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General Introduction

1.1 Introduction

According to statistics from the US Energy Information Administration, electrical machines
accounted for 43%-46% of the global electricity consumption in 2020 [1] and played an important
role in industries and economics. Electrical machines have different types, e.g., direct current
(dc) machines, induction machines, reluctance machines, and permanent magnet (PM)
machines. Due to their high torque density and efficiency, permanent magnet synchronous
machines (PMSMs) have been widely used in various applications, e.g., aerospace, electric vehi-
cles (EVs), industrial drives, servo drives including robots and automation systems, domestic
appliances, and wind power generation.

Accurate parameter estimation of PMSMs, including electrical and mechanical parameters, i.e.,
stator resistance, inductances, rotor flux linkage, and system inertia, is essential for determining
the machine characteristics [2-4], improving general control performance [5-8], sensorless con-
trol [9-13], and thermal condition monitoring [14-18] for preventing potential irreversible demag-
netization of PMs and damage of winding insulation and further improving torque density, as well
as fault diagnosis, etc. For example, in EV applications, accurate electrical parameters are required
for determining the machine saliency, the reluctance torque, the base speed, the maximum operat-
ing speed, the optimal current trajectories under maximum torque per ampere, and maximum
power per voltage strategies. For the most common control methods, i.e., field-oriented control
(FOCQ), direct torque control (DTC), as well as model predictive control (MPC), the accurate PMSM
parameters are critical to ensuring system stability and improving efficiency and dynamic response.
The mechanical parameters, e.g., moment of inertia and viscous friction coefficients, vary signifi-
cantly with mechanical loads and are important in the design of speed-loop controllers.

Traditionally, the parameters are determined by static open-circuit and short-circuit tests and/or
finite element methods. They have significant disadvantages: (a) the machine dimensions and
material parameters should be pre-known, (b) there is a rank deficiency issue in most online
parameter estimation techniques, (c) parameters are obtained under different operation condi-
tions with conflicts, and (d) variations in speed and load cannot be tracked accurately, which will
result in significant errors accounting for magnetic saturation and cross-coupling effect, etc.

In the last few decades, the techniques of parameter estimation have been extensively developed
and the parameter estimation can be implemented both offline and online. Generally, offline
parameter estimation is essential both in the machine and controller design and has been widely
used and investigated [19], in which various computational methods can be employed, i.e., finite
element analysis (FEA) and numerical, observer-, and artificial intelligence (AI)-based methods.
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However, changes in operation conditions, temperature, mechanical stress, and other environ-
mental factors may cause parameter variations in electrical machines, particularly PMSMs. These
variations could result in deteriorated performance, reduced efficiency, and potential damage to
the machine over time. To address these challenges, online parameter estimation techniques aim
to acquire electrical, mechanical, or thermal parameters under real-time conditions using data
gathered during the machine operation [19]. These techniques allow for the continuous monitor-
ing and adjustment of the machine parameters, ensuring that the control system can adapt to
changing conditions to maintain optimal performance, and monitoring that the winding and PM
temperature cannot exceed the maximum allowable values. Indeed, many commercial industrial
drives for PMSMs have embodied the features of parameter estimation functions to ensure effi-
cient and reliable operation.

This book provides a comprehensive resource on basic and state-of-the-art online and offline
parameter estimation techniques for PMSMs, including various new online parameter estimation
techniques developed at the University of Sheffield and those developed globally, as well as mod-
ern control theory-based parameter estimation techniques, with examples of both experimental
and simulation results. It addresses the issues of rank deficiency and inverter non-linearity and
reports various new online electrical and mechanical parameter estimation techniques for PMSMs,
including those with the aid of thermocouples in stator windings, based on current/voltage injec-
tion and position offset injection, under constant or variable speed and load for sensored or sensor-
less controlled PMSMs, accounting for magnetic saturation, cross-coupling, inverter non-linearity,
temperature effects, etc. Various applications of parameter estimation techniques of PMSMs for
electric vehicles, wind power generators, aerospace, industrial drives, automation systems, robots,
and domestic appliances are also reported for improving control performance and sensorless oper-
ation, condition monitoring/fault diagnosis, etc.

This chapter briefly describes PMSMs and drives and introduces mathematical models, machine
parameters, and parameter estimation techniques accounting for the influence of magnetic satura-
tion and temperature on parameters.

