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Abstract

An electrically excited synchronous machine (EESM) produces magnetic flux by electric cur-
rent in the field winding. This unique characteristic gives an additional degree of freedom to the
EESM model. The controllability of field flux enables a wide constant power range and high
efficiency in the high-speed range without using rare-earth magnets.

The field winding also provides additional observability. Due to the mutual induction between
the stator and the rotor windings, the field current signal contains the structural saliency of the
machine. As the fundamental PWM switching in the stator winding induces the field current
depending on the structural saliency, the mutually induced field current can be utilized to esti-
mate the rotor position. Therefore, the PWM-based sensorless control using mutual induction is
proposed in this thesis. The position estimation algorithm was derived from the geometric rela-
tionship between the stator active vector and the derivative of field current. For the realization of
the method, practical issues, such as the current response delay and the insufficient active time,
were analyzed. The corresponding modification methods were suggested and verified with the
experimental results.

The experimental validation was performed in the wide-speed range, the reverse rotation, and
the full load condition. Although the transient estimation error was higher than existing meth-
ods, the overall operation showed satisfactory performance without divergence. Therefore, the
proposed method has achieved the sensorless control of EESM with the mutually induced field
current by fundamental PWM switching. The proposed method can estimate the rotor posi-
tion within one or two PWM cycles with simple arithmetic operations. Moreover, neither any
parameter information nor the polarity detection method is required in the proposed method.
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CHAPTER 1

Introduction

Since the discovery of the electromagnetic induction phenomenon by Faraday (1831), electric
machines have been becoming essential in our daily life. In the beginning, electric machines
were used only for industrial applications due to the machine’s big size and their limitation
in dynamic operation. However, machine design and control technology have been developed
actively and combined with power electronics, materials technology, and micro-controllers. As
a result, a high performance and efficient machine drive was achieved. The achievement made

electric machines widely being used in various fields.

1.1 Electrically Excited Synchronous Machine

For different purposes of applications, various types of electric machines are developed, and
each type of machines has different characteristics. Alternating current (AC) machines can be
classified as Figure 1.1. Generally, the AC machine is classified as a synchronous machine and
an induction machine (asynchronous machine) depending on the synchronization of the rotor
operation with AC stator voltage. By the source of the field flux or the rotor structure, AC
machines can be classified further in detail. Among the various types of machines, an interior

permanent magnet synchronous machine (IPMSM) is one of the most popular machines in many
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applications. Thanks to the high torque density and efficiency, a large percentage of electric
vehicles (EVs) use IPMSM in their drivetrains [1,2]. However, the permanent magnet (PM)
used in IPMSM is rare-earth material, which causes unstable and high manufacturing costs.
Accordingly, other machine types have been examined in many researches to find an alternative
machine of IPMSM. An induction machine (IM) has the advantages of mechanical robustness
and high reliability but has lower efficiency. A Synchronous reluctance machine (SynRM) has
also been researched for traction applications but has not yet penetrated the market due to noise
and vibrations. As another alternative, an electrically excited synchronous machine (EESM*) is

getting more interest in recent researches [3-5].

. Synchronous Permanent Magnet
AC Machine Machine Synchronous Machine IPMSM

SPMSM
1 Reluctance Machine
Electrically Excited Salient Pole
| Synchronous Machine EESM
| Round Pole
EESM
L Brushless
EESM
L Induction Wound Rotor
Machine Induction Machine

Squirrel Cage
Induction Machine

Figure 1.1: Classification of AC machines

The EESM is a synchronous machine and a non-PM machine with a field winding in a rotor
to generate the magnetic flux. The rotor structures of IPMSM and salient pole EESM are de-
picted in Figure 1.2. EESM has field winding which produces the magnetic flux by applying
current into the winding. While the field flux is constant in PMSM, the field flux of EESM can

“EESM is also called a wound rotor synchronous machine (WRSM) or a wound field synchronous machine
(WFSM), but in this research, we use the term EESM.
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d-axis

(a) (b)

Figure 1.2: Rotor structures: (a) IPMSM and (b) EESM

be adjusted by controlling the field current. EESM has been preferred for high-power gener-
ating and motoring applications in the multi-MW range [6]. Due to the recent development of
machine design, it is now also used for automotive traction applications in the market [7,8]. Es-
pecially, the applications of EESM to the micro-hybrid system’ and mild-hybrid system* have
been actively researched [11,12].

EESM has the following advantages compared to IPMSM:

1. Magnet-free
2. Wide-speed range operation with high-efficiency

3. Fail-safety in case of inverter failure

Owing to the field winding, EESM does not require a permanent magnet. As a result, the
magnet-free structure prevents the unstable cost variation and a chance of demagnetization un-
der the high-temperature condition. In addition, the controllability of the field flux enables
the ideal field weakening control. Therefore, EESM has a wider constant power speed range
and higher efficiency in the high-speed range than PMSM [13, 14]. On the other hand, since
EESM does not induce electromotive force (EMF) in case of inverter failure, it has inherent

fail-safety even in the high-speed region [15]. Those advantages satisfy the main requirements

A micro hybrid system primarily has auto start-stop functionality with less than 5 kW power capability [9].
A mild hybrid system is a type of hybrid system that assists engine torque and regenerates braking force
within a limited output power. The electric machine in mild hybrids is rated between 5 and 20 kW [10].
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for a traction application, such as high torque output at the low-speed range, high efficiency,
and wide-speed operation range.

The use of brush and the copper loss in the field winding are the main concerns of EESM.
The wear of brush can reduce the mechanical robustness of the machine. However, it was
claimed that the coal brushes in the slip ring wear less than those in direct current (DC) ma-
chines and are practically maintenance-free [16]. On the other hand, brushless EESM has been
actively researched to eliminate the problem caused by the brush and slip ring structure [17-19].
Regarding the concern of the copper loss in the field winding, the optimal control that consid-
ers the copper loss of the field winding was studied to prevent the low system efficiency and
thermal problem [20]. Considering the advantages and the solutions for the disadvantages of
EESM, EESM is expected to be used in more applications, especially in automotive traction

applications. Therefore, this thesis deals with the EESM and a control method for EESM.

1.2 Related Works

In terms of the machine control method, the vector control or the field-oriented control (FOC)
method enabled high performance and efficiency control. The vector control controls the mag-
nitude and the direction of the current vector with respect to the field flux vector. The control
method enables decoupled control of flux and torque, thus achieving instantaneous torque con-
trol. However, it also increases the dependency on the position sensor in machine control. The
position sensor, such as a resolver and an encoder, requires hardware cost, installation space,
cables, and additional signal processing integrated circuits (ICs). As a result, the position sen-
sor can restrict the usage in various applications and reduce the system’s reliability. Therefore,
to overcome the side effects of the position sensor, sensorless control ¥ has been suggested and
actively researched. Sensorless control is a vector control method with estimated position. Thus
the position sensor can be removed.

Based on the position estimation principle, sensorless control is classified as a model-based
method and a saliency-based method. The model-based method uses the EMF and shows excel-
lent performance in the middle- and high-speed range. However, the method depends on model
parameters and fails to estimate position in a standstill or low-speed range. The saliency-based

method estimates the rotor position by injecting high-frequency (HF) signal in general. Com-

$1t is correct to refer to the control method as "encoderless control” or "self-sensing control," but this study
follows the common terminology, "sensorless control."
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pared to the model-based method, the saliency-based method shows excellent performance in a
standstill and the low-speed range, but its application is limited in the high-speed range due to
the decreasing control voltage margin. Therefore, both methods need to be combined to control
the machine from a standstill to a high-speed range. However, the combination of two methods
requires a strategy for the transition region to prevent unstable operation. Therefore, this thesis
aims to design a sensorless control method that can work in a wide speed range with a single

algorithm.

Sensorless control of EESM has been researched in a number of publications. As a unique
characteristic of EESM, the rotor winding gives more chances in the design of the sensorless
control method. Regarding the saliency-based method, the rotor winding was exploited as ex-
citation winding of HF signal injection in [21-23]. In [21], the HF voltage signal was injected
into the rotor winding, and the corresponding current response was detected in the stator wind-
ing. Since this method was affected by the cross-coupling effect, the estimation method was
compensated with a lookup table of model parameters. The experimental results showed good
torque control performance for a standstill and the low-speed range. On the contrary, the rotor
winding was used to detect HF response induced by the injected carrier signal into the stator
winding [24,25]. The HF voltage signal was injected into the stator winding in the papers, and
the current response in the rotor winding was investigated. The proposed method was validated
experimentally and showed satisfactory control performance in the low-speed range, including

standstill condition.

As an attempt to reduce the side effects of signal injection, a fundamental rotor switching
signal was used as an HF carrier signal. Generally, due to the different time constant of the rotor
and the stator windings, the two switching frequencies are different. The frequency of mutually
induced stator voltage is decided by the rotor switching frequency, which differs from the stator
switching frequency. Therefore, the mutually induced stator voltage can be extracted from
the fundamental stator switching voltage by a filter such as a bandpass filter. As the mutually
induced voltage contains the saliency of a machine, the rotor switching can be used as an HF
carrier signal. In [22], fundamental rotor switching voltage was exploited as a carrier signal,
and the stator current response was obtained with a frequency demodulation method. Besides,
the fundamental rotor current ripple was also employed as a carrier signal [23]. The mutually
induced voltage in the stator winding was evaluated, and then the rotor position was estimated.
Both methods showed satisfactory estimation performance from a standstill to the low-speed
range with the fundamental switching signal in the rotor winding. In summary, the saliency-

based method of EESM has been researched based on the relationship between the injected
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carrier signal and its response in the other winding. Those methods showed good results in a
standstill and the low-speed range. However, the estimation performance deteriorated over the
middle-speed range. Moreover, the bandwidth of the current controller is limited by the signal
injection. Thus the dynamic performance of a machine is also limited.

The model-based method of EESM has been researched in a certain number of papers [23,
25,26]. The concept of active flux was suggested in [26], and the disturbance observer (DO)
was applied to calculate the EMF of the machine [23]. Since the magnitude of EMF is pro-
portional to the rotor speed, the method guarantees the estimation performance mainly in the
middle- and high-speed range. Therefore, the model-based method has been combined with
the saliency-based method for a whole speed range sensorless control method [23,25]. The
proposed methods showed satisfactory estimation performance for a whole speed range with
experimental results. The transition region and the switch-over strategy should be decided care-
fully for a stable transition between the two methods.

As a new approach, the pulse-width modulation (PWM)-based sensorless control was pro-
posed in [27-29]. In those methods, the fundamental PWM switching voltage or PWM fre-
quency injection signal was considered as HF carrier signal, and corresponding current response
was used to estimate the rotor position. In [27], a current derivative sensor was used to mea-
sure the current response. In [28], the derivative of current was computed by calculating the
current slope while an active voltage vector was applied. PWM frequency signal injection was
proposed in [29], and both rotating and pulsating signal injection were applied. Although the
PWM-based method requires a high sampling rate, it can estimate the rotor position over a wide

speed range with a single algorithm.

1.3 Contribution

The PWM-based sensorless control of EESM using mutual induction is proposed in this thesis.
The change of stator flux and rotor flux of EESM induces EMF mutually, and this phenomenon
is referred to as mutual induction. The mutual inductance can be expressed as a function of
the angle between the stator and the rotor windings. The proposed method estimates the rotor
position by evaluating the mutually induced current in the rotor winding by fundamental PWM
switching voltage in the stator winding. Following advantages are expected by the proposed

method:

1. Wide-speed range operation with a single algorithm
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2. Parameter-free estimation

3. Simple estimation algorithm

Firstly, the proposed method works for a wide-speed range by using the fundamental PWM
switching voltage. Due to the high frequency of PWM switching and no signal injection in the
high-speed range, a wide-speed range operation can be achieved with a single algorithm. Only
for the case that the stator reference voltage is too low to induce the measurable amplitude of
rotor current, signal injection is applied. Secondly, the estimation equation does not require
any parameter information. Since the position can be estimated only with measured current
and voltage command, parameter uncertainty does not affect the proposed method. Lastly, the
proposed method can estimate the rotor position by calculating the current slope during a PWM
cycle. Therefore the estimation consists of simple arithmetic operations and does not require

complex frequency demodulation methods.

1.4 Structure

This chapter has introduced EESM and sensorless control methods of EESM. Based on the
technical background, the research topic of this thesis was defined. Following this introduction,
Chapter 2 explains the model of EESM, which is essential to derive the proposed method in
this study. Also, the unique feature of EESM, the mutual induction between the stator and the
rotor windings, is analyzed in detail. Chapter 3 presents the state of the art of sensorless control
methods for EESM. Based on the estimation principle, related researches are classified as the
saliency-based method and the model-based method. Additionally, recent researches on the
PWM-based method are explained at the end of the chapter.

Chapter 4 describes the PWM-based sensorless control of EESM using mutual induction,
which is the topic of this thesis. Firstly, the proposed method is derived theoretically from the
mathematical model. Secondly, practical issues and related modification methods are presented
in detail. Thirdly, the configuration of the test bench is given to describe the experimental
environments. The experimental validation is carried out with the modification methods and

presented at the end of the chapter. Finally, Chapter 5 presents the conclusion of this thesis.
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CHAPTER 2

Electric Machine Model

A model describes system behavior with mathematical equations. It is the basis of system
analysis and controller design. In this chapter, a reference frame theory is explained to express
the EESM model. And then, the EESM model is introduced and analyzed. In the last section,
the mutual inductance between the stator and the rotor winding, which is the main parameter in

the proposed position estimation algorithm, is analyzed in detail.

2.1 Reference Frame Theory

2.1.1 Symbols and nomenclature

The symbol notation used in this study is introduced to clarify the meaning of symbols in

mathematical equations. The basic form of a symbol is given as

z’ 2.1)

~ .

where z, 7, and j represent a variable, a winding associated with the variable, and a reference

frame. For example, u! means a voltage variable of the stator winding in the rotor reference
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Superscript \ Description

S Stator reference frame
r Rotor reference frame
a Arbitrary reference frame

Table 2.1: List of superscripts

Subscript \ Description

a,b,c a-, b-, and c-phase stator windings
o, B o- and [3-axis stator windings
d, q d- and g-axis stator windings
f Field winding (rotor winding)

Table 2.2: List of subscripts

frame. Lists of superscripts and subscripts used in the model are summarized in Table 2.1 and
Table 2.2.

2.1.2 Reference frame transformation

The electric machine model is expressed as a time-varying system. The time-varying model
equations give difficulties in analyzing and controlling the model behavior. By transforming
the model equations to a different reference frame, the time-invariant model equations can be
obtained. Also, the number of model variables can be reduced. As a result, the analysis and the
controller design become more straightforward.

Figure 2.1 shows the relationship between different reference frame axes. In the symmetric
three-phase electric machine, the three windings have a 277/3 rad spatial displacement to each
other and consist of a-, b-, and c-axis. The stator reference frame, which is depicted with red
color, is a stationary frame and consists of «- and -axis. The «a-axis is defined to be aligned
with the a-axis. The [-axis is defined as orthogonal to the a-axis and 7/2 rad ahead of the
a-axis in the rotating direction. The rotor reference frame consists of a direct axis (d-axis) and
a quadrature axis (g-axis) and is depicted with a blue dotted line in Figure 2.1. The d-axis is
defined to be aligned with a rotor flux direction in the rotor reference frame. The g-axis is 7/2
rad ahead of the d-axis in the rotating direction. The rotor reference frame rotates as the rotor
rotates with respect to the stator frame, and both rotations are synchronized together. There
1s one more axis in the stator and the rotor reference frame, the neutral axis (n-axis), which
is perpendicular to the other two axes. Since the n-axis is orthogonal to the plane, where the

rotating magnetic field is placed, it does not contribute to the torque generation but losses [30].
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b-axis

Figure 2.1: Axes of various reference frames

Therefore, the n-axis is not considered in this study under the definition that the three windings

are balanced (f, + f, + f. = 0), and the neutral point is in an open connection.

The transformation of the three-phase variables to the stator reference frame is a vector pro-
jection process shown in Figure 2.2. The three-phase variables can be projected on the - and

[-axes, and the projection results in two stator variables in the stator reference frame.

B-axis
b-axis A
|
Yoo
“\‘ ----- : %fc
3N
:! Y Ja =12
---t-3 P
A o-axis a-axis
|
J c-axis

Figure 2.2: Transformation to the stator reference frame
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By the vector projection process in Figure 2.2, the transformation equation is expressed as

fa= %(fa cos 0+ fy cos%” + fecos _jﬂ)
_ 2fa_gfb_fc (22)
fs= g(fasin()—l— fbsin%r + f.sin —57?)

