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Introduction

Energy management is a fundamental facility for humanity. At present, the awareness
that renewable energy cannot satisfy the entire energy needs of the community and that
traditional energy sources have a limited duration makes it imperative to address the
problem of their careful and responsible use. Therefore, the need for an intelligent and
functional use of energy has led the technical-scientific community to concentrate its
efforts on the issues of sustainable development and energy savings. The electric drives
industrial sector has suffered this influence in a visceral way. This sector plays a leading
role in the industrial frame as it is one of the main consumers of electricity. Moreover,
the topic of electrical drives design and optimization has become of considerable
importance especially for the automotive sector and for hybrid and electric traction
applications. In particular, in the last two decade, this sector has undergone a
considerable technological development thanks to the exponential evolution of power
electronics, the use of increasingly performing electric machines and new control
techniques. In this scenario, the design and optimization of control algorithms for
interior permanent magnet synchronous machines (IPMSM) has became of considerable
interest in the scientific and technological community. In detail, the IPMSM is one of
the most used electrical machine typologies in the electric traction applications due to
the high efficiency and flux-weakening capability. The purpose of the research project
“Realization of innovative algorithms for the minimization of the losses in synchronous
brushless motors for automotive application” consists in the design and development of
innovative Loss Model Algorithm (LMA) for interior permanent magnet synchronous
machines (PMSM). The LMAs goal is the identification of the working points of the
machine at minimum losses through the optimal determination of the control variables
values. Therefore, the use of LMASs in electric drives can be of considerable utility in
terms of energy savings especially for automotive application where energy autonomy
is a crucial parameter. In detail, a LMA is a control algorithm based on the knowledge
of the dynamic mathematical model of the IPMSM. Therefore, the performances of
LMA are strictly dependent on the accuracy of the mathematical model and of its
electrical and magnetic parameters. In this regard, the research carried out during the
PhD course focused on the four macro topics, reported as chapters of the PhD thesis:
1. loss minimization control techniques for PMSM: state of art;




2. performances analysis of the power loss mathematical models;
3. efficiency measurement of electric drives equipped with interior permanent
magnets synchronous machine (IPMSM);

4. enhanced mathematical modelling of IPMSM.
The first chapter describes the state of art of main Loss Minimization control Algorithms
(LMA) for electric drives equipped with PMSM. The LMAs can be classified into two
general approaches named Search control and Loss Model Control, respectively. The
main features of each approach are presented and discussed. Particular attention is
devoted to the conventional IPMSM modelling approach employed in the LMC.
Finally, the LMA chosen as a case of study is illustrated.
The second chapter describes the performances analysis of the power loss mathematical
models for LMC. In detail, the conventional IPMSM modelling approach and the
IPMSM modelling approach that take into account the magnetic self-saturation effects
and the variability the iron loss with the supply frequency are studied and discussed. In
order to evaluate the performances of each modelling approach, several experimental
investigations have been carried out on an electric drive equipped with an IPMSM.
The third chapter is focused on the design and validation of accurate efficiency
measurement approach for electrical drives equipped with IPMSMs. In particular, the
efficiency measurement approaches for electrical drives described by the international
standards and by the scientific literature are described and discussed. Particular
attention was paid to the new standard IEC61800 and their prescriptions have been
employed for the efficiency estimation of the electric drive under test. Finally, a new
measurement approach for the comparison of the electrical drive efficiency, when it is
controlled with several control algorithms, is presented and experimentally validate.
The last chapter describes the enhanced mathematical modelling of IPMSM that take
into account the magnetic saturation, cross-coupling, spatial harmonics and iron loss
effects. This activity was carried out in collaboration with the Institute of Power
Electronics System (ELSYS) of the “Technische Hochschule Nurnberg Georg-Simon
Ohm” during the PhD visiting period. In particular, the research activity was focused on
the finite element modelization and analysis of IPMSMs and the Ansys Maxwell
simulation environment (FE software) has been used for the simulation of the IPMSM

under test. In detail, in order to define a high-fidelity IPMSM mathematical model, a




large number of FEA investigations have been carried out. In this regard, the enhanced
IPMSM mathematical model is described, implemented in Matlab®/Simulink
environment and, for validation purpose, its performances have been compared with

those of the IPMSM implemented in Ansys Maxwell environment.




Chapter 1 Loss minimization control techniques for PMSM: state
of art

1.1 Introduction

In the previous century, the synchronous motors were used in those applications where
a constant speed operation was required since the speed is related to the supply
frequency. In addition, this kind of machine requires a power supply in order to
energize the rotor winding and they have not the skill to be self-starting machines. In
the past, these features made this type of electrical machines unattractive for small and
medium power applications, especially for traction or vehicular applications, where
direct current and induction machines were widely used.

The evolution of power electronics systems, that allowed to have variable frequency
power supply at competitive costs, have made it possible to successfully use the
synchronous machines in variable speed applications. In this sense, the Permanent
Magnet Synchronous Machines (PMSM), that employ the permanent magnet in order to
produce the main magnet field, has undergone exponential development that allowed its
use in several sectors, especially for automotive and vehicular applications. In
particular, at the same power, this kind of machine present better dynamic performances
and efficiency in comparison to the DC and induction machines. The main drawback is
linked to the cost of rare-earth PM although in recent years they have achieved
sustainable costs. In this chapter, the main typologies of PMSMs, the electrical and
mechanical features and the conventional dynamic and mathematical model of PMSMs
are described. Furthermore, the state of art of main Loss Minimization Algorithm
control (LMA) for electric drives equipped with PMSM is presented and carefully

discussed.

1.2 PMSM typologies
The PMSMs are diffused in the industrial field, especially in the small and medium
electric drives, and in the automotive and vehicular field. In particular, this kind of
machine is widely used in high-performances drives, where high efficiency and high
dynamic performances justify the costs due to the use of PMs.
The stator and the rotor present both a laminated iron structure and they are separated

by a thin air gap. The polyphase stator winding can be both distributed that




concentrated. The PMs are mounted in the rotor and their magnetic permeability is
similar to that of the air. On the base of the rotor structure, a function of the placement
of the PMs in the rotor, it is possible to obtain isotropic and anisotropic rotor structures.
In literature, a first classification is made on the base of magnetic behaviour in:
e Surface-mounted Permanent Magnet Synchronous Machines (SPMSM) that
present isotropic magnetic behaviour;
e Interior-mounted Permanent Magnet Synchronous Machines (IPMSM) that
present anisotropic magnetic behaviour.
In machines with an isotropic rotor, electromechanical conversion is actuated according
to the principle of electrodynamic systems, as for the DC motor. The electromechanical
conversion is based on the interaction between the stator conductors and the magnetic
fields create by permanent magnets. In the anisotropic machine, the electromechanical
conversion follows the double principle of the electrodynamic and reluctance systems.
The torque generated by this motor is given by the sum of the contributions of these two
phenomena.
Within each kind of PMSM, it is possible to find several rotor configurations. Fig. 1

show the main common rotor configurations [I.1].
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Fig. 1 Rotor configurations for SPMSMs and IPMSMs
The rotor and consequently the machines are classified into three main topologies:
Interior PM (IPM) machines, Surface—-mounted PM (SPM) machines and Inset PM
machines (XPM). According to the magnetization direction of the PMs, the IPMSMs
can be further distinguished in:

e Tangential magnetization IPMSM;




¢ Radial magnetization IPMSMs.

(a) Tangential magnetization (b) Radial magnetization

Fig. 2 Schematic representations of IPMSMs

In order to obtain an anisotropic magnetic behaviour, the IPMSM is not the only
solution. In particular, there are other types of machines that can present an anisotropy
rotor. One of those is the inset machine (XPMSM) that presents a rotor configuration
similar to the rotor of SPMSM but between each couple of adjacent PMs, there is an
iron tooth. As in the SPMSM, the main flux is due to the PMs placed on the rotor
surface. In addition, the rotor teeth cause a rotor saliency. However, the achievable
unsaturated saliency ratio is quite low and thus the contribution to the torque is limited.
The tooth width is generally not optimized in order to minimize the torque ripple or to
obtain a positive incremental saliency ratio, even at high currents.
A further classification can be made on the base of the spatial distribution of the
induction airgap wave. In particular, the PMSM can be classified in:

e Trapezoidal PMSM or BLDCM (Brushless Direct Current machines);

e Sinusoidal PMSM or BLACM (Brushless Alternate Current machines):
The trapezoidal PMSMs have a trapezoidal spatial distribution of the induction of the
airgap wave, while the sinusoidal ones have a sinusoidal type. In this case, the machines
are appropriately controlled to obtain this type of operation. In this discussion, we will
refer exclusively to the motors of the second type, that is to say those with magnetic

induction field distribution of the sinusoidal type.
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1.3 Conventional mathematical and circuital modelling theory of
IPMSM

1.3.1 IPMSM mathematical model in the stator reference frame

In order to study the electric and magnetic behaviour of the IPMSM in several working
conditions, it is necessary to know the dynamic and mathematical machine model and
its electrical and magnetic parameters. In literature, several dynamic and mathematical
IPMSM models are described [I.1]-[1.5]. In this chapter, the conventional dynamic and
mathematical machine models are presented. The simplify hypothesis at the base of the

conventional dynamic and mathematical IPMSM model are:

sinusoidal spatial distribution of the magneto-motive force in the air gap;
e linear magnetic behaviour of the machine;

e absence of hysteresis and eddy currents in the iron core;

e absence of cross-coupling effects;

e absence of slot harmonics effects;

e absence of the temperature effects on the machine.

Referring to a three-phase IPMSM, the general voltage equations are:

d,(t,0

(v, = Rig(t) + —“ét 2
d2y(t, 0

3 vy = Riy(0) +% (4.1)
d.(t,0

| Ve = Ric(t) + —C;t 2

Where 6, is the rotor electrical position (given by the product from the number of the
pole-pair p and the mechanical position 6,), and:

e v, V,, V. are the instantaneous phase voltages;

e i, ip, i arethe instantaneous phase currents;

o A4, Ay, A, are the instantaneous magnetic phase flux linkage;

e R isthe phase resistance, that it is supposed to be equal for all three-phase.
Flux linkage to the stator phases are both a function of the currents circulating in each
stator phase and of the magnetic flux emanating from the rotor permanent magnets. It is
assumed that the rotor and the stator of the machine exhibit constant magnetic
permeability, or rather the linear magnetic behaviour and that the losses in the machine
iron are negligible. The flux linkage can be expressed with the following relationships:

11



Aa(t) = Agi(t) + Apma(t)
Ap(t) = Ap,i(t) + Apyp (0) (4.2)
Ac(t) = Ac,i(t) + Apmc(t)

Where 4,; is the flux linkage produced by stator current excitation and Apwmy, is the flux
linkage produced by permanent magnets. On the base of the model hypothesis, it is
possible to assume sinusoidal the flux linkage Apma, Apmb, aNd Apc:
Apma = Apy COSPO;
2
Apmp = Apy cOs(p6;y — §7T) (4.3)

I 4

UPMC = Apy cos(pb, — 5”)

Where Apy represents the peak value of flux linkage of each phase due to the permanent
magnets. The flux linkage produced by stator current excitation can be expressed with

the following relationships:

Aa,i = Laqla + Laplp + Lgcic
Api = Lpalq + Lppip + Lpcic (4.4)
Ac,i = Leqlq + Leplp + Lecle

where the Laa, Lo, and L. are the self-inductances of the three phases, Lap, Ly and
L4 are the mutual-inductances between one phase to the other ones. The auto and
mutual inductances can be considered dependent on the rotor position and then also
on the time. The self-inductances can be expressed as follow:
(  Lag =Lgs+ Lyso + Ly cOs 2p0,

Lpp = Lgs + Lpso + Ly cos(2p6, — %n) (4.5)
\ Lec = Los + Lmso + Lin cos(2p8; — gn)

that is given by the sum of a sinusoidal term with a double electrical frequency (of
amplitude Ly) and a constant term (L,s+Lmso). The constant L, represents the leakage
inductance and it is relative to the stator flux which encloses in the air without
interesting the rotor. Ly and Ly, represent, the constant component and the amplitude of
the anisotropy component (2pfr angle function) of the magnetization inductance,
respectively. The mutual inductances take into account the flux linked by each winding
due to the current flowing in the other windings. These also depend from anisotropy of

the machine and can be expressed through the following relationships:
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2
(Lab = Lpq = —M; + Ly, cos(2p6, — §n)
Ly = L¢p = —Mg + L, cos(2p6,) (4.6)
' 4
\Lea = Lac = —Ms + Ly, cos(2p0, — §n)
where Mg is the average coefficient of mutual induction between the phases of the stator

winding. The relationships described above can also be expressed in matrix form as

follows:
Aa
_ d|Ap
Va R 0 O0][ta 2 4.7
=10 R 0 + dtc
| Ve 0 0 R
ab Lac ia APMa
= Lba Lbb Lpc : + | Apmp (4.8)
L tLi, Apmc

