin0 + ———3.7 2.5in26, =0 (3-14)
do; 2
The solutions at 8; = 0° and 180° are always available
Us Us
6; =0°) = , 6; = 180°) = 3-15
A iy e PR A Ty ey TR
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Obviously w.(6; = 180°) is the maximum speed among all intersection situations, which
depends on the field current

( US Ld

it Ip>-%]

Lo li—Lgq 1, f7L_'s
L

Wrmax = Wr(6; = 180°) = oo if If= L_dls (3-16)

m
U, Ly

it I <-3]

\Lg I, —Lg I © T5L.'s

3.1.2 Electromagnetic Torque

The electromagnetic torque can be illustrated as contours in the dg-plane. Together with the
voltage limit ellipse and the current limit circle, it becomes intuitive to know how much torque
is reachable within the voltage and current limits. From the torque formula (2-25), the g-axis
current can be solved as

lo= e (3-17)
3D Ym+ (La—Lg) 4
which means [ along the torque contour can be expressed as a hyperbola
Iy = i (3-18)
Iq + Kk,
where
ky = %- LdTe_qu , ky = LdLi“Lq - Ig (3-19)

The contoursincaseof Lg > Lq, Lg = Lq and Lq < Lq areillustrated in Figure 3-3 (a), (b) and
(c) respectively. In (a) where Lq > Lg, as L, decreases, the asymptotic line of the hyperbola
moves towards positive infinity, and once L, decreases to zero, plot (a) becomes plot (b).
Similar tendency applies for (c) where Lq < Lg.

":* g-axis * g-axis
A
s P Tem T
P RN
i Asym ptoitic Line ; A
S e I frosesssseeeerienes >
: d-axis : d-axis
(a) Ld < Lq. (b) Ld = Lq. (C) Ld > Lq.

Figure 3-3 Equal torque hyperbola of EESM in the dg-plane.
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3.1.3 Unity Power Factor Ellipse

One advantage of EESM is that the field current can be adjusted to improve the power factor.
Hence it becomes essential to know where the unity power operation points locate in the dqg-
plane. The condition of unity power factor, cos ¢pr = 1, can be achieved by setting Qs to zero.
Neglecting the resistive voltage drops, it yields

3
Qszz-(Uq-Id—Ud-Iq)zo = Yqlg+ gl =0 (3-20)
To describe the equation with apparent inductances, it becomes
Lo I§+Lg 12+ Ly L Ig=0 (3-21)

Since It is non-negative, to achieve unity power factor, I3 must be negative. Additionally, with
a fixed I, (3-21) can be further reformulated into an equation of ellipse

(Ig+a)? I}
2 T

where a is the major semi-axis, b is the minor semi-axis and (—a, 0) is the ellipse center

_1q (3-22)

1L 1 12

- If b? =-—-
4 Ld'Lq

2 .1 K
4 1%

a

- I? (3-23)

As shown in Figure 3-4 (a), the unity power factor ellipse expands and shrinks as the field
current increases and decreases. The eccentricity of the ellipse is decided by the saliency ratio

of the machine as well
Lg
= |[1l—-—= |1—-k 3-24
» 1 - kyq (3-24)

A g-axis
Capacitive
""" d-axis
Capacitive
e ————
(a) Increase of field current. (b) Capacitive and inductive area.

Figure 3-4 Unity power factor ellipse of EESM in the dg-plane (Lq > Lg).
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When the current vector locates at the unity power factor ellipse, the EESM operates at unit

power factor. As can be noticed by comparing (3-11) and (3-23), several conclusions can be
drawn as follows.

e The center of the voltage limit ellipse is twice further away than the center of the unit
power factor ellipse to the origin. In other words, the unity power factor ellipse crosses
the center of the voltage limit ellipse.

e Incaseof I, > I, the unity power factor ellipse intersects the current limit circle.

e Inside the unity power factor ellipse, the operation is capacitive, whereas outside is
inductive, as shown in Figure 3-4 (b).

3.1.4 Equal Power Factor Ellipse

Furthermore, equal power factor contours can be derived. According to (2-17) and (2-50)

tan _ Qs _ Lo I§+Lg 15+ Ly L1y
TR T (Lg—Lg)daIg + Lin Ie I

(3-25)

In polar form, (3-25) becomes,

Ly, - It - (cos 8; — sin 0; - tan @pp)

~Ig- L (3-26)
——— ' sin26; - tan @pp — Lg - cos? 6 — Lq - sin? 6;

The power factor ellipse with PF = 0.8, 0.9 and 1.0 for both inductive and capacitive cases,
andincasesof Ly > Lg, Lq = Lgand Lq < Lg are shown in Figure 3-5. For unity power factor,
tan @pr = 0, and (3-26) becomes (3-21). Specially, at 8; = 0, (3-26) becomes

(3-27)

This means all equal power factor ellipses come across the center of the voltage ellipse.

10 20 10
§ 5 § 10 § 5
3 o 3 o 3 o
g 5 g -10 g 5
-10 -20 -10
-15 10 -5 0 5 -30 -20 -10 0 10 10 5 0 5 10
D-Axis Current D-Axis Current D-Axis Current

(@) Ly = 10 [mH], Ly = 10 [mH].  (b) Lg = 5 [mH], Ly = 10 [mH].  (c) Ly = 15 [mH], L, = 10 [mH].

—— cos(@p) =-0.8 cos(epr) =-0.9 cos(epr) = 1.0 cos(pr) = 0.9 —— cos(epp) =0.8

Figure 3-5 Equal power factor ellipse (negative power factor means inductive operation, L,/ = 0.1 [Wb]).
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3.2 Characteristic Surfaces in 3D Space

From the control perspective, the field current is the third degree of freedom in addition to
d- and g-axis currents. Geometrically, the field current can be illustrated in an axis vertical to
the dg-plane. Then the dg-plane together with the field current axis form a 3D space.

The isosurfaces of current limit, voltage limit, torque, and unity power factor of an 48 V EESM
are shown in Figure 3-6 and Figure 3-7. The design and test of the 48 V EESM are described in
Chapter 5. In Figure 3-6, the current limit at 500 A can be visualized as an oblique elliptic
cylinder in red, while the voltage limit at 6000 rpm is shown as the blue isosurface. The torque
isosurface at 30 N-m is in green. In Figure 3-7, the purple oblique elliptical cone is the power
factor isosurface at unity. The opening of the cone enlarges as field current increases. The
capacitive space is inside the cone while the inductive space is outside of the cone. The copper
loss isosurface can be derived from (2-30)

2 g2 2
A e IF_ (3-28)
a?  b? 2
which can be shown as the orange ellipsoid in Figure 3-7. Since usually R is much larger than
Rs in traction motors, the semi-axes follow

2 PCu PCu
=b= |z—>» |—= 3-29
4 3 R / R¢ ¢ (3-29)

i, 1A] iq [A]

Figure 3-6 Isosurfaces of 7., = 30 N m , iy =500 A, u. = % Vina 48V EESM.

i, [A] i, 1Al

Figure 3-7 Isosurfacesof 7., = 15 N-m, P, = 1 kW, PF = 1.0in a 48 V EESM.
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3.3 Steady-State Performance within Voltage and Current Limits

In control of steady-state performance, the independent variables are the d-axis, g-axis and
field currents. The cost function can be formulated in quadratic format

f=iTK;i (3-30)

where K| depends on the optimization scenario. The current control optimization can be
formulated as a least square problem (LSP), in which the squares of the currents are to be
minimized. In this case, Kj is diagonal

kg 0 0
K] = 0 kq O (3'31)
0 0 ki

in which, kg, kq and k¢ are the penalty coefficients added for iy, iq and i¢ respectively. The
constraint is identical among all scenarios, to achieve a certain amount of torque

iTKpi = ———— (3-32)

In this chapter, copper loss minimization is the focus. However, the framework introduced
here can be universally applied. A general case is introduced initially, followed by a few special
cases.

3.3.1 General Case

The coefficients kg, kq and k¢ are free to choose in this case. A Lagrange multiplier is applied

2T,
A=iTKei+ A (iTKTi - 5%““) (3-33)
To get the solutions, set
6/1_6/1_6/1_0 3.34
ol 0l, 0y (3-34)
This gives
Id=Cd'If ) Iq=Cq'If ) Iles/ Cc21+Cé (3-35)

where ¢4 and ¢ are two coefficients

La— L Lq—L Lq—L
S O Bl R (ﬁu) fe LamLa) K55
ka  Lm A LV T A VS A

With the derived ¢4 and cg, the torque can be formulated as

3
Tem =3P Cq" [Lin + cqa - (La — Lg)] - I (3-37)

As can be noticed, Iy, Iq, Ir and |/ Ter, are proportional to each other, so as the voltages,
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Ig < Ig < Ip o< [T, , Ug < Ug o< Ug (3-38)
which means providing the iron-core is unsaturated, the current angle is constant
b C

2 = tan"1 2 = constant (3-39)
la Cd

0 = tan

This indicates that copper losses are proportional to the torque
PCu x PCu-s x PCu-r x Ifz x Tem.ref (3'40)

3.3.2 Special Case: Copper Loss Minimization

In this case
K; = Ky (3-41)
To obtain the solution in this case, according to (3-36), cq and cq become

2 Ry Lg— L 2 Ry Lq—Ly\> 2 Re
PO il B R Cq:j<_._. q) +2 ot (3-42)
S

which decide the ratio between d-axis, g-axis and field currents. Additionally, in this case
3
Feus =3 (18 +13) - Rs = 3- ¢ - R - If + Peus > Peus (3-43)

3.3.3 Special Case: Maximum Torque Per Stator Ampere (Stator MTPA)

This is to achieve the maximum torque with a fixed amount of field current, also denoted as
stator MTPA. Setting

oA 94

E = a_Iq = (3-44)

and taking is as a constant gives

kd Lm
I, = /—- 124+ —"— I I (3-45)
d kc1 J Lq—Lg

In addition, the current angle in polar form can be achieved by

kd kd L 'If
(k—q+1>-152-c0529+k—q-Ldm_Lq-Is'cost9—152=0 (3-46)

which can be solved as

—b+VbZ—4-q-
c0s 6 = b++vb*—4-a-c (3-47)
2-a

where
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kq > kq Lm
a=|—+1)|-12 , b=—- cigrly , c=-—I? (3-48)
<kq ’ kq La—Lq ’ ’

In case of kq = kg, the solution becomes

L I + J(Lm 102+ 8- (Lg—Lg) - I2 (3-49)
4-(Lg—Lg)-1s

A comparison between stator MTPA and copper loss minimization is presented in Figure 3-8.
The set of Iy, I and It obtained from total copper loss minimization all at once, is the same
as, to obtain Ir from total copper loss minimization and then to obtain I3 and I; from MTPA
with such . In the 3D space, the solution of MTPA at different levels of field current forms a
surface whereas the solution of copper loss minimization forms a line.

cosfO =

100

~N
w

—— MTPA @ /f=10A

MTPA @ =20 A

Q-Axis Current [A]
U
o

MTPA @ /s= 30 A

N
(6]

—e— Copper Loss Minimization

-25 0 25 50 75
D-Axis Current [A]

Figure 3-8 Comparison of MTPA and copper loss minimization (Lq = 15 [mH], Ly = 10 [mH], L,,, = 10 [mH]).
3.3.4 Special Case: Maximum Torque Per Field Ampere (Field MTPA)

This is to achieve a certain torque with a minimum amount of field current. There are two
situations. If the torque required can be achieved by purely reluctance torque, then

- _(45° Lg>Lg (3-50)
P75 P17 135° Ly <Ly

If the maximum pure reluctance torque is not high enough, then field current is needed,
ig>0 , is=Ismax (3-51)

To minimize the field current, MTPA of stator current needs to be applied. Hence the solution
in (3-49) can be applied in this case

2
_Lm ' If + \/(Lm ’ If)z + 8- (Ld - Lq) ' Isz.max (3-52)
4 - (Ld - Lq) * Is max

cos ) =
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3.3.5 Special Case: Zero D-Axis Current

Zero d-axis current is a special case that simplifies the control from three degrees of control
freedom to two degrees. In this case, the penalty factor of d-axis current goes to infinity.
According to the general solution, the ratio between the g-axis and field currents becomes

i
7= Jim cq = /kf/kq (3-53)

Providing the total copper loss is to be minimized, the paneities of g-axis and field currents
can be set as

kq == RS ) kf = Rf (3'54)

In this case, the stator copper loss equals field copper loss

3
5708 Ry = Pous = Pousr = if Ry (3-55)

and the stator current is proportional to the field current

[q & if X /Tem (3-56)

Furthermore, with the minimized total copper loss, the power factor angle ¢ follows

.T - .
i'Koi L, 1
tan(ppF= Q __q'—q=

il 3-57
iTKpi Ly, if (3-57)

&~ e~
B|-o

which is constant providing the iron core is not saturated.
3.3.6 Special Case: Unity Power Factor

The unity power factor (UPF) control is applied to fully utilize the power capability of the
inverter. Let unity power factor be an additional constraint

Tem.ref

2
A=i"Kji+2," (iTKpi - 57) + 2, - (i"Kqi — 0) (3-58)

This results in a polynomial exceeding fourth degree, and a complete analytical solution is
therefore not possible. However, some other characteristics can be derived for UPF control.
In UPF condition, the voltage vector angle equals the current vector angle
3 Ug _1Iq
Q=§-(Uq-ld—Ud-Iq)=O = tan0U=U—d=E=tan01 (3-59)

In case of Lq = Lg, the vector of reactance voltage drop is perpendicular to the current vector.
Since the addition of reactance voltage drop and EMF gives the terminal voltage, these three
vectors form a right triangle as shown in Figure 3-9 (a). Hence the voltage vector is always
along the circle which diameter is defined by the back-EMF. Similarly for the case Lq > Lg,
the voltage vector is at the ellipse which major-axis is defined by the back-EMF, as shown in
Figure 3-9 (b). When the current vector amplitude I or angle 8; changes, the field current
should be adjusted accordingly using (3-21)

37



4 g-axis A g-axis A g-axis

jorPm Uupr2

j wrljlm

.wrlﬁml

Uypr1

\\
\\
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(@) Lg = Lg. (b) Lq > Lyg. (c) Active power increase.
Figure 3-9 Vector diagram in unity power factor control.
Lq- 15+ Lg - 12
Iy=1I-cos6, , Iq=1I,-sin@ , [j=——2 97 a4 (3-60)
Ly 14
In addition, following (3-59), the active power in UPF can be described as
3 3 ,
P=§-(Ud-1d+Uq-Iq)=§-Ud-ld-(1+tan ;) (3-61)

This indicates that, to increase the active power P by a factor of k at a certain 6;, then U4 and

I4 shall increase by a factor of Vk. Hence the vector diagrams before and after a power
increase form homothetic (similar) triangles as shown in Figure 3-9 (c).

3.4 Steady-State Performance at Voltage or Current Limits
In traction applications, the constraints are the current and voltage limits
Is < Is.max ’ 0< If < If.max ’ Us < Us.max (3'62)

The limits, the unity power facor ellipse and torque contour can be illustrated in the dg-plane
as shown in Figure 3-10. The current vector can only be placed in the common area within
the current and voltage limits shown as the green area.

4 g-axis

Equal Torque
Hyperbola

Unity PF X'\\ .
Ellipse U d-axis

Voltage Limit
Ellipse

Intersection of
Voltage &
Limits

Figure 3-10 Schematic diagram of current limit circle, voltage limit ellipse, equal torque hyperbola and unity
power factor ellipse in the dg-plane.
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3.4.1 Torque-Speed Envelope

Along the torque-speed envelope, the machine outputs the maximum torque at any specific
speed. This is equivalent to solving max{iTKpi} with the constraints introduced in (3-72). The
l

torque-speed envelope is composed by the operation points with the highest torque at each
speed. The torque-speed envelope can be divided into three sections as shown by the
schematic in Figure 3-11 and the corresponding power-speed is presented in Figure 3-12.
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Figure 3-11 Schematic diagram of torque-speed curve.
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Figure 3-12 Schematic diagram of power-speed curve.

A. Section 1 (Low Speed): Peak Torque

At low speed when the back-EMF is below the voltage limit, to maximize the torque, the stator
and field currents are at the limits

Is = Ismax » Ir = Igmax (3-63)

This is the stator MTPA problem solved in Section 3.3.3. Recall the solution (3-49), the current
angle here is

2
—Ymmax T \/l/)rzn-max +8- (Ld - Lq) ' Isz-max

cos @ ( ) )
- MTPA
k- (Ld Lq) ’ Is.max

cos B, =

where Yy, max 1S the maximum mutual flux linkage
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Ymmax = Lm " Itmax (3-65)

The corresponding torque can be calculated as

3 L
Tem = 2 ‘P (l/)m-max *Ismax - Sin 6y + . > 1. IZmax " Sin 291) (3-66)

This is valid until the terminal voltage hits the voltage limit. According to (3-72), this solution
is valid when

Us.max

2
(Ld g + lpm.max)z + (Lq ' Iq)

Wr < Wr-MTPA = \/ (3-67)

where w,.m1pa IS the critical speed that distinguishes the peak torque section and the peak
apparent power section. In the dg-plane, this is when the stator voltage limit ellipse cuts the
stator current limit circle at the MTPA operation point.

B. Section 2 (Medium Speed): Peak Apparent Power

After w, reaches w; 1, the operation point in the dg-plane moves along the stator current
limit circle in the anti-clockwise direction. In this case, the operation point is located at the
intersect of the current limit circle and the voltage limit ellipse

Is =Ismax » It =Itmax » Us = Usmax (3-68)

With (3-72), the stator current angle of intersection point can be solved as

—b+Vb*—-4-a-c
cos @, = (3-69)
2-a
where
2 2,72 Udmax
Lﬁ — ]2 Ymmax T L - IS max — T w2 (3-70)
q T
a= “Ismax » b =La ¥Ymmax ,» €=
2 2
In case unity power factor ellipse intersects the current limit ellipse, i.e.
Ly,
Ichmax = L_d *Irmax = Ismax (3-71)

then this section is valid until the operation point moves to the unity power factor point where
the current angle is

~Ymmax \/lprzn-max —4- (Ld - Lq) ' Lq ' Isz-max
2-(Lg—Lq) * Ismax

This further gives the speed range of this section

(3-72)

cos 0, = = cos Oypr

Us-max

Wr.MTPA = Wr < Wr.ypf = J (3-73)

2
(Ldls-max CosS 92 + lpm-max)z + (qus-max Ccos 02)
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C. Section 3 (High Speed): Peak Active Power (Unity Power Factor)

After unity power factor is reached, in order to maintain the maximum torque, power factor
should be kept at unity. This is done by shrinking the field current so that the current limit
circle, the voltage limit ellipse and the unity power factor ellipse intersect at the same point.
In this case

Is =Ismax » Us =Usmax iTKQi =0 (3-74)
This gives
i U Lg-i§+Lg-i2
tanfy = 3= ———smax g 4 dT 9 (3-75)
ld (' Lq " Is max Ly - ig

As speed increases, the characteristic current i, gradually shifts towards the current limit
Is max to keep unity power factor. This means that the operation points along this section are
all at peak active power, since current, voltage and power factor are all at maximum. Hence

3 Us.max * Is.max 1

Top = = p - —SMaX_ smax . 3-76
em = 5P wy wy ( )

D. Current Vector Loci

The field current and dg-plane currents along the envelope shown in Figure 3-11 are
presented in Figure 3-13. The field current decreases in the section of peak active power
whereas the stator current amplitude keeps the same in all three sections. The current vector
stays at the MTPA point in the section of peak torque, but moves anti-clockwise in sections
of peak apparent power and peak active power. It should be point out that, due to the voltage
and current constraints, the combinations of d- and g-axis current components and the field
current are unique along the envelope. However, inside the envelope, there are multiple
solutions.
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Figure 3-13 Schematic diagram of d-axis, g-axis and field currents.
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3.4.2 Torque-Boosting Area

Within the torque-speed envelope, the strategy of copper loss minimization can be applied.
In case of

It max = Is.max/ Cé + Cé (3-77)

total copper loss minimization can be followed from zero torque until the peak torque.
However, in case of

If.max > Is.max/ Cﬁ + Cé (3-78)

when the stator current reaches the limit, the field current is still beneath the limit. This gives
a torque-boosting area by increasing field current from I ../ [c2 + 2 until I ., While at the

same time, I = I 1,2« In contrast, in case of
If.max < Is.max/ Cé + Cé (3'79)

when the field current reaches the limit, the stator current is still beneath the limit. This gives

a torque-boosting area by increasing stator current from Ig . Until If oy ’cﬁ + c&, while
at the same time, Iy = If o -
3.4.3 Field-Weakening Area

When the speed of the machine increases, the back-EMF increases. If the voltage reaches the
limit, the machine enters the field weakening area. Hence

Tem.ref

2
A=i"Kji+ 24, - (iTKTi ~3 ) + Ay (Ug — Ug max) (3-80)

This results in polynomials exceeding fourth degree, and a complete analytical solution is
therefore not possible [56]. However, the boundary between the normal operation area and
the field weakening area can be solved. Apply

Id =Cq- If , Iq =Cq- If ’ Us = Us.max (3'81)
and this gives

1 ) Us.max

a)r =
P (3-82)
\/(cd “Lg+Lm)? + (cq-Lq)

According to the torque equation (3-37), along the boundary, the torque is inversely
proportional to the square of speed

Usz.max Cq- [Lm +Cq - (Ld - Lq)] Usz.max
7 7 X > (3-83)
Of  (cq-Lg+Lm)?+ (cq-Lq) Wr

T 3
em_zp
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3.5 Solution Considering Saturation

When the iron-core of a machine saturates, the inductance value decreases with an increase
of current. In this case, a numerical method needs to be established so that the effects of
saturations are considered in the optimization process. In this section, the FEM calculation
results of a machine are used to describe the performance of a 48 V EESM for mild-hybrid
vehicles. The design of the machine is presented in Chapter 5. After the non-linear
characteristics of machine is presented, the algorithm is introduced. Then the performance
of the machine is illustrated with different coefficients introduced to cost functions.

3.5.1 Non-Linear Characteristics of Machine

In this section, the non-linear characteristics of machine, including flux linkages, inductances,
electromagnetic torque, power factor and iron-core losses are presented. These
characteristics are obtained from FEM analysis.

A. Flux Linkages

The d- and g-axis flux linkage maps of the machine at different levels of field current are
shown in Figure 3-14 and Figure 3-15 respectively. The circle shows the current limit of 500 A
as the amplitude. As field current increases, the 4 and Y4 contours on the dg-plane moves
towards left horizontally whereas the shape of the contours remain the same. It is therefore
possible to calculate 4 and 14 once at zero field current level and then shift the origin of the
plane to the right to get the flux linkage values when a field current is introduced. In other
words, the d-axis current and the field current can be transformed from each other to get the
values of 4 and Y. Additionally, the d-axis current influences 14 and the g-axis current
influences ¥g4. In addition, the field current gives an impact on Y4 as well. This indicates the
magnetic coupling between d- and g-axis flux paths.
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Figure 3-14 D-axis flux linkage 1, at different field current levels in a 48 V EESM.
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Figure 3-15 Q-axis flux linkage wq at different field current levels in a 48 V EESM.
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B. Inductances

The d- and g-axis inductance maps of the machine are shown in Figure 3-16 and Figure 3-17
respectively. As can be noticed, when the field current increases, the inductances decrease.
This can be seen more obviously in Figure 3-18 where the d-axis, g-axis and mutual
incremental inductances at Ig =0 and I; =0 are compared. The d-axis inductance
decreases more than the g-axis inductance does since the d-axis flux path can be directly
saturated by the field current whereas the g-axis flux path is only partly affected by field
current due to cross-saturation, e.g. in the rotor pole shoe and the stator yoke. As a result,
Ly > Lq at lower field current whereas Lq < Lq at high field current.
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Figure 3-16 D-axis incremental inductance at different field current levels in a 48 V EESM.
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Figure 3-17 Q-axis incremental inductance at different field current levels in a 48 V EESM.
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C. Electromagnetic Torque

The electromagnetic torque is calculated using (2-23) and the map is shown in Figure 3-19. In
the figure, the MTPA curves are perpendicular to the torque contours shown as the black dots.
At zero field current, the torque generated by the machine is purely reluctance torque. In this
case, the MTPA curves locate at +45 deg and +135 deg as shown in (a). The torque component
due to field current appears in (b), (c) and (d). It is interesting to notice that the MTPA curve
firstly turn to the first quadrant at low field current level as shown in (b) and then to the
second quadrant as field current goes higher as shown in (d). This is due to the salience flip in
inductances presented in Figure 3-16, Figure 3-17 and Figure 3-18. As presented in Figure 3-3,
the asymptotic line of the torque contour locates on the left plane when Ly > Lg which is the
case in Figure 3-19 (b), whereas it locates on the right plane when Lyq > Lg which is the case
in Figure 3-19 (d). The case shown in Figure 3-19 (c) is the intermediate case when Lq = Lq
and the MTPA curve follows the g-axis.
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Figure 3-19 Electromagnetic torque T, at different field current levels in a 48 V EESM.