V3

where f represents a variable such as voltage, current, and flux linkage of electric machines.
This transformation is also called as Clarke transformation. In the transformation, the constant
2/3 is multiplied to make the variable’s amplitude the same after the transformation. However,
the constant causes the variance of power after the transformation. Therefore, 3/2 should be
multiplied when calculating power with the transformed variables. Equations (2.2) and (2.3)

can be expressed in a matrix form as

£ 211 =5 —3 Jo

s _ al _ < 2 2

fs - fs - Tc.fabc - 3 0 L?—) _L?—) fb (24)
B 2 2 f

where T, represents the Clarke transformation matrix. The transformation of the variables in the
stator reference frame to the three-phase variables is expressed simply with the inverse matrix

of the T, and the equation is given as

fa 1 0 ;

,fabc_ fb :Tc_lvfssz _% \/73 O; (25)
f 1 3 /5
c 2 2

The transformation of the stator reference frame to the rotor reference frame is a vector ro-
tation process, as shown in Figure 2.3. The rotor reference frame is a rotating frame, and the
rotating angle and the angular velocity are given as 6 and w. As the reference frame is synchro-
nized with the rotor rotation, the rotating angle of the reference frame equals an electrical angle
of the rotor. The electrical angle is defined as the number of pole pairs times the mechanical

angle of the rotor.
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B-axis
g-axis
fé/\ .
ey d-axis
J ; “
'
q
Y
p i >
f a-axis

Figure 2.3: Transformation to the rotor reference frame

The transformation is expressed as

Ja = focost+ fisinf (2.6)
fq = —fasinb + f3cost (2.7)

where 6 is defined as the angle from a-axis to d-axis. This transformation is called as Park

transformation. Equations (2.6) and (2.7) can be expressed in a matrix form as

fh cos sind| |f3
=t == (2.8)
Iq —sinf cosf| |f3

where T, represents the Park transformation matrix.
As shown in (2.8), model variables in the stator reference frame can be easily transformed to
the rotor reference frame. With the inverse transformation matrix of T}, the transformation of

the rotor reference frame to the stator reference frame is given as

s cosf@ —sinf A
PR Al g

/3 sinf  cos6 fa

(2.9)

By the Clarke and Park transformation, variables of electric machines can be transformed
to a different reference frame. As a generalized reference frame transformation, the arbitrary

reference frame transformation is presented in [31]. The arbitrary reference frame is a rotating
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reference frame, which rotates with an arbitrary rotating angle. The transformation is expressed

as

fi , cosf  cos(0—2)  cos(f+ %)
= fol = T(0) fabe = 3 —sinf —sin (6 — %’T) —sin (6 + 2?“) Sabe (2.10)
s b ;

where f¢ and T represent the stator variables in the arbitrary reference frame and the arbitrary
reference frame transformation matrix. The transformation matrix can be the Clarke or Park
transformation matrix, depending on the arbitrary rotating angle. By substituting O for 6, the
transformation becomes the transformation to the stator reference frame, and by substituting the

rotor angle for 6, it becomes the transformation to the rotor reference frame.

By the reference frame transformation, model variables can be easily expressed in a different
reference frame. Although the mathematical models in the stator and the rotor reference frame
describe the same behavior of an electrical machine, each model provides a different perspective
in analyzing the machine’s behavior. In the following section, the EESM models in the stator

and the rotor reference frame are presented.

2.2 Electrically Excited Synchronous Machine Model

The electric machine used in this study is a salient pole EESM, which is designed for a mild
hybrid system of a vehicle. The machine has no damper winding in the rotor structure. The
EESM structure on different reference frames is displayed in 2.1, and further information on
the machine can be found in Appendix B. A voltage equation of electric machines consists
of voltage drop by winding resistance and induced voltage by the change of flux linkage in
windings. By Ohm’s law and Faraday’s law, the voltage equations for the three-phase stator

windings and the rotor winding are expressed as [30]

. d
Uahe = Rs?’abc + %'Ipabc (211)

, d
Uy :Rflf—l-EQ/Jf (2.12)
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where u, i, and ¢ are voltage, current, and flux linkage, respectively. The field winding is
the rotor winding in EESM. R, and R, denote stator winding resistance and field winding

resistance. The variables written with a bold character represent vector variables, and they are

given as
T
Ugpe = [u up u] 2.13)
) T
Labe = [ia ib Zc} (214)
R, 0 O
R,=|0 R, O (2.15)
0 0 R,
T
Yabe = [% Uy wc} (2.16)

With the transformation matrix explained in the previous section, this model can be expressed
in the stator and the rotor reference frame. To transform the three-phase variables to the arbitrary

reference frame, the transformation matrix is multiplied to the equation in (2.11) as

T(e)uabc = T(O)Rsiabc + T(e)%wabc (217)

By transforming the three-phase current and flux linkages vectors to the arbitrary reference

frame with the inverse transformation matrix, (2.17) can be rewritten as

T(0) e = T(O)RL(T ™ (0)i2) + T(0) o (T (0)35) 2.18)
u; = Ryt + T(@)%(T—l(e))ng) (2.19)

where T(0)R, T~ (0) = R, by the property of the transformation matrix. Using the product

rule of the derivatives, (2.19) becomes

u? = R’ + T(@)%Tl(ﬁwg +T(OT(0) "

*Q d — a d a
= R.i% + T(G)ET o)y + Ews (2.20)
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Applying the chain rule to the time derivative in the second term on the right-hand side, (2.20)

becomes 5 o
d
C =R+ T0) =T (0)Y! + — 9 2.21
ul = Ryl + T(0) 555 T (O + 4 221)
where % = w and by taking the derivative of T"~!(6) with respect to 0, (2.21) becomes
. d
us = R +wJyg + E@bg (2.22)
where the matrix J is given as
0 -1 0
0
J = T(H)%T’l(e) =11 0 0 (2.23)
0 0 0

Based on the voltage equation in the arbitrary reference frame shown in (2.22), the voltage
equation in the stator or the rotor reference frame can be obtained by substituting zero or the
rotor angle for the arbitrary rotating angle. The voltage equation of the rotor winding has the
same form in (2.12) regardless of the type of a reference frame since the variables of the rotor

winding are scalar values and independent from the rotor angle.

The flux linkage equations of the stator winding and rotor winding are given as [30]

¢abc = Labciabc + Msfzf (2.24)
WUy = Lyiy + (Myg)" ae (2.25)

where L., M, and Ly represent the stator inductance matrix, the mutual inductance matrix

between the stator and the field windings, and the field winding inductance.

The inductance matrix of the stator winding is defined as

Laa Lab Lac
Loy = | Loa Lop Lic (2.26)
Lca ch Lcc

where L;; represents the inductance between i- and j- phase windings, i.e., the diagonal ele-
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ments are stator self-inductance, and the other elements are stator mutual inductance of each
winding. Also, L;; = L;; because the circuit is reciprocal. Since a salient synchronous machine
has a variable effective air gap, the inductance varies depending on the air gap, which is decided
by the rotor position. Therefore, the inductance is expressed as a function of the rotor position.

The stator inductance matrix can be expressed as

Loy =
Lis+ LA+ Lpgcos?26, —%LA+LBCOS2(0T—%) —%LA—l—LBcosZ(@T—i—%)
—3La+ Lpgcos2 (0, —%) L+ La+ Lpcos2 (0, + 5) —3 L, + Lpcos 20,
—3La+ Lpcos2 (6, + 5) —31L, + Lpcos20, Lis+ La+ Lgcos2 (0, — %)

(2.27)

where L;;, L, Lp, and 6, represent leakage inductance, the average value of magnetizing
inductance, the amplitude of magnetizing inductance varying component, and the rotor position.

As shown in (2.27), the stator inductance matrix is expressed with the rotor position.

The mutual inductance between the stator and the field winding is also dependent on the
rotor position. By the spatial relationship of the three-phase winding and the field winding, the

mutual inductance matrix is given as
T
M,; = M,; [COS 0, cos (0, — &) cos (0, + %’T)} (2.28)

where M is the maximum value of the mutual inductance.

The flux linkage equation of stator winding can be transformed to the arbitrary reference

frame analogously to the transformation of voltage equations.

T (0) Yape = T (0) Lapeiape + T (0) Msis
=T (0) Lope(T~" (0) 3%) + T (0) Myig (2.29)

By rearranging (2.29), the flux linkage equation in the arbitrary reference frame is given as

Y = (T (0) LT (0)) 32 + T () Msiy
- Li+ M (230
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where z} is the field current scaled to the stator side, and the scaled field current is expressed as

2Ny
/o = 2.31
=N Y (2.3D)
where N; and N, represent the effective number of turns of the field winding and the stator
winding. The prime symbol is used to express the scaled value of the field variables and param-

eters.

In (2.30), the calculation results of inductance matrices are given as

Lls—i-%(LA%—LBcosQ(Q—QT)) —%LBsin2(9—0,.) 0
L = —%LB sin2 (6 — 0,) L15+%(LA—LB cos2(0—0.)) 0 (2.32)
0 0 L
cos (0 —6,)
My = My | —sin (0 —0,) (2.33)
0

In both inductance matrices, the elements in the third row are related to the n-axis of EESM.
As mentioned in the previous section, the n-axis variable is not considered in the EESM model.

Therefore, (2.32) and (2.33) are rewritten as

Lls—i-%(LA%—LBcosQ(@—QT)) —%LBsin2(0—0T)
L= L ; (2.34)
—§LBSH12(9—9T) LZS—FE(LA—LBCOSQ(Q—QT))
cos (0 —6,)
M = M, (2.35)
P sin—0,)

The voltage and flux linkage equations of EESM in the stator reference frame can be obtained
by substituting zero for the arbitrary rotating angle. The EESM model in the stator reference

frame is expressed as

d
ul = R + szbs + awj (2.36)

/

i+ zpf (2.37)
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where the stator voltage, current, flux linkages, and stator winding resistance are given as

ul = |ug uﬁ]T (2.38)

1 = i i/a]T (2.39)
r T

Wi = [da 5] (2.40)
R, 0

R, = (2.41)
0 Rs

The flux linkage equation in the stator reference frame is given as

Y = L3S + M, (2.42)
W = Lyl + (M3, (2.43)

where the inductance and mutual inductance matrices are given as

L, + % (La+ Lpcos26,) %LB sin 20,
L = : (2.44)
3 Lpsin 20, Lis+ 3 (La— L cos26,)
cos 0,
M =My | (2.45)
sin 6,

Since the stator reference frame is stationary regardless of machine rotation, the model in
the stator reference frame is expressed as time-varying equations and dependent on the rotor

position.

The voltage and flux linkage equations of EESM in the rotor reference frame can be obtained
by substituting the rotor angle for the arbitrary rotating angle. The EESM model in the rotor

reference frame is expressed as [32]

s

d
u, = R, +wJy, + Et/f (2.46)

,od
uy = Ryl + (2.47)
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where the stator voltage, current, and flux linkages are given as

u’ = |ug uq]T (2.48)

ir = lig z'qr (2.49)
r T

Wl = |t wq] (2.50)

The flux linkage equation in the rotor reference frame is given as

Yo = L3 + M, (2.51)
Wy =L il + (M) 4] (2.52)

s

where the inductance and mutual inductance matrices are given as

Lis+3(La+ Lp) 0
L' = (2.53)
0 Lis+3(La— Lp)
1
M = My . (2.54)

Here, the magnetizing inductances on the d-axis and g-axis, L, and L, are defined as

Ly=~(La+ Lg) (2.55)

W W

Ly=>(Ls— Lg) (2.56)

Since the leakage inductance is not involved in the electromagnetic energy conversion, it is
not included in (2.55) and (2.56).

By the definition of d- and g-axis inductance, the inductance matrix in (2.53) becomes

Ly 0
L= (2.57)
0 L,

In the rotor reference frame, the frame rotates synchronously with the rotor rotation. As a
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result, the model becomes independent of the rotor position, which is the rotor speed multiplied
by time. Therefore, the EESM model in the rotor reference frame is expressed as a time-
invariant model. With the reference frame transformation, we can intuitively analyze the model
behavior and design an estimator or a controller.

Based on the rotor reference model in (2.46) and (2.47), the equivalent circuit of EESM is

depicted in Figure 2.4.

-f'n ./
_d_ R, Ly v m Y
+0 AN O ~ A ~ A AN o+

- +
wr¢q
r /
ud % Mdf U/f
-0 QO -
ir
_q> Rs Lq
ro—W— (O™
wrtha
T
Uq
-0

Figure 2.4: Equivalent circuit of EESM in the rotor reference frame

The torque equation of EESM is defined as a vector product of flux linkages and current. In

the rotor reference frame, the torque equation is given as

3 P T *T
T=535 W x4)

3 . .

= ZP (@bqu - 7quld)
3 . gy - N

= ZP ((Laiq + Myi's) iqg — (Lqiq) ia)
3 g .

= ZP(Mdfz’fzq + (Lg — Ly) iaiy) (2.58)

where 7" and P represent the torque and the number of poles of EESM. In comparison with the

torque equation of IPMSM, EESM has additional controllability in the model, i.e., the field cur-
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rent. As aresult, field weakening control for a wide-speed range can be achieved by controlling
the field current of EESM. Besides, various optimal control methods have been researched with
the controllability of the field current. Energy optimal controls, including the unity power factor
control and copper loss minimization, were examined in [33—-36]. Particularly, optimal control
methods specialized in automotive traction applications have been widely researched [37—42].
Various EESM models have been suggested with finite element analysis (FEA) or analytic
design models [43—45]. The models were designed to analyze and predict machine behavior

under the saturation effect and cross-coupling effect.

2.3 Mutual Inductance

One of the characteristics of EESM is the existence of the mutual inductance between the stator
winding and the rotor winding. As the rotor rotates, the geometric relationship between the
rotor and the stator windings varies. Thus the mutual inductance changes with respect to the
rotor position. Since the mutual inductance is one of the main parameters in this study, this

section gives a detailed explanation regarding the mutual inductance of EESM.

2.3.1 Derivation of mutual inductance

Mutual induction is an electromagnetic induction phenomenon between a pair of adjacent coils.
When a pair of coils are placed close to each other, the change of flux in one coil induces EMF
in the other coil. As the magnetic flux generated by current in one coil passes through the inside
of the other coil, the mutual induction occurs. Mutual inductance is defined as the relationship
between the current and the magnetic flux and expressed with the geometric relationship of two
coils and the magnetic permeability of the flux path.

A pair of concentric coils are depicted in Figure 2.5. The outer coil is a primary coil in which
current flows, and the inner coil is a secondary coil in which the EMF is induced by the current
in the primary coil. R,, R, and 0, represent the radius of the primary and the secondary coils,
and the rotating angle of the secondary coil. The secondary coil rotates inside the primary coil.
In the beginning of the derivation, the secondary coil is fixed to be aligned with the primary coil
(0s = 0). As current flows in the primary coil, the magnetic field is produced inside the coil.

The magnetic field at the center of the coil can be computed by the Biot-Savart law, and it is
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Figure 2.5: A pair of concentric coils

expressed as [46]
:uOIp
B. —
P 2R,

(2.59)

where B, 110, and I, represent the magnetic field of the primary coil, the magnetic permeability
of air, and the current of the primary coil, respectively. By the magnetic field of the primary coil,
magnetic flux passes through the inside of the secondary coil. The magnetic flux is expressed
as

o oty

— BA, = 1R (2.60)

o .=
P27 9R,

sp

where @, and A, represent the magnetic flux inside the secondary coil by the primary coil and
the area of the secondary coil. By the definition of mutual inductance, the mutual inductance

between the primary and the secondary coils is expressed as

qup — ,LL[)T('RE

M, =
L 2R,

(2.61)

(2.61) shows the mutual inductance while both coils are aligned. When the secondary coil
rotates, the effective area of the secondary winding, A; s, is changed. By the geometry of

both coils, the effective area is expressed as

As.eff. = AS COS 05 (262)
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Consequently, the mutual inductance with the rotating secondary coil can be expressed as

(bs ,U“D/]TR2
M,, = —2 cosfy = —= cos b, (2.63)
L 2R,

As shown in (2.63), the mutual inductance in a pair of concentric coils is related to the
geometric parameters of a coil and the magnetic permeability of the material in the flux path.
Especially for the case of inner coil rotation, the mutual inductance is proportional to the cosine
function of the rotating angle.

Mutual inductance between the stator and the rotor windings of EESM can be derived from
the concentric coils example. The stator and the rotor windings correspond to the outer coil and
the inner coil in Figure 2.5. The differences are: First, there are two outer coils, which are a-
and [-axis windings, in EESM. Second, the numbers of turns in the stator winding and the field

winding are given as N, and Ny.

Figure 2.6: Stator and rotor windings in the stator reference frame (6, = 0)

The stator and the rotor windings in the stator reference frame are depicted in Figure 2.6. The
rotor winding is placed and rotates inside the stator winding. When the rotor angle is zero, the
rotor winding faces the same direction as the a-axis stator winding. As a result, the change of

the flux linkage in the a-axis stator winding induces the EMF in the rotor winding. However,
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when the rotor angle is /2 rad, the mutual induction between the «-axis stator winding and the
rotor winding does not occur. This phenomenon appears with 7/2 rad phase shift in between
the (-axis stator winding and the rotor winding. Therefore, the mutually induced EMF in the

rotor winding by the change of the stator winding flux linkage is expressed as

d d .
u/f.EMF = My (El/)a cos 0, + awﬁ sin Qr)

= My [cosﬁ,. SinHT} %¢j
= s d

—p? 2.64
sfdt’(ps ( )

where u s gy denotes the mutually induced EMF in the field winding. The mutual inductance
matrix is expressed as

M, = My [cos 0, sin 64 (2.65)

S

The M, the maximum value of the mutual inductance between the stator and the rotor

windings, can be expressed as [30]

1

M,; = KN,N; (2.66)

Gmin
where K and g,,;, represent the proportional constant of the mutual inductance and the min-
imum length of the air gap. As shown in (2.64), the mutual induction components by the a-
and S-windings are dependent on the rotor angle and have 7/2 rad phase difference to each
other. As a result of the two mutual induction components, the mutually induced field voltage
is expressed as the sum of the two components. In practice, the mutual inductance is also af-
fected by the winding types, i.e., concentrated or distributed winding. The winding function
theory, which is presented in [47], can be applied to express the detailed behavior of the mutual

induction.