The expressions (1.7) and (1.8) can also be expressed in compact form:

] = [RILE] + )

[y] = [LI[] + (2] (4.10)

Replacing the equation (1.8) in the equation (1.7) of the electric voltage, it is possible to

(4.9)

obtain the following relationship:
[v] = [RI[{] + = (][] + AD=[RIE + S ) + S 1] +

- a6y d[L] dlil dor d[A]_
= [R][i] + dt de [e] + dt [L] + dt der_ (4.11)

a_
dat

d[L] dli] d[A]

= [RILi] + @ g~ 1] + L]+ 0,

Where:

e [R][i] are the drop voltages component in each phase a, b, c;
o [L] % are the back electromotive forces auto and mutually induced in the stator
windings;

° w Z [i] are the rotational back electromotive forces due to the anisotropy of the

machine;

o w% are the rotational back electromotive forces induced by the flux of the

permanent magnets.
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Multiplying both members of equation (1.11), for the transposed vector of the currents

[i]7, it is possible to obtain the expression of the input power of IPMSM:

i, pdll] Ldla]

] —
)

[P] = {17 [w] = [T RIEE] + 17 L] —= —

[i] + w,[i]

(4.12)

[i]7[v] represents the input electric power absorbed by the machine;

P, =
e P, = [i]"[R][i] represents the joule losses in the stator windings;

o [i]7[L] d—; represents the power stored in the magnetic field;

a7 d[L] f. d[/l
o By =w[i]" —==[i] + w,[i]" —

=0 represents the mechanical power of the motor

shaft.
Therefore it is also possible to obtain the expression of the electromechanical torque to

the shaft with the following relation:

P d[L d[A
Tem = w_rr; = [i]T%[i] + [i]T% =
Laa Lab Lac ia APMa (4'13)
ozl el
Where:
d Laa Lab
o i, i”iC]a_er[ib“ ibb Lbcl [lb] represents the reluctance torque component,
ca cb

or the torque developed by the machine in the absence of permanent magnets;

APMa
o i, ibic]d—er[/lpr] represents the torque component developed by the machine

APMC

through the interaction between the flux produced by the permanent magnets
and the currents circulating in the stator phases.
The mathematical model of the synchronous permanent-magnet motor thus found
consists of a system of differential equations with non-constant coefficients, whose
solutions are not easy to determine. This difficulty is overcome by resorting to a
mathematical artifice which consists in transforming the coordinates from the abc stator

reference frame system to the dqo reference frame system rotating at synchronism.
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1.3.2 IPMSM mathematical model in dqo synchronous reference frame

The mathematical model in the stator reference frame system determined in the
previous paragraph is formed by three differential equations with variable coefficients.
The use of such a mathematical model for the purpose of controlling an IPMSM is not
simple to implement. In order to obtain differential equations with constant parameters,
it is possible to use linear mathematical transformations. Specifically, the Park
transformation allows the transition from a three-phase stator reference system to a two-
phase reference frame system, that is rotating at the electrical rotor speed w, and with
the real axis coincident to the polar rotor axis. In particular, this transformation has the
advantage of being reduced to a system of equations in the reference (dgo) where the
coefficients of self and mutual inductions are independent of the rotor position and
therefore constant over time. To obtain the Park model, a first coordinate transformation
is carried out from the stator reference system (a,b,c) to the fixed two-phase reference

system (a, f3), as shown in Fig. 3.

A [35
p
i
a (XS (04 O(,S
Un! la !U; Is
—A
(abo)  “ (o,P)

Fig. 3 Transformation of coordinates from the stator reference system (a, b, ¢) to the fixed two-phase reference
system (a,p)

With such a transformation is obtained a system that there are only two windings
arranged at 90° degrees and therefore, magnetically decoupled. This model has the
stator and rotor quantities evaluated with reference to the corresponding physical
reference frame, i.e. the inductive coefficients are still a function of the angular position
of the rotor. Therefore a further transformation is needed which allows to express stator
and rotor quantities under a single reference. A system of axes (d,q,0) rotating integrally
with the rotor is considered, where the rotor quantities are referred to this system. This

15



further coordinates transformation, where e stator quantities referred to the system (o, /)
are reported to the system (d,q), is shown in Fig. 4.

@) 2 @y

Fig. 4 Transformation of coordinates from the fixed two-phase reference system (a,p) to rotating (d,q,0)
system.

The transformation of the quantities from the three-phase reference system (a,b,c) to the
reference system (d,q,0) is carried out through the following transformation matrix:

cospB, cos(pb, — %n) cos(p0, — gn)
21 . 2 . 4
[T] = 3| ~sinp6,  —sin(pf, — §n) —sin(pb, — §TL’) (4.14)
1 1 1
2 2 2

It is also possible to define the inverse matrix which allows the transformation of the
quantities from the coordinate system (d,q,0) to the three-phase coordinate system
(a,b,c):

[ cos PO, —sinpbl, 1]

2 2
2 — —si - =
(771 = < cos(pb, 3 m) —sin(pb, 3 ) 1 (4.15)

4
cos(p@r—gn) —sin(p@r—gn) 1
The electrical quantities in (d,q,0) reference system are defined with the following

relationships:
: 2 4
cospl, cos(pb, — §7r) cos(pb, — §n)

2| . 2 . 4 |[Te
[Pago] = T[vane] =3 =sinps, —sinp6, ~5m) —sin(ps, ~5m)|[vs| (410
1 1 1 ¢

2 2 2

16



— 2 4 —
cospl, cos(pb, — En) cos(pb, — §T[) _

, , 2 2 4 ||
liggol = [T]iap] = 3|7sinpbr  —sin(pé, —zm) —sin(pb, —zm) [l_b] (4.17)
i
1 1 1 ¢

2 2 2

— 2 4 -
cospl, cos(pb, — §n) cos(pb, — §TL’)

2 2 4 [t
[Ad,q,o] = [T] [Inba,b,c] = 5|—sinpf, —sin(pb, — §7r) —sin(p0, —§7r) [/11)] (4.18)

3
1 1 1 Ac

2 2 2
Applying the aforementioned transformation of coordinates to the IPMSM

mathematical model, the flux equation is:
[Ad,q,o] = [T] [Aa,b,c] = [T] [L] [ia,b,c] + [T] [Aa,b,c] =

Lo 0 Ofria]l  [Apy (4.19)
= [TIILIT]  [igqo] + [THT]  [Aaqol = |0 Lq O [ig|+| 0
0 0 L,|lLi 0
Where each inductance component is:
3 4.20
La=Ls+ M+ L (4.20)
3 (4.21)
Lg = Ls+Ms ==L,
L, = Ly — 2M, (4.22)
Ly = Los + Limso (4.23)
The voltage balance equations results:
] d[Agp,
[vd,q,o] = [T] [va,b,c] = [T] [R][la,b,c] + [T] [C?t C] =
—1[: d(T1" Aa,q0]) _
= [TIRIT] ™ [iaq,] + (1] Paol -
Ag
R 0 0][ia dM
. -1 12 alir— _
={0 R of|ia|+ TIr1 22l + 10, L2, = (4.24)
0 0 RIL, Ao
Aa
. d|4q
R 0 0][la —Aq
=0 R Of|ig|+ dt" +pwr[/1d]
0 0 RIL, 0

17



Replacing equation (1.19) in equation (1.24), the voltage equation became:

lq
i1 [Lg 0 O d[f‘
(0]

va] [R 0 O|[ ~Lqiq (4.25)
vl=]10 R 0f|ig|+]0 L; O + pwy |Lyiyg + Apy
vl lo o RIlil [0 o L 0

The balance of powers in the (d,q,0) coordinate system is given by the following

expression:

R . _ _ 3 . . .
p; = [la,b,c] [va,b,c] = [ld,q,o]([T] 1)T[T] 1[Ud,q,o] = E (vdld + Vylg + Vyip) (4'26)
Developing this equation it is possible to obtain:

P = [ia,b,c]T[va,b,c] = [id,q,o]([T]_l)T[T]_I[Ud,q,o] =

il

d
= [iaqo] ATTDTITI R][ia,q0] + lia.qo] (TT™TITT ™ Lago] 7 [iaa.]

d
= [id,q,o]([T]_l)T[T]_l {[R][id,q,o] + [Ld,q,o] % [id,q,o] + pwy

(4.27)

-1
q
+[id,q,o]([T]_l)T[T]_lpwr [ ﬂd ]
0
Where the first term represents the joule losses in the stator windings P, the second

term represents variation in the time unit of the energy stored in the magnetic field
produced by the armature ampere-turns (Pn¢) and the last term represents the output

electromechanical power Py, The electromechanical power Py, is equal to:
-1

i —1IN\T -1 1 3 . .

Pn = [ld,q,o]([T] ) [T pw, Aa | = Epw[/ldlq _Aqld] =

0 (4.28)

3
=5 pwy [Apaiq + (La — Lg)iaiq]

From this equation, it is possible to obtain the expression of electromechanical torque:

Tem = ;P[/ldiq — Aqla] = %P[APMiq + (La = Lq)ialq] (4.29)
The expression of electromechanical torque is composed of two components, where the
first, named fundamental torque, is a function of the flux linkage produced by
permanent magnets and of g-axis current and the second term, named reluctance torque,

is a function of both d-g-axis currents and the saliency of the machine. Below, all the
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equations of the IPMSM conventional dynamic and mathematical model, including the

mechanical balance equation, are reported:

di 4.30
Vg =Rid+de—:—pa)quiq ( )
L dig . (4.31)

Vg = Rig + L, Tt +pw,Laig + pwrdpy
3 . . 4.32
Tom = Ep[/lleq + (Ld — Lq)ldlq] ( )
dw 4.33
Tem=Tr+er+]E ( )
d 4,34
EQT = Wy ( )

The circuital model of the conventional IPMSM mathematical model is reported in Fig.
5. In particular, Fig. 5 (a) represent the electromagnetic phenomena that occur in the d-

axis circuit, while Fig. 5 (b) represent the electromagnetic phenomena that occur in the

g-axis circuit.
R L, R L
-~ AAA—— VY
L A t

d N o

Vq C) pw.L,, V, .
Z

l C) pwrLd,
) @ ) (b)

Fig. 5 Circuital model derived from conventional IPMSM mathematical model

1.3.3 IPMSM mathematical model that takes into account iron loss

The previous IPMSM dynamic and mathematical model has been defined without
taking into account the iron loss. The power losses in an IPMSM are composed by the
sum of joule power losses, iron power loss (hysteresis and eddy currents power losses),
mechanical power losses and additional power losses. For control purposes, the power
losses can be divided into controllable losses and uncontrollable losses. The joule power
losses produced by the fundamental harmonic current component and the iron power
loss produced by the fundamental harmonic flux component are part of controllable
losses. The mechanical power losses, the additional power losses, the joule power losses

produced by the other harmonic current components and the iron power loss produced
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by the other harmonic flux components are part of uncontrollable power losses. On the
base of the sinusoidal spatial distribution of the magneto-motive force in the air gap and
linear magnetic behaviour of the machine, it is possible to define an IPMSM
mathematical model that takes into account the iron power loss. In detail, it is possible
to define a resistance R. and a current i. such that the product R¢ic’ returns the iron
power losses. Employing the Park theory, it is possible to decouple the current i. in the
direct-axis component icq and in quadrature axis component icq. Therefore, it is possible
to define the following equations that compose the IPMSM mathematical model that

take into account the iron loss:

di di
vy =Rig + Lig d—: + Loy d—": — pwyLyisg (4.35)

di di
vy = Rig + Ly d—: + Ling d—‘;q + pwyLgiog + Pwrdpy (4.36)

dw

T =T, + Fw, +] dtr (4.37)
Where:
log = lg = lca (4.38)
fog = ig — icq (4.39)

. diyg
~_ TPwrlmglog + Lina =g (4.40)
lcd -

R¢
, di
I pwr(/lPM + Ldlod) + Lmq d_(zq (4_41)
Cq RC
Ld = le + Lmd (442)
Ly =Lyig+ Ling (4.43)
3 , .

Tem = EP[APMLoq + (Lmd - Lmq)lodloq] (4.44)

having indicated with:
® g, Igq the instantaneous value of dg-axis currents components of i current;
e R the resistance that allow to take into account the controllable iron power loss;
e Lig, Liq the dg-axis leakage inductances;
® L, Lmg the dg-axis magnetization inductances;

e Ly, Lqthe dg-axis inductances;
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The IPMSM mathematical model that takes into account the iron loss can be

represented with the circuital model shown in Fig. 6.

R Lm 1 od Lmd
AN Y
—
T Id i ch
(@
V. R <>pw,Lmq1
+
+
PWrAry (b)

pwiLal,

Fig. 6 Equivalent d-axis(a) and g-axis (b) circuital model of the dynamic mathematical model of the IPMMS
that takes into account the iron power losses.