D. Power Factor

The power factor is calculated and shown in Figure 3-20. Resistive voltage drops are neglected
here, so that the shape of the curves is independent from the speed. The positive values in
the plot indicate motor operation whereas the negative values indicate generator operation.
The high power factor area forms an ellipse as introduced in (3-22) and (3-23), and the shape
of the curves is consistent with that in Figure 3-4 and Figure 3-5. The area inside the unity
power factor ellipse is capacitive whereas the area outside is inductive. The unity power factor
ellipse intersects the d-axis at two points. One is the origin and the other is at (—ig, ,0). As
can be noticed, as the field current increases, i, increases as well, and the area with high
power factor expends consequently.
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Figure 3-20 Power factor (resistive voltage drops neglected) at different field current levels in a 48 V EESM.
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3.5.2 Iterative Algorithm

An iteration algorithm for copper loss minimization with the flux linkage maps from FEM
analysis is shown in Figure 3-21. The algorithm starts with a set of initial values, and then a
parameter sweep is applied to I, 6; and If around the initial values so that a 3D matrix of I,
6; and I; is generated. The sweep is performed with a range of k. k can be from 50% to 150%
in the beginning. Thereafter, the d- and g-axis flux linkages corresponding to each
combination of I, 6; and If are interpolated using the flux linkage maps. After that, the
corresponding torques and voltages are calculated, and the 3D matrix is filtered so that the
remaining combinations of I, 6y and I¢ fulfill all the criteria of current, voltage and torque
limits. In the end, a cost function is applied. The cost function in the figure is the copper loss
as an example, but it can also be the total loss or the field current, and so forth. Then the
combination of I, 6y and If with a minimum cost is the solution obtained in this iteration. At
the same time, an error ¢ is calculated by comparing the I, 6; and I; obtained from this
iteration and the ones from the previous iteration. If € is small enough, then the parameter
sweep in the next iteration will be carried out in a smaller range so that the resolution can be
improved. Then a new iteration starts with the I, 8; and I; obtained in the previous iteration.
The iteration loop will continue until the searching range k becomes small enough, i.e. when
the improvement of resolution by starting a new iteration is negligible. At this point, the
results from the last iteration are considered as the optimal solution.
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Figure 3-21 Iteration algorithm considering iron-core saturation.
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3.5.3 Copper Loss Minimization

Geometrically, copper loss minimization can be illustrated as to find the point of tangency of
the copper loss isosurface and the torque isosurface. The torque isosurfaces at 10, 20 and 30
N-m with the corresponding copper loss isosurfaces in tangency are shown in Figure 3-22. The
two isosurfaces are illustrated as pushing against each other. A growing copper loss isosurface
pushes the torque isosurface away to a higher torque level.
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Figure 3-22 lIsosurfaces of torque and the total copper loss in tangency using the FEM data of a 48 V EESM.

The trajectories of the stator MTPA at different field current levels and the solutions given by
total copper loss minimization are compared in Figure 3-23. The stator MTPA trajectory goes
to the first quadrant at low field current level and then goes to the second quadrant at high
field current level. This is due to the saturation of iron core in d-axis flux path as field current
grows. The flip of saliency influences the torque contour in dg-frame and therefore influences
the stator MTPA trajectory.
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Figure 3-23 Comparisons of stator MTPA at different levels of field current and total copper loss minimization
considering linear or non-linear magnetic properties using the FEM data of a 48 V EESM.

The trajectory denoted as “Linear” shows the solutions of total copper loss minimization
considering linear magnetic characteristics, i.e. taking non-saturated inductance values. The
ratio between d- and g-axis currents is decided by the proportionality in (3-38). The trajectory
denoted as “Non-Linear” shows the solutions considering non-linear magnetic characteristics,
i.e. taking saturated inductance values as currents increase. The “Non-Linear” trajectory
intersects different stator MTPA loci at different field current levels.
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The amount of total copper losses versus torque is compared in Figure 3-23 (b). All torque
values are determined considering saturation despite of whether the solutions of currents are
obtained with or without considering saturation. As can be notices, the “Non-Linear” curve is
the envelop covering all the MTPA curves from the bottom. The tangency points in (b) are
corresponding to the intersections in (a). The “Linear” curve coincides with the “Non-Linear”
curve at lower torque level. However, when the torque level goes higher, field current grows,
and the iron core becomes saturated. Consequently, the two curves deviate from each other.

The solutions of two and three degrees of control freedom are compared in Figure 3-23. In
the two-degree case, only I, and Iy are free to control while I is set to zero. Due to (3-57), to
achieve minimum copper losses in the 48 V machine, the ratio between g-axis current and
field current is 28.87. This ratio is verified by comparing (a) and (b) in Figure 3-23.

Additionally, the solutions determined by considering linear and non-linear magnetic
properties are compared. Again, all torque values are determined considering saturation. At
low torque level, the difference between all cases is minor. As the torque level increases, the
linear and non-linear curves start to deviate, and the difference in between is more significant
than the difference due to different degrees of control freedom. This is due to the minor
deviation between the locus of copper loss minimization and the g-axis as shown in Figure
3-23 (a).

In the non-linear case, more stator current but less field current is requested. This is due to
the decrease of mutual inductance as the growing field current saturates the iron core. After
the iron core is saturated, increasing field current does not provide sufficient increment of
flux as before, so it becomes more effective in torque production by adding more stator
current instead. This applies for both two and three degrees of control freedom cases.
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Figure 3-24 Copper loss minimization with two degrees of control freedom, i.e. I & I, and three degrees of
control freedom, i.e. Iy & I & If using the FEM data of a 48 V EESM.
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3.5.4 Torque-Speed Map

The torque-speed map can be obtained with different choices of penalty factors kg, kq and
k¢. The performance is presented from Figure 3-25 to Figure 3-29. The penalty factor for stator
current increases by 10 times from case (a) to case (b), and by 10 times again from case (b) to
case (c). The strategy of copper loss minimization is configured in case (b). With a variation of
penalty factors, the balance of stator current and field current is adjusted. The differences in
between show a significant impact from penalty factors on machine performance.

A. Torque-Boosting Area

The stator current amplitude and the field current are shown in Figure 3-25 and Figure 3-26
respectively. As can be noticed, along the envelop, the solution is unique, irrespective of the
selection of penalty factors. However, inside the envelop, as the penalty factors for stator
current increases, a lower stator current is consumed to achieve the same torque. For
instance, in Figure 3-25 (a), the maximum stator current of 500 A is consumed for torque
higher than 20 N-m whereas in (c), the maximum stator current of 500 A is only used at
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maximum torque. Similarly for field current, in Figure 3-26 (c), the maximum field current of
15 Ais consumed for torque higher than 20 N-m whereas in (a), the maximum field current of
15 Ais only used at maximum torque. The torque-boosting area can be clearly seen, especially
in Figure 3-25 (a) and Figure 3-26 (c), where approximately half of the torque range is covered
by the maximum level of current.

The torque boosting area can also be illustrated considering different levels of stator and field
current limits, as shown in Figure 3-27. The field current is limited to 15 A while the stator
current is limited to 300 A, 500 A and 700 A respectively. In the 300 A and the 500 A cases,
the stator current and field current increase simultaneously as torque increases. After the
stator current reaches the limit, the increase of torque relies totally on the increase of field
current. Consequently, field current increases dramatically thereafter. In contrast, in the
700 A case, the field current reaches the limit before stator current. The increase of torque
relies totally on the increase of stator current instead. For all the three cases, before any limit
is reached, the curves overlap each other which indicates that the solutions are identical.
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Figure 3-27 Relationship of current and torque in with different stator current limits using the FEM data of a
48 V EESM (kd = kq =15- RS and kf = Rf)

B. Field Weakening Area

The stator voltage amplitude is shown in Figure 3-28. A more significant discrepancy can be
detected between (b) and (c) compared with between (a) and (b). The boundary between
field weakening area and the normal area is steeper in (c). This means the field weakening
areain (c) is larger. The difference is mainly attributed to the significantly higher level of field
current in case (c) as shown in Figure 3-26. A higher field current results in a higher back-EMF.
Hence the voltage limit is reached at a lower speed, which agrees with (3-35), (3-36) and
(3-82). The steeper boundary can also be explained using (3-83), which can be formulated as

3 k Cqg |Lpy+cq-(Lg—L
Tem=75"p" Usz.max ’ L‘;v , kiw = 1 [ = d ( d q)]z
2 w; (ca"La+Lm)? + (cq - Lg)

(3-84)
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Figure 3-28 Stator voltage amplitude maps with different penalty factors for stator currents using the FEM
data of a 48 V EESM.

The profile of kg, is presented in Figure 3-28 (d) using the non-saturated values of
inductances. As can be noticed, the coefficient kg, firstly increases and then decreases with
an increasing kq or ky. The value of kg, becomes much lower in kq = kg = 15R; than in
kq = kq = 1.5R,. Consequently, this leads to a steeper boundary.

C. Efficiency

The efficiency is shown in Figure 3-29. The iron-core losses are scaled from the FEM
calculations at the base speed of 4500 rpm. The mechanical loss and the stray loss are
estimated by scaling from the peak power and the base speed [40]. As can be noticed from
the figure, the highest maximum efficiency and the largest high-efficiency area are achieved
in case (b), in which the total copper loss is minimized. Additionally, as can be noticed by
comparing (a) and (c), the increase of stator current deteriorates efficiency more significantly
than the increase of field current does.

D. Power Factor

The power factor is shown in Figure 3-30. The power factor in (a) ranges from 0.5 to 1.0,
whereas the power factor in (b) and (c) is generally above 0.9. This reveals the improvement
of power factor due to a higher level of field current. This agrees with (3-22) where a larger
area of high power factor can be achieved with a higher level of field current. Furthermore,
the power factor is higher in field weakening area. This is due to the fact that, in field
weakening, the current angle increases, and the d-axis current increases in the negative
direction. According to Figure 3-20, a negative d-axis current yields a lower reactive power
and consequently a higher power factor.
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Figure 3-30 Efficiency maps with different penalty  Figure 3-29 Power factor maps with different penalty
factors for stator currents using the FEM data of a 48 Vfactors for stator currents using the FEM data of a 48 V
EESM. EESM.

3.5.5 Torque-Speed Envelope

The envelope of the prototype is illustrated in Figure 3-31 (a) and the current vector projected
to dg-plane is presented in Figure 3-31 (b). The solutions can be described in three sections,
peak torque at low speed, peak apparent power at medium speed and peak active power at
high speed. These are consistent to the ones shown in Figure 3-11. As has been pointed out,
the solutions along the envelope are unique, regardless of how the penalty factors are
selected.
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Figure 3-31 Envelope of the torque-speed map using the FEM data of a 48 V EESM.
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Chapter 4

Machine Dynamic Control

In this chapter, the study of EESM dynamic control is presented. The dynamic control is
developed in the structure of field-oriented control (FOC), where the current references are
determined from torque request at a given speed and the voltages are regulated so that the
current follow the current references. Hence this chapter consists of two parts, dynamic
current reference determination and dynamic current control.

4.1 Dynamic Current Reference Determination

Due to the third degree of control freedom introduced by field current, the dynamic current
reference determination for EESM is more complicated than that for PMSM. In this section,
gradients of torque versus copper losses are introduced to assist the determination.

4.1.1 Cost Function

The total copper loss can be decomposed into three parts

Pcu = Poug + PCu.q + Peus (4-1)

where
3 2 3 2 2 2
Poud = 5 Rs-ig , Peugq= 5 Rs-ig , Pcur=Reif (4-2)

To generalize solution, if Pc, is not the target to be minimized, then weights can be
introduced to the copper loss of each axis individually and a cost function can be defined as

Pcost = Pcost.d + Pcost.q + Pcost.f (4'3)
where
Peostd = Kcostd * Poud > Pcost.q = kcost.q ' PCu.q v Peostt = keostt * Pous (4-4)

4.1.2 Global Current Coordinate System

A set of equivalent currents can be defined, named as global currents

. E . .13 . .
leostd = Ud Ekcost.dRs » leostg = lg Ekcost.qu ) lcost.lef\/kcost.fRf (4-5)

With the global current defined, the costs can be formulated as

_ 2 — ;2 — ;2
Pcost.d = lcostd Pcost.q = lcostq PCu.f = leostf (4_6)
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4.1.3 Gradients of Electromagnetic Torque

Since the torque Ty, is a function of real currents, T,y, should also be a function of global
currents. Therefore, the torque can be presented as a scaler field in the coordinate system of
global currents. From the scaler field, the gradient of torque in the global current coordinate
system can be defined, which establishes a vector field. The gradient at each point in the
coordinate system is a vector represented by the components along each axis

T
o [0Tem  0Tem  0Tem (4-7)
em-COSt ™ Dicostd  Olcostq  Olcostf

4.1.4 Decomposition of Current Vector

In the global current coordinate system, a tangential plane can be defined at the tip of any
current vector i. The normal direction of such tangential plane is defined by the torque
gradient at i. Let n be the unit vector in the normal direction. Moving the current vector in
the direction of n, the torque tends to increase the most. Moving the current vector in the
direction perpendicular to n, the copper loss is changed while the torque tends not to change.
The vectors are presented in Figure 4-1.

With this tangential plane introduced, i can be decomposed orthogonally, a normal
component i,, penetrating the tangential plane and a tangential component i; along the
tangential plane

i=i,+i; & (i,,i;))=0 (4-8)
where
i,=(i,n)n & i,=i—1i, (4-9)
Let t be the unit vector in the direction of i;. Then the inner product of n and t gives zero
(n,t)=0 (4-10)

The length of the tangential component ||i;|| represents the amount of cost that can be
possibly reduced. When the minimum cost is achieved, the current vector i is perpendicular
to the torque contour, which means i = i,, and i; = 0. Hence to reduce the cost means to
reduce ||i;]|.

Normal
Direction

X

3
/

S

Origion /

Figure 4-1 Decomposition of current vector in dynamic current reference determination.
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4.1.5 Move of Current Vector

When a torque request is sent to the current reference determination algorithm, the
algorithm starts to move the current vector to achieve the torque request while minimize the
cost. The move of the current reference di can also be decomposed into normal and
tangential directions as well

di = di, +di, & (di,,di,)=0 (4-11)

where di, is the move to penetrate the torque contour in the normal direction n, while di;
is the move to slide along the torque contour in the tangential direction t.

As for di,, the length of di,, should be proportional to the difference between the torque
request Tem req @nd the torque reference Tep rer at the current stage. As for diy, the current
reference vector needs to move against the direction of i, to reduce ||i;||. Hence

. Tem.req - Tem.ref ]

Vm

di, = ky, & di, = —k, i, (4-12)

where k,, and k; are relaxing factors.
4.1.6 Determination with Current Limits

When the current limit is reached, if the move of current vector tends to break the limit, then
a cancellation vector di ., ce1i N€€ds to be defined to keep the current vector within the limit

dijim = di — dicanceli (4-13)
where

dicancel.iz [id.cancel iq.cancel if.cancel]T (4‘14)

The stator current limit and the field current limit need to be considered separately. When
the stator current limit is reached, the move of current vector will break the limit if it consists
of an extending normal component, i.e.

(di ’ idq.unit) >0 (4'15)
where igqunit is the unit vector of igq and iy is the projection of i to the dg-plane
idq.unit = idq/”idq” , idq = [id iQ]T (4-16)

If this is the case, then the normal component of the move needs to be cancelled, while the
tangential component can be kept

digq.cancel = Alggnormal = {di, Laqunit) * Ldq.unit (4-17)
Otherwise
diggcance = [0 0]" (4-18)
When the field current limit is reached, if it still tends to increase, i.e.
dig >0 (4-19)

then this increase of field current needs to be cancelled
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difcancel = difnormal (4-20)

Otherwise
difcancel = 0 (4-21)
The decomposition of current vector can be illustrated in Figure 4-2 (a).

4.1.7 Determination with Voltage Limits

The change in voltage du can be calculated from di
u=Ri+wyY =Ri+wLli = du=Rdi+ wdp =R+ wl)di (4-22)
in which
dugq = [dug dug]T (4-23)

Then the voltages in the dg-plane can be illustrated in Figure 4-2 (b). The outer orange circle
represents the voltage limit, whereas the inner blue circle represents the safe area for placing
steady state voltage references. The yellow annulus in between represents the margin for
dynamic current control. The voltage limit algorithm is activated when the voltage vector
contacts the voltage limit reference circle, i.e. the blue circle and tries to enter the margin, i.e.
the yellow annulus.

When the voltage vector is along the blue circle, it will break the limit if it consists of a normal
component

dudq.normal = (dudq 'udq.unit> * Udq.unit > 0 (4-24)
where
di
\ T If
1 A Ug
Iq
[ i
Nk R
dilim Ha
iq
— S
(a) Decomposition of current vector move. (b) Decomposition of voltage vector move.

Figure 4-2 Decomposition of vector move in dynamic current reference determination.
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Ugq.unit = (4-25)

2244l

Then the normal component digqnormal trying to break the limit should be cancelled
whereas the tangential component can be kept

dudq.cancel = dudq.normal (4-26)

When the speed rises, and the voltage vector already enters the yellow annulus margin
”udq” > Us max (4-27)

then a move of voltage component is needed to bring the vector back to inside the circle

duggpack = (|| Uaq]l — Usmax) - Udqunit (4-28)

Otherwise
duggpack = 0 (4-29)

Hence the
dugq.cancel = AUgqnormal T dUdq back (4-30)

If the voltage is inside the reference limit circle, i.e. the blue circle, then the voltage limit
algorithm is not activated

dudq.cancel =0 (4-31)

The field voltage is usually designed higher than the amount that is required in steady state
in order to guarantee fast response in dynamic performance. Hence, in steady state, the field
voltage would never exceed the limit. The voltage limit comes into picture only in dg-frame

duscancel = 0 (4-32)
Then the canceling voltage vector is converted to canceling current vector
dicancely = (R + @)™ ducancel (4-33)
where
ducancel = [dud.cancel duq.cancel duf.cancel]T (4'34)
Hence considering both current and voltage limit, the limited move of current vector is

dijim = di — dicancelu (4-35)
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4.1.8 Evaluation
A. Machine and Converter

An 800 V 250 kW EESM for electric trucks is designed with the assistance of finite element
method (FEM) analysis. The details of the design are introduced in Chapter 5. The parameters
of the machine are listed in Table 4-1.

Table 4-1 Parameters of an 800 V 250 kW EESM

Parameter Symbol Value Unit
Lamination outer diameter Dgta 270 mm
Lamination stack length Letk 360 mm
Peak torque Tem.max 800 N-m
Peak power Pornmax 250 kw
Maximum stator current amplitude Is amp.max 450 A
Maximum field current It max 7.854
Stator resistance @ 100°C Ry 19.55 mQ
Field resistance @ 100°C R¢ 54.71 Q
D-axis self-inductance @ zero current laa-o 1.30 mH
Q-axis self-inductance @ zero current lggo 1.30 mH
Field self-inductance @ zero current lero 20.29 H
DQ mutual-inductance @ zero current ldq.o 0.00 mH
DF mutual -inductance @ zero current Laso 92.80 mH
QF mutual -inductance @ zero current qu-o -3.58 uH

There are two power electronic converters in this study. One is a three-phase inverter which
delivers power to the stator winding. Another one is a dc-dc H-bridge converter which delivers
power to the field winding. These two converters share the same dc-link voltage source. Since
the aspect of control is the focus of this study, the converters here are considered as ideal
voltage sources without voltage drops across the switches or the transformer of the H-bridge
converter. The parameters of the converters are listed in Table 4-2. The voltage limit of the
three-phase inverter is decided by considering only the linear modulation range.

Table 4-2 Parameters of power electronics for driving an 800 V 250 kW EESM

Parameters Symbol Value Unit
DC-link voltage Uqc 800 \Y%
Ratio of dc-link voltage usage 0.95
Transformer turns ratio of H-bridge converter ar 1:1
Three-phase voltage max Us.amp.max 462 Vv
Field voltage max Ut max 800 \Y%
Field voltage min Ut min 0 \'%
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B. Operational Areas with Copper Loss Minimization

The iteration algorithm with copper loss minimization is applied. The obtained torque-speed
maps of stator current, field current and stator voltage are presented in Figure 4-3, Figure 4-4
and Figure 4-5 respectively. Comparing Figure 4-3 and Figure 4-4, a torque-boosting area can
be identified in the region close to 800 N-m. A field-weakening area can be noticed in Figure
4-5 at speed higher than 4000 rpm.
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Figure 4-3 Stator current amplitude of an 800 V 250 kW EESM in copper loss minimization.
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Figure 4-4 Field current of an 800 V 250 kW EESM in copper loss minimization.
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Figure 4-5 Voltage amplitude of an 800 V 250 kW EESM in copper loss minimization.
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C. Step Responses of the Dynamic Current Reference Determination Algorithm

To evaluate the dynamic current reference determination algorithm, three points, one in
normal operation area, one in torque-boosting area and one in field-weakening area, are
selected as listed in Table 4-3. The solutions at 3 ms after the step of torque request are
compared with those obtained from iteration.

Table 4-3 Verification of dynamic current reference determination algorithm

Normal Operation Torque-Boosting Field-Weakening Unit

Speed 3000 3000 6000 rev/min
Target 400 800 400
Tem Iteration 400.00 800.00 400.01 N-m
Dynamic 400.00 799.80 399.41
Iteration -42.72 -130.7 -326.59
I4 A
Dynamic -43.51 -84.08 -356.78
Iteration 254.25 430.6 215.03
I A
1 Dynamic 252 444.19 191.99
Iteration 4.22 7.79 5.81
I A
Dynamic 4.3 7.86 6.95
Iteration 1.95 5.94 4.48
Pc.. kw
. Dynamic 1.92 6.01 4.83
Iteration 0.97 3.32 1.85
Pcus kw
! Dynamic 1.01 3.38 2.64
Iteration 2.92 9.26 6.33
P kw
! Dynamic 2.93 9.39 7.47

As can be noticed from Table 4-3, the solutions of currents in normal operation area agree
with the iterative solutions. However, the solutions in torque-boosting area differ, but the
value of total copper losses is similar to the one from iteration. This indicates that the
solutions from dynamic algorithm are close to the optimum ones and the cost does not vary
sharply when the solution is close to the optimum point. In field-weakening area, the current
solutions of differ significantly. Consequently, the stator copper loss is 350 W higher and the
field copper loss is 800 W higher than the iterative solutions. This means the algorithm in field
weakening needs improvement.
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The step responses in normal operation are presented in Figure 4-6. The speed is fixed at 3000
rpm, and a step of torque request of 400 N-m is given at 1 ms as shown in (a). The responses
of current references can be seen in (b) and (c). The waveform of torque calculated from
current references is marked as Tep rer Which is compared with the torque request Ty req in
(a). The sampling frequency is at 20 kHz which indicates a sampling period of 50 us. As can be
noticed, Tem rer reaches 90% of the request Tepy, req Within 3 steps, i.e. 150 ps. The same
response time can be seen in current reference waveforms. After Tep, rer reaches the request,
the adjustment of current references continues until 1.8 ms to minimize the total copper loss.
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(a) Torque request and reference corresponding to current references.
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Figure 4-6 Step responses of torque and current references in normal operation area using the dynamic
current reference determination algorithm and the dynamic model of an 800 V 250 kW EESM.
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The step responses in torque-boosting area are shown in Figure 4-7. The speed is fixed at
3000 rpm. A step of torque request of 800 N-m is given at 1 ms as shown in (a). As has been
pointed out in Figure 4-3, the stator current amplitude reaches the maximum before field
current while the torque approaches 800 N-m. Hence this is in the situation of torque-
boosting following the definition in Section 3.4.2. As can be seen in (a), the response Tep, ref
swiftly approaches the request Tep, req before 1.2 ms, but it takes more time to really catch
800 N'm around 2 ms. This can be explained with (b) and (c). Before 1.2 ms, the stator current
amplitude and field current increase proportionally to realize copper loss minimization. At 1.2
ms, the stator current amplitude hits the limit, and the further increase of torque totally relies
on the increase of field current. The angle of stator current also adjusts due to the saturation
of the iron-core while field current is increasing. Finally, at 2 ms, Tep, rer reaches Tepm req-
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Figure 4-7 Step responses of torque and current references in torque-boosting area using the dynamic current
reference determination algorithm and the dynamic model of an 800 V 250 kW EESM.
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The step responses in field-weakening area are shown in Figure 4-8. The speed is fixed at 6000
rpm. A step of torque request of 400 N-m is given at 1 ms as shown in (a). As has been pointed
out in Figure 4-5, this is in the situation of field-weakening following the definition in Section
3.4.3. As can be noticed, the responses of all reference quantities here are slower than those
in the normal operation area. This is due to the reason that the current vector cannot follow
the direction of torque gradients while the voltage limit is reached. The cancelation vector in
(4-30) slows down the grow of torque, which results in a longer response time in all reference
quantities. The current vectors keep on being adjusted even after Tep, rer reaches Tem req-
Hence the values in the field-weakening case presented in Table 4-3 and Figure 4-8 are not
the steady state values.
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Figure 4-8 Step responses of torque and current references in field-weakening area using the dynamic current
reference determination algorithm and the dynamic model of an 800 V 250 kW EESM.
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4.2 Dynamic Current Control

The aim of the dynamic current control is to form the step responses of current rises into the
shape of first order. To achieve this, the controller is designed by taking care of three parts of
the terminal voltage of the machine separately

U = Ugeif + Umytual T Ucross (4-36)

where Uge s is the voltage across the resistances and self-inductances, i.e. in this part, the d-
axis, g-axis and field circuits are independent, so it is actually a stacking of three single-input
single-output (SISO) systems

di
Ugerr = Ri + lselfa (4-37)

Umutual 1S the voltage across the mutual-inductances, i.e. in this part, the d-axis voltage is
decided by the g-axis and field current derivatives, the g-axis voltage is decided by the d-axis
and field current derivatives and the field voltage is decided by the d-axis and g-axis current
derivatives

Umutual = lmutual% (4-38)
U ross 1S the cross-coupling part
Ucross = WY (4-39)
In terms of controller design, these three parts can be taken care of separately
Uctr] = Uctrlself T Uctrlmutual T Uctrl.cross (4'40)

where U, is the total controller output, Uctriself, Uctrimutual @Nd Uetrlcross are the
controller outputs for the self-, mutual and cross-coupling parts respectively.