2.3.2 Identification of mutual inductance

Inductance has nonlinear characteristics due to the magnetic saturation effect. Therefore, the
inductance value varies depending on the operating point. Moreover, the mutual inductance of
EESM varies with respect to the rotor position. As a result, direct measurement of the mutual

inductance requires a complicated procedure. Therefore, the mutual inductance of EESM is
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obtained by parameter identification in a steady-state operation condition in this study.

In the steady-state operation, the EESM model in the rotor reference frame shown in (2.46)

and (2.47) is expressed as

Ud = Rsld - w\I/q

= Ryl; — wL,I, (2.67)
U, = Ryl +wYy

= Ry, +w (Laly + MyI}) (2.68)
U = R,1} (2.69)

In (2.68), the g-axis voltage equation is expressed with the mutual inductance term. By
regulating the d- and g-axis current to be zero (14 = i, = 0), the g-axis voltage equation is
simplified as

U, = defI} (2.70)

By rearranging (2.70), the mutual inductance of EESM is expressed as

U,

My = w[}

2.71)

Since the variables on the right-hand side of (2.71) are measurable and computable, the mu-
tual inductance can be identified in steady-state operation with (2.71). The measurement of
variables has been performed under the following procedure: First, EESM is connected to a
load machine, and the load machine rotates at a constant speed. Second, the field current is
controlled to a certain current reference while d- and g-axis current are regulated to be zero.
Third, during the steady-state operation condition, the computed g-axis reference voltage, the
field current, and the machine speed are measured together. Fourth, the field current is increased
stepwise, and variables are measured.

The identification results of the mutual inductance are presented in Figure 2.7. In the iden-
tification, the unscaled field current, i, has been used since the exact value of the scaled field
current, z} is related to the unmodeled winding effect, such as the effective number of turns
of the field winding. Nevertheless, this identification is valid to evaluate the tendency of the

mutual inductance variation.

In Figure 2.7, the result shows that the mutual inductance is inverse proportional to the mag-
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Figure 2.7: Identification of mutual inductance

nitude of the field current. It can be analyzed that as the field current is increased, the field
winding material can be saturated. As a result, the mutual inductance is decreased in the field
winding saturation condition. Therefore, the effect of mutual induction is expected to be less

detectable in the saturation condition.
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CHAPTER 3

State of the Art

Electric machine drive has achieved high precision and dynamic control performance due to
the development of vector control. With the developments of power electronics and micro-
controllers, vector control has made wide use of electric machines in various applications. The
rotor position is essential in the vector control to decompose the current vector into flux and
torque components. As a result, the vector control is highly dependent on a position sensor, and
the dependency can reduce the reliability of the vector control. Besides, the position sensor of
electric machines has installation, cost, and signal noise issues in practice. Therefore, sensorless
control has been researched intensively for the last few decades [48,49]. The main aims of the
researches are: 1) Comparable control performance to the vector control with a position sensor,
2) Wide-speed range operation from a standstill to the high-speed range, and 3) Robustness
to model uncertainty and inverter nonlinearity. Various approaches have been suggested to
accomplish the aims, and they can be classified into a saliency-based method and a model-
based method depending on the position estimation principle. The classification of sensorless
control methods is depicted in Figure 3.1.

The saliency-based method utilizes the machine’s anisotropic effects, such as magnetic
saliency, stator saturation, slotting effect, and other mechanical anisotropies. Since the effect is
not dominant in the fundamental signal, the saliency-based method requires an excitation signal

to enlarge the anisotropic effects. According to the type of excitation signal, the saliency-based
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Figure 3.1: Classification of sensorless control methods

method can be classified into the signal injection method and the fundamental PWM switching-
based method. The signal injection method injects an HF carrier signal over a fundamental
drive signal and has been widely researched [50-53]. With the HF injection signal, the rotor
position can be estimated in a standstill and low-speed range while the HF signal does not affect
mechanical output. On the other hand, the fundamental switching-based method exploits the
PWM switching signal as an excitation signal [27-29, 54,55]. This method can reduce the side
effects caused by the signal injection, such as audible noise, controller bandwidth limitation,
and voltage margin reduction.

The model-based method employs a model of electric machines to estimate the rotor position.
The model is based on the EMF, which is expressed as a function of the machine’s rotation
speed. Thanks to the introduction of the modern control theory, this method has enabled position
estimation and showed good performance in the middle- and high-speed range. However, since
the EMF is proportional to the rotation speed, the machine model loses its observability in

standstill condition. Therefore, the combination of both methods has been researched for a



3.1. SALIENCY-BASED METHOD 31

whole-speed range operation [56-58].

The type of electric machine is also a decisive factor in the design of the sensorless control.
EESM is a synchronous machine and has field winding in the rotor to generate the field flux.
The rotor winding provides an additional degree of freedom in the model compare to other
types of synchronous machines. Hence there are more possibilities in the design of a sensorless
control method of EESM. In this chapter, the state of the art of sensorless control of EESM is

presented.

3.1 Saliency-based Method

3.1.1 High-frequency signal injection method

As shown in (2.42) and (2.43), the inductance matrix is expressed as a trigonometric function
of the rotor position due to the salient pole structure of EESM. Based on the property, the rotor
position can be estimated from the effect of the inductance variation. It is the main principle
of the saliency-based sensorless control method. However, the inductance variation is affected
by an operating point and appears with the fundamental signal. Consequently, the direct mea-
surement of inductance from the fundamental model becomes complicated. Therefore, the HF
signal injection method, which intensifies the saliency signal, has been proposed and developed
with various approaches. In this method, the HF signal is injected into the fundamental signal,
and the HF response is obtained by frequency demodulation. In the HF-model, the resistive
voltage drop and the back EMF can be neglected. Thus the model is expressed as an inductive

load. The HF-model can be expressed as

S d S
U gpr = %?;.HF

d s
= It (L35 yr) (3.1

where the inductance matrix is given as

L4+ Lgcos26, Lpsin 20,
L = (3.2)
Lpsin 20, Ly — Lpcos?26,



32 CHAPTER 3. STATE OF THE ART

As shown in (3.2), the inductance matrix is a function of the rotor position. Therefore, the rotor
position can be estimated based on the inductance variation in the HF response.

Rotating signal injection and pulsating signal injection are the most common types of the
signal injection method. The rotating signal means that the injection signal vector rotates in the
stator reference frame at the speed of wyr. Here, the rotating speed of the injection signal is
much higher than the rotor speed (wgyr > w,). The pulsating signal means that the injection
signal is applied on the estimated d- or g-axis, and its amplitude pulsates with the frequency of

wg . Figure 3.2 shows each injection signal and the corresponding response in EESM.

B-axis A B-axis A af-axis

WV' -7 RN Wur o
‘ -axis ’
" . N q f Uyp

g PN
] . TN
4 .

(a) (b)

Figure 3.2: Concept of signal injection method: (a) rotating signal and (b) pulsating signal [59]

In Figure 3.2 (a), the outer circle represents the trajectory of the rotating voltage injection
signal, and the inner ellipse depicts the trajectory of current response in the stator reference
frame. Due to the machine saliency, the ellipse’s major axis lies in the rotor flux direction.
Therefore, the rotor position can be estimated by the induced HF current. In figure 3.2 (b),
the injected voltage signal pulsates at the frequency of wpypr along the estimated d-axis (d-
axis). If d-axis is aligned with d-axis, the HF current response occurs only on the d-axis due
to decoupling property between d- and g-axes. However, since the rotor position is unknown
in sensorless control, the estimation error, 9}, may exist and cause the HF current response
in the estimated g-axis as well. Since the HF response in the estimated g-axis contains the
estimation error, the rotor position can be estimated by regulating the HF response to be zero.
In both methods, frequency demodulation methods are required to obtain the HF response and

extract the position-related information. In comparison with the two methods, it is found that

the pulsating signal injection is more robust to different machine geometry and generates less
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torque ripple under the same estimation error [60].

Both injection methods do not rely on back EMF, which is proportional to rotor speed, but
on the magnetic saliency of machines. Therefore, the rotor position can be estimated in a
low-speed range, including standstill condition. Since the frequency of the injection signal is
much higher than the mechanical frequency range, the signal injection does not affect speed and

torque control performance. However, it can increase acoustic noise and eddy current loss.

The HF-model of EESM is expressed differently from the HF-model of PMSM due to the

existence of field winding, and it can be expressed as

d
Uy g = EQ/’;HF

d .7 o
== (L. gp+ My ifHF) (3.3)

d
UfHF = E?ﬁf.HF

d : AT oy
:d—t(Lf igur + (M) i pp) (3.4)

The HF-model of EESM has a mutual inductance term between the stator and the rotor wind-
ings. Therefore, the response of the injected signal into the stator winding appears not only
in the stator winding but also in the rotor winding. This phenomenon is also the same for the
injection signal into the rotor winding. In other words, the rotor winding provides either an
additional degree of controllability or observability of the machine. That means the HF signal
can be injected into the rotor winding, or the HF signal response can be detected from the ro-
tor winding. The conceptual block diagram of the sensorless control of EESM is illustrated in

Figure 3.3.

Two general signal injection methods of EESM are illustrated in Figure 3.3. The block and
arrow with red color represent the stator to rotor (S2R) method. In the S2R method, the HF
signal is injected into the stator winding, and the rotor position is estimated from the HF re-
sponse in the rotor winding. The signal injection into the stator winding can be applied as either
the rotating signal or the pulsating signal. Thus, the HF signal also can be injected between
the reference frame transformation block and the PWM block in Figure 3.3. The HF response
is extracted from the field current, and the position estimation is performed with the HF field

current in the S2R method.

On the contrary to the S2R method, the HF signal can be injected into the rotor winding and

its response can be obtained from the stator winding. This method is referred to as the rotor to
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Figure 3.3: Concept of HF signal injection methods of EESM

stator (R2S) method in this study. The R2S method is depicted with blue color in Figure 3.3.
The HF signal is injected to the rotor winding with the concept of amplitude modulation. The

corresponding response in the stator winding is used in the R2S method.

3.1.1.1 Stator to Rotor (S2R) method

To explain the estimation principle of the S2R method, (3.3) is modified to analyze the relation-

ship between stator voltage and rotor current as

d .
Uy = Mgf%’lf.HF (3.5)
Ud.HF Mdf d (3.6)
= —f .
Ug.HF 0 | dt e

(3.6) shows that the rotor current is coupled to the d-axis voltage but decoupled to the g-axis

voltage. In the same manner with the pulsating signal injection of PMSM, a pulsating signal
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is injected into the estimated g-axis. If the rotor position is estimated correctly, the signal
injection into the estimated g-axis does not induce HF current response in the rotor winding.
However, if the estimation has an error, the HF current response appears in the rotor winding.
The phenomenon can be expressed with the concept of the misaligned frame presented in [61].
According to the concept, the estimated dq-frame is expressed simply with the rotation matrix

of the position estimation error. The misaligned frame is expressed as

fi ~ fa cos QNT sin QNT fa
-R(6,) || - - (3.7)
fa fq —sin6, cosb,| |f,
where the estimation error, HN,,, 1s defined as
0, =0, — 6, (3.8)
The HF voltage equation in the estimated dg-frame is expressed as
Uj; - Uqg
=)
Ug Uq
[ M) 4
R <9T> Ly
0 | dt
[ cos 9~T sin ér Mg | 4 _
= . . —1
—sinf, cos0, 0 | dt d
[ Mg cos 9~r d
= | =i (3.9)
—M, df sin 97« dt
where the mutual inductance matrix in the estimated dg-frame is defined as
Mg cos 9}
M;, = - (3.10)
o -M df sin GT

The left pseudoinverse of the mutual inductance matrix in the estimated dg-frame in (3.10) is
defined as
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df
My cos ér

= M7 s (3.11)
af —Mdf sin Qr

— At
I_MJfM

By the definition in (3.11), the left pseudoinverse of the mutual inductance matrix in the

estimated dq-frame is obtained as

M, = M%f cosd, —sinér] (3.12)

To make %z’ s subject of the equation in (3.9), the pseudoinverse matrix is multiplied to the

equation in (3.9) as

d Ug
M‘ifalf = " (3.13)
q
MM d, _ M K 3.14
artrdf gett = Mg s (3.14)
d . LY
Elf_Mto o (3.15)
q
Therefore, the HF rotor current response in the estimated dq-frame is rewritten as
~ ~ Ujg
iz’f = — |:COS 0, —sin GT} a
dt Mdf Ug
1 ~ .~
= (COS 0ru; — sin HTu,j> (3.16)

df

Suppose that the injected HF signal into the estimated g-axis is given as

UgHF = UHF sin ((UHFt) (317)



3.1. SALIENCY-BASED METHOD 37

By the injection signal, the rotor current response is expressed as

. N 0
iif = L [COS 0, —sin QT]
dt Moy Ug.HF
= ———sin équ.HF
df
U _
= — I in 6, sin (wypt) (3.18)

(3.18) indicates that the amplitude of the rotor current response is proportional to the estimation
error under the assumption of the estimation error is small (sinf, ~ 6,). Therefore, by min-
imizing the HF current response with a tracking observer, the rotor position can be estimated

correctly.

In [62], the S2R method was proposed with the rotating and the pulsating signal injection. As
a frequency demodulation method, the Goertzel algorithm was used to obtain the HF response,
and pre-identified model parameters were stored in a lookup table (LUT) to compensate for the
cross-coupling inductance. Both methods showed different error dynamics but could estimate

the rotor position within a certain level of error.

3.1.1.2 Rotor to Stator (R2S) method

The R2S method employs the HF-model between the rotor voltage and the stator current. By
separating the rotor current term from (3.4), the equation is rewritten as
rd.,

U Hp = (Mgf) EZS.HF

i
= [My o}% Zj (3.19)

In the estimated rotor reference frame, the stator current can be expressed as

da g (gr)i ' (3.20)
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Therefore, the HF-model in the estimated rotor reference frame is given as

- N\ d |4
wrpp = | Mgy 0] R (er) — .
_ dt |,

- cos ér —sin 9} 15
— My o] i |t
L sinf, cosf, | dt ig

g

= -MdfCOSéT —Mdeinér i
I dt ig

~d ~d
= My cos6,—1; — Mgssin0,—i; 3.21
df r dt d df T dt q ( )
As shown in (3.21), the HF injection signal into the rotor winding yields the current response in
the stator winding. The response is related to the position estimation error. The estimated g-axis
current response appears as the estimation error occurs. Therefore, the position estimation can

be achieved by minimizing the current response in the estimated g-axis.

R2S method has been researched in several papers due to the accessibility of signal injection
in the rotor winding and the availability of the fundamental switching component as an injec-
tion signal [21, 22,63, 64]. In [21], the HF current signal is injected into the rotor winding.
Self- and mutual-inductance parameters are calculated with a finite element method (FEM) and
compensated in the estimation algorithm. As a different approach, [22] utilizes the fundamental
rotor PWM switching voltage as an injection signal. The square wave of the switching volt-
age is considered as an AC signal by a Fourier transform. That is, the first harmonic of the
square wave is taken as the injection signal. With the compensation of parameters in a LUT,
the method estimates the rotor position in the low-speed range. This method estimates the rotor
position without injecting any signal. Another R2S method without injecting signal was pro-
posed in [23]. In this method, rotor current ripple by PWM switching is utilized as an injection
signal. The induced stator voltage by the rotor current ripple is calculated by a DO and used in

the position estimation method.

The structure of EESM is similar to a resolver. A resolver is a position sensor with rugged and
reliable rotor position sensing performance [65]. Both EESM and a resolver have a structure
like a rotating transformer. As the reluctance varies with respect to the rotor position, the rotor
position of EESM can be estimated in the same manner as a resolver. However, estimation error

can be increased depending on the operation condition of EESM. There are differences between
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a resolver and an EESM, e.g., the excitation signal is not sinusoidal, and the inductance of the
stator winding varies. Therefore, those differences should be considered to apply the position
calculation method of a resolver to EESM. The application of the position estimation method
motivated by a resolver is presented in section 4.1.

General signal injection methods of PMSM inject the excitation signal into the stator and
detect the saliency signal from the stator. The method can be referred to as the stator to stator
(S2S) method. The S2S method was utilized for the sensorless control of EESM in [66]. The
experiments verified the estimation performance in the low-speed range, while the estimation
failed in the high-speed range. In [67], it was claimed that the field winding acts like a damper
winding for HF signal in the S2S method. Thus the sensorless control performance differs
from the one in PMSM. As a different approach, it is also possible to inject the HF signal
into the rotor winding and to detect the response in the rotor winding. However, it is known
that the estimation requires a complex algorithm since the stator slotting effect saturates very
quickly [67].