Neglecting the leakage inductances, it is possible to obtain a simplified IPMSM
dynamic and mathematical model, where L¢=Lmg and Lq=Lmq. In particular, the
equations that compose the IPMSM mathematical model are:

di 4.45
Vg = Rld + Ld _(;:d - pa)quioq ( )

] di ) (4.46)

Vg = Rig + Ly d_(l)tq + pw,Laiog + pwirdpy
3 . o 4.47
Tem = Ep[/lPMloq + (Ld - Lq)lodloq] ( )
d (4.48)

Tom =T, +Fw, +]

Wy
dt
This mathematical model can be also represented with the circuital model shown in Fig.
7:
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Fig. 7 Simplified d-axis(a) and g-axis (b) equivalent circuital models of the dynamic mathematical model of the
IPMMS that takes into account the iron power losses.

On the base of this circuital and mathematical model, it is possible to define the

expression of each component of the power losses:

3 . 4.49
P =5 R(iG + 1) e
3 . 3(pw,)? 2 . (4.50)
Prp = ERC(lgd + l?q) = Z—Rr [(quOQ) + (Apm + Ldl"d)z]
C
Pmech = me?’ (4.51)

Where K, is a proportional coefficient for the estimation of mechanical power losses. In
details, defining with P the controllable losses, with P the total power losses, with Pagq
the additional power losses that take into account also the losses produced by the
harmonic magnetic and electric quantities, with Py, the output mechanical power and

with # the efficiency, it is possible to define the following relationships:

P.=PFP, + Pfe (4.52)
P, = P, + Ppech + Pada (4-53)
B = Topmwy (4.54)

_ b Bn (4.55)
T=p P, +P,
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1.4 State of art of Loss Minimization Control Algorithms for PMSM
In recent years, the problem of environmental pollution has grown exponentially,
arousing the interest of both political administrations and public opinion. In this sense,
the levels of environmental pollution are closely linked to the electricity generation and
consumption. In particular, the efforts of several national and international european
policies have focused on encouraging sustainable development and energy savings, such
as greater use of renewable sources and the promotion of electric and hybrid mobility.
The industrial world, on the other hand, has undergone great technological
development, benefiting from sustainable development and energy-saving policies.
In reference to the industrial electrical drives field, especially for electric and hybrid
automotive applications, the economic and technical benefits deriving from an increase
in the overall efficiency of the power train system (including the electrical drive) can
become decidedly relevant. In particular, in order to increase the autonomy of electric
and hybrid vehicle operation, the main critical technical aspect of energy-saving became
a fundamental factor.
In this sense, the world research efforts focused on both constructive aspects and
aspects concerning control strategies. The latter is of considerable interest, as it can also
be applied to existing electric drives that have not been designed with the aim of
maximizing system performances. In this way, modifications to the hardware apparatus
are not necessary but it is sufficient only to make modifications to the controller so as to
apply control strategies for minimizing the power losses of the electric drive.
In recent years, above all due to the growing interest in the development of increasingly
efficient hybrid and electric vehicles, the research line of development of control
strategies, that aim to maximize the electric drive efficiency, has returned to be widely
discussed in the literature [1.1]-[1.12]. In detail, the approach to carry out the control at
minimum losses can be classified into two categories named “Search control” (SC) and
“Loss model control” (LMC) or “Loss model algorithm” (LMA), respectively.
The SC is an adaptive control strategy that is not based on the knowledge of the
mathematical and circuital model of the machine. This approach measures the input
power of electric drive and iteratively change step by step the control variables until the
power absorbed by the electric drive reaches the minimum for certain load and speed
conditions [1.7],[1.13]-[1.14].
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The LMC, contrariwise, is based on the accurate knowledge of the mathematical and
circuital model of the machine in such a way to define a power losses mathematical
model of electric drive, a function of the electric and magnetic machine parameters.
Defined the mathematical model of power losses, it is possible to determine the values
of the control variables that allow obtaining the minimum of electric drive power losses
[1.1]-[1.7], [1.9]. These two approaches will be described with the accurate way in the

following paragraphs.

1.4.1 Search control

The Search Control technique, as already mentioned, minimizes losses using the
adaptive control techniques by the adjustment, during operation, of one or more control
quantities so as to influence the amount of power absorbed by the electric drive, in order
to identify, for a given state of operation, a condition for which the absorbed power is
minimum.

The operation mode of said control technique at minimum losses consists into imposing
on a selected control a variable small step variations and simultaneously measuring the
power absorbed by the electric drive. After an appropriate time interval from setting a
value to the control variable, such as to allow the system to return to steady-state
conditions, the power absorbed by the electric drive is measured and compared with that
absorbed in the previous working condition (before of the variation of the control
variable). If the value of the newly absorbed power is less than the value measured in
the previous working condition, a new step variation of the control variable is imposed
and the procedure described above is repeated iteratively until an increase in the
absorbed power is found. In the condition immediately prior to the said, if in the
meantime no external disturbances have occurred (variations in load, speed, etc.), the
electric drive working near the maximum efficiency.

A very important parameter for the minimization procedure optimization, described
above, is the width of the step to be imposed on the control variable. It should be
considered that the stepwise variation of the control variable inevitably involves
stepwise variations of the output electromagnetic torque, which in some cases can also
result in an undesired oscillation of the speed. Another problem, related to this type of

approach, concerns the time taken by the controller to identify the minimum loss
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operating condition. The search by the controllers of the point of maximum efficiency
can be "slow" if compared to the times of duration of the external disturbances to which
the variable speed electric drives are subjected. It is clear that if the electric drive
undergoes frequent variations in the working point, the adjustment action is no longer
effective and, therefore, the amount of energy-saving becomes not very significant.
Moreover, in variable speed drives used in applications in which there is a frequent shift
of the working point on the torque-speed plane and where the steady-state operating
condition remains unaltered only for short periods of time, the controller, in addition to
not being able to promptly reach the operating condition with minimum losses, can in
unfavourable cases trigger oscillation phenomena of electric drive output quantities,
making the operation of the electric drive unstable.

The choice of the control variable through which to minimize losses affects the electric
drive performances in a decisive way, both in terms of efficiency and in terms of its
dynamic performances. In [I.13], the authors choose like control variable the supply
voltage. In detail, the authors show good performance at the steady-state condition.
However, the search-based LMA presents the disturbance in response. A feedback
stabilizer was applied together with the controller to reduce the oscillations in the
response. Moreover, the adoption of this control method inevitably involves an
appreciable deterioration of the dynamic performance of the electric drive, especially if
compared with the performance that could be obtained by controlling the motor in order
to maximize the ratio between the torque produced and the current absorbed (Maximum
Torque Per Ampere-MTPA). In [1.15], Vaez et. al. defined the power loss as a function
of the torque, speed and d-axis stator current component iq. In steady-state conditions
assuming that the torque and speed remain constant, it is possible to find the minimum
loss by changing the value of ig. But to define the optimum value of iq it is necessary to
develop an analytical model of iy from basic equations of the motor. However, the
parameters of the motor are not constants, and the current iy found may not be the
optimum value. Thus, the authors developed an adaptive loss minimization controller
(ALMC), which is basically a search-based LMA for an IPMSM electric drive.
However, the dynamic performance of the ALMC based IPMSM is not acceptable and
hence, it is only used during steady-state conditions. This algorithm is implemented by

comparing samples of speed error (dwy). If the difference between these samples is less
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than the defined minimum value, the steady-state can be assumed. So the SC is turned-
on. During the transient period, the value of iy is kept constant. When the system
achieves the steady-state condition the value of iy increases or decreases in a continuous
slope. The SC compares samples of the input power, and when the difference between

these samples is lower than a defined minimum value, the minimum power loss is

achieved. In [1.16], the authors define the current angle g (8 = tan™?! 'i—Z') as a control
variable. In this way, the power loss can be defined as a function of torque, speed, and
S. In steady-state conditions with torque and speed constants, if g varies the power loss
changes too. The author approximated the power loss function using a polynomial
approximation in some operating points obtained experimentally. It was found that there
isa 4 inwhich the absorbed power is minimum. So the author designed a search control
algorithm to find the optimal . Authors used a g controller to achieve the optimum
current angle 4 and a speed controller to find the optimum iq and iy corresponding to
the maximum efficiency of the motor. The power loss of the proposed controller was
compared with the ig=0 controller and motor efficiency enhancement is found with the
proposed S controller. But the authors did not show the dynamic performance of the
electric drive. An example of a control scheme using the SC for determining the optimal
value of d-axis stator current component is shown in Fig. 8. The adaptive controller
establishes, for each iteration cycle, the reference value iq , while the reference value of
the component along the quadrature axis of the stator current (iq*) is generated by the
speed regulator.
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Fig. 8 Control diagram of electric drive controlled with adaptive SC.

Therefore, the main advantages of the SC techniques consist of robust behaviour
towards parametric variations because is not necessary the knowledge of the machine
mathematical model and the possibility to include the power loss of inverter.
Contrariwise, the main disadvantages of the SC techniques consist in torque and speed
oscillations caused by the step by step variation of the control variable and of the high
convergence time necessary to find the minimum of absorbed power. In addition, when
the optimum efficiency is found, the motor becomes very sensitive to load
perturbations. This is not acceptable for high-performances drives where good dynamic

performance is required.

1.4.2 Loss model control

The Loss Model Control is based on the development of the dynamic mathematical
model of the PMSM that takes into account its iron losses. In detail, the LMC uses the
power losses mathematical model to calculate the wvalue of control variables
corresponding to minimum power loss condition. The control quantity used in the LMC

to impose the maximum efficiency is the amplitude of the stator current component
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along with the direct axis ig. The development of the motor mathematical model that
takes into account the losses is carried out starting from the mathematical model of the
PMSM expressed in the dqo reference frame. The advantages of LMC is that the control
architecture is very similar to the control architecture of typical Field Oriented Control
(FOC) usually employed in electrical drives equipped with PMSMs. The Fig. 9 shows a
typical control diagram of electrical drive controlled by LMA and it is possible to
deduce that, for all the drives already in use which use the usual digital controllers in
dgo reference frame, the passage to LMC only involves the modification of some

elements of the control software.
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Fig. 9 Control diagram of electrical drive controlled by LMA

In correspondence with a generic set of loading conditions in the speed-torque plane,
the speed controller calculates the value of the g-axis stator current component iq. The
reference mechanical speed ®" and g-axis stator current component iq represent the
input quantities of LMA, which returns the reference value i necessary to obtain the
minimization of the power losses in a generic working condition. The LMC, in relation
to the accuracy of the model that takes into account the losses, allows to obtain more
satisfactory results than those obtained with the SC technique. In particular, in LMC the
response of the motor is fast and does not have torque ripple. However, the

implementation of this model on the controller requires the preliminary measurement of

28

Resolver



the electric and magnetic parameters of the machine mathematical model. Therefore, the
LMC usually is not robust respect to the parametric variations of the machine forming
part of the electric drive.

In recent years, in this sense, the efforts of the scientific community have focused on the
possibility of improving this type of approach by taking into consideration the
parametric variations of the machine [1.8], [1.17]-[1.20]. In [I.17], the authors design a
loss minimizing control law for a fuel cell electric vehicle (FCEV) permanent magnet
synchronous motor (PMSM) which reflects the effects of cross magnetic field
saturation. In detail, the inductances are modelled as functions of g-axis current, based
on the flux data obtained experimentally, and the current values, that minimize the
losses, are searched from the experimental power loss data which are obtained for
several values of d-axis current. In [1.18], a global permanent magnet synchronous
machine (PMSM) loss minimization control method is proposed based on nonlinear
optimization. In this case, in order to take into account the magnetic self-saturation,
cross-coupling, and harmonics effects, a look-up table based PMSM flux-linkage model
is introduced and the iron loss model is also numerically developed. In [1.19] a
nonlinear programming optimization algorithm is implemented for the control of a
PMSM to find the optimum current vector references which minimize the total copper
and core losses in the entire operating region of the motor, including the field
weakening mode. In this case, the loss determination in the equivalent circuit has been
further improved by using a variable core loss resistance. It is shown that the efficiency
is improved in the entire high-speed operating region of the machine up to 8% respect
those obtained with Maximum Torque Per Ampere(MTPA) field oriented vector control
method which inherently takes in to account the copper loss only. In [I.12], an online
control method of interior permanent magnet synchronous machine (IPMSM) drives for
traction applications considering machine parameters and inverter nonlinearities is
presented. A model-based correction method using stator flux adjustment is proposed
for an online quasi global MTPA achievement. It is proven that in the flux weakening
(FW) region, due to the inverter nonlinearities, a lower than expected maximum
achievable torque for a demanded speed and a higher than expected current magnitude

for a demanded torque may be obtained. Hence, an inverter nonlinearity compensation
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(INC) method exploiting the voltage feedback (FB) loop is introduced and its

advantages over the conventional INC scheme are demonstrated.

In conclusion, it can be deduced that the control at minimum losses made with the

Search Control technique, compared to that performed with the Loss Model Control

technique, provides a less effective overall performance. Table 1 shows the main

advantages and disadvantages discussed of each control technique.