1.2 Permanent Magnet Machines

A typical electrical drive system for PMSMs mainly consists of an electrical machine, a power con-
verter, a load, a rotor position sensor, and a control unit with an employed control strategy. A
schematic diagram of a PMSM drive system is shown in Figure 1.1 and will be described in more
detail in Section 1.4.
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Figure 1.1 Schematic diagram of PMSM drive system.
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Figure 1.2 Machine configurations

of radial-flux internal rotor PMSMs:

(a) surface-mounted PM, (b) surface-inset
PM, (c) I-type interior PM (radially
magnetized), and (d) spoke-type interior
PM (circumferentially magnetized).
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In most PMSMs, PMs are usually located on the rotor for excitation. According to the directions
of the magnetic flux in the air gap, the majority of PMSMs can be categorized into radial and axial
flux machines, of which radial-flux rotor PM machines are the most common in terms of electro-
magnetic performance, manufacturability, cost, etc. The radial-flux rotor PM machines have either
an internal or external rotor, while the PMs could be assembled either on the surface or in the
interior of the rotor, as shown in Figure 1.2.

In surface-mounted PM (SPM) machines, as shown in Figure 1.2a, the PMs are mounted on the
rotor surface and are adjacent to the air gap. There is negligible magnetic saliency and reluctance
torque, and PM torque is the major torque component. Since the relative permeability of PMs is
almost the same as that of air, the dg-axis inductances in SPM machines are almost equal and lower
than those of the interior PM (IPM) machines. Furthermore, the field produced by stator windings
in SPM machines is low, and hence, the winding inductance is also low. However, SPMs need a rotor
sleeve/binding for retaining, particularly in high-speed applications [20]. The sleeve/binding mate-
rials can be glass fibre, carbon fibre, or non-magnetic stainless steel. However, in external rotor SPM
machines, the rotor back iron can be utilized for retaining PMs. External rotor SPM machines are
preferred in high-power low-speed direct-drive wind power generators or hub motors for EVs.
Besides, the PM, which can be inset into the rotor surface, as shown in Figure 1.2b, is laterally adja-
cent to the rotor core. In this case, the magnet pole arc to pole pitch ratio needs to be smaller than
one, but PMs can be easily fixed between two adjacent interpole irons. Since the g-axis inductance
is larger than the d-axis inductance, a reluctance torque component exists in inset SPM machines.

In IPM machines, as shown in Figure 1.2c and d, PMs are radially or circumferentially magnet-
ized, respectively. Radially magnetized IPM rotors are more commonly used, e.g., in EV applica-
tions, but circumferentially magnetized IPM rotors, i.e., spoke-type IPM rotors, are very popular in
domestic appliances since the PM flux focusing effect may be utilized when the pole number is
high and cheap ferrite magnets can be used for reducing the cost. Since PMs are embedded in the
rotor core, extra rotor PM retaining is not required, but PM leakage fluxes are more significant, and
hence, airspace flux barriers are often required next to the iron ribs to reduce the PM leakage flux.



4

1 General Introduction

Compared with SPM machines, since the g-axis inductance is usually larger than the d-axis induct-
ance, IPM machines exhibit a high saliency ratio, thereby both PM and reluctance torques can be
utilized. Furthermore, the field produced by stator windings in the IPM machines is much higher,
leading to higher magnetic saturation in the d- or g-axis and higher cross-coupling between dq-axes
[21]. Furthermore, the flux produced by stator windings in radially magnetized IPM machines
passes through two PMs, while that in circumferentially magnetized spoke-type machines only
passes a single PM. Thus, the spoke-type IPM machines exhibit a higher d-axis inductance.

Besides the I-type IPM machines, there are various other PM configurations as shown in Figure 1.3,
including single-/double-layer V-type rotors for utilizing PM flux focusing, double-layer V-type,
double-layer I-type, and delta-type rotors for increasing the reluctance torque with higher saliency
ratio. These IPM rotor machines have been widely employed in EVs [22, 23]. The main aims for [IPM
rotor design in EV applications are high performance and low cost, i.e., increased output torque by
utilizing the reluctance torque, reduced number and amount of PMs, and ease of manufacturing.
Therefore, in practice, the maximum number of layers is usually less than three, with two layers being
the most common, since the benefits of employing a layer number higher than three for increasing
reluctance torque diminish significantly.