In the previous saliency-based sensorless control methods of EESM, various methods have
been suggested and investigated by using the rotor winding. The S2R and R2S methods are
unique approaches to the saliency-based method. In the estimation algorithm, the mutual in-
ductance between the stator and the rotor windings is crucial. The previous methods have
shown satisfactory estimation results in the low-speed range, but the estimation in the middle-

and high-speed range has not been validated.

3.1.2 PWM-based method

The PWM-based method is a saliency-based method that utilizes the PWM switching signal as
an excitation signal. As the excitation signal frequency becomes as high as the PWM frequency,
the bandwidth of current control and position control can be increased. Moreover, an additional
signal injection may not be required in the high-speed range with the method. The PWM-
based method can be divided into a PWM frequency signal injection method and a fundamental
PWM switching-based method. The PWM frequency signal injection method injects the PWM
frequency excitation signal continuously, and the fundamental PWM switching-based method
applies the signal injection conditionally for the case that the magnitude of the response signal is
insufficient. The PWM-based method has been proposed for a PMSM and a reluctance machine
in [27-29]. Although the method has not been applied to EESM, this subsection presents the

method since it is adopted to the proposed method.
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Figure 3.4: Stator reference voltage with current response: (a) SVM diagram and (b) switching
states with current response

To explain the basic concept of the method, stator reference voltage in space vector modula-
tion (SVM) and corresponding current response are shown in Figure 3.4. There are eight voltage
vectors in the SVM diagram with a combination of three-phase on/off-states. In Figure 3.4 (a),
U1 ~ U6 represent six active voltage vectors, and the zero voltage vectors, UO and U7, are not
depicted. The three binary numbers indicate the on/off-state of abc-phase, e.g., 100’ means
that the a-phase high-side switch is in the on-state and the b- and c-phase high-side switches are
in the off-state. Naturally, low-side switches are in a complementary state to the three binary
numbers. In the diagram, the reference voltage vector, u;*, is applied as a vector sum of two
adjacent active voltage vectors (u] and u3) and zero voltage vectors (ug and u%). The lower case

u represents the scaled active voltage vector and is expressed as

U, (3.22)

tn
Uy =
tpwm
where n is 0, 1, 2, and 7. The applying time of the active and zero voltage vectors are defined

as

1 1 1
-1 = —t t t -1 3.23
S tPWM 20+1+2+27 ( )

to = tr (3.24)

Given the reference active voltage vector, the actual switching signal is generated as Fig-
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ure 3.4 (b). In Figure 3.4 (b), Sx (x=a, b, or c) represents the switching state of the phase. In
SVM, the switching states are symmetric about the half PWM cycle, %t pwu- Thatis, the active
voltage vectors are applied twice per PWM cycle. The average current slope for a PWM period
shows a fundamental current signal slope. When zero voltage vector is applied, the current re-
sponse shows the effect of the back EMF. During the active time for u] and u3, a corresponding
transient response appears in the current signal, as shown in Figure 3.4 (b). Like the HF cur-
rent response in the signal injection method, the transient current response of the active voltage
vector reflects the saliency of the machine. Therefore, the rotor position can be estimated in the
same manner as the signal injection method.

Kim et al. proposed the PWM frequency signal injection method for IPMSM [29]. In the
proposed method, the frequency of the injection signal is the same as the PWM frequency, and
both concepts of the rotating and the pulsating signal injection have been applied. The PWM
frequency pulsating signal injection and the corresponding current response are illustrated in

Figure 3.5.
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Figure 3.5: Stator reference voltage and stator current: (a) signal injection in the estimated
d-axis and (b) no signal injection in the estimated g-axis

Figure 3.5 shows the stator reference voltage and the stator current in the estimated rotor

reference frame under the assumption that the estimation is correct. In Figure 3.5, the solid
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line represents the actual voltage with the injection signal and corresponding current response,
and the dashed line represents the fundamental voltage and corresponding current signal. The
pulsating signal is injected into the estimated d-axis, as shown in Figure 3.5 (a). The injection

signal is expressed as

UHF , if0<t§%tpWM

Uy gy = ! (3.25)

—Ugnr , if Stpwn <t <tpwm
0

In the estimated rotor reference frame, the pulsating signal is expressed as

cos 0,

U’ZHF =R ( 7‘) u, g = *Upr (3.26)

—sin 6,

As the pulsating signal is injected into the estimated d-axis, the current slope is changed from
the fundamental current slope shown in Figure 3.5 (a). The current slope in the estimated g-
axis is also changed as the estimation error occurs. Since the frequency of the injection signal
is as high as the PWM frequency, the HF-model of IPMSM can be used to derive the current

response. The current slope can be expressed as

d T ™\ — T
E%.HF = (Ls) 1us.HF
o] [+U4p
- Lod 1 . (3.27)

Lq

Given the PWM frequency pulsating signal in (3.26), the current response in the estimated rotor
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reference frame is expressed as

d .; ] =1 @
E’LS.HF =R <9r> (L) ugpp
[ cos 8} sin 9~T Lid 0 cos 9~T
= :EUHF - ~ 1 ~
—sinf, cosé, 0 7| [—sinb,
L q
i cos? 0~T sin? ér
Ly L4
T (1Y cosd sind
_— I, + I, cos b, sin b,
B cos? é,» _ sin? 9~7'
=+Unr | N (3.28)
-1 (L_d + L—q) sin 20,

As shown in (3.28), the current slope is proportional to the magnitude of the injected signal
and depends on the position estimation error. Especially for the estimated g-axis current, the
current derivative is proportional to the estimation error when the error is small enough for the
assumption of 26, ~ sin 26,. With the same manner of the general pulsating signal injection
method, the rotor position can be estimated by minimizing the current slope in the estimated

g-axis.

The current slope in the estimated g-axis during a half PWM cycle can be expressed as

Elql = Ezq.fund + UHF (—5 (L_d + L—q) Sin 29,«) (329)
Ez(ﬂ = Elq.fund - UHF <—§ (L_d + L_q) sin 297«> (330)

Subtracting the current derivative in the first and the second half PWM cycle yields

d . d ; 1 1 L
EZQQ - %qu = Ugr (L—d + L_) sin 20, (3.31)
q

Consequently, the position estimation error can be obtained as

d d

sin 20, = K (—ify — i) (3.32)
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where the K is given as

K- 1 (3.33)

Ubr <LLd + L%)

While the general signal injection method requires a complex frequency demodulation

method, the HF current response can be extracted by simple arithmetic operations in the

PWM-based method. For example, the current derivative in (3.32) can be calculated as

dp Dl Sty (3.34)
dt At Ltpww —t '

d . AZ‘Z i2~tPW1W B Z.2~151PWM

Ly, Dl i (3.35)
dt At tpwym — 5tpwm

where z'f]_tn represents the estimated g-axis current at the time ¢,, in Figure 3.5.

Moreover, the subtraction operation of the two current slopes corresponds to the frequency
demodulation method in the signal injection method. Therefore, the fundamental frequency
components can be removed by a simple operation.

As another PWM-based method, fundamental PWM switching is exploited to estimate po-
sition without injecting additional signal continuously [27,28]. Paulus et al. proposed the
arbitrary injection method in [28]. Regardless of the type of excitation signal, the current rip-
ple by additional injection signal or fundamental PWM signal can be utilized to estimate the
rotor position in the proposed method. The only requirement for the method is the presence
of current derivative by active voltage vector. The transient current response by active volt-
age vector is extracted analogously to the PWM-based method, and the saliency in the current
response is used in position estimation. Since the magnitude of the active voltage vector is
sufficient in the middle- and high-speed range, the position can be estimated without the signal
injection. However, signal injection is required to amplify the HF current response in the low-
speed range. Unlike general signal injection methods that employ a specific type of injection
signal, this method can utilize the arbitrary injection signal. This is because the signal injection
aims only to obtain the detectable magnitude of the current derivative. The experimental results
showed satisfactory control performance from a standstill to the rated speed thanks to the wide
bandwidth of the method.

Compared with the general signal injection method, the PWM-based method has achieved the
wide-speed operation range with a simple calculation. Also, side effects of the signal injection

method such as audible noise, voltage margin reduction can be reduced. To detect the current
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change within a PWM period, high-speed current sampling and high bandwidth current sensors

are necessary.

3.2 Model-based Method

The model-based method estimates the rotor position with a fundamental model of EESM.
Given the reference voltage and measured current, the model calculates the EMF of the ma-
chine. Since the EMF is proportional to the rotor speed, the rotor position and speed can be
estimated by EMF estimation. For speed and position estimation, a phase-locked loop (PLL)
or a Luenberger type observer is used in general. This method shows good estimation results
in the middle- and high-speed range. However, the whole speed range sensorless control is not

guaranteed, and the estimation can be inaccurate due to the reasons below:

1. The EMF diminishes to zero as the rotor speed becomes zero since the EMF is propor-

tional to the rotor speed.

2. The parameter values vary depending on the operation condition. Therefore the model

may result in inaccurate position estimation.
3. The integration process in the position estimation algorithm is vulnerable to offset error.

4. The reference voltage differs from the actual applied voltage due to inverter nonlinearities

such as deadtime and voltage drop of switching devices.

The above effects are dominant in the voltage equation for the low-speed range, where the
induced EMF is insufficient. Therefore, the performance in the range is not suitable for the
model-based method. To improve the method in the low-speed range, modern control theory
and parameter identification methods have been suggested. In this section, model-based meth-

ods of EESM are introduced and discussed.

3.2.1 Active flux observer

The concept of the active flux vector for EESM has been proposed in [26]. The active flux vector

is defined as the torque-producing flux in the torque equation. The active flux is expressed as

Wl = Myrig + (La — Lg) i (3.36)
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where 1) ; represents the active flux of EESM in the rotor reference frame. The active flux
vector is defined to be aligned with the rotor angle. Given the active flux vector, the torque

equation is expressed as
3P ..

T = 55 aqu (337)

As shown in (3.37), the salient pole EESM can be modeled as an equivalent non-salient model
with the active flux vector. As a result, the estimation model becomes more straightforward than

the salient machine model [68].

In comparison with the flux linkage equation in (2.51), the relationship between the stator

flux linkage and the active flux linkage is given as

af = Vs — Lyt (3.38)

S

The stator flux linkage is estimated by combining the voltage-flux model and the current-flux

model. The two models are expressed as

s = / (ul — Rl + ul,,,) dt (3.39)
Ld 0 Mdf

P = i+ if (3.40)
0 L, 0

where u;,,, , represents a total compensator vector, which compensates integral offset, initial
rotor position error, parameter variations, and inverter nonlinearities. (3.39) and (3.40) represent
the voltage-flux model and the current-flux model. The block diagram of the active flux observer

(AFO) is depicted in Figure 3.6.

In Figure 3.6, the current-flux model and the voltage-flux model are illustrated in the red and
blue boxes. The current-flux model in the (3.40) is an open-loop model in the estimated rotor
reference frame and works dominantly at a low-speed range. The estimation result depends
on the g-axis inductance, which varies notably as the magnitude of stator current increases.
Therefore, the current-flux saturation model is used to compensate for the g-axis inductance
variation. The voltage-flux model in (3.39) composes a closed-loop in the stator reference frame
with the PI compensator. The PI compensator yields the total compensator vector from the
difference between the voltage-flux model and the current-flux model. The voltage-flux model

is dominant at the middle- and high-speed range. By combining both models, the estimation



3.2. MODEL-BASED METHOD 47

Voltage Model

.5
2

Current Model

+

R
ug —><Zf>-
Dacur”
=

; ¥l - u + A
i; —= | Current R'(0) —>@—> Pl f Estimation —> 6, &
Model & -

iy —> | Saturation ——> iy,

Figure 3.6: Block diagram of active flux observer

can be used in a wide speed range.

Because of the simple estimation model and wide operation range, AFO was exploited for
the sensorless control of EESM in other researches. In [7], AFO is analyzed and compared with
other estimation methods such as the extended Kalman filter (EKF) and HF signal injection
method. The improved method of AFO was implemented by compensating the stator current
harmonics with rotor current ripple components in [69]. Although the low-speed range perfor-
mance is improved, AFO requires an additional initial position identification method for stand-
still condition. Besides, the compensation of parameter variation demands pre-identification of

model parameters under various operation conditions.

3.2.2 State observers

To enhance the estimation performance, modern control theory has been applied to the model-
based method. A state feedback structure is used to analyze the system’s observability and
improve the estimation performance under measurement noise and system nonlinearity.

The DO is a robust control method and has been actively used due to its simple structure and
suitability in various applications. In the DO-based control, internal and external disturbances
are estimated by using a plant model and system states. As a result, the robustness of a system
is simply achieved by disturbance rejection control [70]. A general block diagram of DO in the
frequency domain is illustrated in Figure 3.7.

In Figure 3.7, u(s), d(s), y(s), G(s), and Q(s) represent the system input, disturbance, sys-
tem output, system model and Q-filter. The Q-filter is essential in practical realization because

it makes the system’s inverse transfer function, 1/G(s), into a causal system. Therefore, a low
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Figure 3.7: Block diagram of disturbance observer (DO)

pass filter (LPF) is generally used in the design of the Q-filter. As the disturbance rejection
property mainly depends on the frequency characteristics of the Q-filter, the design of the Q-
filter is crucial [71]. In Figure 3.7, the disturbance, d(s), can be estimated by subtracting the

input signal, u(s), from the inversely calculated input signal. The system output is expressed as

y(s) = G(s) (uls) +d(s))
=G (s)u(s)+G(s)d(s) (3.41)

As shown in (3.41), the system is expressed as a two-input system, which has inputs of u(s)

and d(s). From the DO structure, the estimated disturbance is expressed as

i) = (v - 1) @ B4

Since the Q-filter is designed as a LPF having a steady-state gain of 1, the Q-filter in the
low-frequency range is given as
lim Q(jw) =1 (3.43)

w—0

Generally disturbance is dominant in the low-frequency range. Supposing the frequency
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characteristics hold in Figure 3.7, (3.42) can be expressed in the low-frequency range as

A 1
d(s) = G(s)y (s) —u(s) (3.44)
Substituting (3.41) for (3.44) yields
d(s) = GLS) (Gls)uts) + Gls)d(s)) — u(s)
=u(s) +d(s) —u(s)
— d(s) (3.45)

As shown in (3.45), the disturbance can be estimated with the DO. As a result, the compensation

of disturbance can be achieved effectively.

By extending the concept of the disturbance, unmeasurable model variables, model uncer-
tainty, and parameter perturbation can be considered as the disturbance. As a result, DO has

been widely used also in estimation methods.

In [23], the DO was adopted to estimate the rotor position by defining the disturbance term
as the mutually induced voltage in the stator winding by the field current. In the estimated rotor

reference frame, the EESM model is expressed as

. . d . d ~ . -
u = Ryl + S Liil+ R (9) Mi; +wJ L3 +wR (9) JMyi; (3.46)

To apply the DO for the rotor position estimation, the system model and two disturbance terms

are defined as

. d . .
U fung = Dst + EL;'LZ +wJ L7, (3.47)
_dd.HF d | Mas cos 0,
dyp = = — - | iy (3.48)
dg.mr dlt | My sin 6,
-dd.md — Mgy sin 0,
ding = —w iy (3.49)
dq.md Mdf COS Gr

where uy (.4 dur, and d;,, represent the fundamental system model, the high-frequency
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disturbance, and the induced disturbance. The high-frequency disturbance is generated by the
rotor current ripple and dominant in the low-speed range of EESM. The induced disturbance is
the back EMF and dominant in the middle- and high-speed range. The disturbance terms can
be calculated with the proposed disturbance observer. Therefore the estimation angle error can

be obtained. From (3.48) and (3.49), the position estimation error can be obtained as

~ d

Oy r = arctan ( ZZi) (3.50)

3 _dd.ind

0;nq = arctan ( ) (3.51)
q.ind

The rotor position can be calculated by a tracking type observer, which has an input signal of
position estimation error in either (3.50) or (3.51).

The two estimations are based on two different principles, which emerge in the different
frequency ranges. The rotor current ripple induces the high-frequency disturbance. As a result,
the frequency of dyr is identical to the PWM frequency of the rotor winding. The frequency
of the induced disturbance is proportional to the rotor speed. Hence, d;,, is used to estimate
the rotor position in the middle- and high-speed range. dy is used in the low-speed range,
where the frequency separation is guaranteed. Therefore, two estimation results are combined
linearly with respect to the estimated rotor speed. The combination equation will be presented
in 3.3. The experimental results show that the proposed method estimates the rotor angle under
a certain error level, including the estimator transition region. Therefore, the method yields
satisfactory results without injecting an addition signal for a wide-speed operation range.