Table 1 Comparison between SC and LMC

Advantages

Disadvantages

SC o

No loss model necessary;

No dependency on the
parameters;

Include the inverter losses (in
some cases).

Slow Convergence
Torque pulsations
Extra sensors for power
measurement (in some
cases)

LMC .

Fast response;

No torque pulsations;
Possibility of implementation
on electric drives in service;

Simple to implement.

Requires the knowledge of
motor and loss mathematical
model;

Dependency on the machine

parameters.
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1.5 Loss model Algorithm (LMA) chosen as a case of study

As widely described above, the LMAS have better overall performance in comparison to
those obtained with the SC technique. Therefore, in this work, the LMA described in
[1.21] has been taken into consideration and will be widely discussed. This choice was
made on this algorithm, as it was studied, developed and tested at the SDESLAB
laboratory of the University of Palermo and, therefore, available for possible upgrades
and experimental analysis.

Taking into consideration the mathematical model of the machine in steady-state
conditions that takes into account the power losses in the iron, the controllable power
losses can be expressed as a function of the current components iy, ioq, and the

mechanical angular speed w;:

3 WrLgiog)? wrApas + Laiog)\ (4.56)
Py (ioa, log» wy) = —R{[(iod _M) + <i0q +p r(Apm d od)) ]}

2 R R¢
o 3w )1, . 2 . (4.57)
Pfe(lod: log, wy) = Z—R: [(quoq) + (Apy + Ldlod)z]
Pc(iod' ioqr wr) = Pcu(iod' ioq' wr) + Pfe (iod' ioq' wr) (4-58)

Combining the expression of controllable losses (1.58) and the expression of the
developed electromagnetic torque (1.49), it is possible obtain an expression a relation
that expresses the power losses of the motor as a function of the electromagnetic torque
Tem, Of the direct-axis current component i,q and of the mechanical angular speed w:

Pe(ioar Tem» @) = Pey(loa Tem» @r) + Pre(loa) Tem» @r) (1.59)
In steady-state conditions, at fixed values both of the electromagnetic torque Ter and the
mechanical angular speed wy, the total controllable losses only depend on the value of
current component iz, and then they can be minimized by adjusting the direct-axis
current ig. In order to determine the optimal value of current iy, consequently the value
of direct-axis current ig, it is sufficient to derive the equation (1.59) respect to current iqyg

and set it equal to zero. The condition of minimum power losses is given by:

AB =T,,,%C (4.59)
Where:

A =p?[RRZioq + w*Lq(R + R)(Laloq + Apu)] (4.60)
B = [Apy + (1 = k)Lgiog)® (4.61)
C =[RR? + (R + R.)(wkLy)*](1 — k)L, (4.62)
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k represents the saliency ratio (k=Lq/Lq). For PMSM with isotropic rotor structure
(SPMSM), the saliency ratio k=1 and the above relationships become easier to treat.
However, for PMSM without isotropic rotor structure, it is no easy the determination of
the optimal value of current component i,y because the relationships (1.60-1.62) present
nonlinear nature. In literature, there are proposed several approaches to solve this
problem. In this case, the LMA use an interval-reduction algorithm that results useful
and robust for all those functions that feature in the search interval only a local

minimum. The flowchart of this approach is reported in Fig. 10.
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Fig. 10 Flowchart of the LMA.

It can be seen how this approach is substantially a “binary search” algorithm. The input
quantities of LMA are the minimum value (igmin) and the maximum value (igmax) Of the
direct-axis current search interval iy and the search step amplitude d. By fixing the input
quantities, the midpoint x is calculated. After, if P(x-d)>P¢(x+d) (W¢(x-d)>W,(x+d))
then X=igmax, contrariwise X=igmin. This calculation is iterated until |igmax — lgminl <
2d giving the value of direct-axis current iy which minimizes the power consumption of
the electrical drive. In [1.21] is shown that this approach requires a very low number of
iterations. However, it must be affirmed that the accurate identification of the minimum

losses operation point is a function of the accuracy of the loss model used. The latter

32



depends on the electrical and magnetic parameters of the mathematical model that are
not constant but that are function of machine working conditions. Therefore, in the next
chapter, will be analyzed the performance of the conventional power loss model, which
use constant parameter values for all working conditions, and loss model that takes into

account the nonlinear magnetic behaviour of the machine.
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Chapter 2 Performances analysis of the power loss mathematical
models

2.1 Introduction
The performances of loss model control is strictly dependent on the accuracy of the
mathematical model of IPMSM. Therefore, in order to evaluate the overall
performances of the control algorithm, it is necessary to study the performance of the
power loss mathematical model described in the previous chapter. In this sense, two
power loss models have been taken into account. The first is derived by IPMSM
conventional mathematical model that takes into account the iron losses, where the
model parameters are constant. This power loss model doesn’t take into account the
non-linear magnetic behaviour of the machine and the variability of the iron losses with
the supply frequency of the machine. The second power loss model takes into account
the self and cross saturation effects and the variation of iron loss with the variation of
the supply frequency of the machine. For this purpose, several experimental
investigations have been conducted on a prototype of IPMSM. This chapter describes
the electric drive under test, the experimental investigations conducted for the
characterization of the IPMSM prototype, and the study of the performances of the loss

models conducted in the Matlab environment.

2.2 IPMSM electric drive under test
The IPMSM electric drive under test is composed of:

e a three-phase, six-pole brushless machine (Magnetic S.r.l., type BLQ-40 Fig.
11(a)), with SmCo permanent magnets (HITACHI Inc., type H- 18B, with
maximum specific energy equal to 143 kJ/m3) radially mounted with tangential
magnetization (Fig. 11 (b)). The stator winding is a three-phase, double-layer,
shortened pitch, located into 27 slots. In Table 2 and Table 3 are reported the
main rated values and the geometrical data of the IPMSM under test,
respectively;

e a DPS 30 A power converter (Automotion Inc.), equipped with two LEM
current sensors (Fig. 12). The converter has a rectifier and an inversion stage and
is powered directly by the electrical grid. The main features are reported in
Table 4.
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Fig. 11 IPMSM under test (a) and its cross-section (b).

Table 2 Rated values of the IPMSM under test.

Quantity Value
Voltage [V] 132
Current [A] 3.6
Speed [rpm] 4000
Torque [Nm] 1.8
Pole pairs 3

Table 3 Geometrical data of the IPMSM

Geometrical data Value
External stator diameter [mm] 81
Inner stator diameter [mm)] 49.6
External rotor diameter [mm] 48
Inner rotor diameter [mm] 18.46
Axial rotor length [mm] 59
PMs width [mm] 13.45
PMs thickness [mm] 3
Airgap [mm] 0.8
Slot depth [mm] 9.2
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Fig. 12 DSP 30 A power converter

Table 4 Main features of the power converter.

Model DSP 30
Input rated voltage 230V
Peak value of maximum output current 30A
Nominal power 6.5 KW
DC link voltage 310V
PWM modulation frequency 5+20 kHz

a dSPACE® rapid prototyping control board, in order to drive the IGBT bridge
of the converter;

a PC with the dSPACE®-based electrical drive user interface, which allows
performing the real-time control and the supervision of the main electrical and
mechanical quantities of the electric drive;

an HD-715-8NA hysteresis brake (Magtrol Inc.), which allows performing
experimental tests with different load conditions;

a DSP6001 high-speed programmable dynamometer controller (Magtrol Inc.),
used to drive the brake in real-time (Fig. 13). The dynamometer digital interface
provides the mechanical torque, speed and mechanical power values measured at
the shaft of the motor. Furthermore, the dynamometer allows sending the

measured electrical signals of speed and torque to other acquisition systems. In
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Table 5 the main features of hysteresis brake and the measurement accuracy of

dynamometer DSP6001 are reported;

e an ARTUS resolver (type 26SM19 U452), which is connected to the motor shaft

in order to measure the motor speed.
FRONT PANEL

Displays Torque, Speed, Power,
Auxiliary and PID Values Ready for Rack Mounting
| l

©

i

- ===
—— .
Set Desired Power Units

(W, kW or Hp) Speed Control Integral and Derivative) settings
(up to 99,000 rpm) provide the best system response

Set Desired Torque Units
(oz.in., oz ft., Ib.in., Ib.ft., g.cm, kg.cm, Nmm, Ncm, Nm)

REAR PANEL

Adjustable PID (Proportional Gain,

For use with any Magtrol Dynamometer
(Hysteresis, Eddy-Current, Powder Brake),
Magtrol Torque Transducer or auxiliary instrumentation

Connector for Model 5241 Power Supply RS-232 and GPIB/IEEE-488
(for HD-825 Dynamometer only) Interfaces for Connection to PC

s UTRAL: WY,
Torque/Speed Analog Output for Interfacing with Connectors for Models
Data Acquisiton System or Strip Chart Recorder DES310/DES311 Power Supplies

Fig. 13 Front panel and rear panel of dynamometer DSP6001

Table 5 Main features of Magtrol hysteresis brake and dynamometer DSP6001

Hysteresis brake Magtrol model HD-715-8NA

Maximum torque 6.2 Nm

Maximum speed 25000 rpm

Nominal input inertia 1.449 x 107 kgm®

Accuracy Speed: 0.01% of reading from 10 rpm to
100,000 rpm

TSC1: 0.02% of range (x1 mV)
TSC2: 0.02% of range (x2 mV)

Maximum torque input TSC1l:£5Vv DC
TSC2: £10 V DC
Torque/Speed Output Torque: 10V DC

Speed: 10V DC
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In Fig. 14 and Fig. 15 are reported respectively a picture and a schematic representation
of the electric drive under test.

Fig. 14 Electric drive under test

Electrical grid

L IPMSM
=R
/\/ [

DPS 30 .
Power Converter T Magtrol hysteresis brake

o

Resolver

=

Fig. 15 Schematic representation of the electric drive under test.

/

7

DSpace control board

A Field Oriented Control strategy (FOC) is implemented in dSPACE® rapid prototyping
control board system. The FOC strategy has been used for the speed control of the
IPMSM and in Fig. 16 is shown the simplified scheme of the related electrical drive.

The reference angular speed " is compared with the output angular speed « from the

41



resolver-to-digital converter, determining a feedback control and this error is processed
by speed controller block that gives the reference value of g-axis current ig. The level of
magnetization of the machine can be controlled by acting on the iger block. The
reference values of the d-q currents are compared with the real values of d-q currents
obtained by the LEM current sensors. The current controller processes the current error
and calculates the reference values of d-g-axis voltage. These are reported in the three-
phase reference frame abc through the transformation of coordinates dg/abc. The
voltage signals are then processed with the PWM control technique and applied to the

machine through the DSP 30 converter.

Single phase
supply
(230 V)
- %
iy vy va
* . ~ 6 -
ot T Speed Current * vao pwM b DPS 30
controller controller abe| V* ? Converter
'q Iy
dq T A/D
abe converter
q - L)
idyef
0
Resolver to
[0) digital
converter |

Resolver

Fig. 16 Field oriented control (FOC) block diagram
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2.3 Experimental characterization of IPMSM

For simulations and developing of loss model control algorithm purpose, accurate
parameters models is necessary to successfully estimate the electric drive performances.
Regarding the topic of estimation of PMSMs parameters, standards procedures are not
established. In detail, at present, a draft standard exists for testing and parameter
determination of PMSMs: BS IEC/TS 60034-20-2 [l1.1]. However, this is brief and
inaccurate. The growing interest in PM motors, due to their high power density and high
efficiency compared to more conventional drives, has brought about a great contribution
of scientific researches to this topic [I1.2]-[I1.8]. Furthermore, IEEE Power and Energy
Society and IEEE Industry Applications Society created an Electric Machines-
committee with intent to have a unified and definitive guide for testing PMSMs,
encompassing all kinds of machines (all frames, voltages, configurations (surface, inset,
and IPM), and power ranges, kilowatts — multi-mega-watts). In this sense, the recent
approved IEEE Std 1812 [11.9] describes the instructions for conducting tests to
determine the performance characteristics and machine parameters of PMSMs. This
IEEE trial guide and other scientific contributions [I1.2]-[11.8] have been taken into
account for the characterization of the IPMSM prototype. In details, the IPMSM
parameters are:

e the resistance of three-phase stator winding R;

e the value of stator flux linkage due to the PMs Apy;

o the value of dg-axes inductance Lg, Lg;

e the value of the core losses resistance R..
The tests carried out for the estimation of the aforementioned parameters are described

below.

2.3.1 Three-phase stator winding resistance measurement

For the purpose concerning the estimation of the three-phase stator winding resistance,
it has been employed a 4-wires measurement. In detail, a digital micro-ohmmeters
AOIP model OM 21 is used. It measures from 0,1 pQ up to 26 kQ (OM 21) with an
accuracy of 0.03 %. The Fig. 17 shows the measurement scheme used for the described

measure.