To utilize the reluctance torque, the coil pitch of the stator windings should be as close as possible
to the pole pitch of the rotor PMs, and thus, the end windings of different phases will be overlapped,
resulting in overlapping windings (Figure 1.4a). Furthermore, to improve the back electromotive
force (EMF) waveform and reduce its total harmonic distortion (THD), the rotor PM segments are
often step skewed, while distributed overlapping stator windings are often employed. However, over-
lapping windings have longer end windings, which result in a longer machine axial length and higher
copper loss. Non-overlapping stator windings or tooth coils can be utilized to reduce the end winding
length and the end winding copper loss in the PM machines, which usually have a fractional slot
number per pole per phase, i.e., fractional slot PM machines. In fractional slot PM machines, cogging
torque or torque ripple is low, but the reluctance torque will be significantly reduced or even become

Figure 1.3 Variants of IPM rotor
configurations: (a) single V-type,
(b) double V-type, (c) double I-type,
and (d) delta type.
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(a) (b)

Figure 1.4 Stator winding topologies: (a) overlapping windings (12-slot stator for 4-pole rotor) and
(b) non-overlapping windings (12-slot stator for 10-pole rotor).

negligible. Fractional slot PM machines (Figure 1.4b) are often used in domestic appliances and
electric-assisted power steering.

1.3 Basic Equations and Machine Parameters

The mathematical modelling of PM machines is essential for control and parameter estimation.
This section introduces the fundamental mathematical models of three-phase SPMSM and
IPMSM. Meanwhile, the influences of magnetic saturation and temperature on the variation of
parameters are also discussed.

1.3.1 Fundamental Mathematical Model for PMSMs

To simplify the mathematical modelling, several assumptions
are made as follows:

1. The magnetic saturation, thermal effect, and stator iron
loss are ignored.

2. The permeabilities of the PM and the air are the same.

3. The three-phase windings are distributed symmetrically
in space. Both the magnetomotive forces (MMFs) gener-
ated by the stator windings and the back EMFs in the sta-
tor windings induced by the rotor PMs are sinusoidal.

A three-phase PMSM model is presented in Figure 1.5,

Figure 1.5 Representation of the

where u, ;. can be calculated as follows: three-phase PM machine model.
[Uq la d Wa]
ub:| = Ry|ip| + ;| (1.12)
| t
| U i Vel
V2 Laa Lab Lac _ia COS(G,.)
Wp| = |Loa Lpp  Lpc| |ip| + Wpm | cos(6, — 27/3) (1.1b)
LVe Lca ch Lcc _ic COS(H, + 271/3)
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where R; is the stator winding resistance. i, ;. and y, ;. are the three-phase currents and flux
linkages, respectively. y,,, is the PM flux linkage. ¢, is the rotor angular position. L; and L; with
{i, j = a, b, c} are the self- and mutual-inductances, respectively.

For SPM machines, the self- and mutual-inductances are constant as shown in Eq. (1.2) due to
the assumed uniform air gap permeance [24]:

Log=Lpy=Lee =Ly + Ly, (1-23-)

1 (1.2b)

Lip=Lse=Lpg=Lpc=Ley=Ley = P

where L,, and L, are the phase self-inductance and the leakage inductance, respectively.
For IPM machines, the self- and mutual-inductances depend on the rotor position due to the
saliency of the rotor:

Lyq = L, + Ly, + Ly, cos(26,)
Lpp = Ly + Ly, + L, c0S(20, + 27/3) (1.3a)
L. = L, + Ly, + Ly, cos(20, — 2x/3)

Loy = Lypg = My + M, cos(20, — 2z/3)
LbC = ch = MSO + MS2 COS(ZG,,) (13b)
Ly = Loy = My + M, cos(20, + 27/3)

where L, is the amplitude of the second-order harmonic of self-inductances. My, and M, are
the average value and amplitude of the second-order harmonic of mutual-inductances,
respectively.

By using the Clarke transformation Tgp._qp in Eq. (1.4), the three-phase voltage equations
(Eq. 1.1) can be transferred to the stationary af-axis, i.e.,

) 1 —-1/2 -1/2
T ape—apo = 3]0 V312 =312 1.4)
1/2 1/2 1/2
Ug] _ iy d [Va
[”ﬂ] =k [iﬂ] * E[‘l’ﬁ] (1.52)
[llfa] _ [ZL + AL cos(26,) AL cos(26,) ] iy [cos(@r) (15b)
Vel AL sin(26,) L — AL cos(26,)| |is P sin(6,) )

where XL = (Lg + Lg)/2 and AL = (Lgq — L;)/2. Ly and L are the inductances in the dg-axes.
Afterward, the Park transformation T,;_qq (Eq. 1.6) is used to transform the stationary af-axis
system to the rotating dg-axis system, where the rotor position-related terms could be cancelled:

_ | cos(8,) sin(g,)
Tap-dq = [—sin(er) cos(@,)] (1.6)
udl ] . dqwa
” _Rs[iq] +E[Wq] (1.72)

= )il %] am
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where ug, ug, ig, iy, Lg, and L, are the dg-axis voltages, currents, Jso,Lji, A g-axis
and inductances, respectively. The phasor diagram of a PM joo, Ly Ri\

sts

machine can be derived from Eq. (1.7), as presented in Figure 1.6, t
where y and ¢ are the current advancing angle and the power fac- !
tor angle, respectively.