As another approach with modern control theory, the model reference adaptive system
(MRAS) is exploited for speed sensorless control of EESM in [72]. MRAS is an adaptive
tracking method that can be applied to estimate model variables or parameters by comparing
two models: a reference model and an adjustable model. In the proposed method, a current
model flux observer is used as a reference model, and a reduced-order flux observer is used as
an adjustable model. By the adaptive controller, the two models are compared, and the rotor
speed can be estimated. The sensorless speed control with MRAS is validated under load torque
varying conditions in the paper.

To understand the model-based methods analytically, the observability of EESM has been
analyzed in [73]. According to the analysis, the observability of EESM is guaranteed if the
speed of the observability vector is different from the rotor speed. The most common case,

which does not satisfy the condition, is when the rotor is at a standstill with no flux changing
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in all windings. Therefore, to prevent the loss of the observability of EESM, high-frequency

signal injection to the rotor or stator winding is necessary at zero speed.

3.3 Hybrid Sensorless Control Method

As shown in the previous sections, the saliency-based method and the model-based method
utilize different characteristics of an electric machine. As a result, the saliency-based method
results in an excellent performance in the low-speed range, including a standstill. On the other
hand, the model-based method achieves accurate position estimation in the middle- and high-
speed range, where sufficient EMF is induced. To achieve the whole-speed range sensorless
control, the hybrid sensorless control method has been investigated [23,25]. The hybrid sensor-

less control method combines the two types of sensorless control. The combination strategy is

generally defined as
Qsaliencya if wh < wi
eh = (1 - wtrans) esaliency + wtr‘ansemodela if %1 S (fz}h S Wa (352)
emodelu if wh > W2

where Wy, qns 18 defined as
Wh — W1

(3.53)

Wtrans =
W2 — w1

In (3.52), ésaliencya émodel, and éh represent the estimated position by the saliency-based,
model-based, and hybrid sensorless control method. In (3.53), @, w; and wy represent the
estimated speed by the hybrid method, the low-speed threshold, and the high-speed threshold for
the transition region. As shown in (3.52), the two methods estimate the position independently
in the low- and high-speed range. In the transition region, the estimated positions are combined

linearly.

The hybrid sensorless method in previous research has been validated experimentally and
achieved the wide-speed range sensorless control. Nevertheless, the transition speed threshold
and strategy need to be decided carefully. Since the transition is depending on the estimated

speed, the stability problem should be considered.
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3.4 Summary

The sensorless control of EESM is categorized as a saliency-based and a model-based method.
The saliency-based method of EESM injects the HF signal or utilizes inherent HF components
to extract the saliency of EESM. Therefore the method has low dependency on model param-
eters. However, the current controller bandwidth has a frequency limitation due to the high-
frequency injection signal and the use of filters. Moreover, the voltage margin for the signal
injection may not be sufficient in the high-speed range. On the other category, the model-based
method estimates the rotor position by using a mathematical model of EESM. The active flux
concept or state observers are applied in the method. The method provides satisfactory perfor-
mance in the middle- and high-speed range. However, estimation performance is not guaranteed
at a standstill and in the low-speed range owing to insufficient EMF. Therefore, a hybrid sen-
sorless control , which combines the saliency-based method and the model-based method, was
applied to EESM for the whole speed range operation. The method applies the saliency-based
method for a low-speed range and the model-based method for high-speed range. In combining
two types of sensorless control, stable estimator transition is crucial since the transition is based
on the estimated rotor speed. Although the hybrid sensorless control has achieved the whole
speed range sensorless control, some previous issues still remain, such as the parameter depen-

dency, the limitation in control bandwidth, and complex frequency demodulation methods.
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CHAPTER 4

Sensorless Control based on Mutual Induction

Sensorless control of EESM has been researched with the unique variable, field current. The
S2R and R2S methods utilize the field winding as receiver winding and transmitter winding
of the HF excitation signal. As a result, various approaches have been suggested in previous
researches. On the other hand, PWM-based sensorless control methods proved estimation per-
formance in a wide-speed operation range due to the wide bandwidth of the position estimation.
The method can also reduce the side effects of the signal injection method by using the funda-

mental PWM signal as an excitation signal.

The PWM-based sensorless control method of EESM using the mutual induction is proposed
in this thesis. The proposed method utilizes the additional variable of field current and the
benefit of the PWM-based method. The advantages of the proposed method are a wide-speed
operation range with a single algorithm, a parameter-free position estimation algorithm, and

fast position estimation within a PWM cycle.

In this chapter, a sensorless control method motivated by a resolver is discussed shortly. After
that, the relationship between the field current and the stator PWM signal is derived from the
analysis of the field current. Given the relationship, a position estimation method is suggested,
and the implementation of the proposed method is presented. In the realization of the method,

practical issues and corresponding modification methods are explained.
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4.1 Position Estimation Motivated by a Resolver

A resolver is an electromechanical position sensor, which is installed on the rotor shaft. Due to
its ruggedness and reliability, resolvers are widely used in industrial, automotive, and military
applications. Resolvers require installation space and interface electronics, such as a resolver
to-digital-converter (RDC).

A resolver consists of a primary winding and a secondary winding. Generally, the primary
winding is on the rotor structure, and a sinusoidal excitation signal is applied to the primary
winding. The two secondary windings are placed orthogonally to each other on the stator. As
the excitation signal is applied to the primary winding, voltage is induced in the secondary
winding depending on the rotor angle. The induced signals in the secondary windings have 90
degrees phase difference due to the orthogonality of the windings. Based on this property, the
rotor position is measured.

The structure of EESM is similar to the structure of a resolver. In the stator reference frame,

the windings of EESM can be illustrated as Figure 4.1.

Field Winding

a-axis
Winding

B-axis
Winding

Figure 4.1: EESM field and stator windings

As shown in Figure 4.1, the field and stator windings of EESM correspond to the primary
and secondary windings of a resolver. That means, if a sinusoidal excitation signal is applied
to the field winding, the induced signals in the - and (-axes stator windings can be used to
calculate the rotor position. Therefore, the position estimation method motivated by a resolver
is presented in this chapter.

The field current of EESM has inherent current ripples by the PWM switching. In this study,
1 kHz field current ripple occurs by the PWM setup. Therefore, the field current ripple is
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considered as the excitation signal, and the o- and -axes current are used as the induced signal
in the secondary windings of a resolver. The induced signal in the stator current appears with the
fundamental stator current. Thus, a BPF is applied to extract the induced signal. The transfer

function of the second-order BPF with 1 kHz bandwidth is given as

2CWn s
$2 4+ 2Cwy, s + w2
8884s

= 4.1
52 + 8884s 4 3.948 x 107 “.D

HBPF(S) =

where ( and w,, represent the damping ratio and the natural frequency of the filter. In the design
of the filter, ¢ and w,, are set to 0.707 and 27 * 1000. With the BPF in (4.1), the 1 kHz frequency

components in the stator current signal can be extracted without a phase delay.

Figure 4.2 shows the induced stator current obtained with the BPF. In Figure 4.2, EESM ro-
tates at 1,000 rpm with no load condition. The field current ripple shows 1 kHz PWM frequency,
and the ripple is assumed as a sinusoidal signal. The bandpass filtered stator current signals in
the a- and §-axes windings show the induced signals by the excitation signal. As shown in Fig-
ure 4.2, the frequency of the induced signals is also 1 kHz, and the amplitude varies depending
on the rotor angle. Those results are well-matched with the resolver signals in the primary and
secondary windings. The field current and the induced stator current signals can be expressed

as

Geze = Lo SN (Wegct) 4.2)
BPF(iy) = I cos 0, sin (weget) 4.3)
BPF(ig) = I sin 0, sin (west) (4.4)

where [y, [;, and w,,. represent the amplitude of the excitation signal, the amplitude of the
induced signal, and the frequency of the excitation signal, respectively. As shown in (4.3) and
(4.4), the amplitudes of the induced signals contain the rotor position information. Therefore,

the rotor position can be calculated as

_ BPF(ig)
0, = arctan (BPF(Z'Q)) 4.5)
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Figure 4.2: Bandpass filtered stator current

In this study, the envelope of the induced signal is obtained by sampling the induced current
when the field winding PWM signal is switched on and off. As the stator current is sampled
with respect to the field winding switching signal, the peak amplitude of the induced signal can
be obtained with the simple sampling method. The rotor position is estimated from the induced

stator current and (4.5) as shown in Figure 4.3.

Figure 4.3 shows the experimental results of the position estimation method motivated by a
resolver while EESM rotates at 1,000 rpm. The maximum estimation error is 0.32 radian, and
the average estimation error is 0.16 radian in the experimental results. As shown in Figure 4.3,

the position estimation method shows satisfactory results.

Although it was shown that the resolver-motivated method could be applied to EESM, there
are differences between a resolver and an EESM: First, the excitation signal in the field current

is not sinusoidal and depends on the PWM duty. The assumption of the sinusoidal excitation
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Figure 4.3: Position estimation motivated by a resolver

signal holds when the PWM duty is around 50 %. Second, the induced current in the stator

winding is affected by the saturation effect of the winding. Thus, the estimation error can be

increased in the load condition. Third, the frequency of the excitation signal is fixed to the

PWM frequency of the field winding. Considering that the general frequency range of the

resolver excitation signal is between 8 and 16 kHz [65], the estimation in the high-speed range

can be limited with low PWM frequency. Therefore, the resolver-motivated estimation method

can be applied to the sensorless control under the consideration of those differences.

The position estimation method motivated by a resolver can estimate the rotor position in one

PWM cycle of the field winding. That is, the estimation bandwidth is ideally maximum 1 kHz,

which can limit the sensorless control in the wide-speed range operation. Therefore, the method

is not investigated further in this thesis.
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4.2 Rotor Position Estimation

4.2.1 Field current analysis

The proposed method is based on the mutual induction between the stator and rotor windings.
Specifically, the relationship between the stator voltage and the corresponding mutually induced
field current” is exploited in the method. Since the characteristic of field current is essential in
the proposed method, the field current signal is analyzed in a frequency domain and a time
domain.

The frequency spectrum of the field current during constant current control is obtained with
fast Fourier transform (FFT) to analyze the field current in a frequency domain. Figure 4.4

shows the frequency spectrum of the field current.
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Figure 4.4: Frequency spectrum of field current: (a) I; = 10 A, I; = I, = 0 A and (b) I; = 10
A, 1;,=100A,1,=0A

In Figure 4.4, the field current and g-axis current are controlled to 10 A and 0 A, respectively.

“The mutually induced field voltage produces field current, and the field current is referred to as the mutually
induced field current in this study.
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The d-axis current is controlled to O A in Figure 4.4 (a) and 100 A in Figure 4.4 (b). The PWM
switching frequencies of the rotor and stator winding are 1 kHz and 10 kHz in the experiment.
In both results, 1 kHz of PWM frequency in the field current is found clearly in red circles. As
the d-axis current is increased to 100 A, 20 kHz harmonic appears in the dashed red circle in
Figure 4.4 (b). However, when the d-axis current is 0 A, noticeable 20 kHz harmonic does not
appear in the dashed red circle in Figure 4.4 (a). In SVM, the actual active voltage vector is
applied twice per PWM cycle, i.e., the frequency of active voltage vector in the stator winding
is 20 kHz. Therefore, the frequency spectrum shows that the active vector in the stator winding
induces the field current, and its frequency is two times faster than the stator PWM frequency
in SVM.

To analyze the field current response by the stator active vector in a time domain, the field
current under alternating stator active voltage is shown in Figure 4.5. The field current is mea-
sured while the current is controlled to 10 A, and the stator reference voltage is commanded
as: |u*| = 5(V), Zu¥* = /6, Tm/6 rad. To keep the rotor speed constant, the phase of stator
reference voltage alternates 7/6 and 77 /6 rad (7 rad difference) in every PWM cycle. During

the measurement, the rotor is rotated by a load machine with a constant speed of 2,000 rpm.

Figure 4.5 (a) shows the field current while alternating stator voltage is applied, and the rotor
is rotating. The fundamental field current fluctuates by the rotor PWM switching, of which
the frequency is 1 kHz. However, the HF ripple of the field current does not show the same
pattern but a periodic pattern with respect to the rotor angle. Figure 4.5 (b), (c), and (d) show
the field current for one stator PWM cycle when the rotor angle is about 7 /6, 27/3, and 77/6
rad, respectively. The three cases are captured when the stator voltage vector is |us*| = 5 (V),
Zu¥* = /6 in common. The gray area shows the period of the active voltage is applied. As
shown in Figure 4.5 (b), (c), and (d), the field current response has a different pattern from
each other. It seems that the mutually induced field current is related to the rotor angle. The
field current slope in the gray area is symmetric with respect to the middle of a stator PWM
cycle. Besides, the change of current slope is found in the area. Those phenomena correspond
to the active vector applying pattern in SVM. Therefore, the mutually induced field current is
related to the stator active voltage vector. The uncolored area shows the field current when
a zero voltage vector is applied in the stator winding. Thus the current response reflects the

fundamental field current.
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Figure 4.5: Field current response by alternating stator voltage: (a) w, = 2000 rpm, (b) 0, ~
/6, (¢) 0, ~ 27/3, and (d) 0, ~ T /6

4.2.2 Derivation of rotor position estimation equation

As shown in (2.65), the mutual inductance between the stator and rotor windings can be ex-
pressed as a function of the rotor angle in the stator reference frame. Therefore, the rotor angle
can be calculated by measuring the mutual inductance. However, the mutual inductance of
EESM cannot be measured directly since the fundamental current response appears in the field
current simultaneously. To separate the mutual induction component from the fundamental
current response, PWM excitation is utilized in the proposed method. Due to the frequency
difference between the PWM excitation and the fundamental response, the mutual induction

component can be extracted. Therefore, the mutual inductance can be calculated.
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The HF-model of EESM in the stator reference frame is given as

S S d >S S d ;
us.HF — Ls%zs.HF—i_MstZf-HF (4.6)
d srd

As shown in (4.6) and (4.7), the HF voltage equations of stator and rotor winding consist of
self- and mutual inductance terms. Fundamental responses, resistive voltage drop and EMF, are
neglected in the HF-model. In (4.6) and (4.7), two terms related to the field current are found:
One is the second term on the right-side in (4.6), which is the mutually induced field current by
stator voltage. The other is the first term on the right-side in (4.7), which is the self-induced field
current by rotor voltage. The two HF-signals in the field winding appear in different frequency
range by the different PWM switching frequency. Therefore, they can be separated by applying
a filter to the field current. In the proposed method, the field current response of interest is the
HF field current by stator voltage switching, which is expressed as M?*, 4 suF in (4.6). The

sfdt
relationship between the stator voltage and the HF field current is given as

d
u; gp = M, %Zf.HF (4.8)
The geometric relationship between the stator voltage and the field current in the stator ref-

erence frame is illustrated in Figure 4.6.

uS
L S C
rotor
br > >
Uy a

Figure 4.6: Relationship between stator voltage and field current

In Figure 4.6, the stator voltage vector, u}, is decomposed to u,, and ug, and the two voltage

vectors induce the field current. By the vector projection of u, and ug onto the rotor-axis, the
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induced field current is given as

d
Msfaif = U, cOs 0, + ug cos <g — 0T>
= Uy cos O, + ugsinb,

= [cos 0, sin 07.] ZZ 4.9)

As shown in (2.66), My is decided by the minimum air gap distance, the effective number
of turns of the stator and field windings. By transposing the M, the derivative of field current

is expressed as

Ug,
iz’f = ! [cos 6, sin (9,,}
dt Mg ug
_ MsSer u? (4.10)

The mutually induced field current derived by the geometric relationship in (4.10) coincides
with the HF-model of the field current in (4.8). In (4.10), the derivative of field current is
decided by the stator voltage and the mutual inductance, which is expressed as a function of
the rotor angle. Therefore, this relationship is used in the derivation of the position estimation

equation.

In vector control, the stator voltage is applied as active voltage vectors and zero voltage
vectors in the SVM method. SVM is one of the most commonly used PWM algorithms in AC
machine drives due to the advantages of higher output voltage, less harmonic distortion, and
lower switching losses [74]. Since the PWM excitation is utilized in the proposed method, the
field current induced by the active voltage vector is used in the proposed method. Therefore, the
relationship between the active voltage vector and corresponding field current response needs
to be derived. Figure 4.7 shows the geometric relationship between the active voltage vector

and the rotor in a space vector diagram.

In Figure 4.7, the stator reference voltage, u*, is applied as two active voltage vectors of u;

and u}; in practice. Here, u; and u;; are scaled active voltage vectors, and the relationship 1s
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Figure 4.7: Active voltage vectors and the rotor position in a space vector diagram

defined as

m”:am—g 4.11)

The angle between the rotor and stator voltage vectors are defined as

AO, = Zus* — 0, (4.12)
Ab; = Lut— 6, (4.13)
AQ[I = Zujl - ‘gr (414)

As the reference voltage is applied with active voltage vectors, the current response depends
on the applied active voltage vectors. In the space vector diagram, the mutual induction is
expressed as a vector projection of the active voltage vector onto the rotor-axis. The current

response by the stator voltage vector is given as

d
—ip = o A 4.1
il T |ul*| cos A6, (4.15)
d 1,
i = _Msf |uj| cos Aby (4.16)
d .
%Zﬂ[ = M_sf |uy;| cos Abry (4.17)

where %i £ %i 1, and %z’ 11 represent the rate of change of the mutually induced field current
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by the stator reference voltage, active voltage vector I, and active voltage vector II, respectively.
As shown in (4.15) ~ (4.17), the mutually induced field current is decided by the mutual in-
ductance, the magnitude of the stator voltage vector, and the angle between the stator voltage

vector and the rotor.