4.2.1 Feedforward for Cross-Coupling Part

The cross-coupling part is an addition part

Uctrl.cross = WUcross = (‘"I} (4-41)

With this cross-coupling term fed forwarded, the remaining parts are RL circuits including
resistances, self-inductances and mutual inductances.

4.2.2 Loop Shaping Pl Regulator for Self-Part

The self-part is a stack of three RL circuits. For each RL circuit, a Pl regulator can be designed
to shape the current response into first order with a bandwidth of .. The risetime is defined
as the time interval for the current to rise from 10% to 90% of the steady state level. The
relation between the bandwidth . in rad/s and risetime t in s follows

tr =19 /a, (4-42)
To have a first-order response, the Pl coefficients are set as

kp =Uc- L , kI =ac- R (4-43)

66



Hence the voltage applied across the self-part is
Ucrriself = Kplerr + K f lerrdt (4-44)

in terms of all the three RL circuits together, where
Lerr = Uref — Imsr (4-45)

i.or are current references, i, are current measurements, Kp and K; are matrices of Pl
coefficients

Kp=A.L , K =A-R (4-46)

A is the matrix of control bandwidth

Acd 0 0
AC = 0 ac_q 0 (4-47)
0 0 A

and acq, Acq and ac¢ are the bandwidths of d-axis, g-axis and field current control
respectively.

4.2.3 Compensation for Mutual-Part

The vector of current derivatives to form the desired first-order responses with bandwidths
in (4-47) can be determined as

di : .
E = lsellf(uctrl.self - lesr) (4-48)

The self-inductance matrix is diagonal as shown in (2-7). Therefore, it is inversible, which
means the solution of L. always exists. The current derivatives here are the ones decided
by the controller to form first-order responses instead of the derivatives of current samplings
which are noisy.

Then to achieve the target current derivatives in (4-48), the vector of voltages that needs to
be applied across the mutual inductances can be determined as

di

Uctrlmutual = Imutual E (4-49)

Combining (4-48) and (4-49), the vector of voltages applied across the mutual inductances is

— -1 =
Uctrlmutual = lmutuallself(uctrl.self - lesr) (4'50)

This shows the mutual induced voltages to be compensated for to form the target first-order
current rises.

4.2.4 Another Perspective of the Control

The controller output voltage introduced in (4-40) can be described in another format

Ucer] = UcerlR + UcrlL + Uctrl.cross (4'51)
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where U r is the voltage vector applied across the resistances, U, 1, is the voltage vector
applied across the inductances and U iy cross IS the feed forward of cross-coupling terms
which is the same as described in (4-41). The voltage vector U, r follows the Ohm’s Law

Ucerlr = Ripsr (4-52)

The voltage vector U,y is determined by the current derivatives to form first-order
responses

di

E = us_ellf(uctrl.self - Rimsr) (4-53)

Ucer, = L
The Ui self here is determined in the same way as in (4-44). From this perspective, the PI
regulator described in (4-46) is a tool to determine the current derivatives targeting the shape
of first-order responses. Then the current derivatives are further used to determine the
voltage vector that needs to be applied across the total inductances.

4.2.5 Anti-Windup

The voltages applied across the windings are limited to the converter output capabilities. In
case the voltage reference exceeds the limit, the voltage output is saturated. In this situation,
the controller needs to be aware of this to avoid the integrator from winding up. This is the
anti-windup technique.

In this study, since the PI regulator is only used to take care of the self-part of the winding,
the anti-windup technique only needs to be applied accordingly there to avoid the windup of
the integrator. The input to the integrator is then modified from i, in (4-45) to

. -1
lerr + KP (uctrl.self.lim - uctrl.self) (4'54)

Due to the limited voltage output capability during saturation, the feed forward of the d- and
g-axis cross-coupling terms cannot function well even with the anti-windup technique
implemented, so as the compensation for the induced voltages due to mutual coupling.
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4.2.6 Evaluation
The same design of 800 V 250 kW EESM for electric trucks is used in this study.
A. Dynamic Current Control within Voltage Limit

The study is started with the simplest case in which the controller output voltages are within
the converter output voltage limits. The bandwidths of the current control and the
corresponding risetimes are listed in Table 4-4. The current reference steps are defined in
Table 4-5. The current steps are small compared with the current limits. This is to avoid the
voltages from exceeding the limits. In this study, for the sake of convenience, the control
taking care of only the self-inductances is noted as “PI” which means the original case,
whereas the proposed control algorithm taking care of both the self- and mutual inductances
is noted as “PI&CMP”.

Table 4-4 Parameters of current controller

Bandwidth Rise Time
Parameter
Value Unit Value Unit
D-axis current control 10 Hz 35 ms
Q-axis current control 10 Hz 35 ms
Field current control 5 Hz 70 ms
Table 4-5 Steps of current references
From To At
References
Value Unit Value Unit Value Unit
D-axis current step 0 A 50 A 0.7 s
Q-axis current step 0 A 50 A 0.4 s
Field current step 0 A 1 A 0.1 s

As a brief comparison of the results, the risetimes of the currents are measured and the
bandwidths are calculated, as presented in Table 4-6. The risetimes in Case “Pl” deviate from
the target values as presented in Table 4-5, whereas the risetimes in Case “PI&CMP” closely
follow the targets. This indicates that with mutual induced voltages compensated, first-order
responses can be achieved. In addition, the rise times of the d-axis and field currents deviate
more than that of the g-axis current. This is due to the higher mutual inductance between the
d-axis and field than that between the g-axis and field.

Table 4-6 Current responses

Bandwidth Rise Time
Case Quantity

Value Unit Value Unit

D-axis current 7.15 Hz 48.88 ms

PI Q-axis current 9.96 Hz 35.12 ms
Field current 4.18 Hz 83.60 ms

D-axis current 10.20 Hz 34.27 ms

Pl & CMP Q-axis current 10.20 Hz 34.27 ms
Field current 5.10 Hz 68.55 ms

69



The step responses of the currents with and without compensations for mutual induced
voltages are compared in Figure 4-9 and Figure 4-10. As already compared in Table 4-6, the
current responses in Case “PI&CMP”, i.e. the waveforms of ig msr.1, iqmsr.1 aNd ifmsr.1 €an be
considered as first order. Discrepancies between the two cases are then pointed out and
explained.

A disturbance in ignsro Starting from 0.1 s can be noticed in Figure 4-9 when the field current
rises as shown in Figure 4-10. The disturbance here is due to the EMF across L4r induced by
the field current rise. This amount of induced voltage should be compensated for by the
controller to keep the d-axis current at zero, but it is not in Case “PI”. Therefore, the d- and
g-axis voltages deviate from how they should behave as shown in Figure 4-11. The
disturbance in d-axis current then affects the field current in return through an induced
voltage across L¢gq. The influence can be firstly seen in the deviation of field voltage shown in
Figure 4-12. Then it ends up with a discrepancy between if5r0 and ifpsrq around 0.2's
shown in Figure 4-10.

At 0.7 s, the d-axis current rises, and a dip in ifysro Can be noticed in Figure 4-10. The
explanation for this is similar to the one for the disturbance at 0.1 s in d-axis current. An EMF
across Lgq is induced by the rise of d-axis current. The controller in Case “PI” does not take
this mutual induced voltage into account. Therefore, a dip appears in the field current. The
field current controller detects the error and then gradually increases the voltage output as
shown in Figure 4-12 to turn the field current back as shown in Figure 4-10. The disturbance
in field current then induces an EMF in d-axis and affects the d-axis current in return as shown
in Figure 4-9.
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Figure 4-9 Step responses of d- and g-axis current.
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Figure 4-10 Step response of field current.
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Figure 4-12 Waveforms of field voltage.

The waveform of the electromagnetic torque is presented in Figure 4-13. As can be noticed,
the dip in field current shown in Figure 4-10 causes a dip in torque as shown in Figure 4-13.
With mutual induced voltages compensated, the torque response becomes smooth.
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Figure 4-13 Waveforms of electromagnetic torque.
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B. Dynamic Current Control with Voltage Limit Reached

In this section, the control bandwidths are given as 10 times of the previous ones as listed in
Table 4-7. The current references are given as the ones with which the machine delivers peak
torque. The steps of current references are defined in Table 4-8. With these setups, the
voltage limits would be hit when the currents step up. Two cases are studied in this section.
One case is with no anti-windup implemented, named as “PI&CMP”, whereas the other case
is with anti-windup implemented, named as “PI&RCMP&AWP”,

Table 4-7 Parameters of current controller

Bandwidth Rise Time
Parameter
Value Unit Value Unit
D-axis current control 100 Hz 35 ms
Q-axis current control 100 Hz 35 ms
Field current control 50 Hz 7.0 ms
Table 4-8 Steps of current references
From To At
References
Value Unit Value Unit Value Unit
D-axis current step 0 A -131.8 A 0.05 s
Q-axis current step 0 A 430.3 A 0.20 s
Field current step 0 A 7.854 A 0.35 s

The stator and field current responses are presented in Figure 4-14 and Figure 4-15. The stator
and field voltages can be seen in Figure 4-16 and Figure 4-17. In Figure 4-14, the d-axis current
in Case “PI&CMP” is disturbed at 0.05 s. This happens when the field voltage hits the limit as
can be seen in Figure 4-17. In this situation, U ¢ seir Calculated in the controller exceeds the

- . . . di
voltage limit. By using this exceeded voltage level of U i self, the current derlvatlvesz are

over-estimated, because the actual voltages applied across the self-inductances is limited but
the controller is not aware of this. Consequently, unnecessarily higher voltages are applied
across the stator windings as can be seen in Figure 4-16. This causes the disturbance in d-axis
current at 0.05 s.

After the d-axis current comes back to zero, it then goes to negative instead of staying at zero.
This is due to the mechanism of Pl control. A Pl controller integrates the error to eliminate
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Figure 4-14 Step responses of d- and g-axis currents.
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Figure 4-17 Waveforms of field voltage.

the error. A negative integral is established when the d-axis current goes to positive. To cancel
this negative integral, the d-axis current needs to go negative for some time, and in the end,
the negative area should be equal to the positive area enclosed by the current waveform and
the time-axis.

The field current in Case “PI&CMP” rises faster than that in Case “PIRCMP&AWP” starting
from 0.05 s. This is due to a negative EMF induced in the field winding by the decrease of the
d-axis current. The induced negative EMF together with the applied field voltage at the
terminal gives a higher voltage in total applied across the self-inductance in field winding.
Consequently, the field current rises faster in Case “PI&CMP”.
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A large over-shoot in field current can be observed in Case “PI&CMP”. This is due to two
reasons. One reason is that, the Pl regulator of the field current only takes care of the
resistance and the self-inductance in the field winding. The EMFs across the mutual
inductances are disturbances not considered in the Pl regulator design. These EMFs cannot
be canceled by the compensation algorithm either because the current derivatives are
calculated based on U i seir Which is not the correct value when the voltage limit is hit.
Another reason is that, anti-windup is not implemented in Case “PI&CMP”. Thus, the
integrator keeps integrating the entire amount of error current even after the voltage limit is
hit. This means the integrator winds up. Hence after the field voltage exits saturation, it takes
time for the integrator to clear this extra amount of integral.

In contrast to Case “PI&CMP”, the current waveforms in Case “PI&CMP&AWP” are clean
during the rise of field current. This is due to the anti-windup applied to Ui sejr- HOWever,
during the rises of d- and g-axis currents, the field current is disturbed even with anti-windup
implemented as can be noticed in Figure 4-15. This is due to that the EMFs in the field winding
induced by d- and g-axis currents are too high for the field voltage to compensate for though
the field voltage in terminal already drops to zero. As has been described in the design section,
the compensation for the induced voltage due to mutual coupling cannot function well when
the voltage output capability is already exhausted. Hence in this situation, the same
disturbances appear in field current in both Case “PI&CMP” and Case “PI&CMP&AWP”. In
comparison, during the rise of field current, there is no disturbance in d- and g-axis currents.
This is because the stator voltage output capability is not exhausted yet and the controller
can still compensate for the induced voltages across the mutual inductances in the stator
winding.
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Chapter 5

Machine Design

Three types of electric vehicles are considered in this study, mild-hybrid cars, electric
passenger cars, long-haul electric trucks. The machine design starts from the specifications.
To achieve the specified performance, the machine characteristics need to be maximally used.
This can be realized by following some design criteria formulated in this chapter. With these
design criteria, a structural design procedure is concluded. In the end, a multi-objective
optimization method is introduced to achieve the target while minimizing the cost.

5.1 Design Specifications

This section starts with the critical operation points are introduced as well as the automotive
test cycles. Then the design specifications for electric machine are derived from the
performance requirement of the EV using the vehicle model. From the maximum torque and
power, mechanical and electrical dimensions are estimated.

5.1.1 Vehicle Model

A vehicle model is used to calculate the torque-speed profile for a traction motor from the
speed profile of a vehicle. The machine speed can be formulated from the vehicle speed as

Ugv

0. =Koegr - =——
gear ]
210 - 1 tire

(5-1)

where kge, is the gear ratio, vgy is the speed of the EV and ry;, is the tire radius. The torque
requested from the machine to accelerate the vehicle can be formulated as

Mgy * Agy + Froad

Tem = Ttire - (5-2)

kgear *Ngear

where 71iire is the radius of tires, mgy is the weight of the vehicle, agy is the acceleration of
the vehicle, and F.y,4 is the total resistance which is the sum of air drag F;;,, rolling resistance
Fron and grade force Fgrage

Froad = Fair + Fron + Fgrade (5-3)
These three forces can be formulated as

Pair * Cdrag " Agy 2
Foir = > * (VEv — Vwind)

Fron = Cron - Mgy * g * COS Agy
Fgrade = Mgy " g " SIN Agy

(5-4)

where p,i; is the density of air, Cqrag is the aerodynamic air drag coefficient, Agy is the
effective frontal area, vy,inq is the speed of wind which is considered as zero in this study,
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Cron is the rolling resistance coefficient, g is the acceleration of gravity, agy is the angle of
climbing slope.

The parameters of the passenger car considered in this study are shown in Table 5-1. The
parameters are from a sport car presented in [57]. The specifications considered in this study
are similar to the summaries from [58], e.g. Volkswagen e-up! (60 kW peak power, 210 N-m
peak torque), supermini electric car Renault Zoe (65 kW peak power, 220 N-m peak torque),
a medium sedan Renault Fluence (70 kW peak power, 226 N-m peak torque) and so forth.

Table 5-1 Parameters of the passenger car

Parameter Symbol Value Unit
Weight Mgy 1900 kg
Maximum vehicle speed VEV max 120 km/h
Effective frontal area Agy 2.2879 m?
Aerodynamic drag coefficient Carag 0.35
Rolling resistance coefficient Cronl 0.012
Coefficient of friction 0.8
Gear ratio kgear 5.7
Number of electric machines 1
Number of tires 4
Tire size 245/45 R19

The parameters of a long-haul truck considered in this study are shown in Table 5-2. The
weight of the truck considered in this study is around 40 tons and the totally power needed
is around 500 kW. In this case, usually two motors are needed to drive the truck, which means
each motor needs to deliver 250 kW. The specifications used in this study are based on the
references from the LONGRUN Project [59], Volvo FE Electric (185 kW peak power, 850 N-m
peak torque), Volvo FL Electric (185 kW peak power, 425 N-m peak torque) [60] and Mercedes
eActros (126 kW peak power, 485 N-m peak torque) [61].

Table 5-2 Parameters of the long-haul truck

Parameter Symbol Value Unit
Weight Mgy 40 000 kg
Maximum vehicle speed 100 km/h
Effective frontal area Agy 9.7-0.86 m?
Aerodynamic drag coefficient Cdrag 0.53
Rolling resistance coefficient Cron 0.0051
Coefficient of friction 0.8
Gear ratio kgear 19
Gear efficiency Ngear 94 %
Number of electric machines 2
Number of tires 12
Tire size 315/70 R22.5
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5.1.2 Critical Operation Points

There are critical operating situations for a specific type of EV. For instance, during start-up,
a high torque is demanded, whereas during cruising at high speed but low torque, a high
efficiency is preferable. These critical operating situations can be described by a few
parameters and need to be defined for each type of vehicle specifically.

In mild hybrid vehicles, the machine is mainly used for start-up and energy recovery.
Therefore, the focus is to achieve as high torque as possible at low speed. The truck
considered in this study is expected to be able to operate at three critical points: (1) starting
up on a slope of 12%,; (2) climbing on slope of 6% at 50 km/h; (3) cruising on flat road at
80 km/h. These critical operation points are shown in Table 5-3. Based on the vehicle model
and the parameters mentioned in Table 5-2, the critical points defined for each machine can
be derived from the critical points defined for the vehicle. In addition, since 8000 rev/min is
the point that the machine should run for long time, a good efficiency should be achieved
there.

Table 5-3 Critical operation points defined for the long-haul truck

Duration Vehicle Machine
Operation Time Speed Slope Speed Torque
[min] [km/h] [%] [rev/min] [N-m]
Peak torque 5 0~30 12 3000 800
Climbing 20 50 6 5000 350
Cruising long time 80 0 8000 50

5.1.3 Automotive Test Cycles

To describe the behaviors of vehicles in in practical situations, automotive test cycles are
introduced. The test cycles can be used to evaluate the overall performance of traction
motors in practical activities. For light-duty vehicles, the worldwide harmonized light-duty
vehicles test cycles (WLTC) are used in this study. WLTC consist of four sections, covering the
speed range from low and medium to high and extra high. For heavy-duty vehicles, CHTC-TT
are used in this study. CHTC-TT is one of the scenarios described in the China automotive
testing cycles (CATC) [62]. CATC is concluded in 2019 from a research covering over 17 vehicle
models, 2.5 million data inputs, 700 thousand car owners and 31 provinces in China. As can
be seen from CHTC-TT, a truck does not need to accelerate and deaccelerate frequently as
the cars. Instead, it needs to run continuously at high speed but low torque. In this study,
WLTC is used for mild-hybrid cars and electric passenger cars, while CHTC-TT is used for
electric trucks.
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Figure 5-1 WLTC (worldwide harmonized light-duty vehicles test cycles).
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Figure 5-2 CHTC-TT (China heavy-duty test cycles for tractors and trailers).
5.1.4 Torque-Speed Profile

The torque-speed profile of the machine used for mild-hybrid cars is shown in Figure 5-3 [63]
[64] [32] [40]. An algorithm to distribute torque request between the electric machine and
the combustion engine is applied. Hence from the total torque request, the request of the
electric machine is calculated. The torque-speed points following WLTC are presented. A peak
torque of 40 N-m for starting up the vehicle is required for 1 s. A power of 10 kW is needed
for 30 s to accelerate the car at high speed and to recovery energy during braking. A power
of 5 kW is the continuous level, and it is needed for moving the car at low speed, e.g. parking.

The torque-speed profile of the machine used for electric passenger cars is shown in Figure
5-4. The torque-speed points following WLTC are presented. The operation for 30 s is around
60 kW while 30 kW is needed continuously.

The torque-speed profile of the machine used for electric trucks is shown in Figure 5-5. The
torque-speed points following CHTC-TT are presented. The machine works for most time at
high speed but low torque region.
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Figure 5-3 Torque-Speed profile of the machine for mild-hybrid cars.
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Figure 5-5 Torque-Speed profile of the machine for the electric trucks.
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5.1.5 Mechanical and Electrical Dimensions

The machine needs to be mechanically dimensioned to fit the space on vehicles. The
maximum torque of the machine is physically limited by the rotor volume V, electric load A
in current per unit length and magnetic load B in flux density

Teom =V-A-B (5-5)

The electrical dimensions are based on the power needed to drive the vehicle and the output
capacity of the inverters driving the machines. In mild-hybrid cars, a dc-link voltage of 48 V is
the common level. In electric passenger cars, the dc-link voltage level is usually between 300
V and 400 V [58]. In this study, 360 V is considered as the nominal value. In electric trucks, the
dc-link voltage is usually between 600 V and 850 V [60] [61]. In this study, the nominal in this
study, 800 V is considered as the nominal value.

From the dc-link voltage, the maximum phase voltage amplitude can be decided

Uqg
Us.amp = T;

where m, is the amplitude modulation index, using space vector modulation (SVM). The
maximum current can be estimated

My (5-6)

J V2 Pem

=—" (5-7)
Usamp * €COS @pF SIS /3 Uqe - My - €OS @pp

Is.amp =

w| N

In EESM design, it is possible to deliberately set the power factor to unity at peak power.
Hence cos @pr = 1 can be considered in (5-7). The mechanical and electrical dimensions of
the machines are given in Table 5-4.

Table 5-4 Mechanical and electrical dimension limits

Value
Parameter Symbol Mild-Hybrid Passenger Unit
Car Car Truck
Stacking length Letk 80 120 360 mm
Stator outer diameter ODg1a 120 175 270 mm
Airgap thickness Jair 1.0 0.7 1.5 mm
Rotor inner diameter IDpot 42 50 mm
30 s peak power Ppeax 10 60 250 kW
Continuous power Peont 5 30 180 kw
Maximum speed Nr.max 9000 9000 9000 rev/min
Base speed Nppase 4500 3000 4500 rev/min
Maximum torque Theax 40 200 800 N-m
DC-link voltage Ugc 48 360 800 \Y
Maximum current amplitude Trnax 707 350 450 A
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5.1.6 Hairpin Winding

Hairpin windings are becoming a trend of traction motors, e.g. Prius 2017, Chevrolet Volt (Gen
2) [65]. In this study, the EESM for electric passenger cars is developed by replacing the rotor
of a 360 V 60 kW hairpin PMSM. The hairpin PMSM is with the outer diameter of 235 mm
including cooling jacket and the length of 240 mm including front and rear end cap. The power
density is 6 kW / L and torque density is 20 N-m / L. The measurement of hair-pin resistance
at different frequencies is presented in Figure 5-6. Curve fitting of the resistance profile gives

Rsefer = z le‘ré)o'of e, [1+acy (T —Ty)], for f <1kHz (5-8)
in Q, where
a=319%x107°,b=3.17x1073,¢c = 3.37 x 10* (5-9)
and
acy = 0.00393,T, = 20 (5-10)
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(a) Hair-Pin dimensions. (c) Resistance profile.

Figure 5-6 Measurement of hair-pin resistance.
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5.2 Machine Design Criteria

The field current employed in EESM indicates the possibility of adjusting power factor and
achieving high torque. To maximally make use of these possibilities, machine design criteria
are derived in this section: (1) to achieve unity power factor at peak torque, and (2) to
minimize the zero torque-boosting area.

5.2.1 Unity Power Factor at Peak Power

By adjusting the field current of an EESM, high power factor, even unity power factor, can be
achieved. This is an advantage of EESMs. Especially in heavy-duty applications, the vehicle
runs on express ways at high speed for long time. The criterion to achieve unity power factor
is derived in (3-22) and (3-23). Furthermore, in field weakening, the machine is working at the
intersection between current limit circle and voltage limit ellipse. To guarantee unity power
factor in this situation, the unity power factor ellipse needs to come across this intersection
as well. To make sure that a solution in this situation is available, the center of the unity power
factor ellipse described in (3-22) and (3-23) must locate outside of the current limit circle. This
criterion can be formulated as

m

I max < L_ * It max (5-11)
d

The inductances Ly, and Lg4 can be further formulated as

_ Ng.turn " Neturn . Ns ser _ Ngturn * Naturn  Nsser
—_— ) d —_— -
ERm Nf.par md Ns.par

L (5-12)
where Ny is the equivalent number of half-turns per pole in stator d-axis, Nt is the number of
turns per pole in field winding, R, is the reluctance of field winding flux path, Ry is the d-
axis reluctance of stator winding flux path, Ng ¢er and N, are the numbers of series and
parallel branches in stator winding respectively, and N¢,, is the number of parallel branches
in field winding. Nq can be further formulated as

Ng.turn = Kw "4 7 * N5 turn (5-13)

where k,, is the winding factor, q is the number of slots per pole per phase, r is the number
of winding layers and N is the number of turns per coil in stator winding. Then the criterion
can be concluded as

Ns turn Nf par ERm
I Sk g1t —m, ,m — ——— — ] 5-14
f.max w ' q Nf.turn Ns.par iRd s.max ( )

In addition, R4 equals the mutual reluctance R, in parallel with the leakage reluctance R,.
Due to the large value of R; compared with R,

R, R
Rq =Rn//Rs = = >~

"R Tm. (5-15)
m o

With this approximation, (5-14) becomes

N N¢
It max > kw q-r- S, P Is max (5-16)
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This is the criterion to decide the minimum field current level to guarantee unity power factor
in field weakening.