43



OM 21/0OM 23 FRONT PANEL
+

Fig. 17 Measurement scheme of the three-phase stator winding resistance

The measurement was carried out between each phase terminal and the neutral point of
the winding being accessible. The measurement was carried out at a temperature of
20°C and for greater accuracy, the measurement was repeated three times for each
phase.

In Fig. 18 is reported a picture of the test bench and in Table 6 are reported the winding
phase resistance measured. The values obtained indicate the presence of a slight
dissymmetry of the winding, but which can be considered negligible. Therefore, the
average value between the three-phase resistances equal to 2.32 Q is assumed as the

reference value.

Fig. 18 Test bench for the evaluation of three-phase stator winding resistance
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Table 6 Phase resistance values measured

1% measure 2* measure 3* measure Medium value
Ra [Q] 2.300 2.301 2.301 2.300
Rp [22] 2.323 2.322 2.322 2.322
R [Q] 2.331 2.330 2.329 2.330

2.3.2 Stator flux linkage due to the PMs measurement

The simplest way to estimate the stator flux linkage due the PMs is to perform an open
circuit test with a drive motor used to bring the IPMSM up to the desired test speed and
measuring the open-circuit voltage [I1.9]. The IPMSM of the electric drive under test it
Is not coupled with a drive motor. Therefore, it is not possible to perform this test. An
alternative way for the estimation of the stator flux linkage due to the PMs is to perform
a static test with torque transducer [I1.7]-[11.8]. This test is a rotor block test where the
winding phases must be properly connected and DC supplied in such a way as to obtain
a system capable of being fed respectively along the direct axis and along the
quadrature axis. The Fig. 19 (a) and Fig. 19 (b) show respectively the phase winding
connection schemes to obtain the alignment of rotor d-axis or the PM magnet field and

the alignment of rotor g-axis with the magnetic axis of phase a.

Fig. 19 Positioning of rotor along d-axis (a) and g-axis (b).

Therefore, the value of stator flux linkage due the PMs Apy is obtained by holding the
rotor in g-axis position with the following relationship:
2T

3pi,
The test is simple to carry out, it only requires a DC supply, the measurement of the DC

Apm

(2.1)

supply current and allows to evaluate the influence of cross-saturation effects on stator
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flux linkage due the PMs Zppm. The main drawback consists of torque measurement that
Is not very accurate. Another solution is to supply the IPMSM by inverter. In this case,
it is not necessary to connect the phase winding according to the scheme of Fig. 19 (b).
Each electric drive is equipped with inverter and, therefore, it doesn’t require additional
cost for this test. In this work, both tests were carried out. In details, the stator flux
linkage due the PMs Apy is obtained for positive and negative values of g-axis current ig,
where for negatives value of iy doesn’t’ mean a generator operation of the IPMSM but
only an inversion of the electromagnetic torque and, therefore, of the rotor speed
direction. A Fluke A40B-20 A precision shunt resistor and a Teledyne LeCroy
WaveRunner 6Zi, oscilloscope have been employed in order to perform the estimation
of stator flux linkage due to the PMs with DC power supply (Fig. 20). In Fig. 21 the
values of Zpy, obtained by DC power supply with iq that varies from 0.5 A to 5.5 A with
a step equal to 0.5 A, are reported. The two trends of ipyv reported show similar
behaviour, but they are slightly different in amplitude. This result can be associated to
several factors, but mainly due to the accuracy of the mechanical torque sensor. The
average value of stator flux linkage due the PMs Apy is calculated and it used to
evaluate the rms value of the induced voltage at nominal speed and compared to the
value reported in the nameplate of IPMSM under test (132 V):

APM_average = 0086 Wb (22)
3 3 21
Vioms = |5 ApM_averageP® = |50.086 - 34000 (%> =1324V (2.3)

Fig. 20 Test bench for the estimation of stator flux linkage due to the PMs g\ with DC power supply.
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Fig. 21 Stator flux linkage due to the PMs Ap as a function of g-axis current iq obtained by DC power supply

In Fig. 22 are reported the values of 1py obtained by the inverter power supply with iq
that varies from 0.5 A to 6 A with a step equal to 0.5 A. The two trends of ipy reported
show a similar behaviour than those obtain with DC power supply. Also, in this case,
there is an amplitude difference between the two trends of stator flux linkage due to the
PMs Jpm. This result can be associated to several factors, but mainly due to the accuracy
of the mechanical torque sensor. In this sense, the average value of stator flux linkage
due the PMs Apy is calculated and it used to evaluate the rms value of the induced
voltage at nominal speed and compared to the value reported in the nameplate of
IPMSM under test (132 V):

izt Apmi 24
ApM_average = —— —— = 0.0842 Wb (2.4)
3 3 21
Vims = |= Apu_averageP® = |=0.0842 -3 - 4000 - (—) =129.6V (2.5)
27 PM- 2 60
0.088 ‘ —=Apy (i,>0)
= Apy (i,<0)
0.086 - 3
g //\\
= 0.084 - 5
&
0.082 - 5
008 | | | |

Fig. 22 Stator flux linkage due to the PMs 4py as a function of g-axis current iy obtained by the inverter power
supply.
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It is possible to see that the average value Apm_average , IN bOth cases, provides a value of
the induced voltage at a nominal speed that is near to the value reported in the
nameplate of the machine (132 V). Therefore, this value Apm average 1S taken as a

reference for the conventional mathematical model of the IPMSM.

2.3.3 dg-axes inductances measurements

The measurement of dg-axes inductances is the most critical step in the estimation of
parameters of IPMSMs. In the standard IEEE Std 1812, an open circuit test and a short
circuit test are employed in order to estimate the back-emf and the synchronous
inductance or the d-axis inductance. Contrariwise, a method to determine the g-axis
inductance is not included in the standard. A great number of research studies are
available in the literature for the estimation of dg-axes inductances. In detail, the
measurement approaches can be classified in standstill tests and running tests. The
standstill tests of IPMSM consists of rotor block tests, where a variable voltage at
constant frequency is applied such that the absorbed current is constant [11.5]-[11.8].
This is the measurement method most employed in industry filed by the manufacturers
of PMSMs. Another solution is to perform a rotor block test with a DC supply and
measure a DC step response of the machine [I1.4], [11.8]. In this case, the dg-axes
inductances (Lq, Lq) are obtained from the estimation of the time constant of IPMSM.
Tests at standstill conditions neglect slot harmonics and core losses, but they are easy to
carried out. Simplified measurement requirements are needed and it is not necessary the
use of the drive. The running tests present the advantage to take into account the effects
of the PWM power supply and estimate the dg-axes inductances in various conditions
(both no-load than under load conditions) [11.5],[11.10]-[11.12]. Respect to the standstill
tests, the running tests requires sophisticated measurement equipment and post-
processing requires special care. In this work, AC standstill tests are employed for the
estimation of dg-axes inductances. In detail, the test procedure requires the alignment of
the rotor in d-axis and g-axis that can be obtained employing the phase winding
connection schemes shown in Fig. 19 (a-b). A variable auto-transformer (Variac Inc.), is
used as a sinusoidal voltage supply. The voltage applied, the current and power

absorbed by the machine are measured through PZ 4000 three-phase power analyzer
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(Yokogawa Inc). Starting from the stator winding resistance, the determination of the
inductance is simple with the following relationships:

/A
7 = Tms (26)
Irms
_2VZ72—R? 2.7)
473 2nmf '
_ 272 —R? 2.8)
13 2nf '

In Fig. 23 and in Fig. 24, the direct and quadrature axis inductances, as functions of iq
and iy respectively, are reported. The d-axis inductance Ly appears to increase with the
current while the g-axis inductance Lg, as the current changes, it initially grows and then
decreases due to high current values. The increase in d-axis inductance Ly and the
decrease of g-axis inductance Ly may be attributed to the magnetic self-saturation with
increasing current. It is possible to notice that the maximum Lq value is 33% higher than
the minimum Ly value and that the maximum L4 value is 12% higher than the minimum
Ly value. The average value of dg-axes inductances are calculated and they chose as a
reference value of dg-axes inductances (Lq, Lg):

Ly average = 7.5 mH (2.9)
Lq average = 11 mH (2.10)
Furthermore, it is possible to use variable values of the dg-axes inductances as a
function of dg-axes currents such that to take into account the effects of the magnetic

self-saturation.
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Fig. 23 Direct axis inductance Lq as a function of ig.
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Fig. 24 Quadrature axis inductance L, as a function of i,

2.3.4 No-load test

The goal of the no-load test is the estimation of iron loss at fundamental harmonic and
consequently the core loss resistance of conventional mathematical model of IPMSM.
The test procedure provides to bring the motor at a fixed value of rotor mechanical
speed and to measure the absorbed power and the rms values of input voltages and
currents. The no-load input power Py is equal to:

Ppe = Py + Ppo + Py (2.11)
Where P, Ps and Py are respectively the copper losses, the iron core losses, and
mechanical losses. The core losses resistance R, can be derived from iron core loss with
the following relationship:
_ Vo

= P

R, (2.12)

Where Vs Is the rms value of line to line voltage. In order to bring the motor to the
desired value of mechanical speed, the IPMSM is controlled with FOC implemented in
the electrical drive described before. This involves the PWM power supply from the
inverter which is reflected in a large harmonic content in the supply voltage. For this
purpose, a PZ 4000 three-phase power analyzer (Yokogawa Inc), have been used to
measure the input electrical quantities (line to line voltage, phase voltage, input
currents, absorbed active power). The PZ 4000 three-phase power analyzer is equipped
with a digital filtering option that allows performing the measurement eliminating most

of the harmonic content. In detail, the minimum filtering frequency is equal to 500 Hz
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and it has been chosen for the test. The no-load test can be performed with two
measurement schemes, respectively, the typical three phase-four wire system
measurement scheme (3P4W) (Fig. 25 (a)) and Aron measurement scheme (Fig. 25 (b)).
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(a) (b)
Fig. 25 3P4W measurement scheme (a) and Aron measurement scheme (b)
In the first case, the phase voltage is acquired, while in the second scheme the line to
line voltage is acquired. The phase voltage is affected by the presence of the third
harmonic which can have a non-negligible amplitude and can determine an inaccurate
estimate of the rms value of the fundamental harmonic of the line to line input voltage.
Furthermore, the filtering frequency of 500 Hz may be ineffective at low supply
frequencies. Although there are no third harmonics in the system of absorbed currents
of IPMSM, therefore the power is not affected by the third harmonic of the phase
voltage but this latter can influence the determination of R.. In the second case, the line
to line voltage is not affected by the presence of a third harmonic. The determination of
iron core losses requires the estimation of copper losses P, and mechanical losses Py,
The copper losses P¢, can be determined for 3P4W scheme and Aron scheme with the

following relationships, respectively:

3
P = Z ngci (2.13)
i=1
Py = 3RIG, average (2.14)

Where lo is the rms value of each phase current absorbed and loc average 1S the average
value between the rms values of two-phase input currents measured with Aron scheme.
Although in the first case, the rms values of the currents of each phase are known and,
therefore, it is possible to accurately estimate the copper losses of each phase and
therefore the overall ones, while in the second case the copper losses estimated could be
not very accurate due to the possible dissymmetry that could be present in the three
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input currents absorbed by the IPMSM. In this work, two no-load tests have been
carried out, respectively, employing the measurement schemes described. In detail, 11
measurement points were taken into consideration with a mechanical rotor speed n,
ranging from 200 to 5000 rpm, with steps of 500 rpm starting from the value of
500 rpm. In Fig. 26 the sum between the iron core losses and mechanical losses
obtained in each test as function of mechanical speed n, are reported.
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Fig. 26 Iron core losses and mechanical losses sum estimated.
It is possible to note that the difference between the results returned by the tests is
slightly different only at high speeds. Therefore, the results obtained from both tests can
be considered valid. In some case studies, mechanical losses are neglected and the iron
core losses are simply equalled as the difference between the no-load absorbed power
and the copper losses. According to IEEE Std 1812 [11.9], it is possible to estimate the
mechanical losses as a function of mechanical speed with retardation or coast-down test.
This test is used to determine the cinematic stored energy in the machine as the stored
energy is related to the loss that tends to decelerate the rotor during free coast-down.
This test relies on the relationship between the deceleration rate and the total losses. In
detail, the goal is the determination of the total decelerating torque of the test machine,
that is:

dw,
Tagec =71 dt

Where J and w, are respectively the total moment of inertia of the test machine and the

(2.15)

rotor mechanical speed in [rad/s]. The machine mechanical losses as a function of

mechanical speed can then be obtained as:
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P = @rTgec (2.16)
This test requires the knowledge of inertia of the test machine that usually is given by
the manufacturer and the time-derivative of the machine speed. In this work, a
retardation test has been carried out, bringing the machine to nominal speed and
recording the deceleration transient. The mechanical speed signal of resolver has been
acquired with dSPACE® rapid prototyping control board and suitably filtered to
eliminate any overlapping noise as the latter would be profoundly amplified with a
time-derivative operation. In Fig. 27 the trend of filtered mechanical speed n, as
function of the time is reported.