To derive the angle estimation equation, (4.16) and (4.17) are rearranged as

Mgy d

Ay = —=— 4.18

cos A ] il (4.18)
My d

COSAH}[ = —*—Zf[[ (419)
lui| dt

In (4.18) and (4.19), the derivative of field current can be obtained by calculating the slope of

the field current. Therefore, the field current slope is defined as

d

mrp = %if[ (420)
d
mpr = %Zﬂ[ (4.21)

where m; and m;; represent the field current slopes when the active vectors u; and uj; are
applied. Considering the magnitude of the active voltage vector in (4.18) and (4.19), the slopes
of the mutually induced field current scaled by the corresponding active voltage vector are
defined as

/ mr

my; = e (4.22)

I

m

my = ‘uf I, (4.23)

I

With the scaled current slopes in (4.22) and (4.23), (4.18) and (4.19) are rewritten as

cos AO; = My m) (4.24)
cos A0y = Mgy m, (4.25)

To verify (4.24) and (4.25), m/, and m/;; are calculated while EESM is rotated by a load
machine. Figure 4.8 shows the experimental result. In the experiment, the field current is

controlled to 10 A, and the stator reference voltage is given as: |u®*| = 5 (V), Zus* = 7/6 (=
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30°), 77 /6 (= 210°) rad. In the experiment, the speed of EESM is 2,000 rpm.
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Figure 4.8: Slope of mutually induced field current: (a) measurement of current slope and rotor
angle, (b) calculated current slope by (4.26) and (4.27) in offline, and (c) calculated current
slope by (4.28) and (4.29) in offline

Figure 4.8 (a) shows the slope of the mutually induced field current, and the slope calculation
was done by the main controller online. The y-axis on the left side of Figure 4.8 indicates
the rotor angle, and the y-axis on the right side indicates the slope of the field current. In
Figure 4.8 (a), inductance parameters are not considered, but the applied active voltage and
the corresponding field current change. To verify the result, offline calculation results with

the measured rotor angle are shown in Figure 4.8 (b) and (c). The equations for the offline
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calculation are given as

m'y 50 = cos (0° — 6,.) (4.26)
m’y 910 = cos (180° — 6,.) 4.27)
m'y; 50 = cos (60° —6,.) (4.28)

M’y 910 = cos (240° — 6,.) (4.29)

As the phase of stator voltage vector alternates 30° and 210° with PWM frequency, the pair of
applied active vector angle, (ZLuy, Zuyy), alternates (0°, 60°) and (180°, 240°). In Figure 4.8
(a), m’ and m’;; show the field current slope by u; and u; while the rotor is rotating. Due to
the alternating voltage vector, m; and m’;; show the combined result of two alternating vectors.
That is, the slope result of m/ in Figure 4.8 (a) corresponds to the combination of (1 55, M7 5;)
in Figure 4.8 (b). The m/}; in Figure 4.8 (a) corresponds to the combination of (1m/}; 30, M} 510)
in Figure 4.8 (c). By comparing the slope results in Figure 4.8 (a), (b) and (c), it is verified
that the field current slope can be expressed as a cosine function of the angle between the active

voltage vector and the rotor angle.

Additionally, Figure 4.8 (a) shows that a period of the current slopes, m’; and m/,;, are identi-
cal to the period of rotor angle. Since the change of field current slope is caused by the structural
saliency of EESM, the periods of the rotor and the field current slope are to be the same. This is
different from the general saliency-based method, which is based on the magnetic saliency of a
machine. The saliency term is expressed generally as a trigonometric function of 26,., as shown
in (3.2). Therefore, the field current slope contains the rotor position information, including the

polarity of a rotor.

As the slope of the mutually induced field current contains the rotor angle information, the
rotor angle can be estimated from the current slope. To derive the estimation equation, two
current slopes are exploited. In the space vector diagram, two active voltage vectors have a

phase difference of 7/3. Using this property and the trigonometric identity, (4.25) is expressed
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as

Msfm’H = COS AQ][
= cos (A@I + g)
= cos Ab; cosg — sin Af; sin%

1 3
L os - g sin A, 430)

To make sin Af; the subject of the equation, (4.30) is rearranged as

1 2
sin Al = —=cos A0 — —Mgym/;
V3 V3
Msf m’l — 2M5fm,11

= 4.31
73 (4.31)

Given the (4.24) and (4.31), the Af; can be calculated with an arctangent function. The

calculation equation is given as

sin Af;
Af; = arct
; = arctan (COSAQ[)
Msfm}:;MSfmirl
— arct 3
arctan Moyl
" om/
= arctan (%) (4.32)
my

Consequently, the angle between the rotor position and the active voltage vector can be cal-
culated with (4.32). In the derivation of (4.32), the mutual inductance is canceled out in the
fraction formula. The mutual inductance varies depending on the operating point, as shown
in 2.3.2. Thus, a position estimation algorithm, which uses the inductance parameter, requires a
LUT of inductance or an inductance identification method. However, the proposed method can
estimate the rotor position without any parameter values. Hence the parameter measurement
or identification is not necessary. Only the field current slope and the active voltage vector are

required to estimate the rotor position with the proposed method.

In the derivation of the position estimation equation in (4.30), Af;; can be expressed differ-
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ently depending on the rotor angle. Considering all cases, Af;; is expressed as

NG+ %, if6, < Zuj
Al = -A0; + %, if Zuj <0, < Zuj, (4.33)

AG; — if0, > Zui,

3
where the relationship Zu} < Zuj; holds by the definition in (4.11).

Due to the y-axis symmetry of the cosine function, cos Af;; results the same value in the
above conditions. Therefore, (4.32) can be used for the position estimation in any active voltage
vector and rotor position.

Since Ad; is the relative angle between the rotor and the active voltage vector, the absolute
rotor angle can be obtained by including the angle of the active vector. Based on the space

vector diagram shown in Figure 4.7, the absolute rotor angle can be calculated as
0, = Lu; — Ab; (4.34)

As shown in (4.34), the rotor angle can be estimated with the proposed method.

4.2.3 Signal processing of mutually induced field current

The mutually induced field current by the stator PWM switching appears dominantly in the
HF range. Generally, the HF response is obtained with a bandpass filter (BPF) or a frequency
demodulation method. In the proposed method, the HF field current is obtained by simple
arithmetic operations with respect to the PWM switching sequence. This subsection presents
the signal processing method to obtain the mutually induced field current.

To extract the mutual induction term from the field current, the rotor voltage is assumed as
constant voltage, and the field current is measured with a high sampling rate. The assumption
can be considered valid due to the difference in PWM frequency in the stator and rotor windings.
Given the resistance and inductance value of the stator and rotor windings in Appendix B, the
time constants of the stator and rotor winding are calculated as 2.7 and 24.9 ms. As a result, the
PWM frequencies for the stator and rotor windings are set to 10 kHz and 1 kHz, respectively.
Therefore, the switching of the rotor voltage is not considered in the measurement of the field

current. The high sampling rate of field current is implemented with an oversampling method
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in this study, and the fundamental response is removed in the field current signal processing.
Consequently, the HF field current response by the stator voltage switching can be obtained
with the assumption of constant rotor voltage, the oversampling method, and the field current
signal processing.

In the proposed estimation method, input signals of the algorithm are active voltage vector
and the derivative of mutually induced field current by active voltage vector. The active voltage
vector is already calculated in the previous sampling time, thus it is known information. The
current derivative can be measured directly by a current derivative sensor. However, the sensor
is not commonly used in general AC drive configurations. Therefore, the derivative of current
is obtained by measuring the initial and final current value in the active time and calculating the

rate of change of the current. The concept of current sampling with PWM switching states is

depicted in Figure 4.9.
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Figure 4.9: Concept of current sampling and PWM switching states [75]

In Figure 4.9, [n,] represents the time index for current sampling. Figure 4.9 shows the
switching states of stator and field windings and the field current response for one PWM cycle.
The switching state of the field winding, S/, is assumed constant in Figure 4.9. The field current
response contains both fundamental current response and mutual induction by the stator PWM
switching.

While the zero vectors, uy and u7, are applied to the stator winding, the field current shows the
fundamental response without any mutual induction from the stator winding. The fundamental

signal of the field current is expressed as
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By,
%(1—6 Lf), if Sy =1

ig(t) = S (4.35)
RLfce Ly lfoZO

where Up¢ is a DC-link voltage, which is set to 48 volts. The slope of the fundamental field
current is decided by the resistance and self-inductance of the rotor winding, switching states of
the rotor winding, and the DC-link voltage. The fundamental field current slope is found when

a zero voltage vector is applied in the stator winding, and it can be calculated as

_ iy [m]

Mping = mfundAO - t[nl] ¢ [no} (436)
_ iy [na] — iy [ng]

mn4n3 - mfund.7 - t [7’L4] . t [’)’Lg} (4'37)

where m ¢yn4.0 and mg,,q.7 represent the field current slope by the stator zero vector ug and usy.

Minyn, and my,,,, represent the field current slope in the time intervals of [ng, n;] and [ng, n4.

While the active voltage vectors, u; and u;;, are applied to the stator winding, the mutual
induction from the stator winding occurs and is superposed onto the fundamental signal. The
fundamental current slope in the active time is assumed the same as the current slope in the
previous zero voltage vector period. By the superposition property, the field current slope in the

active time can be expressed as

Mpgny = M fund.o + My, (438)

Mnygng = M fund.7 + Moy (439)

where m,,, and m,,,, represent the mutually induced field current slopes by active voltage I and
II. From Figure 4.9, (4.38) and (4.39) can be calculated as

_iglma] —igm 04
T ] = ] 0
_ g [ns] — iy [na] 441
T ] = A
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Subtracting (4.36) and (4.37) from (4.38) and (4.39), the slope of the mutually induced field

current can be obtained as

My = (mfund.O + mUI) — M fund.0
- mngnl - mnlno (4.42)
My = (mfund.7 + muH) — Mfund.7

= Mpsng, — Mnyng (4.43)

From the current sampling method in Figure 4.9, (4.42) and (4.43) can be calculated as

1 [na)] g ]
" S g — ]t n] — ¢ [ng) (149
o b (ns] =g [na] g [na] — iy ]
U T ne —tna]  t[ra] — ¢ [na) 4.45)

As shown in (4.44) and (4.45), the current slope by the active voltage vector can be calculated
with simple arithmetic operations. In (4.44) and (4.45), the HF response is separated from the
fundamental response by subtracting the consecutive current slopes. Since this method does not

require frequency demodulation methods, the result is not affected by phase delay problems.

By the geometric relationship in Figure 4.7, the two current slopes in (4.44) and (4.45) can

be rewritten as

= u—I’ cos Af; (4.46)

S L VANT (4.47)
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Combining (4.44)~(4.47), cos Af; and cos Ay can be obtained as

M
cos Af; = mul—*f
|ugl
M
- (mmm - mmno)ﬁ
t[na] — t[n4] tlni] —tlnol /) [ug
M
cos Al = uU—*f
|ui
M
= (mn5n4 - mn4n3) ’u_*f|
II
t [ns] —t [n4] tna] —tlns] J |ug
By (4.31), the sin A#; is given as
Msfm_tl - 2M5f@
sin A0y = o r (4.50)
V3
Therefore, the actual calculation equation of A#; is derived as
sin AG;
Af; = arct
; = arctan (COSA91>
Mup _ 2Magp
= arctan “?—m|“?1|
VAT
UI
1 2 |uj mw)
= arctan | —= —
(\/§ \/§ ‘u71| mul
1 2 |u?| Mnsng — mn4n3)
= arctan [ — — : 4.51)
(\/§ V3 ‘U}I| Mpany — Mnyng

The rotor position can be estimated with the equation in (4.34) and the calculation result of
Af; in equation (4.51). In (4.34), Zuj is a computed value for vector control in the previous
sampling time, hence it is already known when the rotor position is calculated. Therefore, the

rotor angle can be estimated with the proposed method.

In the case of the PWM switching of the field winding, the assumption of the constant Sy does

not hold for the coinciding stator PWM cycle. Since the rotor switching can distort the slope of
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the mutually induced field current, the estimation algorithm does not work, and the estimation
result in the previous sampling time is retained for the field winding switching condition. The
rotor switching can be shifted not to coincide with the stator switching. Thus the current slope
distortion can be avoided. However, the switching shift is not considered in this study for further
investigation on the proposed method.

The proposed position estimation method is based on the mutual induction by fundamental

PWM switching. From the estimation algorithm, the proposed method has advantages as below:

1. The position estimation can be done in one PWM cycle time, which is 100 xs in this study.
Although the slope of the induced field current can be obtained ideally within half PWM
cycle, the two slopes are calculated separately in the first and the second half PWM cycle
due to the response delay and inverter nonlinearity in practice. Nonetheless, one PWM

cycle of the estimation time is much shorter than general signal injection methods.

2. The position estimation equation does not include any model parameters. The mutual in-
ductance of the field winding was introduced at the beginning of the derivation. However,
the parameter was canceled out in the fraction form during the derivation. Therefore, the

proposed method does not require any parameter information.

3. The derivative of the mutually induced field current, which contains the position informa-
tion, is obtained by calculating the field current slope. The current slope can be calculated
with simple arithmetic operations. Since this method does not require filters or frequency

demodulation methods, the phase delay is not present, and the gain tuning process is not

necessary.
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Figure 4.10: Block diagram of the proposed sensorless control method



74 CHAPTER 4. SENSORLESS CONTROL BASED ON MUTUAL INDUCTION

The block diagram of the proposed sensorless control method is illustrated in Figure 4.10.
The control part is a cascade structure of the speed controller and the current controller. The
speed controller is a PI controller, and the control outputs are stator current reference and rotor
current reference. Both current controllers are PI controllers and operate separately. The rotor
position estimation block has input signals of the field current and the active voltage vector
references. With the current oversampling and proposed estimation method, the rotor position
is estimated and fed back to the speed controller and the reference frame transformation blocks
via the second-order tracking type filter. The filter is proposed in [76] and applied to remove

noise from the position estimation.

The proposed method has been derived in this section. As shown in the estimation algorithm,
the method has a simple algorithm and does not require parameter information. The estimation
method has high estimation dynamics to operate in a wide-speed range without combining other
methods. The proposed method requires a high bandwidth current sensor and signal processing
for the oversampled field current signal. Since the estimation works within one PWM period,
practical issues regarding the nonlinearity of PWM switching and high-speed transient response
need to be considered. The system hardware configurations and practical issues are explained

in the following sections.

4.3 Practical Issues and Modification Methods

An electric machine model expresses the fundamental behavior of mechanical and electrical
characteristics of a machine for the sake of stable mechanical operation and simplicity of ma-
chine control. As a result, inverter nonlinearities and transient current response by switching
devices are not generally considered in the model. The proposed method utilizes the high-speed
current response by MOSFET switching, which is not included in the model. Therefore, the
high-speed current response is analyzed, and modification of the proposed method is suggested
in this section. Additionally, the implementation of the proposed method requires a minimum
time of active voltage vector to detect the measurable change of the current slope. Hence,

modification methods to guarantee the minimum active time are proposed.
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4.3.1 Current response delay

In the proposed method, the rotor position is estimated by the slope of the mutually induced
field current. Therefore, detecting the exact time of the current response is crucial in the po-
sition estimation performance. In the field current response analysis, there are two dominant
delay factors: The first factor is a dead time in between the switching of high-side and low-side
of switching devices. The second factor is the current oscillation, which appears after volt-
age switching. The analysis of the time delay and modification methods are presented in this
subsection

In the ideal PWM drive, gate drive signals for a high-side and a low-side MOSFET change
simultaneously in a complementary manner. In an actual PWM drive, the dead time is essential
to prevent a short circuit in inverter legs. The short circuit can occur without the dead time due
to the turn-on delay time, rise time, turn-off delay time, and fall time of a MOSFET. Specifically,
since the turn-off delay time is longer than the turn-on delay time, both switches can be on-state
in the switching operation. Therefore, the turn-on signal should be delayed by the dead time
after the turn-off signal for the other side of a MOSFET is applied. The dead time is illustrated
in Figure 4.11.
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Figure 4.11: Dead time in gate drive signal: (a) conceptual inverter circuit and (b) PWM switch-
ing signal and timing sequence

For a conceptual explanation, one leg of a three-phase inverter circuit is shown in Figure 4.11
(a), and the corresponding ideal and actual gate signals are illustrated with a black line and
red dashed line in Figure 4.11 (b). The current monitoring concept in the proposed method is
also depicted in Figure 4.11 (b). By vector control and SVM algorithm, the gate drive signal

is generated as the ideal gate signal. Based on the ideal gate signal, predefined dead time is
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inserted by the gate signal drive software in the CPLD. The dead time is set to 2 ps'.