5.2.2 Zero Torque-Boosting

Torque-boosting is the situation when either stator or field current reaches the maximum
whereas the other does not. Hence the torque increases by increasing only one current. The
torque-boosting area decreases the possibility to increase torque further. Hence it is
preferred to be reduced as much as possible. This leads to

_ Is max

Ifmax -
' 5-17
’cg + 2 ( )

according to (3-77). Assuming that at maximum excitation level, the iron-core in d-axis is
saturated so that Lq decreases to a similar level as Lg, then

3
Peus = Ifz,max "Ry = E ' Isz.max "Rg = Peys (5-18)

This means that, to eliminate the torque-boosting area, the copper losses in both stator and
field winding need to be equal. As an approximation, taking active part into account, this
criterion can be formulated as

Is.max - E&
If.max 3 Rs

(5-19)

5.3 Design Procedure
5.3.1 Pole Pairs and Slots

The stator winding arrangement includes the number of phases m, number of pole pairs p,
number of slots per pole per phase q. The total number of slots Q therefore becomes

Q=2-m-p-q (5-20)

As for the selection of p, a higher value would shorten the length of end-winding which would
further reduce copper losses. However, since the electrical speed w, is p times of the
mechanical speed {2,

T

a)rzp-,{)rzp-%

‘N, (5-21)
where n; is the speed in revolution per minute, a higher p requires a higher electrical speed
wyr, and consequently

e A higher iron-core loss, because the eddy current iron-core loss is proportional to w?
and the hysteresis iron-core loss is proportional to w,.
¢ A higher fundamental frequency f; from the inverter

_ Wy :p'nr
2 T 60

f (5-22)

And frequency modulation index ms becomes lower at high speed of the machine
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me = fow/f1 (5-23)

Then it becomes possible to calculate the maximum number of pole pairs allowed in
consideration of switching
2-m: 60 -
Pmax = Jw = Jw (5-24)

Memin “2rmax  Memin * Nr.max

The winding arrangement considered in this study is shown in Table 5-5.

Table 5-5 Winding arrangement

Value
Parameters Symbol Mild-Hybrid  Passenger

Car Car Truck

Number of phases m 3 3 3

Number of pole pairs D 4 4 4

Rirotcoees N B S S

Number of layers r 1 2 2

Pole pitch T 3 6 6

Coil pitch y 3 5 5

Number of slots Q 24 48 48
Winding factor kv 1.000 0.933 0.933

5.3.2 Strands, Turns, Coils, Branches, and Phase

The relation between winding structures can be illustrated in Figure 5-7. The most basic
element to form a winding is a copper strand. From manufacturing perspectives, a strand
diameter between 0.7 mm and 1.0 mm would be practical. The strand area can be decided as

Astrang = T rsztrand (5-25)
The copper area of a strand is quite limited. To conduct a higher current, several strands are
placed in parallel to form a turn. Then several turns are winding around the teeth of the stator
to increase the EMF. Obviously, these turns are in series. The series-connected turns form a
coil, and several coils are connected in series to form a branch. Finally, several can be
connected in parallel to form a phase winding.

turn coil
Strand Turn 1 Coil —— Branch Phase
Series Series

(a) Strands, Turns, Coils, Branches, and Phase.

A A E N, turn E N, coil E
Astrand branch phase turn > coil > phase

(b) Copper area. (c) EMF.

Figure 5-7 lllustration of strands, coils, branches and turns.

Therefore, all the parallel-connected elements are dividing the current
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Apranch = Astrand " Nstrand  »  Aphase = Abranch * Nbranch (5-26)
and all the series connected elements are dividing the EMF
Epranch = Eturn “ Nturn  » Ephase = Ecoil " Neoil (5-27)
Among the parameters, N.,i and Npranch are constrained by winding arrangement
Neoit * Noranch =P q "7 (5-28)

For the stator winding, the total copper area per phase able to conduct the maximum current
can be estimated as

I
Aphase = = (5-29)

]rms.max

The number of strands is therefore decided by taking of ceiling of the ratio

Abranch}

strand

Ngtrand = ceiling{ (5-30)

In the end, the copper areas of each strand and the phase can be using (5-26) .

For the field winding, to guarantee the same amount of MMF generated from each pole,
Npranch is set to 1. In addition, the field excitation is expected to be contactless through an H-
bridge inverter, a rotating transformer and a diode rectifier. Therefore, a higher resistance of
the field winding is preferred to minimize the voltage drop across the diodes in percentage.
Hence Ngiranq is set to 1. The strand current is the same as the terminal current.

5.3.3 Airgap and Slot Geometry

The stator and rotor geometries are parameterized as shown in Figure 5-8. Bs0, Bs1 and Bs2
mean the widths of slot opening, slot top and slot bottom. Hs0, Hs1 and Hs2 mean the
heights of slot opening, slot wedge and slot body. Rs means the fillet radius of slot corner.

. f
#-:HsOgot

_—
Bslpor

ROT

oo

T hay o o
Yo . / rilgor -
\’J _ESOS:T_ o L'}j"‘ /
(a) Stator geometric parameters. (b) Rotor geometric parameters.

Figure 5-8 Parameters of the stator and rotor geometries.

Parametric sweeps are applied to decide the optimum geometries of stator and rotor slots.
The slot width and height are swept while the stator and rotor slot areas are fixed in the
sweep. Parallel tooth in stator and parallel pole in rotor are set as constraints as well, which
means
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BSZSTA = BSlSTA +2- HSZSTA *tan asTA

BSZROT = BSlROT -2 HSZROT -tan agot
where
asta =T/Q , agor =T/2/p

The tooth width and yoke width can be formulated as

IDgtp sin 2agra
WSTA tooth = ( + HsOgtp + HSlsTA) SinBsra Bslgrp - cos asta
ODstp — IDs7p
WsTAyoke = 5 — HsOgpp — Hslgpa — Hs2g1aA — RSgTA
where
Bsta =T/2 —asta , PBror = T/2 — Qgor

The stator and rotor slot areas can be formulated as

Agiotsta = (Bslgra + Bs2g1a) - Hs2g74/2
+RSSZTA ' (T[/Z + aSTA + sin O(STA * COS aSTA)
+[Rssta - (1 + sinagra)] - (Bs2sta — 2 - RSsTa * COS AsTA)

Agiotror = (rlror + 72R0T1)/ €COS AROT * HS2ROT
+7r1%or - (1 — Brot) + m2R0T * BrOT

where

Bslgror Bs2ror

rlgor = , T2gor =

2 COS AROT 2 COS AROT
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5.4 Optimization for Maximum Peak Torque

Following the specifications introduced in Section 5.1, a 4-polepair 24-slot EESM for mild
hybrid vehicle is designed. The target is to achieve the maximum torque within the fixed
volume and current density. In order to push as much torque as possible out of the motor,
the flux path needs to be made as wide as possible to avoid magnetic saturation. To achieve
this, a parametric sweep is established. The sweep consists of airgap diameter, slot width, slot
depth, pole width and pole height. The stator slot area and the rotor slot area are fixed
according to a fixed current density. In the end, the optimum sizes of stator slot and rotor
pole along with the optimum stator inner diameter are determined. The parameters of the
final design are presented in Table 5-6.

The flux distributions of no-load operation and peak torque operation are calculated in FEM
and presented in Figure 5-9. As can be noticed from the flux distributions, the flux density of
the stator teeth, yoke and rotor pole body are around 1.6 T, which is slightly below the limit
of saturation around 1.8 T. In peak torque operation, the flux distribution is asymmetric. Local
saturation can be found on one tip of the pole shoe whereas the saturation on the other tip
is eased. This is due to the fact that, the d- and g-axis flux are in the same direction on one tip
whereas on the other tip, the flux flow in the opposite direction and therefore canceled [16].

Table 5-6 Parameters of a 4-polepair 24-slot EESM for mild hybrid vehicle

Parameter Symbol Value Unit

Stator slot width Bs1 5.56 mm

Stator slot depth Hs2 4.5 mm

Rotor pole body width Wpole 16.5 mm

Rotor pole body height hpote 14.5 mm
Number of turns in stator Nsta turn 6
Number of turns in rotor per pole NROT turn 75

Steel material SURA M250-35A

B [teslal

Z.08

1.3@
1.65
1.56
1. 44
1.32
1.z28
1.85

a. 84

@a.7z

Q. 68
A, 45
@. 36
@. 24
@.1z
@, ea

(a) No-load operation. (b) Peak torque operation.

Figure 5-9 Flux distribution in FEM of a 48 V EESM.
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5.4.1 Prototyping

The prototyping of the 48 V 20 kW EESM and validation are presented in this section. The
machine prototype is for mild hybrid vehicles, mainly used for vehicle starting up and cruising.
The parameters of the machine are listed in Table 5-7. The resistances and inductances of the
stator and field windings are identified experimentally. The mutual inductance between the
stator and field windings is determined by measuring no-load EMF from the stator side. The
d- and g-axis inductances are ascertained by injecting d- and g-axis currents separately.

Table 5-7 Parameters of a 4-polepair 24-slot EESM for mild hybrid vehicles

Parameter Value Unit Parameter Value Unit
Maxi h t
DC-link voltage 48 v aximum phase curren 500 A
amplitude
30 s peak power 10 kw Continuous power 5 kw
Maximum torque (for 1's) 30 N-m Base speed 4500 rev/min
Stator outer diameter 120 mm Stator inner diameter 90 mm
Active length 80 mm Air gap 1 mm
Stator winding resistance (dc) 4 mQ Field winding resistance (dc) 5 Q
Stator d-axis inductance 4.4 UH Stator g-axis inductance 206 UH
(unsaturated) (unsaturated)
Field winding induct
eld winding Inductance 130 mH Mutual inductance (unsaturated) 1.0 mH
(unsaturated)

The cross-section of the EESM in CAD drawing is illustrated in Figure 5-10 (a). The excitation
of the machine is brushless. A rotating transformer is placed between the field winding and
the end cap on the rear as pointed out in (a). The primary side is mounted on the stator frame
whereas the secondary side is mounted on the rotor frame. An H-bridge inverter delivers
power to the primary side, and through an airgap, the power reaches the secondary side.
After a diode rectifier, dc current flows to the field winding. The diameter of the machine
including the cooling jacket is 155 mm and the length between the front and the rear end
caps is 172 mm. Considering a peak torque of 33.8 N:m, the torque density is over 10 N-m/L.
Figure 5-10 (b) and (c) show the stator and rotor of the protype. Winding terminals come out
from the rear of the machine. PT100 sensors are inserted into the winding to monitor
temperatures. The rear of the shaft is hollow for the wires of the PT100 sensors to come out.

NN
—

§

(a) Cross-section of the machine assembly. (b) Stator. (c) Rotor.

Figure 5-10 Cross-Section of a 48 V EESM.
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5.4.2 Experimental Verification

The photos of the experimental setup are shown in Figure 5-11. Subplot (a) shows the power
electronics and the measurements as well as the machine which have been described in the
previous sections. Subplot (b) shows the control and monitor station. The details of the signal
processing circuit and the control programme are described in Appendix C.

§ Load Machine

“ Oscilloscope Control Panel §
| in LabView
> s -

(a) Test bench. (b) Control station.

Figure 5-11 Experimental setup.

The torque measurements from torque transducer are presented in Figure 5-13 (a). The field
current ranges from 5 A to 15 A in a step of 5 A, while the g-axis current ranges from 100 A to
500 A in a step of 100 A. The measurements are performed at a speed of 750 rpm, due to the
fact that a higher speed consumes more power than the power source equipped in the
laboratory. In addition, the application of this motor is for the start-up of a mild hybrid vehicle
in which a sufficient output torque is more important than output power.

The measurements fit the FEM results quite well. The efficiency and displacement power
factor are presented in Figure 5-13 (b) and (c). The displacement power factor (DPF) is defined
as the power factor considering only the fundamental components of voltage and current. As
can be noticed, the efficiency and DPF fit the FEM calculations quite well.
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Figure 5-12 Torque measurement in verification of torque at 750 rpm.
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Figure 5-13 Efficiency measurement in verification of torque at 750 rpm.
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Figure 5-14 Displacement power factor in verification of torque at 750 rpm.
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5.5 Optimization for Multi-Objectives

In this section, the multi-objective optimization is presented with the design of 800 V 250 kW
EESM for electric trucks.

5.5.1 Cost Function and Constraints

In the design of EESM for electric trucks, the strand diameter is arbitrarily decided as 1.0 mm
for both stator and field windings. Considering thermal issues, the current densities of stator
and field windings are set as 15 and 10 A/mm? respectively. A few parameters are fixed in the
analysis of slot geometries as listed in Table 5-8. The airgap thickness is set to 1.5 mm to avoid
radial collisions. The values of other parameters in the table are believed to be practical
choices in terms of manufacturing and would not significantly affect the machine
performance. The rotor is decided as closed-slot to prevent the field windings from flying out
at high speed.

Table 5-8 Fixed parameters before optimization

Parameter Symbol Value Unit
Airgap thickness tairgap 1.5 mm
HsOgta 1 mm
Hslgra 1 mm

Stator
BsOgta 2 mm
RSgta 1 mm
HsOgror 2 mm
Rotor Hslgor 0 mm
BsOgoT 0 mm

5.5.2 Parametric Sweep and Prieto-Frontier

Parametric sweeps are applied in optimization to maximize the peak torque while minimize
losses. As mentioned before, the air gap diameter, widths and heights of slots are varied while
the slot areas are kept constant. The maximum torque versus core-loss of each geometrical
design is presented in Figure 5-15. The copper losses are almost the same for all cases and
therefore are not presented here. The geometries with the same air gap diameter are
illustrated in the same color. The optimum points are expected to achieve high torque and
low iron-core losses at the same time. The Pareto frontier regarding this target is illustrated
in the graph. Additionally, there are only three candidates lay above 800 N-m. The differences
of torque level between them are minor. Therefore, it is clear to select the one with the lowest
core-loss among the three, which is marked by a circle in blue. The parameters of this finalized
design are listed in Table 5-9 and Table 5-10.
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Figure 5-15 Peak torque versus iron-core losses of different geometries.
Table 5-9 Winding and geometrical parameters of the finalized design of the 800 V 250 kW EESM

Stator Rotor
Parameter
Value Unit Value Unit
dairgap 205 mm 205 mm
Npranch 4 1
Neoin 2 8
Neurn 5 270
Nstrand 7 1
Hs2 14.58 mm 26.62 mm
Bs1 7.79 mm 28.99 mm
Bs2 9.70 mm 6.94 mm

Table 5-10 Electrical parameters of the finalized design of the 800 V 250 kW EESM

Parameter Symbol Value Unit
Stator resistance @ 100°C R, 19.55 mQ
Field resistance @ 100°C R¢ 54.71 Q
D-axis self-inductance @ zero current Laq 1.30 mH
Q-axis self-inductance @ zero current qu 1.30 mH
Field self-inductance @ zero current lee 20.29 H
Mutual inductance @ zero current Lyt 92.80 mH
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5.5.3 Results
A. Flux Distributions

The flux distributions of the machine with the finalized geometry at no load and peak torque
are presented in Figure 5-16. The maximum field current of 7.854 A is applied in both cases.
The peak torque is achieved with the maximum stator current amplitude of 450 A and a
current angle of 107°.

2.00T
1.75T
1.50T
1.25T
1.00T
075T
050T

0.25T

0.00T

(a) No load operation. (b) Peak torque operation.

Figure 5-16 Flux density distribution of the 800 V 250 kW EESM.

At no load, the teeth and yoke of the stator are evenly saturated. Comparably, at peak torque,
some of the stator teeth become more saturated due to armature reaction. This leads to a
reverse of saliency from Lqq > Lqq t0 Lqq < Lqq- Consequently, the peak torque is achieved
at a current angle of 107° instead of being at first quadrant in dg-frame.

In addition, the saturation of rotor pole is eased at peak torque due to the amount of negative
d-axis current applied from the stator winding. The flux generated from the negative d-axis
current counteracts the flux generated from the field winding and eases the saturation in
rotor pole body. Moreover, the saturation of the rotor pole shoes becomes uneven. This is
due to the g-axis current applied from the stator winding. The flux generated from the g-axis
current cancels the flux at one tip of the pole shoe while enhances the flux at the other tip.

B. Critical Operation Points

Flux linkage maps are generated by varying d-axis, g-axis and field currents in FEM parametric
sweeps. Then the solutions of d-axis, g-axis and field currents at any specific torque-speed
point can be obtained through iterations to minimize copper and iron-core losses. The
solutions of the critical points are then verified in FEM. The results from iterations agree to
the FEM results as shown in Table 5-11.
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Table 5-11 Verification of critical operation points of the long-haul truck

Peak Torque Climbing Cruising Unit
Speed 3000 5000 8000 rev/min
Iteration 802.07 350.00 50.00
Torque N-m
FEM 802.02 350.46 50.14
Iteration 251.98 183.26 41.89
Power kw
FEM 251.96 183.50 42.00
Iteration 96.11 97.70 97.82
n %
FEM 96.11 97.70 97.92
Iteration 0.93 0.98 0.93
cos @
FEM 0.90 0.97 0.93
Pc, 9.31 3.19 0.34 kw
Iteration 0.90 1.13 0.59
Pg. kw
FEM 0.90 1.14 0.55

C. Efficiency Map

The efficiency map of the machine can be achieved by extending the usage of the iteration
algorithm to all points in the torque-speed map. Only copper and iron-core losses are
considered in the efficiency calculation. The sum of copper and iron-core losses is set as the
target for minimization in the iteration algorithm. Results are presented in Figure 5-17. The
envelope at high speed is steadily at approximately 300 kW. This is due to the ability of the
machine to keep unity power factor at high speed. This ability is achieved by following the
field current criterion introduced in (5-16). The high efficiency area is successfully set at high
speed but low torque region, which is the mostly used condition as described in Figure 5-5.

Figure 5-17 Efficiency map of the 800 V 250 kW EESM at torque-speed coordinates
considering only copper losses and iron losses.
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D. Performance in Test Cycles

The machine performance is evaluated in CHTC-TT. The results are presented in Figure 5-18.
The difference between input and output power are minor. This is due to that, in CHTC-TT the
truck mostly runs at high speed but low torque, which fits exactly the high efficiency area in
Figure 5-17. The copper losses are generally higher than iron-core losses during acceleration
and deceleration when high level of torque is demanded. In contrast, when the vehicle runs
steadily at almost constant speed, the torque demand is low, and the copper losses are at a
similar level of iron-core losses. Balance of the two is a well-known rule of thumb to achieve
high efficiency of machine design, and this is how good efficiency is achieved here.
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Figure 5-18 Performance of the 800 V 250 kW EESM evaluated in CHTC-TT.
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Chapter 6

High-Frequency Brushless Excitation

High-frequency brushless excitation is developed to avoid friction losses due to brushes and
sliprings. The topology using an isolated H-bridge converter is discussed in Section 6.1, which
consists of characteristics study, estimation of field current and closed-loop control. In Section
6.2, another topology using switching harmonics is introduced. The switching harmonics are
extracted through a resonance circuit and used for field excitation.

6.1 Excitation Using Isolated H-Bridge Converter

The electrical quantities of the system are described in Figure 6-1. The reason to have a
capacitor across the field winding is to avoid high-frequency oscillations between the
transformer leakage inductance and the diode stray capacitance [64].

. : : L Field
DC-Link H-Bridge Inverter Rotating Tl.’ansformer Rectifier e
idc iinv.dc :
_— B ———
_HYY\_:
de Rdc I g
T z
TA+i & = TB+|q il ; 2 ; X DA+ XDB+
H H T 1 3 2
— M — L¢ %
] W + + + L, T + | * :
i Uie Uinvae=F Cac wo Row' M3 Zu R oup us Cf==l fc liﬁ
R
TAjn': TBjn': 3 1 § % DA- & DB- f
H H T : 3
< Stationary > < Rotary }

Figure 6-1 Schematic of wireless excitation system dynamic model.
6.1.1 Steady State Modeling
In steady state modeling, the relation between the input and output is characterized. The
output power equals the input power times the efficiency
_ _p _ 12
Udc " lac " Mot = Pac " Mot = Pr = I * Ry (6-1)

where Uy, is the dc-link voltage, 14 is the dc-link current, 1. is the total efficiency, P4, is the
dc-link input power and Ps is the field winding output power. Therefore, the dc-link current is
proportional to the square of the field current, by assuming an almost constant efficiency

R¢

=— I} (6-2)
Udc " Ntot f

Idc
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Due to the limitation of space and the centrifugal force during the rotation, it is not possible
to place a Cr high enough to keep the field voltage as a pure DC quantity. Hence the field
winding is neither in a voltage-stiff case nor in a current-still case, but somewhere in the
between. It is therefore not straight forward to derive the waveforms analytically. However,
an analytical solution roughly showing the relationship between the duty cycle and the field
current can still be derived by considering the fundamental component [66]. The amplitude
of the fundamental component of the inverter output voltage is

4 T
Uramp = = Uge * sin (5 d) (6-3)

where d is the duty cycle of the H-bridge inverter. Assuming lossless, and considering only the
fundamental component, the mean absolute value of the fundamental component on the
secondary side of the transformer becomes the field voltage and the field current can
therefore be calculated as

"R m N, R ™ N, R

E_Z N, Ul-amp_ 8 N Ugc (T[ )

If (6-4)

where N; is the number of turns of the primary winding and N, is the number of turns of the
secondary winding. This expression means the I; curve is in the shape of sin G d). And the
dc-link current can therefore be calculated by substituting (6-4)(6-16) into (6-2)

_--,2 ~dc - PN 6-5
de ™ N12 R¢ Ntot (6-5)

which means the I4. curve is in the shape of [1 — cos(mtd)]. Define a characteristic current

NZ Uy
Ichar = _22 —= (6-6)
N{ R¢
then the ratio of ~9 and — are plotted in Figure 6-2, assuming N; = N, and 1ot = 100%.
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6.1.2 Dynamic Modeling

To develop a reliable and modular dynamic model of the excitation system, the system is
decomposed into several modules, dc-link, H-bridge inverter, transformer, rectifier and field
winding, as shown in Figure 6-1. Each part can be described by a few differential equations or
arithmetic equations. Necessary simplifications are introduced without sacrificing the
accuracy too much, e.g. the diodes are described by a threshold voltage and an equivalent
resistance. In some parts of the system, the circuit is nonlinear, and a few criteria are needed
to judge the operation modes of the circuit. The judgement of the circuit modes is developed
based on the physical understanding of the circuit, similar as in [67]. This simplifies calculation
and reduces computation time.

In Figure 6-1, U4. and ig4. are the voltage and current of the dc power source; Ry, Lgc and
Cqc are the dc-link resistance, inductance and capacitance respectively; Ui,y qc is the dc-link
capacitor bank voltage, i,y qc is the dc-link current going to the switches; u; and u, are the
transformer primary and secondary side terminal voltages, i; and i, are the transformer
primary and secondary side currents, u; and u; are the transformer primary and secondary
side voltages without resistive voltage drop; R; and R, are primary and secondary side
resistances, L1, and L,, are primary and secondary side self-inductance, M is the mutual-
inductance; R¢, Ly and (¢ are the field winding resistance, inductance and capacitance
respectively.

A. DC-Link

The dc-link inductance Ly together with the dc-link capacitance Cy4. are energy storage
components and therefore the dc-link current, i together with voltage across the capacitor,
Uinv.dc, are counted as states. The states can be described as

digc _ Udc — Uinv.de — Rac " lac
dt Lae 6
AUiny.dc _ lac — linv.dc
dt B Cac

Hence the current going into the inverter is considered as input to the model and is described
as

linvde = i1 * (STa+ — STB+) (6-8)

where i; denotes the output current of the inverter, s denotes the switching signal of the
MOSFETs: s = 0 means off and s = 1 means on. When the upper switch is on, then the
bottom is off simultaneously and vice versa. Apart from that, blanking time is also
implemented, when the two switches are off simultaneously for a short while to prevent any
shoot-circuit of dc-link.