Finally, by introducing Eq. (1.7b) into Eq. (1.7a), the voltage
equations ug 4 can be written as follows:

D Ypm

| __ _d-axis
. inc dig .
ug = Ryl + Ltlincﬁ - erf?plq Figure 1.6 Phasor diagram of
di (1.8)  three-phase PM machine.
. i q .
Uug = Ryig + L,}“CE + 0p(LEPig + Ypm)
e dva
Lipe = 4 1.9a
d,q dld,q ( )
L3 = Y (1.9b)
; ag

where Lé‘}j and L§% are the dg-axis incremental and apparent inductances, respectively. o, is the

rotor angular velocity. When the magnetic material is not saturated, i.e., linear, the incremental
inductance is the same as the apparent inductance. Otherwise, the incremental inductances
become smaller once the magnetic material is saturated due to the non-linear change of the flux
linkage with the current, which will be discussed in the next section in detail.

Besides, the electromagnetic torque and the motion equation are expressed as follows:

1;=%pp@m@+(Ld—L@Q5] (1.10)

dw,
e = @—n—%M (1.11)

where p, J, Ty, and F are the number of pole pairs, the rotor moment of inertia, the load torque, and
the friction coefficient, respectively.

1.3.2 Mathematical Model Considering Magnetic Saturation, Thermal Effect,
and Iron Loss

1.3.2.1 Influence of Magnetic Saturation

As mentioned above, the ideal mathematical model

does not consider the magnetic saturation effect. Flux linkage
However, in reality, the magnetic materials are less
than ideal, i.e., they will be saturated with the increase
in current or magnetic flux. Hence, the magnetic per-
meabilities and the effectiveness in the contribution
of overall flux density will be decreased [25].
Consequently, in the parameter estimation, the mag-
netic saturation significantly affects the flux linkages,
and thus, the dg-axis inductances. Accounting for
the magnetic saturation, the correlation between the
incremental and apparent inductances is illustrated  Figure 1.7 Incremental and apparent

in Figure 1.7. inductances considering magnetic saturation.

D -
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inductance
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inductance

Iy Ipehl Current
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Figure 1.8 Illustration of cross-coupling effect based on a salient-pole synchronous machine: (a) flux
vector diagram and (b) saturation curves.

As can be seen, when the magnetic material becomes saturated, both the apparent and incre-
mental inductances will gradually decrease, and the value of incremental inductance will be
smaller than the corresponding apparent inductance. Besides the self-saturation, the cross-coupling
effect also plays an important role in the electromagnetic performance when the machine is satu-
rated [26, 27], as illustrated in Figure 1.8.

In Figure 1.8a, when the machine is excited by the ampere-turns AT; and AT, in the d- and g-axis
directions separately, the generated fundamental components of the air gap magnetic fluxes are Y,
and Y, respectively. In contrast, when the machine is excited by AT; and AT, along the d- and g-axis
directions simultaneously, the resultant magnetic flux Y, corresponding to the total ampere-turns
AT; can be found from the saturation curve (f-axis) in Figure 1.8b. Consequently, the resolved Y4
and Y, are unequal to Y, and Y, respectively. § is the angle between the total airgap flux and the
d-axis when the machine is excited from the d- and g-axis directions simultaneously. The variations
of fluxes in the d- and g-axis, Yy, and Yy, are attributed to the magnetic cross-coupling effect.