As a result of the dead time, a current monitoring window needs to be shifted to implement
the proposed method. The current monitoring window, in which the mutually induced field
current is measured and calculated, coincides ideally with the gate signal command from the
SVM algorithm. However, due to the dead time, the current monitoring window should be
shifted by the dead time to measure the exact field current response. When the ideal gate signal
for Sy is switched on, the actual stator voltage is applied after the dead time. Thus, the start of
the current monitoring window is also delayed by the dead time from the ideal gate drive signal.
When the gate signal for Sy is switched off, the direction of current flow remains the same by
the body diode of a MOSFET. Hence, the end of the current monitoring window is also delayed
by the dead time. Consequently, the current monitoring window is shifted by the dead time in

implementing the proposed method.
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Figure 4.12: Field current oscillation by stator voltage switching
In the transient field current response, current oscillation is found after PWM switching.

The measured field current oscillation by stator voltage switching is shown in Figure 4.12.

Figure 4.12 shows the measured field current and the linearized field current while the stator

2 us of dead time in MOSFET drive is longer than general MOSFET drive system. The dead time setting
followed the technical manual of the inverter in this study.
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voltage is switching. The field current is measured by a current probe, which has 10 MHz
bandwidth. The linearized field current is obtained by plotting a straight line in between the
field current at the stator voltage switching. In Figure 4.12, as the stator voltage switches, the
slope of the linearized signal is changed. In every current slope changing point, the field current
oscillation is found. The oscillation occurs due to the parasitic line-to-line and line-to-earth
capacitance of cables [77]. Since the current oscillation distorts the current slope calculation,
the initial current measurement after the stator voltage switching is ignored. That means the start
of the current monitoring window is delayed again. The time delay by the current oscillation is

defined by the blind-out time, which was suggested in [77].

The blind-out time is a simple method to prevent the distortion of the current slope calcu-
lation by the current oscillation and the dead time for a current oversampling method. In the
implementation of the proposed method, the current oversampling method is applied to detect
the field current response by the stator voltage switching. The sampling rate is 20 MHz, which
means 2,000 samples of field current are measured and processed per one PWM cycle. Since
the huge numbers of data cannot be processed and transferred to the Pentium processor in a con-
troller sampling time, the current sampling and the signal processing are handled by the FPGA.
Although the blind-out time causes the loss of time to measure the current slope, it reduces the
effect of current oscillation in the slope calculation. On the other hand, a 1.5 MHz bandwidth
active low pass filter is applied to the current sensor output to reduce noise from the current

sensor and the current oscillation.

The stator PWM switching command, field current, and the blind-out time are shown in
Figure 4.13. The PWM command and the field current are captured by the SignalTap II Logic
Analyzer provided by the FPGA manufacturer. That means the data in Figure 4.13 is identical
to the data processed in the FPGA. The blind-out time is marked with gray color and set to 4 ps
considering the dead time and the current oscillation. As shown in Figure 4.13, the change of
current slope by the stator PWM switching appears clearly after the blind-out time. As a result,
the slope calculation of field current is not distorted by the response delay. Also, it is found
that the current sensor noise and the current oscillation after the PWM switching are reduced

effectively by the active low pass filter.

The current monitoring window is set to 1 1S (tp1ind—out—rev 1 Figure 4.11 (b)) shorter than
the active time. Ideally, the window size is the same as the active time, however as the turn-off
time of a MOSFET is uncertain, the end of the current response can be variable. Therefore,
the window size is reduced in the same manner as the blind-out time. The current monitoring

concept is shown in Figure 4.11 (b). Figure 4.11 (b) shows the current monitoring window for
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Figure 4.13: Implementation of blind-out time: (a) PWM switching command and (b) field
current response

the case Sy = 1 only. In the implementation, the monitoring window for the S;, = 1 is also

applied with the same concept.

4.3.2 Sector transition

The proposed method utilizes two active voltage vectors in the SVM method. Specifically, the
mutually induced field current by both active voltage vectors is used as a fraction formula in the
rotor position estimation in (4.51). As the inductance parameters are canceled out in the fraction
formula, the proposed method can estimate the rotor position without parameter information.
Therefore, both active voltage vectors should not be zero to obtain valid results. In the space
vector diagram, the reference voltage vector rotates as the rotor rotates. The magnitudes of
active voltage vectors with respect to the phase of the reference vector are shown in Figure 4.14.

In Figure 4.14 (a), black, red, and blue arrows represent the stator reference voltage vector,
active voltage vector 1, and active voltage vector 2, respectively. While the reference vector is

rotating with a constant magnitude value, the magnitudes of active voltage vectors are illustrated



4.3. PRACTICAL ISSUES AND MODIFICATION METHODS 79

(a) (b)

Figure 4.14: Sector transition and magnitude of active voltage vectors: (a) voltage vectors in
SVM diagram and (b) magnitude of active voltage vectors

in Figure 4.14 (b). Since the reference vector is applied by a vector sum of two adjacent active
vectors, each magnitude of the active vector reduces and increases alternately. When the refer-
ence vector is on the edges of a sector in the space vector diagram, the stator reference vector is
generated by either active vector. Hence the other active vector is not applied. The sector edges
are located at (n — 1)7 /3 radians where n is the sector number. In the sector edge area, which
is marked with the gray color in Figure 4.14, either active voltage vector has too low magnitude
to detect the field current slope. The low magnitude of the active vector means a short active
time in the current slope calculation. Considering the blind-out time and the required time to
detect the current slope change, the active time needs to be longer than a certain level of time.
Therefore, a sector edge avoidance (SEA) method is proposed to guarantee the minimum active

time for both active vectors.
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Figure 4.15: Block diagram of sector edge avoidance algorithm

The SEA method shifts the angle of the stator reference voltage vector to the boundary of
the sector edge area when the original reference vector is located in the sector edge area. As a

result, the SEA method guarantees the minimum active vector time. The method is implemented



80 CHAPTER 4. SENSORLESS CONTROL BASED ON MUTUAL INDUCTION

between the current controller and the SVM algorithm in the vector control algorithm, as shown
in Figure 4.15. The current controller and the inverse park transformation blocks send the stator
reference voltage vector to the SEA block. The reference consists of the magnitude and the
angle of the reference vector. The SEA algorithm does not modify the magnitude but the angle

of the reference vector. The modified angle of the reference vector is given as

o + eedgea if % S lui* < % + eedge

Osea = 4 & — Ocgge, if B = Oedge < Zud < 5 (4.52)

AIU/S*

- otherwise

where n=0, 1, 2, 3, 4, 5, and 0.4 is the boundary angle of the sector edge area. The SEA
algorithm guarantees the minimum active time to detect a valid change of field current slope. In
terms of the position estimation equation in (4.51), the SEA method can prevent the divergence
in calculating the rotor position. In the case of the short active time close to zero, the denom-
inator in (4.32) can become zero. Thus the estimation result can diverge. The boundary angle
of the sector edge area needs to be decided with the magnitude of the reference vector. Since
the active time is calculated by both magnitude and angle of the reference vector, the boundary
angle varies with respect to the magnitude of the reference vector. In this study, 0.4 is set
to 5°, and the decision of the minimum magnitude of the reference vector is carried out in the
following subsection.

The proposed estimation method can be solved by the SEA algorithm in the sector transition
region by shifting the angle of the reference voltage vector. However, the angle shift results in
the discontinuity of the reference voltage vector. Thus it can cause side effects, i.e., low control
efficiency and torque ripples, especially in the low-speed range. Therefore, the threshold needs

to be tuned for a better mechanical operation.

4.3.3 Insufficient stator voltage

In the SVM algorithm, the active time is computed from the magnitude and the angle of the
reference voltage vector. The relationship between the reference vector and the corresponding
active voltage vectors is depicted in Figure 4.16.

The reference voltage vector is a vector sum of the two adjacent active voltage vectors, 1y
and us. Therefore, both active vectors can be calculated by vector projection of the reference

vector onto each axis of the active vector. The geometrical relationship in Figure 4.16 can be
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>
Uy

Figure 4.16: Reference voltage vector and active voltage vectors in SVM Diagram

expressed as

t t
U* = ! U1 + 2
tpw M tpwm

U, (4.53)

Supposing the reference voltage vector is in sector 1, ¢; and ¢, are given as

|u*| sin (E — Hu*)

1 =tpwm 2 (4.54)
%U DC sin %
u*| sin @«
lo = tPWM—2| | — (4.55)
§UDC sSin 3

where 6, is the angle of the reference vector. In sector 1, 6, is bounded as 0 < 6,« < 7/3.

As shown in (4.54) and (4.55), the active time is proportional to the magnitude of the stator
reference voltage vector. Therefore, the low magnitude of the stator reference voltage vector
appears as a short active time in the PWM switching sequence. In the low-speed region, the
stator voltage level is low. Hence it yields short active time. The short active time needs to
be longer than a certain time, considering the blind-out time and minimum time to measure a
detectable change of field current. Otherwise, the insufficient active time results in an inaccurate
calculation of the current slope. Therefore, a signal injection method is required to increase the

active time.
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Pulsating signal injection in the stator reference frame is proposed in this study. The main
purpose of the signal injection is the extension of active time in the PWM switching sequence,

and the concept of the proposed method is shown in Figure 4.17.

§

X7

to tewm 2tpwm

(@) (b)

Figure 4.17: Signal injection concept: (a) in space vector diagram and (b) in PWM switching
sequence

In Figure 4.17 (a), the blue line represents the fundamental reference voltage vector, and the
red line represents the pulsating signal injection in the space vector diagram. Figure 4.17 (b)
shows the gate signal for the fundamental reference vector and the signal injected reference
vector with a blue line and a red dashed line in the PWM switching sequence. The pulsating
signal is injected on the fundamental reference voltage with changing the sign of the signal
in every PWM period. Therefore, the frequency of the pulsating signal is half of the PWM
frequency. As shown in Figure 4.17 (b), the active time is increased in the first PWM period
(to ~ tpwar) and decreased in the second period (tpyw ~ 2tpwar). The field current slope
is calculated in the first PWM period, as well as the position estimation. In the second PWM
period, the calculation result in the previous period is held without calculating a new current

slope due to insufficient active time. The injected pulsating signal is expressed as

()" (|Unnin| — [u*]) Zu*, i |w*] < |Upiad
WUin; = (4.56)
0, otherwise

where k and U,,;, represent the number of PWM cycles and the minimum magnitude of refer-
ence voltage vector to obtain field current derivative. The pulsating signal is injected when the
fundamental reference voltage is less than U,,;,,, and the calculation of the current slope works

if k£ is an odd number. When the fundamental reference voltage is bigger than U,,,;,, the signal
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injection is not activated, and the position estimation is computed in every PWM cycle.

The value of U,,;, can be decided by considering the minimum active time. To calculate
valid current slope, at least 1 us of the current monitoring window is required under the sensor
noise. Additionally, 1 s reduction of the current monitoring window needs to be included in
the minimum active time. Therefore, the minimum active time is set to 2 xs in the implemen-
tation of the proposed method. From the (4.54) and (4.55), the calculation result of U,,;, is
6.36 volts when the stator reference vector is on the boundary of the sector edge area. In the

implementation, U,,;, is set to 7 volts.
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Figure 4.18: Experimental result of signal injection: (a) PWM switching sequence and (b) field
current response

The proposed signal injection method is implemented in the position estimation method, and
the injection signal and the corresponding field current are shown in Figure 4.18. The PWM
switching signal and the field current are captured by FPGA for two PWM cycles. In the first
cycle, the positive signal is injected. Thus the increase of active time is found. As a result, the
slope of the field current shows a clear response in the cycle. In the second cycle, the active
time is decreased as the negative signal is injected. Still, the change of the current slope is found

in the second cycle. However, the current slope is not used since the insufficient active time
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can yield an inaccurate estimation result. From Figure 4.18, it is found that the signal injection
increased the active time and the change of field current while the current slope was maintained.
It is advantageous to the current slope calculation, considering current response delay and signal
noise. Therefore, the proposed signal injection method is applied to the sensorless control
method in this study.

Regarding expected side effects of the proposed signal injection method, acoustic noise in-
creases as the HF signal is injected. The noise occurs in the low-speed range, where the active
time is insufficient. From the middle-speed range, the signal injection is not activated. Thus the
acoustic noise by the signal injection disappears. On the other hand, the magnitude of the injec-
tion signal can be reduced with respect to the phase of the reference vector. Since the purpose
of the signal injection is the minimum active time, the magnitude of the injection signal can
vary with the reference vector angle. In terms of the mechanical operation, the signal injection
does not affect mechanical operation since the injected signal frequency is much higher than
the machine rotation speed, especially in the low-speed range. Also, the fundamental reference
voltage remains the same as the original reference since the average value of the injection signal
is zero. Hence, the effect of signal injection on the mechanical operation is insignificant.

The proposed signal injection differs from conventional signal injection methods: First, the
pulsating signal is commonly injected in the estimated rotor reference frame, where amplitude
modulation is the main estimation principle. However, the proposed method injects the signal
in the stator reference frame to extend the active time from the PWM switching sequential point
of view. Second, the frequency of the injected signal, half of a PWM frequency, is higher
than the frequency of the conventional signal injection method, which is usually in the range of
several hundred Hz to a few kHz [49]. It is beneficial to design a current controller, which is
connected to the signal injection block in a cascade control structure. Due to the high frequency
of the injected signal, the proposed method limits the bandwidth of a current controller less than

conventional signal injection methods.

4.3.4 Field current adjustment

The proposed method exploits the change of field current, and the current change is emerged
by mutual induction between stator and rotor windings. In terms of the signal-to-noise ratio
(SNR), the more field current difference is induced, the higher SNR is obtained. Therefore,
the relationship between the induced field current difference and the magnitude of field current

is investigated. From the relationship, a field current adjustment method is suggested in this
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subsection.
In the derivation of the proposed method, the derivative of field current by stator voltage
switching is expressed in (4.15). Neglecting the stator voltage input and rotor position term,

(4.15) shows the relationship between the derivative of field current and mutual inductance as

diy 1
— X
dt — My,

(4.57)

(4.57) shows that the derivative of field current is inverse proportional to the mutual inductance.
Based on this property, the stator voltage input and the rotor position decide the field current
response, as shown in (4.15). Therefore, the mutual inductance affects the basic field current
response.
According to the identification of mutual inductance of EESM in 2.3.2, the mutual inductance
decreases as the field current increases. The relationship is expressed as
My o L (4.58)
il
Due to the saturation effect in the field winding, the mutual inductance is inverse proportional
to the magnitude of field current. Summarizing (4.57) and (4.58), the relationship between the
derivative of field current and the magnitude of field current is given as
diy

—L o lif| (4.59)

Therefore, it is expected that the derivative of field current is increased as the magnitude of
field current increases. To verify the relationship in (4.59), the difference of mutually induced
field current (Ais) by stator voltage switching is measured. In the measurement, EESM is
rotated by a load machine at 1,000 rpm, and the stator reference voltage is given as: |u®*| = 5
(V), ZuZ* = 30°, 210°. The experimental result is shown in Figure 4.19.

Figure 4.19 shows the difference of field current by stator voltage switching. Ay, and Aiy,,
are difference of mutually induced field current by active voltage vectors, u; and u;;, and they

are defined as

Aifl = if [ng] — z'f[nl] (460)
AifH = if[n5] — if[n4] (461)



86 CHAPTER 4. SENSORLESS CONTROL BASED ON MUTUAL INDUCTION

50 T T T T T T T T T ifl
25 | il ol e o T
- H“I ||HH o WI\ HH” Uk T Tl b=l
) HH\lh. ,‘HHHHU H “||||,|n”HH” HH|||...,||||’ il ull”” HH'HH\,.' ,‘|||UH “'MH‘M}HWHMM
0 0 E") 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 50
o
; |\MIIHH I \m'l” il Ll il ]
A ] ”Hh ) H\H HH ”‘u !H ”]H W” = ;
o a0 8 18l
25 ”\h ,M!H h‘hl, uM W\\nl.luf”‘ ”Hh'...mHH HMHI, .HH H”n .MH UWMIH
0 0 é 1 ‘0 1 ‘5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 50
time [ms]
(b)

Figure 4.19: Difference of field current (Aiy) by stator voltage switching: (a) ¢y = 5 A and (b)
iy =10 A

where [n,,] represents the time index for current sampling, which was introduced in Figure 4.9.

The field current is controlled to 5 A and 10 A in Figure 4.19 (a) and (b). Except for the
magnitude of the field current, other conditions, e.g., stator reference voltage, rotor position,
and rotor speed, are the same in Figure 4.19 (a) and (b). As the stator voltage alternates 30 °
and 210 ° with PWM frequency, the difference of field current results in positive and negative
values alternately with the PWM frequency. In both results, the patterns of the field current
difference are the same, but the field current difference in Figure 4.19 (b) is about 30 % bigger
than the results in Figure 4.19 (a). This results satisfies the relationship in (4.59). Therefore, it
can be concluded that the difference of the mutually induced field current is proportional to the

magnitude of field current, and it is due to the saturation effect in the field winding.