B. H-Bridge Inverter

The dc-link capacitor voltage and transformer current are the inputs, whereas the
transformer input voltage is the output of this module. The inverter is composed by two
phases, A and B, and the voltage of each leg u;,y Ao and u;,y g can be described as
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Figure 6-3 Charging and discharging of drain-source capacitances during blanking time.

u.
( m;'dc —Rgs i1 Sta+ =1 sta-=0

Uinv.a = 3 Uinv.de B _ (6-9)
\Rds hT— Sta+ =0 spa- =1
u.
( mg'dc —Rgs'iy S+ =1 stg-=0

Uinv.B = 3 Uiny.de B ~ (6-10)
\Rds 17— stg+ =0 stp- =1

where Ry is the drain-source resistance of the MOSFET. Then, the inverter output voltage u,
is the difference between the outputs of Phase A and B

U1 = Ujpv.A — Uinv.B (6-11)

During blanking time, the drain-source capacitance of each MOSFET, C4s, charges and
discharges, as illustrated in Figure 6-3. Before the blanking interval starts, as shown in (a), the
upper leg conducts, and the lower leg capacitance is charged to Ug.. When the blanking
interval starts, as shown in (b), both upper and lower switch are off, but the current needs to
continue flowing due to the inductance of the transformer. The lower leg diode cannot
conduct immediately since the voltage across it is at U4.. Therefore, a discharging process of
the lower leg capacitance voltage commences. The sum of the upper and lower leg
capacitance voltage should be at Uy, so the discharging of the lower leg capacitance happens
together with the charging of the upper leg capacitance. This continues until the charging and
discharging completes as shown in (c). Thereafter, the lower leg diode takes all the current.
The charging and discharging process can be described as

dupy C dug, .
ds =la+ ds = lp+
dus- . dug- .
CdST =ip- CdsT = ip-

where Cys is the drain-source capacitance of each MOSFET, uy,, ua_, ugs and ug_ are the
voltages across the upper leg of Phase A, lower leg of Phase A, upper leg of Phase B, lower leg
of Phase B respectively, and ia,, ipo_, ig; and ig_ are the currents through the upper leg of
Phase A, lower leg of Phase A, upper leg of Phase B, lower leg of Phase B respectively. The
constraints during the charging and discharging process can be described as

Upy +UA- = Uipydc = U+ T Up- (6-13)
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Therefore, from (6-12) and (6-13),

) ) dua, dus-_ d(upy +us-) dUiny.g
iay Hia- = CdsT + CdsT = Cgs It = Cgs 21; < (6-14)
) ) dug, dug_ d(ugy +up-) duiny.g
fp+ + lp- = Cas—— + Cas—— = Cas It = Cys ;}tv = (6-15)
Since,
Ia+ —la- = i3 = ig- — ip4 (6-16)

from (6-14), (6-15) and (6-16), it can be concluded that

du; .
Cds inv.dc + iy

. dt (6-17)

lA+ - lB— - 2

duinv.dc

R (6-18)

B+ = lao- = 2

The voltage derivatives can therefore be solved as
. duinv.dc _i_l .
duinV.A _ dUA_ _ lA__ _ dt Cds - _ll_l (6-19)
. duinv.dc+i_1 .

duinv.B _ dug- _ - dt Cas ~ 11_1 (6-20)

dt dt  Cq 2 T 2Cys

The approximation “~” is valid when the dc-link capacitance is big enough so that u;,y q¢ is
with almost no fluctuation. With (6-19) and (6-20), ujny.a and Ui,y can be obtained by take

integrations of —%Cl—l and %Cl—l respectively. And this charging or discharging process
ds ds

continues until the anti-parallel diodes of the MOSFETs are forward-biased. Thereafter,

( Uinv.dc .
- ; - VF.inv Iy > 0 ( )
Uinva = wu 6-21
inv.dc .
. ; + VF.inv lq <0
( U;
D A Ve 11> 0
Uinv.B = Uinv.dc . (6_22)

C. Rotating Transformer

The transformer terminal voltages are considered as the input whereas the transformer
currents are considered as the outputs. The transformer can be described as
diy di, diy di,

=L ——M-—= e S 6-23
= by dt dt %% dt (6-23)

, U, =M-
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where u; and u; are the voltage drops across the transformer inductances only, i.e. they are
equal to the terminal voltage u; and u, compensated by the voltage drops across the
resistances Ry - i; and R, " i,

up =@y —Ry-iy) , uy=(uy+Ry-iy) (6-24)
The current derivatives can therefore be described as

dil _ Lzz , + M , (6 25)
dt N ]\42 - L11L22 ul ]\42 - L11L22 uZ

diz _ M ’ + L11
dt N 1\42 - L22L11 ul

! 6-26
M? — Lyl 2 (6-26)

D. Rectifier

In this module, the transformer secondary current, field voltage and current are the inputs
whereas rectifier capacitor current and transformer secondary voltage are the outputs. The
rectifier has two operation modes, the power transferring mode when two diodes in diagonal
positions conduct, as shown in Figure 6-4 (a) and (b), and the commutation mode when all
the four diodes conduct, as shown in Figure 6-4 (c). The method to decide the mode of a
circuit is given at the end of this section.

(a) Power transferring (i, > 0). (b) Power transferring (i, < 0). (c) Commutation.

Figure 6-4 Power transferring mode and commutation mode.

During power transferring mode, there are two cases depending on the direction of the
transformer current. In case i, > 0, as shown in subplot (a), i, is divided into the rectifier
output capacitor current and the field current

i, +is— iy =0 (6-27)

whereas in case i, < 0, as shown in subplot (b), the transformer current i,, the rectifier
output capacitor and the field current add up to be zero

ic,+if+iy=0 (6-28)
To sum up, (6-27) and (6-28) can be expressed as
ic, = liz| — i (6-29)

In addition, the transformer secondary voltage u, is decided by the field voltage and the
diode forward voltage drop

up = sign(iz) - (ug+ 2 - up) = sign(iz) - [ug + 2 - (Vgo + Rq - liz )] (6-30)
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where
up = Vgo + Rq - |i2] (6-31)

And, in case the capacitance is quite small, the field voltage will drop to a value that all the
four diodes are forward-biased. Then it comes to the commutation mode, as shown in subplot
(c), during which, the current through Leg A can be described as

ipa+ — lpa- = Iz (6-32)
And the voltage can be described as
0 = us+ uppy + Upa— (6-33)
where upp 4 and upa_ can be described by the approximated model of diodes
upa+ = Vpo + Rs " ipa+ (6-34)
upa- = Vpo + Rs " ipa- (6-35)
Then from (6-33), (6-34) and (6-35), it yields

. . us+ 2 Vpo
fpa+ +ipa- = ———p—— (6-36)
S

Thereafter, from (6-32) and (6-36), ipa+ and ipa— can be solved

_ Ug + 2" VFO .
. Ry Tk (6-37)
lpa+ = )

_ uf + 2 * VFO _ l
. R4 2 (6-38)
lpa- = )

The voltage drop across each diode can therefore be decided by the diode current
upa+ = Vo + Rq " ipa+ (6-39)
upa- = Vpo + Rq " ipa- (6-40)

Similarly, ipg+, ipg—, Upp+ and upg_ can be solved

_ uf + 2 " VFO _ l
. Ry 2 (6-41)
lpp+ = ) = lpa-

. Us +2- VFO .
. Ry Tl (6-42)
lpp- = ) = lpa+
Upp+ = Vpo + Rq " ipp+ = Upa- (6-43)
Upp- = Vpo + Rq " ipp- = Upa+ (6-44)

In the end, the transformer secondary voltage and the capacitor current can be decided

Up = Upa- — Upp- = Upa- — Upa+ (6-45)
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ic, = ipa+ + ipB+ — If = ipa+ + ipa- — it (6-46)

As for the transition between the two modes, it can be firstly assumed that the circuit is in
commutation mode, in which, ipa; and ipa_ can be calculated using (6-37) and (6-38). If both
ipa+ and ipa_ are positive, then the circuit is really in commutation mode. Otherwise, the
circuit is in the power transferring mode.

E. Field Winding

The field winding is modeled by field winding resistance Ry, inductance L¢, as well as filter
output capacitance C;. The input is the capacitor current ic. and the outputs are the field
voltage ur and current i,

dU,f _ in diLf _ Us — Rf.T : iLf

dt ¢ ' dt L¢

(6-47)

where R¢ 7 is the temperature corrected field resistance. The field resistance at temperature
T is scaled from the resistance at temperature 20°C

Ret = Regoec [1 + agy » (T — 20)] (6-48)
where ac, is the temperature coefficient of resistivity of copper.

6.1.3 Phase-Shift Control

In phase-shift control, each phase is 50% pull-up and 50% pull-down. And it is the phase-shift
between the two phases that decides the output voltage. In case of an inductive load, the
current waveform becomes trapezoid. The waveforms are illustrated in Figure 6-5. u, and ug
are the output voltage from Leg A and B respectively, u,p is the voltage difference in the
between, i is the output current and Uy, is the dc-link voltage. As can be noticed, by changing
the phase-shift between u, and ug, the output voltage can be adjusted as well as the output
current.

up
Udc / 2
0 >
time
~Uge/ 2
A
—>
time
A
—>
time
A i
Inax
0 " >
me
- Imax

Figure 6-5 Phase-Shift control of H-bridge inverter.
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The harmonics of the voltage waveform usg can be calculated by Fourier transform, from
which

=——:-sin|{h-— (6-49)

Unamp _ 4 ( D'“)
Udc m-h 2

where h means the harmonic order and D means the duty cycle. The total rms of all harmonic
contents can be formulated as

2 T
Viotrms = ? ) de D E = VDVy (6-50)
The total THD can be formulated as
V2 — V2
THD — rms 1.rms (6-51)

And this gives the lowest voltage THD of 0.290 at the duty cycle of 0.742. This can be noticed
in Figure 6-6 where the harmonic distribution, the sum of all the harmonics as well as the
voltage THD with respect to duty cycle are shown.

For the trapezoid current waveform, the rms value can be calculated by combining the
triangular part and the flat part:

_2D (6-52)

3

AndatD = 0.742

Ims = 0.711 + Iy (6-53)
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Uh.rms/ Udc & THD
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— h=1 h=2—h=3 h=4 — h=5— Total ----- THD

Figure 6-6 Harmonic distribution of phase-shift control.
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6.1.4 Zero Voltage Switching

The phase-shift modulation technique is applied to generate the switching signals to achieve
zero voltage switching (ZVS). The schematic to illustrate the idea of ZVS is shown in Figure 6-7.
In plot (a), TA+ and TB- are on, and the output voltage from the inverter is Ug.. After a time
interval of DT, the inverter is going to turn off TB- and turn on TB+ as shown in Figure 6-5. In
plot (b), it shows the blanking time when TB- is turned off but TB+ is not turned on yet. During
this time, the transformer inductance tries to keep current flowing. This current charges the
drain-source capacitance of TB- and discharges the drain-source capacitance of TB+. After the
charging and discharging complete, the drain-source voltage of TB+ goes to zero and the
diode of TB+ conducts, as shown in plot (c). In the end, the TB+ is turned on as shown in (d),
and during the turn-on process, the drain-source voltage is always zero and this gives no

switching loss.
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DB-

DB+
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DB-

L 3
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Re [
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DB-

TA#i 1:_=|-|_ TB#|i4 :_zl-l-udc % DA+
L L B Ly
LYY Y\ T p g g S—
Lo, e
ol ol
TA-|4 % T e TB-|4 % T % DA-
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TAﬂ:: 1:_=|-|_ TBﬂ:: [_=|‘|-ui % DA+
Lio b B Ly
LYY Y Ta § @ g S—
Lo ] 5B
2Ll ap i
TA-i % T Ve TB-|iy % T % DA-
(b)
TA4]i 1:_=|-|_ TB+ |1 :_=|-|_ % DA+
Lio B B Ly
LYY Y\ LYY
= Ugc LM§ ’\.I1§ §,\;z
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L] =l
A & T Ve TB-|i & T Va % DA-

(d)

DB+

CG=

DB-

Figure 6-7 Schematic of ZVS in the H-bridge converter for field excitation.
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Based on the mechanism of ZVS described above, two criteria can be concluded to determine
ZVS. Firstly, the inductive energy storage in the transformer is larger than the capacitive
energy storage in the parasitic capacitance of the switches, i.e.

1 1
E' Ls-17 > 2 “Cas.eq " Udc2 (6-54)

where (s ¢q is the equivalent drain-source capacitance, formulated as

4 8

Cdseq = 2 § Coss = § Coss (6-55)

The parameter C,ss can be found in the datasheet of the semiconductor switch. Since there
. . . 4. .

are two drain-source capacitance in the loop, there comes the factor of 2, and 3is to estimate

the Cyss at higher voltage than the condition mentioned in the datasheet [68].

The second criterion is that the blanking time is long enough for the energy to transfer from
the inductance to the capacitance. The capacitance (45 ¢q and the inductance L, forms an LC
circuit which gives a resonance frequency as

1
Wzys = —F7/——
&Y. Ls- Cds.eq

And in order to guarantee the discharging of TB+ is complete, the blanking time should be at
least 1/4 of the resonance period, i.e.

T2 28 -0 1 T Ly~ C (6-57)
blank = 4 - 2 Wzvs - 2 c ds.eq

Duty cycle loss due to commutation can be observed in H-bridge converter, where the duty
cycle at the input of the rectifier is lower than the duty cycle at the output of the inverter. The
explanation is given as illustrated in Figure 6-8. After TA+ and TB+ have been conducting as
shown in Figure 6-7, TA+ turns off and TA- turns on. As a negative voltage is applied across
the transformer, the current going through the transformer decreases. However, since the
field current is kept constant by the field inductance, when the transformer current becomes
lower than the field current, i.e. |i,| < if, the output capacitor C¢ discharges to feed current
into the field winding. In case (¢ discharges completely, the sum of ipa, and ipg; must be
equal to the field current, i.e. ipa4 + ipg+ = if. Then the decrease of the transformer current
to lower than ig, i.e. ipa4+ < i, must be compensated by introducing ipg,, which means that
both DA+ and DB+ must conduct current at the same time as shown in (b). This further
indicates that a short circuit of the secondary side of the transformer is introduced. Therefore,
the output voltage of the transformer is clamped to zero by the short-circuit of the rectifier.
The short-circuit remains until the transformer current reverses and reaches the field current
level in (c). After that, the DB+ and DA- path can feed enough current to the field winding and
that is when DA+ and DB- shut down and the short circuit disappears.

(6-56)

6.1.5 Commutation
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Figure 6-8 Duty cycle loss due to commutation in the H-bridge converter for field excitation.
The duty cycle loss reduces the power transfer from the primary side to the secondary side
and is therefore definitely not preferable. The duration of the duty cycle loss depends on how
fast the transformer current can be reversed. And during short circuit of the rectifier in (b),

N{
- udc/ lLlc + LM// <N2 )l
2

Hence a higher dc-link voltage and a lower leakage-inductance can give a quicker current
reverse and therefore a shorter loss of duty cycle. However, a lower leakage-inductance
means a lower energy storage in the inductance and due to the criteria of ZVS, a lower
leakage-inductance will reduce the range of ZVS, i.e. ZVS cannot be achieved at a higher
current level than in a higher self-inductance case. Hence one important issue to consider is
the trade-off between the loss of duty cycle on the secondary side and the ZVS range [64].

dl1

It (6-58)
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6.1.6 Experimental Verification of Excitation System
A. Prototype

The H-bridge inverter and rectifier to excite the field are shown in Figure 6-9. In the H-bridge
inverter prototype, switches in the same leg are placed close to each other to minimize the
loop inductance. dc-link capacitors are placed close to the switches as well to damp the
switching ringing. As for the driver circuit, a universal MOSFET driver PCB is designed. This
circuit is suitable for both MOSFET power modules and discrete switches.

(a) H-bridge inverter. (b) Rectifier PCB.

Figure 6-9 Protype of the power electronic inverters for a 48 V EESM.

A protype of the rotating transformer is shown in Figure 6-10. The primary and secondary pot
cores are identical. The inner side of the pot cores are covered with Kapton tape which
provides galvanic isolation and dissipates heat from the copper winding. The windings are
then molded with epoxy so that the windings, pot cores are together with aluminum case.
The diodes of the rectifier are fixed to the back of the aluminum case. The legs of the diodes
are bended 90° and connected to the rectifier PCB. The rectifier PCB is attached to the back
of the aluminum case.

The inductances of the transformer are dependent on the airgap and the relationship is
shown in Figure 6-11. The coupling factor is defined as

(a) Ferrite pot cores. (b) Rotating transformer.

Figure 6-10 Protype of the rotating transformer for a 48 V EESM.
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M
kcoupling =T (6-59)
V Lyy - Ly

The mutual inductances measured from both sides show some differences, and with a higher
airgap, the difference becomes smaller. This is due to the difficulty of keeping the exact
relative position of both transformer sides in different measurements. The total flux consists
of mutual flux and leakage flux. For small airgaps, the mutual flux is the major part of the total
flux. A minor change of relative position influences the mutual flux significantly. In contrast,
for large airgaps, the mutual flux occupies a smaller portion of the total flux, which becomes
not so sensitive to relative position change. Therefore, the difference in the mutual
inductance measured from both sides becomes small. In the verification, the mean values of
the measurements from both sides are used as the inputs of the simulations.

25 1.0
— 20 0.8 _
T o
= 3]
o 15 0.6 £ o Ly
[y oo
5] £
5 10 04 3 Ly
3
2 8 =1
£ 02 © 12=Lan
o— o D=4 8 8 © kcoupling
0 0.0
1 2 3 4 5
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Figure 6-11 Inductances and coupling factor of the transformer with 1, 2, 3, 4 and 5 mm airgap.

With the protype manufactured, the modeling of the brushless excitation system is verified
experimentally. The verifications include variations of four parameters, the dc-link voltage,
the airgap, the rectifier output capacitance and the field winding resistance. The variations
are introduced to make sure that model is commonly valid for this topology instead of being
only valid for a special set of parameters. The verification towards field winding resistance is
done by conducting experiments at different temperatures.

B. Transformer Airgap

The field current with respect to duty cycles in experiments and simulations with different
airgaps are compared in Figure 6-12. The abbreviation “Sim” indicates “Simulation” while the
abbreviation “Exp” indicates “Experiment”. The tests are carried out with 188 nF rectifier
output capacitance, 60 V dc-link voltage and approximately 30°C winding temperature. The
airgap varies from 1 to 5 mm with a step size of 1 mm. As can be noticed, the simulated results
in general fit the experimental results, especially in the 3, 4 and 5 mm airgap cases. However,
in the 1 and 2 mm cases, the measured field currents are slightly higher than the simulated
ones, probably due to the measurement of mutual inductances. There are probably small
differences in the coil alignment between the inductance measurement test and the power
transferring test as explained before. As will be shown later in the parameter sensitivity study
section, this difference may be due to a measurement error of mutual inductance of around
1.25%.

110



18

16 —— 1 mm Sim
14 2mmSim
< 12 3 mm Sim
% 10 4 mm Sim
L;) 8 ——5 mm Sim
L)
i_?_:‘ 6 o 1mmExp
4 2 mm Exp
2 3 mm Exp
0

o 4 mm Exp
00 01 02 03 04 05 06 07 08 09 10

. o 5mm Exp
H-Bridge Inverter Duty Cycle

Figure 6-12 Field current against duty cycle with 1, 2, 3, 4 and 5 mm airgap,
C; = 188 nF, Uy, = 60V, T; = 30°C.

C. DC-Link Voltage

The field current and dc-link current with respect to duty cycle in experiments and simulations
with different dc-link voltages are compared in Figure 6-13 and Figure 6-14 respectively. The
tests are carried out with 188 nF rectifier output capacitance, 1 mm airgap and around 30°C
winding temperature. The dc-link voltage varies from 36 V to 60 V with a step size of 12 V.
The simulated results in general fit the experimental results. The field current and the dc-link
current are proportional to the dc-link voltage for all duty cycles. Apart from that, the dc-link
current also shows a different profile than the field current, and the relationship between the
two can be described by the power balance of the system. In steady state, the output power
equals the input power times the efficiency. Assuming an almost constant efficiency, the dc-
link current is proportional to the square of the field current as shown in (6-2). This explains
why the field current curves between duty cycle 0.0 and 0.5 in Figure 6-12 are almost linear
whereas the dc-link current curves seem to be parabolas in Figure 6-14.

18
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S
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00 01 02 03 04 05 06 07 08 09 10
H-Bridge Inverter Duty Cycle

Figure 6-13 Field current against duty cycle with Uy, = 36,48,60 V, 1 mm airgap, C; = 188 nF, T = 30°C.
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Figure 6-14 DC-link current against duty cycle with Uy, = 36,48,60V, 1 mm airgap, C; = 188 nF, Ty = 30°C.
D. Field Winding Capacitance

The waveforms given by the circuit with different rectifier output capacitance from
experiments and simulations are compared in Figure 6-15. Plots (a) — (e) are with Cf = 47 nF
whereas Plots (f) — (j) are with C; = 188 nF. The tests are carried out with 48 V dc-link voltage,
1 mm airgap and around 30°C winding temperature. The start time instants of the waveforms
are adjusted so that the primary side voltage waveforms are aligned in phase. As can be
noticed, in all the subplots from (a) to (j), the simulated waveforms fit the experimental ones
quite well.

In (d), with 47 nF capacitor, the field voltage drops to and stays at zero for some time interval.
This indicates the commutation mode operation, when the four diodes conduct
simultaneously. In comparison, in (i), a higher field winding capacitance of 188 nF keeps the
field voltage always above zero. This is due to the larger capacitance which keeps the voltage
relatively stable. In this case, there is no commutation time interval. Consequently, the
secondary side voltage shown in (c) stays at zero for a time interval before changing the
polarity, whereas in (h), the secondary side voltage changes polarity immediately.

Apart from that, in both (a) and (f), switching voltage spikes at the primary side can be
observed in experiments, whereas the model does not show any spike in simulations. This is
due to the fact that the model simplifies the MOSFET characteristics and does not describe
the parasitic inductance on the PCB. Hence this model is suitable to analyze the system level
performance instead of details during switching transients.

At the output of the excitation system, two quantities are of interest, the maximum field
current and the maximum field voltage peak. The field voltage peak is the peak value in the
field winding voltage waveform. For instance, the field voltage peak is 209 V in the 47 nF case
shown in Figure 6-15 (d), and 132 V in the 181 nF case shown in Figure 6-15 (i). In general, a
high field current with a low voltage peak is preferable, which means a high capability of
power delivery and a low stress applied across the rectifier diodes. The field voltage peak and
the field current are compared in Figure 6-16. The measurements and simulations are
performed with 48 V dc-link voltage, 1 mm airgap, around 30°C winding temperature and at
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0.99 duty cycle. The maximum field current as well as the maximum field voltage peak appear
at the maximum duty cycle, and this is why the case at 0.99 duty cycle is presented. The
capacitance varies from 47 nF to 188 nF with 47 nF as the step size. As can be noticed, the
simulated results generally fit the experimental results. By adding capacitance, the field

100~ 100
=
]
EP 0 0
°
=

—Y1Exp Y 1sim)
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100 -

Current [A]
o

-100 - ‘ ‘ ‘ ‘
0 5 10 0 5 10 15 20
Time [us] Time [us]
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(d) Field voltage (Cf = 47 nF). (i) Field voltage (Cf = 188 nF).
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(e) Field current (C; = 47 nF). (j) Field current (Cf = 188 nF).

Figure 6-15 Voltage and current waveforms with 1 mm airgap, Ug. = 48 V, Tf = 30°C, 0.99 duty cycle.
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Figure 6-16 Field voltage peak and field current with Cf = 47,96, 141,188 nF, 1 mm airgap, Ug. = 48V, T; =
30°C, 0.99 duty cycle.

voltage peak decreases, whereas the field current increases in the beginning but decreases as
more capacitance is added. Investigations show that this non-monotonous profile is due to
the resonance between the rectifier output capacitance and the transformer inductances
when the rectifier diodes conduct. Considering the transformer parameters shown in Figure
6-11, to get a resonance frequency at around 100 kHz, 66.5 nF is needed which is close to
where the maximum field current appears in the curve.

E. Field Winding Resistance

During EESM operation, the field winding can be heated up by the copper loss. The
temperature rise then increases the resistance of the winding leading to further decrease in
the field current, as shown in Figure 6-17. The measurements and simulations are done with
60 V dc-link voltage, 1 mm airgap and 188 nF rectifier output capacitance. The presented
curves are with the field winding temperature from 40°C to 100°C with 20°C as the step size.
As can be noticed, the field current decreases linearly with respect to the temperature
increase both in simulation and experiment. The mismatch between the simulated and
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Figure 6-17 Field current against duty cycle with Ty = 40, 60,80, 100°C, 1 mm airgap, Cf = 188 nF, Uy. =
60 V.
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experimental results is due to the limited accuracy of the measurement of mutual inductance.
However, the shape of the curves and the gaps in between are consistent between the
simulated and experimental results. These curves also indicate that an open-loop control of
field current is very sensitive to temperature variations. As a solution, an observer needs to
be developed to estimate the field current, so that the effects of the temperature variations
can be compensated for.

F. System Analysis and Optimization with the Model

Further analysis of the excitation system can be done with the help of the model to derive
design guidelines for the purpose of optimization. First, a parameter sensitivity study is
performed to identify the most sensitive parameters, followed by a selection of rectifier
output capacitance and finally, loss analysis is performed to identify the component requiring
specific attention.

G. Sensitivity Study of Parameters in the Excitation System

Parameter sensitivity study is essential in understanding the characteristics of the system. The
sensitive parameters need to be detected, so that sufficient attention will be paid to these
parameters during the design. In addition, if necessary, trade-offs can be made to guarantee
the key parameters whereas to sacrifice the parameters with less importance.