5000

0 0.5 1 1.5 2 2.5 3 3.5
t[s]
Fig. 27 Mechanical speed of retardation test.
From the acquired speed data, the mechanical losses are obtained and a polynomial
function is used to fit its trend as a function of mechanical speed. In this way, it is
possible to estimate the mechanical loss above the nominal mechanical speed. In Fig.
28, the trend of mechanical losses as a function of mechanical speed n, is reported.
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Fig. 28 Mechanical losses obtained with retardation test.
The obtained values of mechanical losses are used to obtain the iron core losses.
Furthermore, a fit curve is employed between the two trends of iron core losses
obtained. In Fig. 29 the trend of iron core losses as a function of rotor mechanical speed

n, obtained with 3P4W scheme, Aron scheme and with the fit curve are reported.
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Fig. 29 Iron core losses estimated.

The values of the core loss resistance R. as a function of rotor mechanical speed n,

obtained from the iron core losses fit curve are reported in Fig. 30.
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Fig. 30 Core loss resistance.
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2.4 Experimental investigations for the determination of minimum
loss operation points

In order to study the performances of loss models, several experimental tests have been
carried out on electric drive under test. The goal is the determination of minimum loss
operation points of IPMSM in stationary working conditions or for fixed values of
mechanical speed and load torque. In detail, two experimental investigations were
carried out. In the first experimental investigation, the IPMSM performances at
fundamental harmonic of electrical quantities have been analyzed. While in the second
experimental investigation, in addition to the IPMSM performances, the performances
of the entire electrical drive or Power Drive System (PDS), including the inverter, have
been analyzed considering the entire harmonic content of electrical quantities. In this
way, it is possible to evaluate the possible advantages derived by the use of the loss
model control on the overall electric drive performances. For this purpose, a WT330
power analyzer (Yokogawa Inc) and a PZ 4000 three-phase power analyzer (Yokogawa
Inc) have been employed, respectively, to measure the absorbed power at the input
section of the converter and at the input section of IPMSM. The output mechanical
power of IPMSM has been measured by the digital dynamometer DSP6001 of

hysteresis brake. In Fig. 31, a schematic representation of the test bench is reported.
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Fig. 31 Schematic representation of the test bench.
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The sampling frequencies are 100 kHz and 1 MHz, for WT330 power analyzer and PZ
4000 three-phase power analyzer, respectively. The experimental investigations carried

out and the results obtained are described in detail below.

2.4.1 Experimental investigations on electrical drive performance in
correspondence of electrical quantities fundamental harmonic

In order to achieve the goals described in the previous section, through the use of the
implemented FOC, the motor has been driven with a reference speed in the range 500 to
4000 rpm, with steps of 500 rpm, obtaining eight different speed tests. In addition, for
each speed condition, several torque load has been applied to the motor shaft, from 0%
(no-load condition) to 100% (full load condition) of load torque rated value T, with
steps of 25%, obtaining 40 overall working conditions with defined values of speed and
load. Furthermore, for each test, a specified IPMSM magnetization level has been set by
acting on the value of the direct-axis current iy of the control system. In particular, the iq
value has been varied from -2.4 A to +2.4 A with steps of 0.2 A. In detail, for each test,
25 different magnetization conditions have been employed. Hence, from the
measurement system of the proposed test bench, it is possible to detect the iy values that
minimize the absorbed power or the power losses of IPMSM for each working
condition. As example, the power losses trends of the IPMSM AP as a function of iq
at 500 rpm and 3000 rpm, for each load condition, are reported in Fig. 32 and Fig. 33

respectively.
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Fig. 32 Power losses vs iq for different load conditions at 500 rpm.
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Fig. 33 Power losses vs iq for different load conditions at 3000 rpm.

As it is possible to notice, the minimum value of power losses APn: is obtained for a
negative value of the ig current. By changing the applied load, the minimum value of
APmat Slides through higher negative values of the direct-axis current iy, as shown in the
figures above mentioned. Fig. 34 and Fig. 35 show the APy VS ig characteristics
parametrized as a function of the reference speed, maintaining the applied load fixed at

50% and 100% of its rated value, respectively.
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Fig. 34 Power losses vs iy for different reference speeds at 50%o of its rated load.
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Fig. 35 Power losses vs iq for different reference speeds at its rated load.

As expected, it can be noticed that the minimum values of power losses APy are
obtained for negative values of iq. In addition, by increasing the applied load, the related
peaks are detected for higher negative values of iy. Furthermore, the trends of detected
values of dg-axis currents of minimum power loss operating points as a function of the

applied load and angular speed are reported in Fig. 36 and Fig. 37, respectively.
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Fig. 36 Direct-axis and quadrature-axis current values as a function of the applied load for each reference
speed.
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Fig. 37 Direct-axis and quadrature-axis current values as a function of the reference speed for each load
condition.

As it is possible to notice, a load increase determines a significant increase of the iq
component, while the iy value is smoothly decreasing. Instead, the angular speed
increase determines a significant decrease of the iy component, while the i; component
maintains a value almost equal to its rated value. It appears evident that the minimum
value of the power losses is obtained for values of iy that increase towards negative
values when the angular reference speed is increased. The behaviour of the amplitude of
dg-axis currents is justified by the expression of output electromagnetic torque (1.47),
where, for constant values of the generated electromagnetic torque, an iy decrease
implies an increase of the iy amplitude. However, these variations are not linear. Thus,
with the measurements here shown, it can be stated that it is always possible to
determine, for each motor operating condition, a specified iy value that minimizes the
power losses (or maximizes the IPMSM efficiency). The results obtained will be used to

validate the performances of loss models.

2.4.2 Experimental investigations on electrical drive performances considering
the entire harmonic content of the electrical quantities

The previous experimental investigation provides the data needed to validate the loss
mathematical models derived by the IPMSM mathematical model, at fundamental
harmonic, previous described. In order to evaluate the possible real impact of the Loss
Model Algorithm (LMA) about the overall performance of the electrical drive, it is
necessary to evaluate the performances of electrical drive respect to the entire harmonic

content of electrical quantities. Moreover, it is not sufficient to evaluate only the
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IPMSM performance but also those of the converter and, therefore, of the entire power
drive system (PDS). In this sense, in order to evaluate the performances of electrical
drive respect to the entire harmonic content of electrical quantities, several experimental
investigations have been performed. With the aid of the test bench (Fig. 31), it is
possible to detect the iy values that minimize the absorbed power or the power losses of
IPMSM and PDS for each working condition. In detail, through the use of the
implemented FOC, the IPMSM has been driven with a reference speed in the range of
1000 to 4000 rpm, with steps of 1000 rpm, obtaining four different speed tests. In
addition, for each speed condition, several torque load has been applied to the motor
shaft, from 0% (no-load condition) to 100% (full load condition) of load torque rated
value T, with steps of 25%, obtaining 20 overall working conditions with defined values
of speed and load. Furthermore, for each test, a specified IPMSM magnetization level
has been set by acting on the value of the direct-axis current iy of the control system. In
particular, since from the previous experimental investigations it is clear that the
minimum of power losses is in correspondence of negative values of ig, the iy range has
been slightly reduced in comparison with the previous investigation and the ig value has
been varied from -2.4 A to +1.8 A with steps of 0.2 A. In detail, for each test, 22
different magnetization conditions have been employed. As example, the power losses
trends of the PDS APqs and of IPMSM 4Py as a function of ig at 2000 rpm and 4000
rpm, for each load condition, are reported in Fig. 38, Fig. 39, Fig. 40 and, respectively.
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Fig. 38 PDS power losses vs iq for different load conditions at 1000 rpm.
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Fig. 39 PDS power losses vs iq for different load conditions at 4000 rpm.
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Fig. 40 Motor power losses vs iy for different load conditions at 1000 rpm.
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Fig. 41 Motor power losses vs iy for different load conditions at 4000 rpm.
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As it is possible to notice, the minimum value of power losses of PDS 4Py and the
motor APy IS obtained in correspondence of negative values ig current. Moreover,
unlike the results obtained from the experimental investigations at the fundamental
harmonic, both for the PDS and for the motor, the trend of power losses, for applied
load until to 75 % of rated value, is fairly flattened near the minimum value or in
correspondence of negative value of iy current. This fact implies, as the current
decreases towards negative values, a negligible or no appreciable reduction in power
losses. Fig. 42, Fig. 43, Fig. 44 and Fig. 45 show the trend of APyqs and APpq as a
function of iy current parametrized as function of the reference speed, maintaining the

applied load fixed at 50% and 100% of its rated value, respectively.
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Fig. 42 PDS power losses vs iq for different reference speeds at 50% of its rated load.
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Fig. 43 PDS power losses vs iy for different reference speeds at its rated load
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Fig. 44 Motor power losses vs iy for different reference speeds at 50% of its rated load.
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Fig. 45 Motor power losses vs iy for different reference speeds at its rated load.
As expected, it can be noticed that the minimum values of power losses APygs and APt
are obtained for negative values of iy current. In details, at 50 % of rated load, it is
possible to see that the minimum of power losses, both for PDS and for the motor, are
obtained for iy current value slightly negative or close to 0 A. Similar results were also
obtained for lower values of the applied load (<50% T,). Only at high applied load, the
related minimum of power losses is detected for higher negative values of iy current.
The trends of detected values of dg-axis currents of minimum power loss operating
points as a function of the applied load and angular speed are reported in Fig. 46, Fig.

47, Fig. 48 and Fig. 49, respectively.
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Fig. 47 dq current values of minimum power loss operating points of the motor as a function of the applied

load at each reference speed.
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Fig. 48 dq current values of minimum power loss operating points of the PDS as a function of the reference

speed at several load conditions.
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Fig. 49 dq current values of minimum power loss operating points of the PDS the motor as a function of the
reference speed at several load conditions.

As it is possible to notice, a load increase determines a significant increase of the iq
current, while the iy value is smoothly decreasing. Instead, the angular speed increase
determines a slight decrease of the iq current, while the i; component maintains a value
almost equal to its rated value. These observations are valid both for power losses of
PDS 4Ppgs and for power losses of the motor APne. Also, in this case, the behaviour of
the amplitude of dg-axis currents are not linear. Respect to the results obtained from the
previous experimental investigations, the minimum value of the power losses is
obtained for lower negative values of iq current, especially for high load and high speed.
These results will be used to evaluate the possible effectiveness of LMAS on the overall
performances of the electric drive under test.
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2.5 Performances study of IPMSM mathematical models in Matlab®
environment

An accurate estimate of the minimum losses or maximum efficiency operating point of
IPMSM, for fixed speed and load conditions, is necessary to obtain good performances
with the use of LMAs. The mathematical model of power losses are derived by the
IPMSM conventional mathematical model that take into account the iron losses,
described in section 1.3.3, and, in details, the expressions of controllable power losses

are:

3 Wy Lgiog\ wrApg + Laiog)\ (2.17)
Peu(ioas tog @r) =§R{[(iod—M) +<ioq o P@rCow + La od)) ]}

Rc Rc
o 3w )1, . N2 . (2.18)
Pre (loas log wy) = Z—R: [(Lq loq) + (Apy + Ldlod)z]
Pc(iod: ioqr wr) = Pcu(iod' ioq' wr) + Pfe (iod' ioq' wr) (2-19)

The total controllable losses are a function of wy, iod, log, Ld, Lg, Apm, R @and Rc. The last
five elements are not adjustable parameters and, for a stated motor working condition
(namely load and speed), neither e, or i,q can be used to control the motor losses.
Therefore, the motor efficiency can be controlled only by acting on the iy value, but,
since for a stated motor working condition the icq value is constant, the power losses can
be controlled by directly adjusting the direct-axis current ig. In order to carry out an
accurate estimation of the minimum losses point, it is necessary to take into account the
variation of the motor parameters that influence its efficiency. For this purpose, two
power loss models are taken into account. In the first loss model, a traditional approach
is taken into account where the parameters are constant. In this case, the self and cross-
saturation phenomena and the variation of iron loss resistance with the supply frequency
are not take in consideration. The second loss model is a variable parameter model,
where the values of parameters are a function of working conditions or dg-axis currents
of the IPMSM. The goal is to take into account the effects of self-saturation in dg-
inductances (Lq(ig), Lq(ig)), the cross saturation effect in the stator flux linkage due the
PMs Jpwm(iq) and the variation of iron loss resistance R with the supply frequency or the
mechanical speed w, of the IPMSM. From the experimental characterization carried out,
both the values of nominal parameters to be used in the constant parameters loss model
and the parametric variations to be used in the variable parameter loss model have been
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deduced. In detail, as values of nominal parameters, the average values of each

parameter were chosen and they are reported in Table 7.