Meanwhile, PM flux linkage is also affected by magnetic saturation [28]. Therefore, derived from
the ideal equations (Egs. 1.7 and 1.8), the dg-axis voltage equations and flux linkages accounting
for the magnetic saturation effect could be extended and rewritten as follows:

( - di - di
Uy = Riig + L}{‘C% + L — o,y
) by h (1.12a)
=R i q inc Ald
(g = Rgig + L(}HCE + L(}E}CE + o,y
[ Li(ig,ig)  Lag(ia.ip)] [i i, i
Wd] I e A H + ["'P’”(ld’ lq)] (1.12b)
_Wq qu(lda lq) Lq(ld’ lq) lg 0

where Lgg, Lgas Lé‘éc, and };&C are the dg-axis apparent and incremental mutual inductances, respec-

tively. The relationship between the incremental and apparent inductance can be found in Ref. [29],

where the dg-axis incremental inductance matrix Lf{,}“ is adjusted to the diagonal matrix L;‘,}f’adj:

inc inc

Lg*® Lg
inc inc

Lea Ly

. Ly 0
dg.adj = [ 0 inc (1.14)
g.adj

Lic= l (1.13)
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where
i _ LI Aiy + Llnc Aig
dadj = A—ld
LincA- LincA- (115)
ine, _ lqg + Lgd Alg
adj = i
g.ad) Alq
Thus, the equivalent apparent inductances, Li” and LgP, can be calculated as follows:
JLiiai) dig
ap _ »ad)
L ==
inc (1.16)
Lap_ /Lq wai(ig) dig
q

iq

It is worth mentioning that there is a third type of inductance definition [30-32], which is often
called energy inductance.

The energy inductances are derived based on the energy perturbation method and also involve
incremental and apparent inductances. In general, the self- and mutual inductances, L; and Ly, are
calculated as follows:

o*w
Ly= 1.17
i AL (1.17a)
__ oW
Ly = 3xiyocan) (1.17b)

where W is the total stored energy and Ai; and Aj; are the current perturbations in the ith and jth
coils, respectively. For the calculation of apparent inductance, the apparent reluctivity is used to
determine the perturbations in energies (excess or deficit), whereas the incremental reluctivity is
used to calculate incremental inductance, as presented in Figure 1.9 [30-32].

1.3.2.2 Influence of Temperature

The stator winding resistance and PM flux linkage are also dependent on the temperature. With
the rise in the operating temperature, the stator winding resistances will be increased, while the
PM flux linkage be decreased:

Rs,s = S,O[l + (85— 8] (1.18)
Yom,s = Ypm, 0[1 + apm( - 'gr)] (1.19)
B Figure 1.9 Representation of apparent and

Excess energy Deficit energy

incremental reluctivities in non-linear magnetic
material including energy perturbation.

: Incremental
i reluctivity

Quiescent
stored energy !

Ho-AH Hy Hy+AH
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where R, Ry, Wpms and w0 are the stator winding resistance and the PM flux linkage at the
actual average temperatures J; and 9,,,, as well as at the reference temperature 9,. a,, and a,,, are
the temperature coefficients for copper and PM, respectively.

Table 1.1 tabulates the characteristics of typical PM materials, including ferrite, AINiCo, SmCo,

and NdFeB magnet materials, together with their temperature coefficients.

A commercial NdFeB PM material, i.e., N4514 [34], is taken as an example; its intrinsic and nor-
mal BH curves accounting for different temperatures are presented in Figure 1.10.

As can be seen, the main indicators for the performance assessment of PMs include the rema-
nence B,, the coercivity H,, the intrinsic coercivity H,, and the maximum energy product BH,,.
Once the external demagnetization field exceeds the knee point, the magnetic flux density

Table 1.1 Physical properties of PM materials.

Parameters Ferrite AlNiCo SmCos NdFeB
Remanence B, (T) 0.38-0.42 0.61-1.35  0.85-1.0 1.0-1.23
Coercivity He (kA/m) 280-390 50-59 1000-1200 960-1600
Maximum energy product BH,,, (kJ/m?) 10-40 35-60 150-240 200-480
Temperature coefficient of B, (%/°C) -0.2 —0.03 —0.06 to —0.02 —0.15to —0.1
Temperature coefficient of H, (%/°C) 0.2t00.5 <0.1 —0.4to —0.2 —0.6 to —0.4
Relative permeability y, 1.05 <5 1.05 <1.2
Electrical resistivity pge (Q-m) >10* 5% 1073 0.8 x107° 1.5%x107°
Source: Adapted from [33].
16
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Figure 1.10 Intrinsic and normal BH curves of NdFeB magnet at different temperatures.
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Figure 1.11 dg-axis
equivalent circuits of PMSM:
(a) d-axis and (b) g-axis.

iq R [} 0q Lq erdI od
S —

decreases rapidly, which will cause irreversible demagnetization. Meanwhile, with the increasing
temperature in the NeFeB magnets, both the remanence and the coercivity decrease with the rise
in temperature, which will deteriorate the output torque and the demagnetization withstand capa-
bility, respectively.