Figure 6-18 shows the sensitivity study of the mutual inductance. Mutual inductance
variations of £2.5%, +5.0% are introduced and the profile of field current against duty cycle is
presented. As can be noticed, a variation of mutual inductance by +5.0% increases the field
current by 15%, which means the mutual inductance is a key parameter which influences the
field current effectively. In addition, the experimental results lay within the +0.0% case and
the +2.5% case, and this indicates that probably a +1.25% measurement error of mutual
inductance causes the error between the simulations and the experiments as observed earlier.
Therefore, specific attention should be paid in estimation and measurement of mutual
inductance.
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Figure 6-18 Field current against duty cycle with £2.5%, +5.0% mutual inductance variations, T = 30°C, 1 mm
airgap, C; = 188 nF, Uy, = 60 V.
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H. Selection of Rectifier Output Capacitance

The rectifier rotates together with the rotor and therefore components in the rectifier circuit
should be as few as possible. However, capacitors are needed to guarantee the performance
of the circuit, e.g. a high field current is needed to guarantee a certain power transfer
capability, and a low field voltage peak is preferable to limit the stress of the diodes. The field
current and the field voltage peak are therefore checked with a parametric sweep of rectifier
output capacitance, as shown in Figure 6-19.
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Figure 6-19 Simulated field peak voltage and field current with variations of rectifier output capacitance, Ty =
30°C, 1 mm airgap, Ug. = 48 V.

An optimal selection depends on the target. In case the peak voltage is not of concern, then
the capacitance gives the highest field current is the optimal solution, which is 94 nF. However,
in case the maximum field current is already higher than required, then attention mostly
needs to be paid to the voltage peak. As can be noticed, the voltage peak decreases fast in
the beginning. The most significant drop of both quantities occurs at around 141 nF. If more
capacitance than 329 nF is added, the voltage peak does not vary so much. A roughly good
choice can be made with capacitance between 141 nF and 329 nF.

I Loss Analysis

The fundamental frequency of the excitation system is 100 kHz, and due to the bandwidth
limitation of the measurement devices, the loss of each component in the excitation system
cannot be measured accurately. Fortunately, with the help of the model, it becomes possible
to figure out roughly how the losses are distributed among different parts of the system.
Thereafter, the component contributing to the major loss of the system can be detected, and
the efficiency can be improved accordingly in the next design iteration.

Figure 6-21 shows the total efficiency from dc-link to field winding with Tf = 30°C, 1 mm
airgap, Cr = 188 nF. Admittedly, the simulated values are different from the experimental
values, probably due to the limited accuracy of the measurements as well as the simplification
of the modeling, but the tendencies of the curves are consistent. The efficiency increases
when the duty cycle increases from 0.1 to 0.6 or 0.7, and thereafter, the efficiency starts to
decrease. This may be because the lowest harmonic contents appear at around 0.7 duty cycle,
where a low percentage of reactive current is consumed.
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Figure 6-20 Efficiency of the transformer with Ug. = 60V, Ty = 30°C, 1 mm airgap, C; = 188 nF.
The Uy = 36,48V cases look very similar.

The efficiency of each component is compared, and the transformer gives the lowest
efficiency. Figure 6-20 shows the efficiency curve of the transformer, and the shape of the
curve is similar to the overall efficiency curve as shown in Figure 6-21. It can therefore be
concluded that it is mostly the efficiency of the transformer that decides the shape of the
overall system efficiency curve.
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Figure 6-21 Efficiency from dc-link to field winding with Uy, = 36,48,60V, Ty = 30°C, 1 mm airgap, C; =
188 nF.

Figure 6-22 shows how each component contributes to the overall loss, from the model. The
transformer loss is the major loss among all components. This indicates that in this excitation
system, a better design of the transformer would probably improve the efficiency of the
entire system significantly.
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Figure 6-22 Distribution of the loss among components in the circuit with Uy, = 36,48,60V, T = 30°C, 1 mm
airgap, C; = 188 nF, 0.99 duty cycle.
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6.1.7 Estimation of Current and Temperature of Field Windings

Introducing a rotating transformer reduces the friction losses and efforts of maintenance, but
also brings challenges to the prevalence of EESM. The field winding is physically inaccessible
after assembly. This makes field current not possible to be measured directly. Nevertheless,
to implement a closed-loop field current control, a feedback of instantaneous field current is
needed. In addition, the heat generated by the field winding copper loss is a well-known
challenge. Hence, estimating field winding temperature to protect the winding from over
temperature becomes necessary. The aim of the study in this section is therefore to develop
an online algorithm to estimate the current and temperature of the field winding, so that a
closed-loop field current control and an over-temperature protection of field winding can be
possibly implemented.

A. Schematic and Principle of the Algorithm

The schematic of the estimation algorithm is shown in Figure 6-23. The inputs to the algorithm
are the duty cycle decided by the current controller, which adjusts the excitation level of the
machine, as well as the dc-link input current of the H-Bridge inverter, which is the feedback
of the algorithm and corrects the estimation. The outputs of the algorithm are the estimations
of field current and field winding temperature.

The algorithm contains two datasets, one for field current and one for dc-link current, with
the duty cycle and temperature as the inputs. The datasets in this algorithm can be either
look-up tables or formulas. And the formulas can be derived analytically or developed by
applying curve-fitting to the simulated or experimental data.
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Figure 6-23 Schematic of the estimation algorithm.
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As the start, the algorithm firstly assumes a winding temperature, and the current controller
gives a duty cycle. The duty cycle and the assumed winding temperature are fed into the
datasets. Then the estimated steady-state field current and dc-link current are generated.
Through dynamic response shaping processes, the steady-state estimations are shaped into
instantaneous values. The estimated field current is fed into the current controller for field
current control while the estimated dc-link current is compared with the measured dc-link
current. The error in the between is then used to correct the temperature estimation.
Thereafter, with the updated temperature estimation, the field current and dc-link current
estimations are updated as well. Hence the datasets together with the dc-link current and
field winding temperature dynamic response shaping processes forms the temperature
correction loop. The updates will continue until the error between the estimation and
measurement of the dc-link current goes to zero.

B. Signal Filtering and Ramping

The algorithm requires a stable measurement of dc-link current. To achieve this, a moving
average of the dc-link current measurement is implemented so that high frequency noise can
be filtered out. In this study, an average of 100 samples is applied. However, this filtering will
introduce a time delay. And since the measured dc-link current is compared with the
estimated dc-link current which is calculated from the duty cycle, the duty cycle needs to be
delayed by the same time duration so that the two signals in comparison can be synchronized.
To realize this, the same moving average filter is added in the path through which the duty
cycle signal is fed into the algorithm. In addition, the duty cycle is ramped in the machine
control in practical situation, so that the back-EMF increases gradually, and the stator current
controller has enough time to react.

C. Datasets

Datasets can be described by look-up tables, analytical or formulas generated by curve fitting
of experimental data. Analytical solution can be derived if the rectifier output capacitance is
high enough to keep the field voltage constant [66]. The results have been presented in (6-3)
and (6-4). If the criterion does not fit, then curve fitting of the experimental data can be
applied.

D. Dynamic Response Shaping

The datasets give steady state estimations of the dc-link current and the field current. In order
to shape a transient curve of current rising, an integrator is utilized to gradually eliminate the
error between the instantaneous value and the steady state value of the estimation

ldcest = kidc ' f(idc.end.est — lgcest)  dt (6-60)

Ifest = kif ' f(if.end.est — lfest)  dt (6-61)

where ijcest IS the instantaneous dc-link current estimation, igcend.est iS the steady state dc-
link current estimation, k; _is the gain of the dc-link current shaping integration, if e is the
instantaneous field current estimation, ifenqest is the steady state field current estimation,
ki, is the gain of the field current shaping integration. Then, the field winding temperature
can be estimated
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Test = ka ’ f(idc.avg - idc.est) - dt (6-62)

where kr. is the gain of the field winding shaping integration. The gains in (6-60), (6-61) and
(6-62) are initially calculated from the time constant and the thermal capacity of the field
winding, and then tuned in experiments. In order to avoid possible error, Tf e is clamped
within 0 and 200°C.

E. Validation in Simulations

An H-bridge inverter is used in the excitation system as shown in Figure 1-5. Figure 6-24 shows
the sequence of the duty cycle applied to the inverter, which is to test the developed
algorithm for field current estimation. The duty cycle ramps from 0 up to 1.0 at 0.5 s and
ramps down to 0.5sat 2.5s. At4.5s, it rampsto 1.0 and at 6.5 s ramps down to 0.5 again.
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Figure 6-24 Sequence test of duty cycle.
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Figure 6-25 Thermal model of the field winding.

A simplified thermal model is implemented to describe the temperature rise of the field
winding as shown in Figure 6-25. The copper loss of the field winding can be calculated as

pr = i” * Ry (6-63)

where pg is the instantaneous field copper loss and i is the instantaneous field current. With
a thermal capacitance Cy, ¢ of 360 J/K which is obtained from copper losses during machine
test, the field winding temperature can be calculated by integration of the copper loss

R

Tf=jﬁ-dt=—f- i - dt (6-64)
Cenf Cenf

where Tt is the field winding temperature. This is not a delicate thermal modeling of the

machine winding. Instead, it is to introduce temperature variations and to evaluate the

tracking performance of the estimation algorithm with such temperature variations.

To verify the dynamic tracking capability of the estimation algorithm, cases with different
starting temperatures are simulated and the case with temperature starting at 30°C is shown
in Figure 6-26. The initial value of the temperature estimation is 40°C and after the algorithm
is activated at 0.5 s, the algorithm starts to eliminate the temperature estimation error. As
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can be noticed in (c), the dc-link current estimation, as the feedback of the algorithm, follows
the real dc-link current well. This verifies the functionality of the integrator in the dynamic
response shaping process.

The temperature estimation in (b) shows that the tendency of the estimated temperature
follows the real temperature quite well. Error exists due to the accuracy of linear interpolation
(look-up table, denoted TAB) and curve fitting (denoted CF). The tracking by using curve fitting
gives slightly larger error than linear interpolation since curve fitting is an approximation of
the curve. Spikes can be seen when the duty cycle steps, this is due to the error between the
estimated and the real dc-link currents during the transients. And the dynamic response
shaping process helps to reduce the spikes. Due to the successful estimations of the dc-link
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Figure 6-26 Duty cycle sequence simulation at 30°C. TAB means look-up table and CF means curve fitting.
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current and field winding temperature, the field current estimation follows the real value
consequently as shown in (a).

The zoomed-in details of the field current estimation during the step are shown in Figure 6-27.
Generally, the differences between the estimated and the real curves are quite minor during
both the rising and falling of the field current. Validation in Experiments
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Figure 6-27 Duty cycle sequence simulation at 30°C. TAB means look-up table and CF means curve fitting.
F. Validation in Experiments

The same sequence of duty cycle as shown in Figure 6-24 is performed to verify the algorithm
experimentally. The winding temperature starts at 30°C in (6-14) and at 100°C in (6-15)
respectively. Due to a limited number of DAC channels of the DSP, only field current and field
winding temperature estimation curves are extracted. Similarly, as in the simulation, the
initial temperature estimation is set at 40°C and the algorithm starts after the algorithm is
activated at 0.5 s. The temperature is measured by two PT100 sensors and is also calculated
roughly by using the ratio between the field voltage and field current.

The estimated field current and the real field current are compared in (a) and the zoomed-in
curves are shown in (c)-(f). The estimation generally follows the real current quite well. In the
100°C case, an overshoot of field current estimation occurs at 0.5 s in (a), due to the huge gap
between the initial temperature assumption and real temperature. The current estimation
error is then eliminated as the temperature estimation tracks the real one as shown in (b).

As can also be noticed that, the estimation error is higher at 0.5 duty cycle than at 1.0 duty
cycle. This can be explained by Figure 6-14. At a lower duty cycle, the differences between
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the curves are smaller. Since the algorithm utilizes the difference between dc-link currents at
different temperatures as the feedback to correct the temperature estimation, a smaller
difference of dc-link currents makes the temperature estimation more difficult. Analytically,
an increase of temperature gives an increase of Ry, and from the analytical solution shown in
(6-5), the difference in dc-link current can be expressed as

1 — cos(md)
Alge « ———— (Rgz — Rg1) (6-65)
Re1Rs,
. . 1—cos(md)
where R¢; and R¢, are the resistances at different temperatures. The part g, can be
f.1lvf2
regarded as an amplification factor of the resistance difference (R¢, — R¢4). A higher duty

cycle therefore gives a higher amplification factor 1—cos(nd) and therefore a higher Al4.. This

Rf1Rf>
is the reason why a higher duty cycle shows a better resolution of temperature estimation.
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Figure 6-28 Duty cycle sequence test at 30°C.
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Figure 6-29 Duty cycle sequence test at 100°C.
6.1.8 Field Current Control
A. Algorithm

With the estimated field current, it becomes possible to apply closed-loop control to field
current. The schematic of the algorithm is shown in Figure 6-30.
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Figure 6-30 Schematic of closed-loop field current control.

Firstly, the field current error i¢ .. is calculated by comparing the reference value i of and
the estimated value if gt

iferr = lfref — lfest (6-66)

Then, the error is squared and amplified by a scaler k¢
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dyuntim = Ketr - Sign(if.err) ' f if.errz -dt (6-67)

where dy yniim 1S the unlimited duty cycle and it is then clamped between 0 and 1 to be dy jim-
The reason to take the square is that, it is preferred to adjust the duty cycle in a big step when
the error is large, whereas when the error becomes smaller, the duty cycle needs to be fine-
tuned to avoid overshoot.

B. Validation in Simulations

A sequence of field current reference is applied as shown in Figure 6-24. The field current
reference ramps from O up to 18 Aat 0.5 s and ramps down to 12 Aat 2.5s. At 4.5 A, it ramps
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Figure 6-31 Closed-loop field current control at 30°C. TAB means look-up table and CF means curve fitting.
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to 18 A and at 6.5 s it ramps down to 12 A again. The overall performance is illustrated in (a).
As can be seen, the reference exceeds the maximum current output capability with reference
of 18 A. The gap between the reference and the real current enlarges as time passes due to
the increase of temperature. In comparison, the current follows the reference of 12 A quite
well.

C. Validation in Experiments

Figure 6-32 presents the experimental result which starts at 30°C. The current reference if ef
and current estimation if g, are output from the DAC of the DSP, whereas the real current is
is measured by a current probe. As can be noticed, the real current follows the reference well.
The real current lags the reference by less than 10 ms and it rises from 0 A to 18 A within
50 ms.
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Figure 6-32 Closed-loop field current control at 30°C.

Figure 6-33 presents the experimental result which starts at 100°C. The same sequence is
applied. As can be noticed, starting at 100°C, due to the increase of resistance, the field
current cannot reach 18 A even with duty cycle 1.0. Hence a gap always exists between the
real field current and the 18 A reference. The gap enlarges gradually since the temperature
increases during the test. During the transients around 0.5 s, the field current is temporarily
over-estimated because estimator needs time to catch up with the real temperature. The
temperature estimation adjusts until around 1.0 s, the current estimation comes back to the
real value.
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Figure 6-33 Closed-loop field current control at 100°C.
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6.2 Excitation Using Common Mode Switching Harmonics

To drive an EESM, in addition to the three-phase inverter used for powering the stator
windings, another dc-dc converter is needed to power the field winding in rotor. This
increases the cost and reduces reliability of the drive system. In this study, a novel technique
is proposed to utilize the Common Mode (CM) switching harmonics of the three-phase
inverter to obtain an additional dc output for field excitation. With the proposed technique,
CM switching harmonics can be regulated independently from the Differential Mode (DM)
power flow to the stator winding.

This technique can be applied universally if a main ac load and an auxiliar dc load need to be
powered simultaneously. For instance, in an EV, a low voltage (LV) battery may need to be
charged from a high voltage (HV) battery while a PMSM is operating. In this case, the PMSM
is the main ac load while the LV battery is the auxiliar dc load. In this section, to indicate that
the technique can be applied universally, the EESM stator winding is regarded as the main ac
load, while the EESM field winding is regarded as the auxiliar dc load.

The circuit topology employed in the technique is shown in Figure 6-34. As can be noticed, to
physically implement the CM power flow to the auxiliary dc load, a harmonic extraction circuit
is designed and placed in parallel with the ac load. The circuit and control are verified in
simulations and experiments. Finally, the impact on inverter efficiency is investigated.
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Figure 6-34 Schematic diagram of the proposed circuit which utilizes common mode switching harmonics for
auxiliary power output.

6.2.1 Control of CM SVM Switching Harmonics

The switching harmonics in SVM patterns consist of both CM and DM components [69]. In
this section, the SVM switching harmonics, especially the CM contents, are analyzed. As
shown in Figure 6-35 (a), a two-level three-phase inverter with uy. as the dc-link voltage is
considered in this study. However, the analysis can be extended to converters with multi-level
and multi-phase. The SVM hexagon on af-plane is shown in Figure 6-35 (b), where the entire
hexagon is divided into six sectors [70].
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Figure 6-35 Three-phase inverter with SVM.
A. Common- and Differential-Mode Contents of SVM States
The vectors of SVM states can be defined as
0 1100 011
Veym=1[Vo Vi V2 V3 V4 Vs Vg V7]=|0 0 1 1 1 0 O 1 (6-68)
0O 000 1T 1T 11
A duty cycle vector can be defined correspondingly
dsym =[do di dy ds dy ds dg d;]" (6-69)
The duty cycle vector for the three phases are
da
dape = [db = Vsym dsym (6-70)
dc
Hence the three-phase output voltages can be described as
ua
Uahe = [ub] = Ugc Aapc (6-71)
uC

With amplitude-invariant Clarke transform [71], the voltage vector can be transformed from
abc-frame to afy-frame

Uy

Uy

= Tabc—>aﬁy Uapc (6-72)

where Tpcoqpy is the transform matrix. In aBy-frame, the DM and CM components can be
clearly identified. The DM components are described as u, and ug, whereas the CM
component is described as u,.
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If the mid-point of the inverter dc-link is regarded as the reference ground, then by using
(6-72), the eight SVM state vectors in both abc- and apy-frame can be summarized in Table
6-1. The states are illustrated as green circles in three-dimensional (3D) aBy-frame in Figure
6-36. As can be noticed, none of the states is located on the aB-plane. The projection of the
state vectors from the 3D space to the aB-plane form a hexagon in green, which is actually
the SVM hexagon in Figure 6-36 (b). The state vectors form a hexahedron in 3D space. All six
faces are rhombi. The upper three rhombi are in yellow while the lower three are in blue.

From the table and the figure, the following statements can be concluded.

e For all the eight states, u, # 0 is valid. This means there is no state that gives purely
DM components.

e Only for vy and v, |
is valid.

ua[;” = 0 is valid, whereas for all the six other states, ||ua3|| #0

Usually, vy and v, are classified as zero states, since they only give CM components, while
the other six states can be classified as active states since they are the ones that can give DM
components. Furthermore, among all the active states, v,, v3, V5 are with odd number of 1
and hence can be classified as odd states, while v,, v,, V4 can be classified as even states. This
categorization is proposed in [72] and it is used here for the convenience of analysis later.

Table 6-1 SVM switching states in abc and afy coordinates

u, uy, U, Uq ug u,
State Vector —
Ugc Ugc Ugc Ugc Uqc Ugc
C™M Vg -1/2 -1/2 -1/2 0 0 -1/2
0Odd 2 1/2 -1/2 -1/2 2/3 0 -1/6
Even v, 1/2 1/2 -1/2 1/3 1/V3 1/6
Odd Vs -1/2 1/2 -1/2 -1/3 1/V3 -1/6
DM
Even Vy -1/2 1/2 1/2 2/3 0 1/6
Odd Vs -1/2 -1/2 1/2 -1/3 -1/V3 -1/6
Even Ve 1/2 -1/2 1/2 1/3 -1/V3 1/6
™M vy 1/2 1/2 1/2 0 0 1/2
1/2 1/2
g /6 g /6
Z o0 Z 0
:36_1/6 3h—1/6
-1/2 ! -1/2 y !
2/3 173, . 1/sqrt(3) "2/3 /3 . 1/sqrt(3)
U, /uge 13 53 1/sqri3) ug/ Uy, U, fuge 13 53 1sqri(3) ug/ Uy,
(a) Upper three rhombi & SVM hexagon. (b) Lower three rhombi & SVM hexagon.

Figure 6-36 afy components of SVM switching states.

130



B. Determination of Duty Cycles in SVM

The duty cycles of three phases, d,, d, and d., can be determined from the duty cycles of the
switching states, d,;, d4, d, until d-, as summarized in Table 6-2. To obtain d,, until d-, firstly
the sector where the vector is located needs to be identified. Thereafter, an angle 8¢ can be
defined to describe the location of the vector within each 60° hexagon sector. The calculation
of B0 isillustrated in Figure 6-37. The voltage vectors in each sector are marked in blue while
the corresponding B¢- is marked in purple. In programing, the calculation can be formulated
by using 6549, the absolute angle in 27

( Oz600 sector 1
21/3 — O3400 sector 2
0oy = 03600 — 21/3 sector 3 (6-73)
41/3 — O3400 sector 4
03600 — 41/3 sector 5
\ 2T — O340° sector 6
Then the duty cycles of odd and even states can be formulated
dodd = Ma €08(Bg0° + 1/6) , deven = My Sin Ggpe (6-74)
The sum of duty cycles of all active states can be defined as dpy
6
dpm = Z d; = doaq t deven = My €0S(Bg0o — T/6) (6-75)

=1
while the remaining can be defined as d¢y

Table 6-2 Duty cycles of three phases

Sector d, d, d.
1 d, +d, +d; d,+d, d;
2 d,+d, d, +ds; +d; d,
3 d; d;+d,+d; ds+d;
4 d; dy+d; ds +ds +d;
5 de +d; d; ds +dg+d;
6 de +d, +d; d, de +d;

| 4:’%\V
o

Figure 6-37 Determination of ..
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dey =1 —dpy =1 —m, cos(Bgge — 1/6) (6-76)
which is shared between v, and v,
dew = do + ds (6-77)
In default SVM scheme, d¢y is evenly shared between v, and v,. However, there are other
possibilities, which will be described in the next section.
C. Parameters to Determine SVM Switching Patterns

In this study, two disciplines are respected to determine the SVM switching pattern: (1) the
line voltages implemented by the SVM pattern in average of a switching cycle should follow
the request, and (2) maximally one turn-on switching action and one turn-off switching action
of each half-bridge branch are allowed within each switching cycle. The first discipline is the
basic requirement for the inverter to drive a three-phase load, whereas the second is to avoid
unnecessary switching losses.

When both disciplines are fulfilled, a specific SVM switching pattern can be determined by
three parameters: amplitude modulation index m,, distribution of CM state vector k, and
interleave shift agpif-

e Amplitude Modulation Index m,

To form a continuous rotation of the projected voltage vector on aB-plane ug, the maximum
possible length of the vector is the radius of the inscribed circle of the SVM hexagon

Umax = max{”ua[;”} =uq. / V3 (6-78)

The amplitude modulation index describes the length of the voltage vector, and it can be
defined as the radius in per unit by taking u,,,x as the base

my = ”uaB” / Umax = V3- ”uaB” / Udc (6-79)

A certain value of m, indicates a certain level of line voltages. The line voltage rms can be
determined as

Ulinerms = Mg " Uqgc / \/E (6-80)

e Distribution of CM State Vector k-

Assuming all phases share the same triangular carrier wave, based on SVM, d;, d,, d3 until
d¢ are decided by m,. Hence if m, is fixed, according to (6-76) and (6-77), dpy and d¢cy are
fixed consequently.

However, as for how d¢y is shared between v, and v,, there are many possibilities. This is
described by a distribution factor k- in this study

k;=d;/dey €[0,1] (6-81)

which means the share of d; over dcy - A higher k; means to shift all phase voltage
references up by the same amount while the line voltage references are kept constant. In
conventional SVM, d, and d share d¢y equally, which means k; = 0.5. In this study, k; is
allowed to vary between 0 and 1.
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e Interleave Shift a

Interleave shift in this study means to introduce phase difference between triangular carrier
waves in SVM. An interleave shift will not change the average voltage in each phase but will
change the time instant when the switching actions occur. Thus, the line voltages will be the
same and this will not violate the SVM disciplines.

D. Control of Switching Harmonic Contents

Fourier analysis can be performed to quantify the harmonic contents for each switching cycle.
For one single phase leg, considering a waveform centered at zero time instant, then the
amplitude of the cosine component at harmonic order h is

_ 2-sin(hnd) — sin(hm)

— (6-82)

ap

while the amplitude of the sine component by, is zero due to half-wave symmetric. The
complex form is therefore

2 - sin(hnd) — sin(hm)

—7 (6-83)

Cp = ap + jby, =

When an interleave shift a is introduced, the complex Fourier component of this phase
becomes

2 sin(hnd) — sin(hm) .
_ - ela

= 6-84
Ch =2 A ( )

Considering the waveform of Phase B as centered at zero and let Phase A leads B by a while
Phase Clags B by a, then the CM content can be formulated as
Uy .sw Esin(nda) cos a + sin(mdy,) + sin(md,) cos a

= (6-85)
Uge T 3

The time-domain waveforms of the switching frequency component with k, = 0 and a = 0°
are shown in Figure 6-38. 360 points are calculated in each fundamental cycle, i.e. 1 point per
degree. As can be noticed, with a lower value of m,, the average over one fundamental cycle
is higher and the ripple is lower.