Table 7 Rated values of the parameters of IPMSM under test

Average stator resistance R 2.32 Q
Direct-axis inductance Lgq 7.5mH
Direct-axis inductance Lq 11 mH
PMs stator flux linkage Apm 0.0842 Wb
Iron loss resistance R. 540 Q

Contrariwise, through a polynomial interpolation, the equations, that describe the

variation of the parameters according to the working conditions of the machine, have

been deduced and listed below:

APM(iq) =a;- lCZI + bl ' iq +c; (220)
Ld(id) = aLd ' l(,?l + de ' Ildl + CLd (221)
Lq(iq) = ay, - iG + by, " |ig| + by, (2.22)
R.(w,) = agw? + by * w, + cg (2.23)
where the coefficients values are reported below:
Wb Wb H H
algw] | wlm] | el | alg] | oz |
-12.65-10° | 81.62-10° 0.0841 -3.222-10° | -3.979-10* | 7.582-10°
H H Q-s? Q-s
g [ﬁ] bi, [K] b1, A “r lrad2 l br [rad & 10]
-6.14-10" | -3.069-10" | 13.46-10° | -3.416-107 0.3423 75.65

Therefore, in order to validate the loss mathematical models, a comparison study with

experimental data obtained by the experimental investigations, have been performed in

the Matlab environment.
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2.5.1 Implementation of the IPMSM mathematical model in Matlab environment

For the purpose concerning the determination of the minimum loss operating point of
IPMSM, the loss models, previous described, have been implemented in a script in the
Matlab environment. Regarding the implementation of the mathematical model of
IPMSM, it is necessary to define which quantities are mathematical independent and
which are mathematically dependent. In this study, the dg-currents have been chosen as
independent variables, making all the other quantities of interest dependent on them. In
detail, in order to define the elements of each current component vector ([ig].[iq]), the
minimum value, the maximum value and the amplitude of the step between two
consecutive elements are defined. Therefore, from each possible combination of dg-axis
current, defined the values of the parameters and the value of supply frequency or the
mechanical speed, the values of each current components of the mathematical model of

IPMSM are determined with the following relationships:

Lo (i N iqwekLgy a)eszd/lpM> y <1 N weszd/lpM) (2.24)
od = | la - 2 I E—
RC Rc Rc
. . Apm + Lgiog (2.25)
e
c

lcqg = lg = log (2.26)
icq = ig — log (2.27)

From these quantities, it is possible to obtain the values of the copper losses, iron losses,
total controllable losses and the electromagnetic torque with the equation (2.17), (2.18),
(2.19) and (1.47), respectively. In detail, each pair of (ig, i) values represents a possible
working condition of the IPMSM to which corresponds a defined value of the
components of the controllable losses and of the electromagnetic torque. In Fig. 50, Fig.
51, Fig. 52 and Fig. 53 the trends of total controllable losses, copper losses, iron losses

and electromagnetic torque as a function of dg-axis currents iq, i are shown.
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Fig. 50 Total controllable losses as function of dg-axis currents ig, ig.

Fig. 51 Copper losses as function of dg-axis current ig, ig.

Fig. 52 Iron losses as function of dg-axis current ig, iq.
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Fig. 53 Electromagnetic torque as a function of dg-axis current ig, ig.

The problem concerns the detection of the minimum loss operating point for fixed
working conditions, in terms of speed and load torque, presents multidimensional
character. In detail, it is necessary for the identification of dg-currents values that
generate a precise torque value. This step is obtained with a binary research algorithm

that finds all element of torque matrix [Tem] that satisfy the following relationships:

Tem min < Tem < Tem max (2-28)
Tommax = Tom + 0.01 % T, (2.29)
Tommin = Tom — 0.01 % T), (2.30)

Where Tem , Tem min. and Tem max are the desired value of load torque, the maximum and
minimum research extremes of the desired value of load torque, respectively.
Consequently, it is possible to identify the values of each component of controllable
power loss and of each current component. For example, in Fig. 54 the trend of
controllable losses, copper losses and iron losses as function of d-axis current ig at

3000 rpm and without torque load applied is shown.
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Fig. 54 Total controllable losses P, copper losses P, and iron losses P, as a function of d-axis current iy at
3000 rpm and without load applied.

Below the comparison between the data obtained from the loss models and the

experimental data are shown and discussed.

2.5.2 Results and comparison analysis

For the purpose concerning the validation of loss models, the reference working
conditions of the machine, analyzed in the experimental tests, have been taken into
consideration. In detail, the reference speed varies in the range 1000 to 4000 rpm, with
steps of 1000 rpm and for each reference speed, the load torque varies from 0% (no-
load condition) to 100% (full load condition) of load torque rated value T, with steps of
25%. A first comparison is performed with the experimental data acquired at
fundamental harmonic. In Fig. 55, Fig. 56 and Fig. 57 the comparison between each
component of controllable losses obtained from the constant parameter loss model and
from the experimental investigation, at fundamental harmonic, at 2000 rpm and for no-
load condition, applied load torque equal to 50% and 100% of rated load, are shown,

respectively.
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Fig. 55 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at fundamental harmonic (2000 rpm, T, =0% T,).
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Fig. 56 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at fundamental harmonic (2000 rpm, Tem =50% T,).
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Fig. 57 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at fundamental harmonic (2000 rpm, T, =100% T,,).
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As it is possible to notice, the controllable losses evaluated with the constant parameter
model differ to a greater extent from experimental ones at fundamental harmonic, in
correspondence of high load torque (Tem =50% T,). Moreover, as the speed increases,
this difference is enhanced. This behaviour can be deduced from Fig. 58, Fig. 59 and
Fig. 60, where the comparisons between the controllable losses of constant parameters
loss model and those obtained from experimental investigations at 3000 rpm are

reported.
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Fig. 58 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at fundamental harmonic (3000 rpm, Tem =0% Th).
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Fig. 59 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at fundamental harmonic (3000 rpm, T, =50% T,,).
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Fig. 60 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at fundamental harmonic (3000 rpm, T,,, =100% T,,).

These results are justified by the increase in the mechanical speed and the applied load
which results in an increase in the absorbed current which determines parametric
variations that are not taken into consideration by this loss model. The same
investigation has been performed for the variable parameters loss model. In particular,
in Fig. 61, Fig. 62 and Fig. 63 the comparison between each component of controllable
losses obtained from the variable parameter loss model and from the experimental
investigation, at fundamental harmonic, at 2000 rpm and for no-load condition, applied
load torque equal to 50% and 100% of rated load, are shown, respectively.

150 —PC Model
—P__ Model
cu
—Pf Model
e
100 *+PC EXp
=, cu
% +Pfe EXp

50

Fig. 61 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at fundamental harmonic (2000 rpm, T, =0% T,).
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Fig. 62 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at fundamental harmonic (2000 rpm, T, =50% T,).
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Fig. 63 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at fundamental harmonic (2000 rpm, Tem =100% T,).

In this case, as it possible to be noticed, the controllable losses evaluated with the
variable parameters loss model are more accurate compared to the previous ones when
the applied load increases. Similar results are obtained also for high-speed values. This
behaviour can be appreciated by the results reported in Fig. 64, Fig. 65 and Fig. 66,
where the comparisons between the controllable losses of variable parameters loss
model and those obtained from experimental investigations, at nominal mechanical

speed of 4000 rpm, at same torque load conditions, are reported.
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Fig. 64 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at fundamental harmonic (4000 rpm, T, =0% T,).
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Fig. 65 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from experimental investigation at fundamental harmonic (4000 rpm, Tem =50% T,).
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Fig. 66 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at fundamental harmonic (4000 rpm, Tem =100% Th).
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The analysis for the other reference speeds and torque load conditions provides similar

results with respect to the study cases described. Therefore, it is possible to assert that

taking into consideration the parameter variations determines a greater accuracy in the

estimation of controllable losses at the fundamental harmonic. Particular attention must

be paid to minimum loss operating points, especially to the value of d-axis current iq

where they are detected. This analysis is fundamental since the d-axis current iq is the
control variable of LMAs. Therefore, in Table 8, Table 9, Table 10 and Table 11 the

minimum loss operating points detected with constant parameters model (LM1), with

variable parameters model (LM2) and experimental tests at fundamental harmonic are

reported (Tests 1 harmonic).

Table 8 Minimum loss operating points detected with LM1, LM2 and experimental test at fundamental
harmonic at 1000 rpm.

LM1 LM2 Tests 1 harmonic

@r=1000 rpm | _ i i

lgmt [A] | Poums [W] | Gaume[A]l | Peum2[W] | ddexp [A] | Peexp[W]

Tem=0% T, -0.055 1.953 -0.075 2.732 -0.2 1.608
Tem=25% T, -0.055 7.230 -0.265 8.075 0 4,354
Tem=50% T, -0.215 21.999 -0.565 21.880 -0.8 18.572
Tem=75% T, -0.585 46.026 -1.106 43.019 -0.8 43.914
Tem=100% T, -0.986 78.667 -1.626 72.868 -1.4 72.360

Table 9 Minimum loss operating points detected with LM1, LM2 and experimental test at fundamental
harmonic at 2000 rpm.

LM1 LM2 Tests 1° harmonic

@r=2000 rpm | __ - -

lgmt [A] | Poume [W] | Gaume[A]l | Peum2[W] | ddexp [Al | Pecexp[W]

Tem=0% T, -0.135 7.769 -0.174 6.645 -04 6.620
Tem=25% T, -0.195 13.462 -0.390 12.253 -04 8.064
Tem=50% T, -0.505 28.883 -0.751 26.349 -0.6 20.114
Tem=75% T, -0.655 53.684 -1.255 47.917 -1.8 47.254
Tem=100% T, -1.146 87.258 1.832 78.597 -1.8 75.860
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Table 10 Minimum loss operating points detected with LM1, LM2 and experimental test at fundamental
harmonic at 3000 rpm.

LM1 LM2 Tests 1% harmonic

@y=3000 rpm | _ i i

lgmt [A] | Poume [W] | Gaume[A]l | Peum2[W] | ddexp [Al | Peexo[W]

Tem=0% T, -0.175 17.230 -0.311 11.570 -0.2 4,810
Tem=25% T, -0.605 23.232 -0.53 17.450 -0.8 8.504
Tem=50% T, -0.766 39.451 -0.857 31.886 -1.4 24.870
Tem=75% T, -0.986 65.323 -1.337 53.99 -1.4 48.986
Tem=100% T, -1.416 100.164 -1.774 85.489 -1.6 87.822

Table 11 Minimum loss operating points detected with LM1, LM2 and experimental test at fundamental
harmonic at 4000 rpm.

LM1 LM2 Tests 1% harmonic

@r=4000 rpm | _ - :

iguve [A] | Pouvz [W] | igimz[A] | Peum2lWI | igexp [A] | Pecexp[W]

Tem=0% T, -0.625 29.345 -0.246 18.124 -0.4 14.898
Tem=25% T, -0.746 36.137 -0.682 24.105 -0.8 11.048
Tem=50% T, -1.036 53.279 -0.944 39.010 -1.6 25.800
Tem=75% T, -1.296 80.376 -1.403 61.780 -2 52.460
Tem=100% T, -1.776 116.927 -1.982 94.440 2.4 83.980

The minimum loss operating points of the loss model, which are closer to those found
experimentally, are highlighted in green. As it is possible to notice, the variable
parameters loss model provides d-axis current value more accurate in comparison to
those obtained with constant parameters loss model in most of the analyzed working
conditions. In detail, the performances of the variable parameter loss model are better at
high load torque and, only for low load torque, are slightly worse or comparable than
those obtained with constant parameter loss model. Moreover, the controllable losses,
detected with experimental investigations, show a decreasing trend as the current iq
increases towards negative values, especially for medium/high load torque. Therefore,
since the detected values of the current iy with constant loss parameters model are
higher than those obtained with the variable parameter loss model, the latter leads to

lower controllable losses.
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In order to evaluate the possible real impact of LMAs, that employ the loss models
described, about the overall performance of the electrical drive, an additional analysis is
performed about the losses evaluated by considering the entire harmonic content of
electrical quantities. In detail, the comparisons between the controllable losses of
constant parameters loss model and those obtained from experimental investigations at
1000 rpm, evaluated on the entire harmonic content of the electrical quantities, are

reported in Fig. 67, Fig. 68 and Fig. 69.
140
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Fig. 67 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at entire harmonic content (1000 rpm, Te,, =0% T,).
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Fig. 68 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at entire harmonic content (1000 rpm, T, =50% T,,).
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Fig. 69 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at entire harmonic content (1000 rpm, Tem =100% T,).

As it is possible to notice, the controllable losses evaluated with constant parameters
loss model present a lower amplitude in comparison with those obtained from
experimental investigations. In particular, the difference between the total controllable
losses obtained can be attributed to the difference between the amplitudes of the iron
losses, unlike those of copper which are very similar. This behaviour can be explained
on the base that the absorbed currents by the machine present reduced harmonic
content, due to the filtering action of the machine inductances, while the applied voltage
present high harmonic content, due to the Pulse Width Modulation (PWM) of the
inverter. Moreover, as the speed increases, similar results have been obtained. By way
of example, the comparisons between the controllable losses of constant parameters loss
model and those obtained from experimental investigations at 3000 rpm are reported in
Fig. 70, Fig. 71 and Fig. 72.
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Fig. 70 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at entire harmonic content (3000 rpm, T, =0% T,).
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Fig. 71 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at entire harmonic content (3000 rpm, T, =50% T,).
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Fig. 72 Comparison between each component of controllable losses obtained from constant parameter loss
model and from experimental investigation at entire harmonic content (3000 rpm, T, =0% T,).