Meanwhile, the temperature dependencies of the stator resistance and the rotor flux linkage are
also widely used as thermal indicators to monitor thermal conditions indirectly. The detailed appli-
cations of condition monitoring will be introduced in Chapter 11.

1.3.2.3 Influence of Iron Loss

As previously mentioned, iron loss is not considered in an ideal PMSM model, but it does influence
the flux linkage and output torque capability. Furthermore, the modelling of iron loss becomes
critical when the machine is operated at high speed, low flux mode, or at variable speed [35]. The
widely used PMSM equivalent circuit accounting for iron losses [36, 37] is presented in Figure 1.11,
where it is assumed that the iron loss resistance R, is greater than the product of the dg-axis reac-
tances, i.e., a),zLqu, and the winding resistance R.

2
[0 LdL R
’RZ ! «1and Fj <1 (1.20)

4

Therefore, the steady-state equations are as follows:

2
w LdL
g R, + rRC 1 —w, L, iy a)rqul//pm
[uq] - - H + |7 R (1.21)
wr d q q (0] [//
o, Ly R, + R r¥pm
C

As can be seen, in the equivalent circuits, the iron loss is represented by a parallel connected iron loss
resistance R, = a)zLqu/Rc in the stator circuit, which is a function of the magnetic flux and the elec-
trical frequency. Thus, the output torque is strictly proportional to the magnetizing current. The
magnetizing current is indirectly calculated based on the line current and the iron loss resistance.

1.4 Drives and Control Strategies

1.4.1 Drive System of PMSM

The schematic diagram of an electrical drive system for PMSM, including a voltage source inverter
(VSI), a PMSM, and a control unit, is shown in Figure 1.12a and b. The control strategies play a critical
role for PMSM drive systems and should achieve the following performance, e.g., high efficiency,
lower torque ripple, wide speed controllability, fast dynamic response, high robustness and reliability,
as well as ensuring system stability. For PMSMs, the phase currents need to be precisely controlled,

11
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Figure 1.12 Schematic diagram of an electrical drive system for PMSM: (a) VSI-based three-phase PMSM
drive system and (b) FOC system.

which can be achieved by employing space vector pulse width modulation (SVPWM), and high per-
formance can be achieved by employing control methods in the controller, e.g., FOC, DTC, and MPC.
The most popular control method is FOC, as shown in Figure 1.12.

FOC was first proposed in the 1970s and utilizes a similar control concept as for a dc motor. For
PMSMs, the three-phase alternating current (ac) currents are decomposed into two orthogonal
components in the rotating reference frame, i.e., the dc iy and the quadrature current Igs which are
used to control the flux and torque separately. The relevant Park and Clarke transformations have
been introduced in Section 1.3.1. In the FOC system, the accurate rotor position must be known
and is usually obtained by using either a hardware rotor position sensor such as a resolver or
encoder or software-based rotor position sensorless techniques [9]. In addition, two proportional-
integral (PI) regulators are used to control both components of the current vector separately, where
the accurate machine parameters are essential to determine the current vector and the PI constants
for the regulators of both current and speed loops.

1.4.2 Space Vector Pulse Width Modulation

A three-phase VSI is used to provide variable voltage and frequency supply. PWM techniques have
been studied extensively in the last few decades, and the SVPWM is most popular due to its high
utilization of dc-link voltage and low harmonic distortion [38].
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The three numbers for each voltage vector in V,(110)
Figure 1.13 represent the switching states of the \
three legs of the VSI (Figure 1.12a). To avoid the /N \ /. 5

short circuit, the upper and lower switches in one /1 \
A/

leg work in the complementary mode with a dead
Ve(101)

. . o1 V1(100)
time. Therefore, if the upper switch is on and the

lower switch is off, the value of the switching state is
“1,” and if the upper switch is off and the lower
switch is on, the value of the switching state is “0.”
In the SVPWM, there are six non-zero vectors (100, V5(001)
110, 010, 011, 001, and 101) and two zero vectors
(000 and 111). The whole voltage plane is evenly
divided into six sectors by the non-zero voltage vec-
tors, as presented in Figure 1.13, and the three-phase voltages u,; . and their corresponding space
vectors are summarized in Table 1.2. The sinusoidal reference space vector follows a circular trajectory
within the hexagon, and the maximum output phase voltage u ; ,,,x achieved by applying SVPWM is
\/3 13V, where V. is the dc bus voltage.