The average values of the switching frequency component over one fundamental cycle with
a = 0°, 30°, 60°, 90° and 120° are shown in Figure 6-38. The average value of the
component is not linear with respect to m,. An increasing a leads to a decreasing average
value. At a = 30°, 60°,90° and 120°, all the average values in the map decrease to 91.1%,
73.2%, 33.3% and 0% of that at @ = 0°. This can be explained analytically. The average value
of the switching harmonic content over one fundamental cycle can be calculated as

U 1 (*"u
Y.sw Y.sW do (6-86)

Udc 2T 0 Udc

Due to three-phase symmetry,

21T

2T 2T
f sin(md,) dO = f sin(mdy) d6 = f sin(md,) d@ (6-87)
0 0 0
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Hence the average can be calculated by considering only one phase and using a scaling factor

1+2-cosa
3

_1+2-cosa2

2T
u
j- Y.SW do
0 Udc 3

2T
—j sin(md,) dO (6-88)
TJo

With @ = 30°, 60°, 90° and 120°, the scaling factorm% gives 0.911, 0.732, 0.333 and O

which are consistent with Figure 6-38. In addition, due to symmetry, the integrations of
sin(mtd,) in sectors 1, 2 and 3 are equal to those in sector 6, 5 and 4 respectively. Therefore,

(6-68) can be simplified as

0.7
—m,=0.0
0.6 e —me =0
05 ———0———— Mme=02
Fo3 o N N N N N e
ISR VIRVIR VIR VIR VR Ut
S AVAVAVAVAYA NS =
0.1 —ma=0.7
0.0 —m,=0.8
0 60 120 180 240 300 360 ~ M09
—m,=1.0

Angle [deg]

Figure 6-38 Switching harmonics in each switching cycle (k; =0, a = 0°).
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Figure 6-39 Switching harmonics in average (m, =0.0- 1.0, k; =0.0 - 1.0).
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21T m/3
j sin(nd,) d = ZJ- {sin(nd,) + sin(md;) + sin[n(d, + d,)]}d6 (6-89)
0 0
6.2.2 Extraction of CM SVM Switching Harmonics

In this section, the principle of harmonic extraction is explained and then a model of the circuit
is established. The validation of the circuit is presented in the next section.

A. Topology

The output of the inverter is split into two branches. One branch goes to the main ac load,
which can be an electrical machine or a grid for example. The other branch goes to a harmonic
extraction circuit which blocks DM harmonics while lets CM harmonics pass. After the
extraction circuit is a transformer. The transformer is used for galvanic isolation and is not
necessary for the functionality of the extraction circuit. The secondary side of the transformer
is connected to a full-bridge rectifier, and then to the auxiliary dc load. The auxiliary dc load
can be a battery or compressor for example. The harmonic extraction circuit and the
transformer form a resonance circuit. The resonance frequency is tuned to the switching
frequency. Hence the CM switching harmonics are extracted and delivered to the auxiliary dc
load.

B. Harmonic Extraction Circuit

The extraction circuit is built to only let the CM switching harmonics pass through. To realize
this, the circuit consists of a CM-passing coil which only lets CM components pass through,
and capacitors connected in series which resonate with the coil. The resonance is tuned at
the switching frequency, so that only the CM switching harmonics are able to pass through.

e CM-Passing Coil

With the positive direction of coil currents defined in Figure 6-40 (a), three-phase currents
can be decomposed into CM and DM components. The CM part is the average of the three
currents

iem = (a+ip+i)/3 (6-90)

where i,, iy, i, are the three-phase currents in the extraction circuit and icy is the CM
component of them. The remaining part is the DM components

ipmM = labe — icm (6-91)
where
IpM.a la icm
ipm = |bMb [, Labe = || » Icm = |lem (6-92)
IpM.c lc lcm

and ipm.a, IpMb, IDM.c are the three-phase DM component currents in the extraction circuit.
Hence from (6-90) and (6-92), the sum of DM currents is zero

ipma T ibmb T ipmc = 0 (6-93)

There are two ways to wind three-phase coils symmetrically as shown in Figure 6-40 (b) and
(c). The flux linkages generated by the three-phase coils can be formulated as
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Yabe = Lapclabe (6-94)

where P, is the flux linkage vector, L, is the inductance matrix and i, is the current
vector

Ya L Ly Ln la
¢abc = wb yLape = Ly Ls Ln|, labe = l_b (6-95)
Y Ly Ly L lc

Due to symmetry, all the self-inductances Lg are equal, so are the mutual inductances Ly,.
The self-inductances are the sum of the magnetizing inductance Ly and the leakage
inductance L,

Ly =Ly + L (6-96)

The magnetizing inductance Ly, indicates the ability of a coil for generating flux that links all
other coils. The generated flux can be shared by other coils in series, as shown in Figure 6-40
(b), or in parallel, as shown Figure 6-40 (c). The link between different coils is indicated by
mutual inductances Ly,.

In the case of CM current component,
Yem = Lape iom = (Ls + 2Ly) icm (6-97)
Thus, the CM inductance is
Lcy = Lg + 2L, (6-98)
In case of DM current component,
Yom = Lapc ipm = (Ls — L) ipm (6-99)
Thus, the DM inductance is
Lpm = Ls — Ly (6-100)

As for the arrangement in Figure 6-40 (b), the main flux from one coil is shared by the other
two in series. Thus, the mutual inductance equals magnetizing inductance

L, =Ly (6-101)

(a) Coil currents. (b) DM-Passing coil. (c) CM-Passing coil.

Figure 6-40 DM- and CM-passing coils.
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In this case,
LCM = Lo- + 3LM ) LDM = Lo- (6'102)

As for the arrangement in Figure 6-40 (c), the main flux is shared by the other two in parallel.
Besides, the flux generated by each coil counteracts each other. Thus, the mutual inductance
should be half of the magnetizing inductance with a minus sign

Ly, =—Ly/2 (6-103)

In this case,
LCM = Lo- ) LDM = Lo- + 3LM/2 (6‘104)

A Summary of these two winding arrangements is concluded in Table 6-3. As can be noticed,
by increasing Ly while minimizing L, in case of Figure 6-40 (b), CM components are blocked
while DM components can pass. Hence it is a DM-passing coil. In case of Figure 6-40 (c), the
situation is exactly the opposite, which means it is a CM-passing coil. With these two types of
coils, CM and DM components can be separated as shown in Figure 6-41. In this study, the
focus is to make use of the CM switching component. Thus, only a CM-passing coil is present
in this study.

Table 6-3 DM- and CM-passing coils

DM-Passing Coil CM-Passing Coil
L
L Ly -
L L
Ly + L, —7M —7M
Ly + Lg Ly Ly Ly Ly
Loy Ly Ly + L Ly -5 Ly + Lg 5
Ly Ly Ly + Lg
Ly Ly
- 7 — 7 Ly + Ls
Lem Ls + 3Ly Ly
3
LDM Lo’ LO' + E LM
DM-Passing Coil Three-Phase Load
Three-Phase
PWM
CM-Passing CozI Smgle -Phase Load

Figure 6-41 DM- and CM-passing coils.
e Resonance Circuit

A resonance can be formed by the CM-passing coil and the capacitance in series. The series-
resonance is designed to extract the component at the switching frequency. The equivalence
of the circuit from three-phase to single-phase in terms of the CM switching harmonic is
illustrated in Figure 6-42. The resistance in three-phase can be regarded as being placed in
parallel and becomes 1/3 in single-phase. The same applies for capacitance and inductance.
The equivalent inductance in the CM circuit is the leakage inductance of the CM passing coil
according to (6-104).
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Figure 6-42 Resonance circuit formed by the extraction circuit.

C. Rectifier and DC Load

The transformer is connected to a rectifier. At the output of the rectifier is there a dc load.
The dc load can be capacitive or inductive as shown in Figure 6-43. Assuming a sinusoidal
voltage or current input, the rectifier load can be represented as an equivalent resistance at
the sinusoidal frequency [66].

In case of a capacitive dc load, the voltage U is kept constant in steady state as shown in (a).
The equivalent resistance can be calculated as
Urec.ac.amp _ 4/7[ : Uc _ 8 E _ 8

Reqc = = == —=>'R (6-105)
e Irec.ac.amp 1'[/2 - Ix 2 Ix 2

In case of an inductive dc load, the current [, is kept constant in steady state as shown in (b).
The equivalent resistance can be calculated as

Urec.ac.amp _ /2 Ug _ T[_Z . Ur

Irec.ac.amp - 4/m- 1, -8 I,

1.[2
ReqL = =5 R (6-106)

In this study, since a capacitor is placed at the output of the rectifier, it is considered as the
capacitive case shown in (a).

Irecac Irvec.dc Urec.dc

o [,
UC ::C [] R Urec.dc IL ¢

(a) Rectifier and capacitive load. (b) Rectifier and inductive load.

Figure 6-43 Rectifier connected with capacitive or inductive load.

138



6.2.3 Experimental Verification

An experimental setup is constructed to verify the control and circuit. Analytical results are
calculated based on the modeling in Section 6.2.2 and compared with the experimental
results. In the end, the impact on the inverter efficiency is investigated.

A. System Setup

The experimental setup is shown in Figure 6-44. Code Composer Studio is used to program a
TMS320F28379 chip for controlling the inverter. The three-phase outputs of the inverter are
split into two branches. One branch goes to the three-phase RL load whereas the other goes
to the extraction circuit. 3C90 ferrite toroidal cores and litz wires are used to make the CM
passing coil. The cross-section area of each core is 172 mm?2. Three layers of cores are stacked
on top of each other to avoid saturation. The capacitors used here are from the C-CAP series
in CELEM with coaxial technology. The three capacitors are placed in one row and clamped
between a copper plate on top and an aluminum plate on bottom. The currents passing
through the three capacitors join at the copper plate, and the joint current goes to the
transformer.

\

Oscilloscope Controller

S
\
=

Transformer

& W~ Al
Rectifier Three-l"hase . Threfa-Phase
CM Passing Coil Capacitor Bank

/

P

(a) Control panel, transformer, resistors and inductors. (b) Extraction circuit.

| Load Inductors Load Resistors

Figure 6-44 Experimental setup.

In this study, the inverter is constructed by three SiC power modules CAB450M12XM3. The
parameters and operating condition of the inverter are concluded in Table 6-4. The
parameters of the extraction circuit are concluded in Table 6-5. The transformer used in this
study is the one designed for brushless excitation [23]. Litz wires with diameter 0.1 mm are
used to form the windings on both sides. Pot cores with an airgap in between form the main
flux path. The resistance and inductance of the three-phase RL load are listed in Table 6-5.
The values are measured by powering the load from the inverter and applying FFT to the
voltages and currents. The parameters of the diode rectifier and the field load in this study
are listed in Table 6-8.
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Table 6-4 SiC power electronic inverter parameters

Parameter Symbol Value Unit
DC-link voltage Uqc 200 \%
Sine fundamental frequency fsin 100 Hz
Switching frequency fow 30 kHz
Drain-source resistance Rgs.on 2.6 mQ
Anti-parallel diode voltage drop Vg 4.7 \Y
Blanking time Ty 250 ns
Table 6-5 Extraction circuit parameters
Parameter Symbol Value Unit
Resistance RExt 47.73 mQ
Number of turns Ngxr 6
Phase A self-inductance Lexta 965.20 pH
Phase B self-inductance Lexts 963.62 pH
Phase C self-inductance Lext.c 960.23 pH
Mutual-inductance Mgxr 959.19 pH
Capacitance Cext 85 nF
Table 6-6 Parameters of the transformer
Parameter Symbol Value Unit
Airgap thickness gt 1 mm
Primary side number of turns Nt 4 20
Secondary side number of turns Nt 7
Primary side resistance Rr4 138.00 mQ
Secondary side resistance Rt 33.05 mQ
Primary side self-inductance Ltq 107.57 pH
Secondary side self-inductance Lt, 16.66 pH
Mutual-inductance Ltm 35.57 pH
Table 6-7 Parameters of the three-phase load
Parameter Symbol Value Unit
AC load phase resistance Rp1, 22.45 Q
AC load phase inductance Lpy 32.38 mH
Table 6-8 Parameters of the diode rectifier and the field load
Parameter Symbol Value Unit
Diode forward voltage drop Vg 0.84 \Y
DC load capacitance Cr 40 uF
DC load resistance R¢ 10.80 Q
DC load inductance L¢ 83.05 mH
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B. Resonance Profile

The diagram of resonance circuit is shown in Figure 6-45 (a). The extraction circuit and the
transformer primary side form the resonance circuit in no-load condition. In load condition,
the transformer secondary side and the equivalent resistance of the rectifier with the dc load
are in parallel with the transformer magnetizing inductance. The circuit parameters are
referred to the primary side of the transformer. The total admittance is firstly calculated
based on the circuit parameters, and then measured with an RLC meter. The results are shown
in Figure 6-46. The vertical axis shows the admittances in logarithm. The resonance points are
indicated in tabs, and the resonance frequencies are around 30 kHz. In load condition, the
admittance curves become damped due to the load resistance.

C1=Cgxr*3 Li=Lyri+Lgxr/3 Ly =Ltz - (N1 / N2)?

o ” Y Y\, o Y'Y\ o
Yy — LM=Lm'N1/N2
o | S | S O
Ri1=Rr1+ Rexr / 3 Rz = Rz (N1 / N2)? + Req

(a) Diagram of resonance circuit.

10

Admittance [S]

0.1

0.01
10 15 20 25 30 35 40 45 50
Frequency [kHz]
—— Analytical: No Load Measurement: No Load
—— Analytical: Load Measurement: Load

(b) Admittance of the resonance circuit.

Figure 6-45 Resonance analysis.

C. Analytical Results

Assuming that (1) the inverter and the rectifier are lossless; (2) purely the CM harmonic
component at switching frequency passes the extraction circuit; (3) purely the fundamental
frequency component goes to the RL load, then the three-phase power and the dc load power
are calculated. Theoretically, the three-phase power should only be dependent on the
amplitude modulation index. To calculate the power that goes to the dc load, the profile of
CM contents illustrated in Figure 6-38 are utilized. Based on the circuit shown in Figure 6-45
(a), the overall admittance of the CM branch at 30 kHz is calculated to be 0.1975 S, including
the CM extraction circuit, the transformer and the equivalent resistance of the dc load. 21%
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Figure 6-46 Auxiliary voltage output in from theoretical calculations.

of the CM branch current goes to the dc-load whereas the remaining goes to the magnetizing
branch of the transformer. From there, the power delivered to the dc load is calculated. The
profile of the dc load power is illustrated in Figure 6-46. The power delivery reaches the
maximum in case of k; = 0.5 and @ = 0°. The solutions with other k- values are in different
shapes compared with the case k, = 0.5. The curves are also symmetric with respect to k, =
0.5, i.e. the curve with k; = 0.4 is the same as that with k; = 0.6 and so forth. Adding shift

a does not change the shape of the profile but scales down the curves evenly which is
consistent to (6-88).

D. Simulation Results

To verify the analytical results, the SVM algorithm is programmed in Simulink while the circuit
topology is built by PLECS blocks. The simulation results are presented in Figure 6-47. The
shape of the profiles here closely follows the analytical curves shown in Figure 6-46. In
analytical calculations, the side-band CM harmonics are neglected, while in simulations, the
side-band CM harmonics contribute to the auxiliary output. Hence, the curves in simulation
results are slightly higher than those in analytical results.
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o
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o
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Amplitude Modulation Index
k7=0.0,a=0° k;=0.0,a=30° k7=0.0,a=60° k7=0.0,a=90°

k7=05,a=0° —— k;=05,a=30° —— k;=05,a=60° — k;=0.5,a=90°

Figure 6-47 Auxiliary voltage output in circuit simulations.
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E. Experimental Results

Experimental results are shown in Figure 6-48. The curves here closely follow the analytical
results shown in Figure 6-46. In analytical calculations, converter losses are neglected. Due to
this, the auxiliary dc output voltage is overestimated. However, at the same time, the side-
band CM harmonics contribute to the auxiliary output in experiments but not in analytical
calculations. In the end, the discrepancies due to these two factors are more or less canceled.
Hence the overall results in Figure 6-48 closely follow the profiles in Figure 6-46. As can be
noticed, the auxiliary voltage output varies with all three parameters, m,, k; and a. This
further indicates the possibility to independently control the auxiliary voltage output utilizing
CM switching harmonics by tuning k-, and a without violating the control of three-phase
power. In the plots of auxiliary dc output, the curves cover a wide voltage range at low levels
of m,. However, as m, increases, all curves start to converge. At m, = 1.0, there are minor
differences between different curves. Besides, at this point, the voltage across the auxiliary
dc load becomes very limited despite of whichever k; and «a is chosen
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Figure 6-48 Auxiliary voltage output in experiments.

F. Experimental Waveforms
e Original Case:m, = 0.5&k; =0.5& a =0°

With k, = 0.5 and @ = 0°, the inverter is operating with conventional SVM technique which
gives the maximum amount of CM switching harmonics. The time domain waveforms in this
case are measured in experiments. Waveforms in one electrical fundamental cycle are
presented in Figure 6-49. The inverter output currents ijnv.apc Shown in (a) are split into the
three-phase load currents ig;. .pc and the harmonic extraction currents igxT.ape, @S shown in
(b). irp.abc are sinusoidal at 100 Hz while igxT apc cOntain switching harmonics. The harmonic
currents going through the harmonic extraction circuit are all in phase. This indicates that the
CM passing coil successfully blocks the DM components. The currents from three-phase
harmonic extraction circuit join together and the sum goes to the transformer as shown in (c).
After the rectifier, the current becomes a dc quantity and goes to the dc load. The dc load
current is 7.40 A.
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(c) Transformer primary side current & dc-load current.
Figure 6-49 Time-domain waveforms m, = 0.5, k; = 0.5, a = 0°.

e Variationofk;:m, =0.5&k; =0.0& a = 0°

With k, = 0.0 and a = 0°, the CM switching harmonics are reduced by placing 100% inactive
duty cycle to state vector v,. The waveforms are shown in Figure 6-50. As can be noticed, the
three-phase RL currents in Figure 6-50 (b) are the same as those Figure 6-49 (b). this indicates
that the adjustment of CM switching contents does not affect the power going to the three-
phase load at fundamental frequency. At the same time, the harmonic contents going through
the extraction circuit reduce. This leads to cleaner waveforms of inverter output currents and
lower amplitude of transformer current. Consequently, the current reaches the dc load
reduces. The dc load current is 5.26 A.
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(c) Transformer primary side current & dc-load current.
Figure 6-50 Time-domain waveforms m, = 0.5, k;, = 0.5, « = 90°.

e Variationofa:m, =0.5& k; =0.5 & a =90°

With k; = 0.0 and a = 0°, the CM switching harmonics are reduced by introducing
interleave phase shift of carrier waves. The waveforms are shown in Figure 6-51. The three-
phase currents going to the RL load in this case are not affected either. Comparing with the
case of k; = 0.0 and a = 0°, the harmonic currents are reduced more significantly. As a
consequence, the current reaches the dc load reduces to 2.75 A, 37% of the case with
maximum CM switching harmonics. From analytical analysis, the CM harmonic at the
switching frequency in this case are 33% of the maximum. These two values are similar, which
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means the variation of power transfer can be roughly calculated by comparing CM switching
harmonic contents.

10
5
% 0 L "f‘n‘v‘m"m‘|l|'¢,“,‘, ""ldl{pli)llltll‘plﬂ Wi
N A i A
[S)
-5
-10
0 1 2 3 4 5 6 7 8 9 10
Tims [ms]
I iinv.a - iinv.b - iinv.c
(a) Inverter currents.
10
5
<
E 0
3
-5
-10
0 1 2 3 4 5 6 7 8 9 10
Tims [ms]
—— IrRLa —— IRLb —— IRLc — IEXTa IEXTb — IEXT.c
(b) Three-phase load & extraction circuit currents.
30
20
= 10
m o .mmlll.lmm.m.m.u,mm1|| T T e Ty AT TITY o
E
3 -10 I
-20
-30
0 1 2 3 4 5 6 7 8 9 10
Tims [ms]
— im if

(c) Transformer primary side current & dc-load current.
Figure 6-51 Time-domain waveforms m, = 0.5, k; = 0.0, « = 0°.

G. Impact on Inverter Efficiency

From the results presented in this section, it can be concluded that it is possible to extract the
CM switching harmonics and use them to power an auxiliary dc load. To investigate whether
the harmonic extraction would have an impact on the efficiency of the inverter, two tests are
conducted. Firstly, the inverter is only connected to a three-phase RL load. In each phase, the
resistance is 2.21 Q and the inductance is 219 puH. Thereafter, the CM harmonic extraction
branch and the auxiliary dc load are connected in parallel with the original three-phase RL
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load. In both cases, the dc-link voltage is 200 V and the switching frequency is 30 kHz. The
SVM is fixed to k; = 0.5 and a@ = 0°, while m, is swept from 0 to 0.9 with step of 0.1 and an
additional point of 0.95. The inverter efficiency in both cases is calculated as

Nsin
Pinv.out Zi=1 Pinv.out

inv.in 2i=1n Pinv.in

X 100% (6-107)

using the voltage and current measurements, where

Pinv.out = Uinva * linva T Uinvb * linvb T Uinv.c " linv.c (6-108)

Pinv.in = Uinv.dc " linv.dc

and Ng;,, is the number of samples taken over an integer number of fundamental cycles. The
results are shown in Figure 6-52. The maximum inverter input power reaches 7.15 kW. The
percentage of auxiliary load power consumption with respect to the total power consumption
on both loads is shown in green. As can be seen, the curve decreases as m, increases. The
efficiency difference at different inverter input power levels and different percentages of
auxiliary load power consumption is generally below 0.5%. Hence the influence of the
extraction circuit on the inverter efficiency is minor.
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Figure 6-52 Experimental comparison of inverter efficiency between the cases with and without the auxiliary
dc load.
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6.3 Design of Rotating Transformers
6.3.1 Geometry Type

There are mainly two geometry types of rotating transformer design as shown in Figure 6-53.
The axial excitation design shown in (a) provides identical pot cores on both primary and
secondary sides. This is a benefit in case of replacement and mass production. However, due
to the limitation of axial tolerance, the airgap after assembly may differ from the design. The
radial excitation design shown in (b) provides the opposite characteristics. Radial tolerance is
easier to guarantee whereas the primary and secondary sides have different shapes.

(a) Axial excitation. (b) Radial excitation.

Figure 6-53 Axial and radial excitation.
6.3.2 Electromagnetic Design

Neglecting leakage flux, the optimal solution is to avoid bottleneck in the flux path, in other
words, to have equal cross-section along the flux path. As a simplification of the geometry,
the cross-section at three points are designed to be equal, one mid-point at each tooth and
the mid-point at the yoke. The selections of points are as shown in Figure 6-54, taking axial
excitation design as an example.

r
|

Figure 6-54 Parameters of axial excitation design.

Illustrated in parameters, it becomes

(ry +13) - (Wy —wy)
(2 p2) — 9. (22
n- (i} — 1) =2m > - (i —13) (6-109)
= ri—1f =y +13) Wy —wy) =1 — 12

With the assistance of FEA, the flux density at the three points are to be checked as
verification.
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6.3.3 Number of Turns

As for the selection of number of turns, firstly, the turns ratio needs to be decided. Neglecting
leakage inductance, the field voltage should be equal to the dc-link voltage in case 1.0 duty
cycle is applied. And in order to guarantee the maximum field current under minimum dc-link
voltage at the highest temperature

& - Ut max _ Itmax " Rtmax

~ = (6-110)
Nl Udc.min Udc.min

Secondly, a higher number of turns reduces the flux density but increases the current density
providing a fixed geometry. Following this relationship, the number of turns is adjusted
simultaneously on both sides of the winding, to achieve a balance of the flux density and the
current density.

6.3.4 Transformer Design for A 48 V EESM

A transformer for the excitation of a 48 EESM is designed by following the considerations
introduced in this section. The ferrite material used in the pot core is PC40 from TDK with a
saturation flux density of 400 mT and a suitable frequency range between 100 and 400 kHz.
The axial excitation design is with identical pot cores on both primary and secondary sides. As
mentioned in Section 6.3.1, this gives benefits in case of replacement and mass production.
In this design, both electromagnetic performance and mechanical strength are considered. In
terms of electromagnetics, the flux density along the flux path iron core is tuned to be as
uniform as possible, whereas considering mechanical strength and manufacturing, the
minimum thickness is set to 2 mm.

The flux distributions are shown in Figure 6-55. The Points 1, 2 and 3 are defined on both
primary (stationary) side and secondary (rotary) side according to Figure 6-54. The flux
densities of these points are illustrated in Figure 6-56. As can be noticed, the flux densities
are far below 400 mT. The pot cores are over dimensioned to guarantee mechanical strength.
In addition, the flux densities among all the three points on the same side are similar. This
verifies the proposed design strategy. Furthermore, the peak flux density of the primary side
is higher than the peak of the secondary side. This is due to the flux leakage on the primary
side, i.e. some flux lines only link with the primary side. This is unavoidable if identical pot
cores are used on both sides of the transformer. Otherwise, the size of the secondary side pot
core can be reduced.
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(a) Maximum flux density on primary side. (b) Maximum flux density on secondary side.

Figure 6-55 Flux distribution in the ferrite pot core.
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Figure 6-56 Flux density variations in FEM.