Considering the general sensor noise, the increase of the mutually induced field current is
beneficial to SNR. Hence, the sensorless control performance can be improved by increasing
the magnitude of the field current. However, the magnitude of field current is related to copper
loss in the field winding. Therefore, the field current needs to be optimized in between the

sensorless control performance and the copper loss of field winding. In this study, the field
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current is controlled to 10 A. However, there is a chance to improve the sensorless control

method by adjusting the field current in case of the low mutually induced field current.

4.4 Test Bench Hardware Configuration

The test bench for the proposed method consists of EESM, a real-time system controller, two

inverters, high-speed current sensors, and a load machine. The picture of the test bench is shown

in Figure 4.20.
¥ B vg,-,,:—;:: = A ?"‘_ v 77_
Vi g T o =
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7 | Current Sensor g

Figure 4.20: Picture of the test bench for sensorless EESM drive

In order to implement and validate the proposed method, a test bench for sensorless EESM
drive has been built, as shown in Figure 4.20. The main requirements for the test bench are

given as

* Three-phase PWM drive with 10 kHz frequency

* Field winding PWM drive with 1 kHz frequency
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* High-speed Analog-to-Digital Converter (ADC) and signal processing for current over-

sampling
* 48-volt system

The EESM installed in the test bench has three-phase stator windings and one rotor wind-
ing. To drive the machine, two general-purpose 48-volt inverters are used, and each inverter
is connected to the stator and the rotor winding separately. Three current sensors measure two
phase stator current and field current, and the measured signal is feedback to the controller. The
real-time system computes the rotor position and EESM vector control with protection func-
tions, such as phase and field winding over current and DC over voltage protections. The load
machine and the inverter for the load machine apply load torque to the EESM. Technical data
of the test bench are given in Appendix C.

The real-time system consists of a Pentium processor, a field-programmable gate array
(FPGA) board, and a complex programmable logic device (CPLD) board. The block diagram

of the real-time system is illustrated in Figure 4.21.

Real-Time System |
Pentium Processor | FPGA Board
- real time operating - interrupt generation (10kHz) sensor signal
system (OS) - ADC sampling -
- rotor position estimation (20Mhz 12bit 8ch)
- control algorithm - field current oversampling DAC signal
- safety function - " 5
gate signal output - DAC monitoring User Interface
(optical signal) CPLD Board - user interface Butt LCD Displ
- . - inverter sequence control (Buttons, isplay)
. - gate signal output R
ext. fault input - deadtime control
(optical signal) - ext. fault input
e

Figure 4.21: Block diagram of real-time system

The Pentium processor has two main tasks: First, the real-time operating system (RTOS)
runs on the Pentium processor, and the RTOS manages data processing within a bounded time.
Second, the Pentium processor computes the proposed position estimation algorithm and the
sensorless vector control algorithm. Sensor input data and control output data are transferred
from/to the FPGA board via CPLD Board. The Pentium processor used in the test is the Pentium
4 CPU 3.40 GHz.

The FPGA board plays a main role in the real-time system. It handles system clocks and

generates the interrupt signal for the control algorithm in the Pentium processor. Sensor in-
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put signals are sampled in the FPGA with a 20 MHz sampling rate. Thanks to the parallel
computing structure, the FPGA can handle the current oversampling and related signal pro-
cessing within a sampling time. Also, safety functions, such as over current protection, over
voltage protection, and computing overload protection, are carried out in the FPGA. For the
interface with users and inverters, peripheral devices (e.g., buttons, an LCD, a digital to analog
(D/A) board) drive and the inverter sequence control are handled by the FPGA. The Cyclone III
FPGA is used in the test.

The CPLD is in charge of the interface between the Pentium processor and the FPGA board.
It has optical transmitters to drive inverters. The PWM output computed by the FPGA is trans-
ferred to the CPLD, and the signal is converted to the optical signal with a dead time processing.
External fault signals from inverters are connected to the optical receivers in CPLD to protect
the system from an inverter failure. The CPLD used in the test is the MAX II CPLD.

Detailed information regarding other components of the test bench is as below:

¢ Inverter

— The inverter used in the test bench is a general-purpose inverter manufactured by
Semikron. The nominal DC-link voltage is 48 volt, and the maximum power is up to
55 kW. It is a three-phase two-level inverter, and a metal-oxide-semiconductor field-
effect transistor (MOSFET) is used as a switching device. One inverter is connected
to the stator windings, and the other is connected to the rotor winding. The rotor
winding drive circuit is an H-bridge circuit, and the circuit is composed by using the

two legs of the inverter. The electric circuit diagram is depicted in Figure 4.22.
* Current sensor

— The main hardware requirement of the proposed method is a high-bandwidth current
sensor. Since current oversampling is required for the calculation of the current
derivative, high-speed current sensing is mandatory. The current sensors used in
the experiment are CMS3025 and CMS3100 manufactured by Sensitec. The sensor
is based on the magnetoresistive effect, and the maximum bandwidth is 2 MHz.
Considering the 10 kHz PMW frequency, the current sensor bandwidth is 200 times
faster than the PWM switching frequency. Two current sensors (CMS3100) are used
for stator current measurement, and one current sensor (CMS3025) is used for rotor

current measurement as shown in Figure 4.22.

« EESM



90 CHAPTER 4. SENSORLESS CONTROL BASED ON MUTUAL INDUCTION

— The machine has a salient pole rotor structure and does not have damper winding
in the rotor. DC current is applied to the rotor winding via brush and slip ring.
The stator winding is a distributed winding type. Further information is given in

Appendix B.
¢ Load machine and inverter

— The load machine is ABB BSM100C-4150AA. The rated torque is 20 Nm, and
the maximum peak torque is 60 Nm. The inverter for the load machine is ABB

ACS880-11. The maximum output power is 17 kW.

— — — — —
- < ey s s
— — — — —
EESM
48V i~

L)l
L}l
L)l
L}
L)l

Figure 4.22: Electric Circuit Diagram of EESM Drive

4.5 Experimental Results

The proposed sensorless control method with modification methods was validated with experi-
mental results. The rated speed of the EESM in this study is 1,850 rpm. A step speed reference
from O to the rated speed under no load condition was tested to validate the wide-speed opera-
tion range. The experimental result is shown in Figure 4.23.

As shown in Figure 4.23, the proposed sensorless control method has driven the machine
from a stationary to the rated speed, 1,850 rpm. The maximum transient estimation error at the
beginning of the rotation is 0.89 radian, and the average value of the absolute estimation error
in the constant rotor speed range is 0.09 radian. The biggest error in the transient estimation
error is expected to occur due to the dynamic change of the stator current, but the rotor speed

reached the reference speed in about 1.5 s.
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Figure 4.23: Sensorless speed control from a standstill to the rated speed

To validate the bidirectional operation and the zero speed control performance, reverse rota-
tion from 1,000 rpm to -1,000 rpm under no load condition was tested, and the experimental

result is shown in Figure 4.24.

Figure 4.24 shows sensorless control performance in reverse rotation under no load condition.
The maximum estimation error is -1.1 radian, and it occurred around zero speed. When the rotor
speed is in the constant speed range, 0 ~ 1 and 2 ~ 3 s, the average estimation error is 0.04
radian. The estimation error was increased around zero speed. However, the proposed method

has controlled the machine in reverse rotation without divergence.

Finally, the proposed sensorless control was validated in a load condition. The rated torque
of the test machine is 10.5 Nm. The experimental result of the sensorless control in a 100 %
load condition is shown in Figure 4.25. The load torque was applied from 2 s and reached the
rated torque at around 4.5 s. The rated torque was decreased to 0 Nm from about 8 s to 10.5 s.
The field current was controlled to 10 A for the load condition. Maximum torque per ampere
(MTPA) control was not implemented in the test. To utilize the reactance torque for the full load
condition, d-axis current was controlled to -10 A. During the test the estimated g-axis current
reached up to 150 A in the load condition. The maximum estimation error was 1.18 rad and

occurred while the load torque was decreasing from the rated torque. The average value of the
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Figure 4.24: Sensorless speed control in reverse rotation

absolute estimation error during the rated torque was 0.38 radian. The period of the rated torque
condition is from 4.5 to 8 s. In comparison with the estimation error in the rated speed under
no load condition, the average estimation error was increased from 0.09 to 0.38 rad. However,
the estimation error was limited under certain level without any divergence. As a result, the
sensorless speed control has worked in the 100 % load condition.

In this section, the proposed sensorless control is validated experimentally in zero to rated
speed, reverse rotation, and load condition. During the sensorless control, the position esti-
mation error was increased in the transient, but the sensorless speed control worked without
divergence. In the steady-state operation, the estimation error converged in limited error range.
Consequently, the proposed method achieved satisfactory performance in various test condi-

tions.
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Figure 4.25: Sensorless speed control in a load condition
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Conclusion

The PWM-based sensorless control of EESM using mutual induction was proposed, imple-
mented, and validated in this thesis. Based on the characteristic that the mutual inductance is a
function of the rotor position, the mutually induced field current was exploited to estimate the
rotor position. To extract the mutually induced field current from the fundamental field current
signal, a fundamental stator PWM switching signal was employed as an excitation signal. The
field current response by the PWM excitation was calculated with the oversampling process
and the signal processing, which consists of simple arithmetic operations. As a result, the HF
mutual induction components in the field current were obtained and used in the position estima-
tion. In the realization of the proposed method, three dominant practical issues were analyzed,

and related modification methods were suggested:

* The current response delay due to the nonlinearity of the inverter and the current oscil-
lation were analyzed, and the current monitoring window was redefined by the blind-out

time.

* The sector edge avoidance was applied to prevent the divergence of the position estima-

tion around the sector edge area.

* The signal injection method was used to extend the insufficient active time in the low-

speed range.
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The proposed estimation method and modification methods were implemented in the real-
time system consisting of a Pentium processor, an FPGA, and a CPLD. To detect the HF field
current response, a 2 MHz high bandwidth magnetoresistive sensor was used to measure the
mutually induced field current. The experimental results validated the proposed sensorless con-
trol method for a zero speed to the rated speed operation, a reverse rotation, and a full load
condition. The proposed sensorless control showed a bigger estimation error in a transient state
compared to the existing methods. However, the sensorless speed control was achieved in vari-
ous conditions without divergence.

Based on the estimation principle and algorithm, the proposed method has advantages as

follows.

* The proposed method utilizes the mutually induced field current by the active voltage
vector in SVM. Therefore, the position can be estimated within one PWM cycle or two
PWM cycles if the signal injection is applied due to the insufficient stator voltage. This
high dynamic estimation results in a wide-speed range sensorless control with a single
algorithm. The high dynamics is also beneficial to the design of the current controller.
Due to the half PWM frequency signal injection, the bandwidth of the current controller

is limited to less than general signal injection methods.

* The proposed method does not rely on any model parameter information. As the in-
ductance parameters were canceled out in the derivation of the estimation algorithm, the
rotor position could be estimated only with the reference voltage and current derivative.
Therefore, the algorithm does not need measurements of inductance for a LUT nor a pa-
rameter identification method. Besides, the proposed method does not require a polarity
check algorithm nor an initial position detection method since this method is based on the

structural saliency of EESM.

* The HF field current was extracted from the fundamental current response by simple arith-
metic operations in the proposed method. Therefore, complex frequency demodulation

methods or signal filters are not required.

For the realization, the proposed method requires a special system configuration. A high
bandwidth current sensor and high-speed signal processing are mandatory to detect the current
response by active voltage vectors. Thus, the estimation algorithm and related current sampling
methods need more optimization in order to apply the proposed method with a conventional

system configuration.
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In terms of the position estimation error, the proposed method resulted in a bigger error than
existing sensorless control methods, especially for the transient state. Also, the modification
methods, signal injection, and sector edge avoidance can cause a reduction of the control per-
formance and efficiency, especially for the low-speed range. However, those disadvantages can
be overcome by improving the signal processing of the mutually induced field current. By
signal reconstruction or effective noise suppression, the derivative of the field current can be
obtained in a short period of time. Therefore, the modification methods may not be required by
improving the signal processing method.

The EESM gives more freedom to the design of sensorless control methods. The interaction
between the stator and rotor winding can be employed in both the excitation and the detection
of position-related saliencies. The proposed method provides a novel perspective in the design
of the sensorless control of EESM. As a result, it was proved that the mutual induction by the

fundamental PWM excitation can be used in the sensorless control of EESM.
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APPENDIX A

Abbreviations
AC Alternating Current
ADC  Analog to Digital Converter
AFO  Active Flux Observer
BPF Bandpass Filter
CPLD Complex Programmable Logic Device
D/A Digital to Analog
DC Direct Current
DO Disturbance Observer
DSP Digital Signal Processor
EESM Electrically Excited Synchronous Machine
EKF Extended Kalman Filter
EMF  Electromotive Force
EV Electric Vehicle
FEA  Finite Element Analysis
FEM  Finite Element Method
FFT Fast Fourier Transform

FOC

Field-Oriented Control
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FPGA Field-Programmable Gate Array

HF High-Frequency
IC Integrated Circuit
M Induction Machine

IPMSM  Interior Permanent Magnet Synchronous Machine
LPF Low Pass Filter

LUT Lookup Table

MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
MRAS Model Reference Adaptive System

MTPA Maximum Torque per Ampere

PLL Phase-Locked Loop

PM Permanent Magnet

PWM Pulse-Width Modulation
R2S Rotor to Stator

RDC Resolver-to-Digital Converter
RTOS Real-Time Operating System
S2R Stator to Rotor

S2S Stator to Stator

SEA Sector Edge Avoidance

SNR Signal-to-Noise Ratio

SVM Space Vector Modulation

SynRM Synchronous Reluctance Machine
WESM Wound Field Synchronous Machine
WRSM Wound Rotor Synchronous Machine
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EESM Parameters

The EESM used in the experiment is a salient pole type EESM. It is a prototype machine to
develop a mild hybrid system for a vehicle. Parameters and information of the EESM are
summarized in Table B.1.

The picture of EESM used in this thesis is shown in Figure B.1. The EESM has an external
diameter of 165 mm, and the length is 110 mm. The machine is connected to a crankshaft of
the engine via a rubber belt. For the belt connection, a pulley is attached at the end of the rotor
shaft of EESM.

Figure B.2 shows a picture of a rotor structure of EESM used in the test. The rotor has 8

Parameter \ Value

Maximum Power | 10 kW
Maximum Torque | 43.2 Nm (@ 1,850 rpm)
Maximum Speed | 12,000 rpm
Number of Poles | 8
Stator Resistance | 4.37 mf)
Rotor Resistance | 1,035 m2
Stator Inductance | 11.69 pH
Rotor Inductance | 25.79 pH
Moments of Inertia | 4.5 gm?

Table B.1: List of EESM parameters
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Figure B.1: Picture of EESM

poles, and the slip ring is found in the rotor shaft. The diameter of the rotor is 103 mm, and its

length is 46 mm.

- _

Figure B.2: Picture of EESM rotor
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Technical Data of Test Bench

C.1 Current Sensor

The current sensors used for the test bench are CMS3025 and CMS3100. Both models are
highly dynamic sensors based on the magnetoresistance effect and produced by Sensitec GmbH.
CMS3025 and CMS3100 are used to measure the field current and stator current of EESM. The
technical data of the sensors for the field winding and the stator winding are summarized in
Table C.1 and Table C.2.

Model Parameter \ Value
CMS3025 | Supply Voltage Typical £ 15V
Nominal Current 25 A
Measuring Range -100 ~ 100 A
Frequency Bandwidth | Minimum 2 MHz
Typical Accuracy + 0.6 % of nominal current
Maximum Accuracy | £ 0.8 % of nominal current

Table C.1: Technical data of current sensor for field winding
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Model | Parameter Value
CMS3100 | Supply Voltage Typical £ 15V
Nominal Current 100 A
Measuring Range -400 ~ 400 A
Frequency Bandwidth | Minimum 1.5 MHz, typical 2.0 MHz
Typical Accuracy + 0.8 % of nominal current
Maximum Accuracy | £ 1.3 % of nominal current

Table C.2: Technical data of current sensor for stator winding

Parameter \ Value

Nominal DC voltage 48 V
Maximum DC voltage 72V
Continuous output current | 270 Arms
Overload output current | 460 Arms
DC bus capacitor 14.4 mF
Switching frequency Maximum 24 kHz
Ambient temperature -40 ~ 85°C

Table C.3: Technical data of inverter

C.2 Inverter

The inverter used in this dissertation is SKAI3 LV manufactured by SEMIKRON. SKAI3 LV
is a 48 V three-phase MOSFET inverter. Two SKAI3 LV inverters are used to drive EESM:
one for three-phase stator winding and the other for rotor winding. A brief technical data of the

inverter are summarized in Table C.3.

C.3 Load machine

The load machine used in the test is ABB BSM100C-4150AA. The machine type is a PMSM,
and the technical data is given in Table C.4.
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Parameter | Value
Continuous stall torque | 20 Nm
Continuous stall current | 16.8 Arms

Rated power 4.48 kW

Rated speed 2,400 rpm

Peak current 42.9 Arms
Maximum speed 7,000 rpm

Table C.4: Technical data of load machine
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