Therefore, any voltage can be represented by two adjacent fundamental vectors together with
zero vectors, and its amplitude is adjusted by the active durations of those fundamental vectors in

Figure 1.13 Phasor representation of eight
basic space vectors.

a sampling period Ty. Taking the voltage vector reference u; in Sector I as an example, Figure 1.13,
the active durations (¢, t,, and ;) of space vectors V3, V,, and V|, can be calculated as follows:

_ U sin(#/3 - a)

1= Y, "sin (2773) (1.222)
_ugy sin(a)

L=V sina3) (1.22b)

tO = TS - tl —_ tz (1.22C)

where V; and V, are the amplitudes of voltage vectors, i.e.,V; = V, = 2/3 V.. a is the angle of volt-
age vector reference.

Table 1.2 Correlation between voltages and corresponding space vectors.

Switching pattern Phase voltage/V,, Line voltage/V,,

Vector

SSpSc Ug up u, Ugp Upc Ugq
Vo 000 0 0 0 0 0 0
Vi 100 2/3 -1/3 -1/3 1 0 -1
V, 110 1/3 1/3 —2/3 0 1 -1
Vs 010 -1/3 2/3 -1/3 -1 1 0
V, 011 -2/3 1/3 1/3 -1 0 1
Vs 001 -1/3 -1/3 2/3 0 -1 1
Vs 101 1/3 -2/3 1/3 1 -1 0
\Z 111 0 0 0 0 0 0
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It is well-known that each inverter leg should change only once between 0 and 1 in one switch-
ing period to minimize switching loss [39]. Thus, this switching pattern can be achieved by
applying the zero vectors followed by two active state vectors in a half-switching period, and
then, the switching pattern is repeated in the next half-switching period. Figure 1.14 depicts the
switching states within one sampling period in Sector I and the gate signals for each phase leg of
the inverter.

In practice, to avoid damage to the power switching devices caused by the short circuit, a
proper length of time delay, i.e., dead time, must be performed between the turn-on signal for
one power switching device and the corresponding turn-off signal for the other power switching
device in the same leg of the inverter. However, the introduced dead-time will cause a difference
between the commanded and actual voltages, which will result in the distortions of output volt-
ages and currents. To date, the compensation of dead-time voltage distortion [40, 41], together
with the voltage distortions caused by the non-ideal characteristic of the switching device [42,
43], have been extensively developed. The detailed introduction of the influence of VSI
non-linearity on the electrical parameter identification and the identification of VSI non-linearity
will be described in Chapters 2 and 3, respectively.

1.5 Outline of Parameter Estimation Techniques

The state-of-the-art offline and online parameter estimation methods are outlined in Figure 1.15,
and a comprehensive literature review (up to 2022) can be found in Ref. [19]. In this section, both
offline and online parameter estimation methods are only briefly highlighted, as they will be com-
prehensively described later in this book.

1.5.1 Offline Parameter Estimation

The FEA is the most common offline method to estimate PMSM parameters but requires detailed
knowledge of geometric and material information. It is widely reported that FEA can be used to
calculate a rotor flux linkage map and incremental/apparent dg-axis inductances accounting for
magnetic saturation and cross-coupling. An example of using FEA to analyse the electromagnetic
performance of PMSM is presented in Appendix A. However, sometimes, FEA methods [30, 31]
are limited since some material properties are unknown or not completely acquirable. Hence,
offline experimental estimation methods have been extensively developed in the last few decades.
Some methods are listed in the following.
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Overview of parameter estimation techniques.

1. Voltage excitation [44].
2. Magnetic model estimation:
a. dg-axis voltage pulse injection [45].
b. Fast Fourier transform (FFT) analysis [46].
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c. AC signal excitation [3, 47].
d. Estimation under constant speed [10].
e. Estimation under variable speed [48, 49].