Due to the low flux density compared with the saturation level, the frequency for power
transfer is selected as 100 kHz, i.e. the lowest value within the frequency range. This
frequency selection minimizes iron-core loss as well as switching losses of the H-Bridge
inverter. The experimental verifications of the transformer design are presented in Section
6.1.6
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The purpose of this study is to investigate the potential of EESM application with high
frequency brushless excitation in EVs. To achieve this aim, the focus is to confront the
challenges and to tackle the problems. The following conclusions can be drawn from the study.

Power factor flexibility is one key advantage provided by EESMs due to the freedom
of adjusting field current. Hence it is essential to figure out in which condition can high
power factor be achieved. To comprehend this, power factor contours in the dg-plane
are proposed where high power factor area is identified. Among these contours, the
one that defines unity power factor can be used to determine whether the maximum
electromagnetic power can be achieved along the torque-speed envelope.

The control strategies of EESMs become more complicated than those of PMSMs due
to the additional control freedom introduced by the field current. Therefore, the dg-
plane as the visualization method for PMSM analysis is insufficient for EESM analysis.
The solution proposed in this study is to place the field current axis perpendicular to
the dg-plane. Then the 2D contours in the dg-plane are extended to 3D isosurfaces.
With the help of 3D isosurfaces, copper loss minimization can be illustrated as the
copper loss isosurface and the torque isosurface pushing against each other.

To achieve different targets of machine performance, control strategies are studied to
find the most proper combination of stator and field currents. To minimize copper
losses, the d-, g- and field currents are proportional to each other, in case of no
saturation. Considering saturation of the iron-core, an iterative method is proposed
to find the optimum solution in torque-speed map. The shape of the torque-speed
envelope is unique whereas inside the envelope, the distributions of efficiency, power
factor and terminal voltage are decided by different control strategies. Higher
efficiency can be provided by EESMs at high speed range compared with PMSMs, due
to the lower iron-core and copper losses in EESM field weakening.

In dynamic current control with an FOC structure, the determination of current
references becomes complicated due to the third degree of control freedom
introduced by the field current. To tackle this problem, a current reference
determination algorithm is proposed based on torque gradients. The gradients are
defined in a coordinate system where the length of a current vector indicates the sum
of stator and field copper losses. The move of current reference vector follows the
direction of torque gradients so that the torque built by the current references catches
the torque request swiftly. When the current limit or voltage limit is reached, extra
constraints are introduced, and the move of the current reference vector is redirected.
Consequently, the algorithm works for all conditions, including normal operation,
torque-boosting and field weakening.
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e Due to the magnetic mutual coupling between the stator and field windings, a current
rise in the field winding would induce an EMF in the stator winding and vice versa. This
introduces disturbances to the current responses. To deal with the disturbances, a
compensation technique is proposed. An extra voltage component is added to the
output of the controller which cancels the induced EMF due to the coupling. With this
technique, the responses of current and electromagnetic torque become smooth.

e Compared with PMSMs, tradeoff is not needed in machine design between high
starting torque and effective field weakening in EESMs, due to the flexible field current.
The challenge is to maximumly make use of this advantage provided by EESMs. To
realize this, two design criteria are derived: (1) to achieve unity power factor at peak
power, the maximum flux generated by field winding needs to be able to cancel that
generated by the stator winding, assuming no leakage flux, and (2) to maximize the
starting torque under copper loss minimization, the copper losses in field winding and
stator winding shall be almost equal. These criteria are integrated into the design
procedure with multi-objective optimization where parametric sweep and Prieto
Frontier are introduced. A 48 V EESM is prototyped during the study. In experimental
verification, a torque density of 10 N-m/L is achieved including cooling jacket.

e Due to the inaccessibility of the field winding using HF brushless excitation, to have
feedback control of field current in a closed loop, a dynamic estimation method is
proposed. In this algorithm, the dc-link current is utilized as a feedback to correct the
estimation. The current and temperature variations are tracked quite well. Based on
the estimation, a closed-loop field current control is established. The field current
reference is tracked within an error of 2% in experimental verifications. This closed-
loop field current control enables a complete dynamic closed-loop control of the EESM.

e Todrive an EESM, apart from the three-phase inverter that powers the machine stator,
an additional dc-dc converter is needed to power the field winding. This increases the
cost and becomes a disadvantage of the EESM drive system. To solve this problem, a
topology is proposed to make use of the common mode switching harmonics of the
stator inverter for field excitation. Switching harmonics are extracted, transferred
through the transformer and used to power the field winding. With this topology, both
the stator and field winding of the machine can be powered using only one inverter.

From all the challenges tackled in this study, it can be concluded that the application of EESMs
in EVs is feasible.

7.2 On-Going and Future Work

Experimental verification of dynamic control will be conducted in a 360 V 60 kW EESM,
including current reference determination and dynamic current control. The temperature rise
in rotor is a challenge for EESMs due to copper losses in the field winding. To understand the
heat transfer during machine operation, a lumped parameter model will be built. The key
parameters of the model are obtained with the assistance of empirical method from literature
and computational fluid dynamics (CFD) analysis. The focus is to characterize the heat
dissipation and temperature rise of the field winding. One step further, cooling strategies will
be searched. An integrated design of resolver, rotating transformer and telemetry is an
interesting idea. In this case, the rotating transformer does three tasks in one unit: to power
the field winding, to indicate the angle and to transfer field current measurements to the
controller in stationary.
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Appendix A

Machine Model Transformation

In this appendix, the modeling of EESMs is firstly established in stational frame. Then it is
transformed into ap-frame and dg-frame.

A.l Modeling in ABC-Frame

The stator voltages are composed by resistive voltage drops and electromotive forces (EMF)
due to the derivative of magnetic flux Iinkages

ua a 0 la l)ba
Uy 0 Ry 01f]ip Yy

_ bl — A-1
u|=lo o R o0l]i +dt " (A-1)
Us 0 Rellis Vs

where u denotes voltages, R denotes resistances, i denotes currents, 1 denotes flux linkages,
t denotes time and a, b, c and f denote Phases A, B, C and field windings respectively. If the
machine is operating in the linear region of the BH curve, the flux linkages can be further
expressed as [73]

wa ia La(er) Mab (er) Mac (Hr) Maf(er) ia
l/)b =L [ _ Mba (Qr) Lb (Hr) Mbc (er) be(er) ib
l/)C — abd iC B Mca (Qr) Mcb (er) Lc(er) Mcf(er) ic
l/)f if Mfa (er) be (Qr) Mfc (er) Lf if

=2

(A-2)

where L denotes self-inductances, M denotes mutual-inductances, 6, denotes rotor angle
with respect to the axis of Phase A (a-axis). In the L,p.f matrix, L¢ is the rotor self-inductance
which is a constant, whereas other inductances are variables dependent on rotor position 6,.
With the help of Figure A-1, the tendency of these rotor-position-dependent inductances can
be figured out.

When 6, = 0, the rotor is aligned with the a-axis:

e The reluctance of Phase A reaches the minimum and therefore, the L,(6,) achieves
the maximum.

e The b- and c-axis share the magnetic path maximally, which means Phase B and C
share the flux maximally and therefore, the mutual-inductances of Phase B and C,
My (6;) and M, (6,), achieve the maximum.

e The excitation flux generated by if enhances the a-axis flux maximally and therefore,
the M,¢(6,) and M¢,(6,) achieve the maximum.

When 6, = m, the rotor is anti-aligned with the a-axis:

o L,(6.), My.(6.) and M., (6,) still achieve the maximum since they are independent
from is.
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d-axis

Figure A-1 Schematic of EESM windings in space.

e The excitation flux generated by if suppresses the a-axis flux maximally and therefore,
the M,¢(6,) and M¢,(6,) achieve the minimum.

The expressions of the inductances when the rotor is aligned with other axes can be
addressed similarly. Assuming that the inductance dependent on the angle is sinusoidal, as
shown in Figure A-2, then the wave model can be established as [73]

L,(6.) = Lg.s + Lg.p - cos(26,)

21

Ly(6;) = Lgs + Lg.p * cos (26r + ?) (A-3)
21

L.(6,.) = Lgs + Lg.5 * cos (26r - ?)

2T
Mab(gr) = Mba(gr) = M.z + Lg.p - cOS (29r - ?)

Mbc(gr) = Mcb(gr) = Mgz + Lga- COS(Zgr) (A-4)

2T
M, (6,) = Myo(6,) = Mgy + Ly - COS (20r + ?)

Maf(er) = Mfa(er) =Ly~ COS(Hr)

21
Mot(61) = My (6) = L - cos (6, = )

2T
Mcf(er) = Mfc(er) = Ly, - cos (Hr + ?)

(A-5)

where Lgxs and M. are the average of the stator self-inductance and the stator mutual-
inductance over one electric period respectively, Lg.5 is the peak-to-average inductance
variation of the stator, L,,, is the amplitude of the stator-rotor mutual-inductance variation. It
should be pointed out that, Ms.5; is negative, since the flux generated by the Phase A coil goes
oppositely to the Phase B coil.

A.2 ABC-DQO Coordinate Transformation

As can be noticed in (A-2), the modeling of the EESM in abc-frame is complicated since the

inductance matrix Ly,cr is dependent on the rotor position. In machine design, it is common

to analyze the direct-axis (d-axis) and quadrature-axis (g-axis) flux paths separately. The d-

160
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Maf

Figure A-2 Inductance wave model of EESM.
The waveforms are an example for illustration and the amplitudes are not to scale.

and g-axis flux paths of the EESM are shown in Figure A-3, where the d-axis is defined as the
rotor main flux path and the g-axis is defined as 90°, electrical angle, leading the d-axis. The
basic adjustment of rotor geometry is performed based on the flux distribution in dg-frame.
Besides, in machine control, it is a mature technology to control DC quantities in dg-frame
instead of AC quantities in abc-frame. These are the major reasons why abc — dq
transformation is performed.

The abc < afy transformation was proposed in [36] while the affy < dqo transformation
was proposed in [35]. With a combination of these two transformations, the three-phase
electrical quantities, e.g. flux linkages, voltages and currents, can be presented in the dg-

frame, and vice versa
Xd Xa Xa
Xq| = Tabc—>dqo Xb Xb
Xo Xc

xC
where x denotes any electrical quantity, d denotes d-axis, q denotes g-axis, o denotes zero-
sequence, Tapc-dqo denotes the abc — dqo transformation matrix and Tqqo-abc denotes the
dgo — abc transformation matrix. The transformation matrices are

Xd
= quo—>abc [xc{] (A-6)
Xo

cos(¢.)  cos <¢r - gn) cos (gbr + §n>

Tobeodao = k 2 2
abeodqo = T Gin(¢,) —sin (qbr — §1‘[> —sin (d)r + §1‘[)

ko ko ko

(A-7)
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\4

Figure A-3 The d- and g-axis of an EESM.

COS(¢r) - Sin(¢r) Ziko
2 2 ) 2 1
Taqo—abc = 3_k1 cos (qbr — §1‘[> —sin (qbr — §T[) Z_ko (A-8)
2 ] 2 1
_cos (gbr + §T[> — sin (gbr + 3 n) Z_kO_

where ¢, is the angle of the rotor flux with respect to a-axis, and in synchronous machines,
the rotor angle equals the rotor flux angle

0, = ¢, (A-9)

The scaling factors k; and k in (A-7) and (A-8) are added to the transformation in order to fit
different preferences. The amplitude-invariant transformation and power-invariant
transformation are the two popular ones.

The idea of amplitude-invariant transformation is to match the amplitude of the dqo
guantities to the amplitude of the abc quantities

/xdz + xqz = |5C)dq| =X, =Xp = X (A-10)

where |5c’dq| means the amplitude of the vector in dg-frame, X, X}, and X are the amplitudes
of the a, b and c quantities. To achieve this, the scaling factors are

ki== , ko== (A-11)

but other scaling factors must be applied in the instantaneous power calculation in dg-frame

3 3
Ug gt Up dp F U le =P =5 Uatlat s U tig T3 oo (A-12)
where p means instantaneous power. This is because Tapc_dqo IS NOt unitary in amplitude-
invariant transformation. Please note that the zero sequence is the same as the one in the
symmetrical component transformation [74].
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The idea of power-invariant transformation is to make sure that the instantaneous power
calculated through inner-product of voltage and current vectors in the dgo-frame is
consistent with that calculated in the abc-frame, i.e.

Uy "lgHUp Iy T UL =P =UqIqg +Ug g+ Uy i (A-13)

And in order to achieve this, Tapc—dqo @and Tgqo—abc N€€d to be unitary, which yields the
scaling factors as

ky =— ko = — (A-14)

The unitarity of Tapcodqo @and Tago—abe i power-invariant transformation means that they
are the transpose and inverse of each other.

A.3 Coordinate Transformation in EESM

Usually the mid-point of the motor is not grounded, and therefore, the zero-sequence
component in the current cannot appear. Then the abc = dq and dq — abc transformations
can be formulated as

2 2
cos(6,)  cos <0r - §1‘[) cos <9r + §1‘t>

Tabc—>dq = k4 2 2 (A-15)
—sin(6,) —sin <9r - §T[> —sin (Hr + §n)
cos(6,) —sin(6,)
2 Jcos (6 =5m) —sin(0r = 3)
cos( 6, —= —sin( 0, — =
Tagoabe =g-| V' 3" rT3" (A-16)
1

2 . 2
cos (Hr + §1T> —sin <0r + §1‘[)

where T,pc.4qq is the abc — dq transformation matrix and Tqq.apc is the dq — abc
transformation matrix. Taking the field winding into consideration, the complete
transformation in EESM becomes

Xd Y Ya d
x| = Tabedq 07 |*b Xp| _ [Tag—abc 0 X (A-17)
N1 o x| 7 %[ L o 1l
X¢ Xt
Xt Xt
A.4 Modeling in DQ-Current Frame

With the abc-dq transformation, the machine can be modeled in the dg-frame.

The flux linkage equation in the dg-frame can be derived from the flux linkage equation (A-2)
in the abc-frame

Ya iq
Vg | = Lagr lq
¢ i

Then, the inductance matrix Lqqr can be derived from Ly, as indicated in (A-17)

lg

Tabc—>dq O] [Td —abc O] i
— L a i A-18
[ 0 1 abcf 0 1 inl ( )
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Lq
T 0 T 0
L _ [ abc—dq ]L [ dg—abc ] — 0 L 0 A-19
dqf 0 1 abc 0 1 1 ! ( )
—L 0 L
ky ™ !

where Lq is the d-axis inductance and L is the g-axis inductance

3
Ld = LS'E - MS'E + _LS'A

2
3 (A-20)

Lq = LS'Z - MS'Z - ELS.A

In case power-invariant transformation is applied, then

L 0 \/§L _
d \/E m
Lagr = 0 Lq 0 (A-21)
V3
ﬁ L, O L¢
which is symmetric. However, if amplitude-invariant transformation is applied, then
Lq 0 Ly
0 Lg O
Lags = (A-22)
ELm 0 L
which is not symmetric, and to express the flux linkages separately in this case
Yg = Lg-ig + Ly-is
= L.-i
l/)q q lq 3 (A-23)
Yr = Letis + 5Lpcig

2
In this work, amplitude-invariant transformation (k; = 5) is selected due to the simple
expressions in flux linkage equations.

The dynamic stator voltage equation of the machine can be derived in vector form

dys
17§=RS'T§+;/):
R Lo o i
= us:Rs'ls‘l'd_tS‘}']wr'l/)s (A-24)
_ oy et i) | _
= ud+]uq=Rs-(1d+]Lq)+—dt Lt jor - (Ya + 1q)

where u$, 73 and 1§ mean the stator voltage, current and flux linkage in the a-frame; us, i

and J))S mean the stator voltage, current and flux linkage in the dg-frame. Then, in matrix
format, the stator along with the field equations can be summarized as

164



Ug R 0 07fig 0 —w O0]|¥da| 4 [Pd
Ug|=10 Ry Of|ig|+|w. 0 0f|¥q +o Vg (A-25)
Ur 0 0 Rf if 0 0 0 l/)f lpf

And assuming constant inductances, (A-25) becomes

_dl'd_
. L 0 L At
Ug Ry —wilg 0 Jrig Od L 6“ c?it
Ug| = |wrLq R; wrLpy lq| + 3 a d—; (A-26)
u j e
f 0 0 Re | Lis 5 L, 0 L dig
L dt |

Please notice that coupling terms —w;Lqyiq, wrLgig and wyLyir appear in the d- and g-axis
equations. The term w, L, i is usually regarded as the back-EMF term

em = Wy - Loy " i (A-27)

and the EMF along d- and g-axis can be defined as well
eq = —wr Lq-ig=—xq" g (A-28)
eq=wr Lq ig+ @ Lyif=xq"ig+en (A-29)

where x denotes reactances, e denotes EMF and m means mutual. In steady state, the
current derivatives in dg-frame become zero, which means

Ud RS —(,Uqu 0 Id
Uq = |wrLg Ry WyLy Iq (A-30)
Us 0 0 Ry I¢

The ratio between d- and g-axis inductances is defined as saliency ratio [75]
kag =7 (A-31)

In case kqq = 1, then the machine is defined as “non-salient”, whereas in case kqq # 1, then
the machine is defined as “salient”. The difference between L4 and L is defined as L,

Ly=Lg— Lq = 3" Ls.gelta (A-32)
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Appendix B

Instantaneous Power Basics

From the instantaneous voltage and current values, the instantaneous power can be
calculated [37]. In aB-frame, the complex power can be formulated as

3 : 3 .
S:p;-]q:m- (OCB).?(OCB)
= 5z (ua +jug) - (i — i) (B-1)

3 . . .3 . .
= _ZKZ (ua “lg + 'U,[; - l[;) +]—2K2 ('U,[; lg — Uyt lB)
Transformed into dg-frame, the complex power can be expressed as

3

S=p+ijq= 2?’? @B . @) = ek [0 . 9] - [140) . 8]’
- % [G9) . 700)"] . [ . ¢716] (B-2)

3 3
=m(ud-id+uq-iq)+jm(uq-id—ud-iq)

With amplitude-invariant transformation (K = 1), the active power, reactive power,
apparent power as well as power factor can be formulated as

3 3
p=§(ud-id+uq-iq) q=§(uq-id—ud-iq) (B-3)
= T
3 . N2 . 12
=§\/(ud-1d+uq-lq) +(uq-ld—ud-1q) (B-4)
3
=2 a0 + (g i) + (g 1)’ + (a1’
D D 1 1
cos@Q =—= = =

S_\/p2+q2_\/1+(%)2 \/1+<uq'id—ud'iq)2 (B-5)

ud-id+uq-iq
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Appendix C

Experimental Setup for 48 V EESM

The connection and measurement points of the system are illustrated in Figure C-1. A dc
power source supplies power to a three-phase inverter and an H-Bridge inverter. The three-
phase inverter delivers power to the three phases A, B and C in the stator, while the H-Bridge
inverter delivers power to the rotating transformer for field excitation. The neutral point of
the three phases are not connected. The machine is connected to a load machine through a
torque sensor. An incremental encoder is installed on the shaft. In order to do field-oriented

P
DC Power Supply Power Supply
30 Vdc 200 Adc 400 Vrms 63 Arms

[ N
P
DC Power Supply

30 Vdc 200 Adc Split Box

— N

Three-Phase
/ Inverter
\ A 2
Jr %o
C 2 Data Acquisition
( u\ § Unit
| A ©
5 Hydra 2638A05 Converter
Ug =1
€ ACS800
2

-
>

Torque

Sensor Load IM
EESM DR-2212 30 kw B JE{} B
50 N'm c [of M-y
H-Bridge Rotating H-Bridge
AN\ Inverter Transformer Rectifier
HA {=— }{ —HA*FP—FP
HB b I EN = ENn Load Machine Controller
MDA 805A
Di ital.rshillsnzzI(:’Fri?::ngz (DSP) Control Panel in CCS Eight-Channel Control Panel in LabView
8 & Oscilloscope
Upc 778 ug Uc

Figure C-1 Diagram of 48 V EESM experimental setup.
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control of the machine, the three-phase currents are measured and the pulses from the
incremental encoder are fed into a DSP. The DSP used in this study is TMS320F28379D from
Texas Instrument. The three-phase voltages are measured with an oscilloscope, not for
control but for power calculation. The dc-link voltage is measured for calculation of pulse
width modulation (PWM) duty cycles. The dc-link current going to the H-bridge inverter is
measured for field current estimation. In addition, PT100 temperature sensors are inserted
into the windings to monitor the temperature.

Each current sensor provides a voltage signal between +10 V. Through a processing circuit
shown in Figure C-2, the signal is scaled to between 0 and 3 V and fed into the ADC of DSP.
OPAMP 1 is a voltage follower which provides high input impedance and low output
impedance. This avoids the current sensor from being overloaded. Then, a resistive voltage
divider scales the signal from £10 V to £1.5 V. A capacitor of 100 nF is added here to filter out
noise. Thereafter, OPAMP 2 is used to shift the voltage signal from £1.5 V to between 0 and -
3V, by adding 1.5V from a voltage reference chip. In the end, the signal is inverted by OPAMP
3 to betweenOand 3 V.

The voltage measurement utilizes a Hall sensor, as shown in Figure C-3. A resistor is added in
parallel with the voltage to measure and a current goes through the resistor into the Hall
sensor which is proportional to the voltage level. Since Hall effect is utilized, the output is
galvanically isolated from the power circuit. The Hall sensor outputs a secondary side current
which is proportional to the primary side current. And by adding a proper value of resistance
at the output of the Hall sensor, the voltage across the resistor becomes within the range of
between 0 and 3 V and is proportional to the voltage on the primary side. This voltage then
can be fed into the ADC of the DSP.

Follower Divider Adder Inverter
_ £10V
-15V +15V 10 kQ 10 kQ
- kQ -15V
OPAMP 1 +15y 10k
+ | S -
15 | 100 OPAMP 2
+15V kQ T nF +
5 kQ +15V
From
Current
J__ oND To ADC
Sensor = of DSP

Figure C-2 Current measurement signal processing circuit of each channel (totally four channels).

High Voltage Side +15V Low Voltage Side
(Primary Side) | (Secondary Side)
o HT+

Voltage Hall Sensor M
° HT - | Toanc
[~ of DSP
-15Vv ——o
— GND

Figure C-3 Voltage measurement circuit.
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The encoder provides TTL signal, which needs to be scaled into the range between 0 and 3.3
V before going to the EQEP of the DSP. The signal processing circuit is as shown in Figure C-4.
Firstly, the pulses in pairs are fed into a differential line receiver which compares the positive
and negative signals and outputs differential mode. This is used to reject common mode noise.
Then a transceiver scales the voltage level from 5V to 3.3 V. Thereafter, the signal is safe to
go to the EQEP module of the DSP.

Differential .
Line Receiver Transceiver
100kQx6 _ -
A+ — [+ 330x3 1kQx3
N CH1 A 1A A——1— A
-—I 1
From B+ — 1+ To EQEP
B
oo B__:l_(CHZ_D_ B ———B5V>33Ve[——— B °
2+ — 1+
CH3 z M1z Z—{—1— Z

z-—F— "

Figure C-4 Encoder signal processing circuit.

The current, voltage and encoder signal processing circuits are implemented on a signal
processing PCB. A photo of the PCB was taken as shown in Figure C-5. The current
measurement signals come to the PCB through the BNC connectors on the northwest corner.
The power supply, encoder signals and voltage signals are placed from north to south along
the right side. A TMS320F28379D launchpad was stacked on the top on the southwest. The
PWM output pins are placed along the southwest edges close to the launchpad. The controller
including the signal PCB and the launchpad is sealed in an iron box to avoid electromagnetic
interference (EMI).

EESM Signal Processing PCB |
Division of Electric Power Er.
Chalmers University of Tec

2018-08-17

(a) Signal processing PCB (b) Controller hardware sealed in a steel box

Figure C-5 Hardware of controller.
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Figure C-6 Sequence in controller.
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Figure C-7 Process during interruption.

Figure C-6 shows the sequence of the DSP programme. Initialization is performed in the
beginning, which includes the initializations of the clock and the GPIO ports, as well as the
configuration of periodical interruptions. The interruption period is set as the same as the
period of switching cycle. Then the periodical interruptions start. In each interruption,
sampling, processing of the sampling, control calculation, PWM calculation and PWM as well
as DAC update are performed in a sequence.

The time allocation of each periodical interruption is illustrated in a schematic shown in Figure
C-7. Over-sampling is a technique that takes four samples of each signal successively, and
then takes the average of the medium two values as the measured value for processing. This
technique is applied to reject EMI and get stable measurement values. Over sampling is
performed before each interruption. Thereafter, the values in EQEP registers are processed
to calculate the rotor speed and position. This is to make sure that the rotor position is taken
at the beginning of the interruption so that the rotor angle at the end of the interruption can
be compensated as accurate as possible by

Orz =01+ wrg Tow (C-1)
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where 6,1 and w4 are the angle and speed measured by the EQEP module at the beginning
of the interruption respectively, T, is the period of switching cycle and 6, , is the estimated
angle at the end of the interruption. Thereafter, ADC sampling is processed and field current
is estimated. In current control, 8. ; is the one used for abc-dq transformation, whereas 6, ,
is the one used for dg-abc transformation. In the end, PWM duty cycles are calculated and
the outputs are updated.
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