According to the time constant at the transient state, the step dc voltage excitation tests at a
standstill in Ref. [44] are used to predict apparent inductance, but they cannot determine the
rotor flux linkage or accurately consider the magnetic saturation effect. To identify dg-axis flux
linkages and incremental inductances, the voltage pulses are applied to the d-axis and g-axis in
turn while the other axis current remains constant [45]. Accounting for self- and cross-saturation
effects, the dg-axis flux linkages are estimated by using the FFT method in Ref. [46] based on the
measured dg-axis currents at constant rotor speed, and then, the dg-axis incremental induct-
ances are calculated by the partial derivatives of dg-axis flux linkages with respect to currents.
Besides, ac signal excitations are employed to estimate apparent [3] and incremental induct-
ances [47], respectively, where the dc bias point sets the magnetic operating point in Ref. [47],
and induced voltages and internal load angles are measured in Ref. [3]. Moreover, the magnetic
models are estimated based on the FOC schemes at constant [10] and at variable speed [48, 49].
Specifically, an additional voltage measurement circuit is required in Ref. [10]. The variations of
stator resistance and VSI-caused distorted voltage is determined at a standstill [48]. The dg-axis
flux-linkage map is modelled as second-order polynomials under variable speed control [49]. It
should be mentioned that the estimated dg-axis flux linkages can derive both incremental and
apparent inductances based on Egs. (1.15) and (1.16). However, the values of two types of induct-
ances may be different due to magnetic saturation, and the above papers select either incremen-
tal or apparent inductance. In addition to the direct calculation by means of inductance
definitions, the apparent inductances can also be estimated by utilizing the analysis of a phasor
diagram [2] or the time constant of the armature winding circuit [25]. Besides, the multi-step
estimation utilizes the acquirable parameters, e.g., stator resistance and distorted voltage drop,
at standstill, and then, the rotor flux linkage and the stator apparent inductances can be esti-
mated in the operating state [50-52]. Nevertheless, it cannot accurately track online parameter
variations due to neglecting the magnet temperature rise and the core loss.

1.5.2 Online Parameter Estimation

Without relying on the nominal values/offline measurement, the online estimation methods are
conducted during operation based on the available input and output measured quantities, i.e., cur-
rent (i), voltage (v), and rotor speed (w,). Generally, the online parameter estimation process is
carried out under sensored and sensorless control of the PMSM drive system. Both the electrical
and mechanical parameters can be estimated by utilizing the various estimation algorithms and
the measured quantities. The schematic diagram of online parameter estimation is shown in
Figure 1.16, where Aw,, Aig, Aug, and + A6, are the variables of rotor speed, injected d-axis current
and voltage, as well as the position offsets.

The general issues in online parameter estimation, including the rank-deficient problem, the VSI
non-linearity, and the influence of signal injection, must be addressed first. To ensure the full-rank
estimation schemes, the PMSMs usually need to be excited by one or more additional sets of signals,
and the state-of-the-art methods include the injections of currents, voltages, HF signals, and rotor
position offsets, along with intentionally changing the rotor speed. Although the online parameter
estimation techniques incorporate high levels of computational efficiency, with the improvement of
the computing capability of the processor, some Al or modern control theory-based algorithms have
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Figure 1.16 Schematic diagram of online parameter estimation.

been applied. Most online methods are concerned with the apparent inductance estimation since the
terms of time derivation of dg-axis flux linkages are cancelled in the steady-state equation. Besides,
the incremental inductances are also important for HF signal injection-based sensorless rotor posi-
tion estimation, particularly at zero and low speed [9].

The main offline and online modelling techniques, including HF signal injection, will be illus-
trated later in this book in greater detail.

1.6 Scope of This Book

This book provides a comprehensive resource on the basic and state-of-the-art online and offline
parameter estimation techniques for PMSMs, as summarized in Figure 1.17.

It starts with a brief description of PMSMs and drives and then introduces the basic parameters
and estimation techniques in Chapter 1 and the issues in parameter estimation in Chapter 2, such
as rank deficiency and non-linearity of inverter. It is followed by various online parameter estima-
tion techniques based on rotor position sensored operation, including those (a) with the aid of ther-
mocouples in the stator windings in Chapter 3, (b) based on current/voltage injections in Chapter 4,
and (c) based on the position offset injection in Chapter 5, under constant and variable speeds
and/or torque in Chapter 6. The effect of magnetic saturation and the cross-coupling effect in
PMSMs, along with the corresponding parameter estimation methods, are reported in Chapter 7.
Offline parameter estimation by signal injection at standstill and by multi-step methods is also
described in Chapter 8. In addition, three different techniques for estimating mechanical parame-
ters are described in Chapter 9. The book also introduces many modern control theory-based param-
eter estimation techniques, including recursive least squares, Kalman filter, model reference
adaptive system, Adaline neural network, gradient-based methods, particle swarm optimization,
and genetic algorithm in Chapter 10. Finally, applications of parameter estimation techniques for
(a) improvement of control performance, (b) sensorless control, (c) thermal condition monitoring,
and (d) fault diagnosis are presented in Chapter 11. The finite element method for calculating wind-
ing inductances is given in the appendix and the classic methods for estimating and testing the
parameters of PMSMs are embodied in the main body for comparison.
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