The same investigation has been performed for the variable parameters loss model. In
particular, the comparison between each component of controllable losses obtained
from the variable parameter loss model and from experimental investigation, evaluated
on the entire harmonic content of the electrical quantities, at 1000 rpm and for no-load
condition, applied load torque equal to 50% and 100% of rated load, are shown in Fig.

73, Fig. 74 and Fig. 75, respectively.
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Fig. 73 Comparison between each component of controllable losses obtained from variable parameter loss
model and from experimental investigation at entire harmonic content (1000 rpm, Tem =0% Th).
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Fig. 74 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from experimental investigation at entire harmonic content (1000 rpm, T, =50% T,).
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Fig. 75 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at entire harmonic content (1000 rpm, Tey, =100% T,).
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Also in this case, for the same reasons before mentioned, the controllable losses
evaluated with the variable parameters model present lower amplitude in comparison
with those obtained from experimental investigations. Compared to the previous case,
when the applied load torque increases, there is a greater difference between the
estimated copper losses and those obtained from the experimental investigations.
Moreover, as the speed increases, similar results have been obtained. By way of
example, the comparisons between the controllable losses of variable parameters loss
model and those obtained from experimental investigations at 3000 rpm are reported in
Fig. 76, Fig. 77 and Fig. 78.
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Fig. 76 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at entire harmonic content (3000 rpm, Tem =0% T,).
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Fig. 77 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at entire harmonic content (3000 rpm, Tey, =50% T,).
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Fig. 78 Comparison between each component of controllable losses obtained from the variable parameter loss
model and from the experimental investigation at entire harmonic content (3000 rpm, Tem =100% T,).

The analysis for the other reference speeds and torque load conditions provides similar

results with respect to the study cases described. Particular attention must be paid to

minimum loss operating points, especially to the value of d-axis current iy where they

are detected. In Table 12, Table 13, Table 14 and Table 15 the minimum loss operating

points detected with constant parameters model (LM1), with variable parameters model

(LM2) and experimental tests at entire harmonic content are reported (Tests-all

harmonics).

Table 12 Minimum loss operating points detected with LM1, LM2 and experimental test at entire harmonic

content, at 1000 rpm.

LM1 LM2 Tests-all harmonics

@y=1000 rpm | _ . -

lgmt [A] | Pouma [W] | Gaume[A]l | Peum2[W] | ddexp [A] | Peexp[W]

Tem=0% T, -0.055 1.953 -0.0751 2.732 0 10.46
Tem=25% T, -0.055 7.231 -0.265 8.075 0 12.843
Tem=50% T, -0.215 21.999 -0.565 21.88 0 29.673
Tem=75% T, -0.585 46.026 -1.106 43.019 -0.2 57.510
Tem=100% T, -0.986 78.667 -1.626 72.868 -1 104.33
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Table 13 Minimum loss operating points detected with LM1, LM2, and experimental test at entire harmonic
content, at 2000 rpm.

LM1 LM2 Tests-all harmonics

@y=2000 rpm | _ i i

lgmt [A] | Poume [W] | Gaume[A]l | Peum2[W] | ddexp [Al | Peexo[W]

Tem=0% T, -0.1353 7.7691 -0.174 6.645 -0.2 21.997
Tem=25% T, -0.195 13.462 -0.390 12.253 -0.2 18.460
Tem=50% T, -0.505 28.883 -0.751 26.349 -0.2 36.510
Tem=75% T, -0.655 53.684 -1.255 47,917 -0.4 66.990
Tem=100% T, -1.146 87.258 1.832 78.597 -0.8 114.28

Table 14 Minimum loss operating points detected with LM1, LM2, and experimental test entire harmonic
content, at 3000 rpm.

LM1 LM2 Tests-all harmonics
@r=3000 rpm | _ i i

iguve [A] | Pouvz [W] | igimz[A] | Peum2lWI | igexp [A] | Pecexp[W]

Tem=0% T, -0.175 17.230 -0.311 11.570 -0.4 33.890
Tem=25% T, -0.605 23.232 -0.530 17.450 0 26.667

Tem=50% T, -0.766 39.451 -0.857 31.886 -0.2 44,920

Tem=75% T, -0.986 65.323 -1.337 53.990 0 76.300
Tem=100% T, -1.416 100.164 -1.774 85.489 -0.8 124.330

Table 15 Minimum loss operating points detected with LM1, LM2, and experimental test at entire harmonic
content, at 4000 rpm.

LM1 LM2 Tests-all harmonics
@r=4000 rpm | _ i i

ld LM1 [A] Pc LM2 [W] Id LMZ[A] Pc LMZ[\N] Id exp [A] Pc exp[\N]

Tem=0% T, -0.625 29.345 -0.246 18.124 -0.4 46.983
Tem=25% T, -0.746 36.137 -0.682 24.105 0 36.307

Tem=50% T, -1.036 53.280 -0.944 39.010 -0.4 49.578

Tem=75% T, -1.296 80.376 -1.403 61.780 -0.4 86.077
Tem=100% T, -1.776 116.927 -1.982 94.440 -1 135.530

As it is possible to notice, the minimum loss operating points have been identified in

correspondence of iy negative value lower than those identified in the tests at

fundamental harmonic, especially for high load torque (Tem >50% T,). Furthermore, the

variation of the ig values of minimum loss operating points is very reduced respect those
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of the tests at fundamental harmonic, both when the applied load torque and reference

speed varies. Similar results are obtained for the losses of the entire power drive system

(PDS), which includes the losses of the inverter. Regarding the controllable losses

obtained from the experimental tests at entire harmonic content, as opposed to those

obtained from the fundamental harmonic tests, they have comparable values for

different negative values of ig or their variation is very limited in amplitude, especially

for high load torque. All this implies, that a significant variation of the iy current

corresponds to very small or negligible variations in overall controllable losses and

consequently making the action of the LMAs ineffective. In order to highlight this

result, in Table 16, Table 17, Table 18 and Table 19 the minimum loss operating points

of IPMSM and PDS detected with experimental tests are reported.

Table 16 Minimum loss operating points of IPMSM and PDS detected with the experimental test at 1000 rpm.

@y=1000 rpm

IPMSM-1% harmonic

IPMSM-all harmonics

PDS-all harmonics

ig exp [A] i exp [A] I exp [A] Pem2[W] I exp [A] Pc exp[W]
Tem=0% T, -0.2 1.608 0 10.460 0 19.420
Tem=25% T, 0 4.354 0 12.843 0 27.340
Tem=50% T, -0.8 18.572 0 29.673 -0.2 50.370
Tem=75% T, -0.8 43.914 -0.2 57.510 -0.4 84
Tem=100% T, -1.4 72.360 -1 104.330 -1 138.430

Table 17 Minimum loss operating points of IPMSM and PDS detected with the experimental test at 2000 rpm.

IPMSM-1% harmonic

IPMSM-all harmonics

PDS-all harmonics

@r=2000 rpm
dexp [A] dexp [A] idexp [A] Pem2[W] idexp [A] Peexp[W]
Tem=0% T, -0.4 6.620 -0.2 21.997 0 30.420
Tem=25% T, -04 8.064 -0.2 18.460 -0.2 34
Tem=50% T, -0.6 20.114 -0.2 36.510 -0.2 58.470
Tem=75% T, -1.8 47.254 -0.4 66.990 -0.6 96.130
Tem=100% T, -1.8 75.860 -0.8 114.280 -1 151.470
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Table 18 Minimum loss operating points of IPMSM and PDS detected with the experimental test at 1000 rpm.

IPMSM-1% harmonic

IPMSM-all harmonics

PDS-all harmonics

@r=3000 rpm
ig exp [A] i exp [A] I exp [A] Peim2[W] Id exp [A] Pc exp[W]
Tem=0% T, -0.2 4.810 -0.4 33.890 -0.2 41.20
Tem=25% T, -0.8 8.504 0 26.667 -0.2 48.47
Tem=50% T, -1.4 24.870 -0.2 44.920 -0.4 68.47
Tem=75% T, -1.4 48.986 0 76.300 -0.4 107.87
Tem=100% T, -1.6 87.822 -0.8 124.330 -1.2 166

Table 19 Minimum loss operating points of IPMSM and PDS detected with the experimental test at 4000 rpm.

IPMSM-1% harmonic

IPMSM-all harmonics

PDS-all harmonics

@=3000 rpm
ig exp [A] i exp [A] I exp [A] Pem2[W] I exp [A] Pc exp[W]
Tem=0% T, -04 14.898 -04 46.983 0 52.50
Tem=25% T, -0.8 11.0478 0 36.307 0 54.23
Tem=50% T, -1.6 25.800 -0.4 49.578 -0.2 75.93
Tem=75% T, -2 52.460 -0.4 86.077 -0.4 121.23
Tem=100% T, -2.4 83.980 -1 135.530 -1 181.30

From results reported, it is possible to deduce that the values of iy current of minimum

loss operating points of PDS are similar to those detected for IPMSM at the

correspondence of the entire harmonic content of electrical quantities. These results

undoubtedly assert that the performances of the electric drive deriving from the use of

LMAs, based on a mathematical model defined at the fundamental harmonic, should not

be evaluated only with respect to the fundamental harmonic of the electrical quantities,

but they must be evaluated with respect to the entire harmonic content of the same

quantities.
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2.6 Discussion and considerations

The conducted analysis at fundamental harmonic shows that the use of LMA based on
loss model, that take into account the parameters variation with the working operating
conditions, would allow obtaining better performances in terms of efficiency on the
electric drive under test than the those obtainable with LMA based on constant
parameters loss model. However, if we refer to the experimental analysis carried out
with respect to the entire harmonic content of the electrical quantities, it is clear that the
performances of the two loss models are comparable. This study highlights how the
harmonics of electrical quantities, such as supply voltages and absorbed currents,
generate a no-negligible contribution of active power with respect to that evaluated at
the fundamental harmonic and such as to compromise the effectiveness of the LMAS
based on IPMSM mathematical models defined at fundamental harmonic. Although this
result may be characteristic of the electric drive under test, and different results can be
obtained for other electric drives especially for high power electrical drives, it is
necessary to highlight some critical aspects identified during the experimental
investigations. In detail, a crucial aspect concern to make an accurate analysis of the
harmonic contents of the electrical quantities and to identify the frequency limit beyond
which any power contributions are negligible. This analysis is fundamental for the
accurate selection of the sampling frequencies.

Another critical aspect found concerns the measurement of the active power absorbed at
the input section both of the motor and the PDS. In particular, at steady-state conditions,
it presents no-neglible variations that make its average estimate complex to achieve.
This behaviour must certainly be attributed to the controller that acts instant by instant
on the control variables or the inverter used. Therefore, in order to evaluate the
efficiency or the power losses of the electrical drive in an accurate way and make the
active power variations negligible, it is necessary to carry out an analysis at the mean
values with respect to the time.

In addition, particular attention must be paid to the uncertainty of measurement
concerning both systematic and random errors, identifying possible causes and actions
to be taken to limit their effects. Therefore, any benefits deriving from the use of a
control algorithm require the accurate determination of the efficiency of the electric
drive being tested. In the experimental investigations carried out, these aspects have not
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been neglected, and specific measures have been taken regarding the measurement
instruments used, such as the choice of high sampling rates. However, the three-phase
power analyzers used are not very flexible to carry out accurate investigations on the
critical aspects listed. By way of example, the three-phase power analyzers are equipped
with a function that evaluates the average value of the quantities of interest on multiple
acquisitions but with pre-implemented mathematical relationships that cannot be
modified. In the next chapter, in order to define an accurate way to estimate the

efficiency of the electric drives, these aspects will be addressed and accurately analyzed.
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Chapter 3 Efficiency measurement of electric drives equipped
with IPMSM

3.1 Introduction
The achievement of high efficiency, in the electric drives field, leads to a reduction in
the total power losses and therefore a considerable energy saving. Following the
instructions of the various performance standards required for the electric motors and
drives, it is now very important to evaluate their performance with the most accurate
measurement methods possible. In recent years, standardized methods have been
recently proposed and discussed in the literature in order to determine the efficiency of
electric drives [I11.1]-[111.10]. In detail, until to the 2014/2015, the only existing
international standards were the standard IEC 60034-2-1/2 [I11.1]-[I11.2], that describe
the standard methods for determining losses and efficiency from tests of rotating
electrical machines fed by electrical grid, and the standard IEC 60034-2-3 [111.3], that
describes the specific test methods for determining losses and efficiency of converter-
fed AC induction motors. These international standards are an excellent reference for
induction machines, dc machines, and wound-field synchronous machines but there are
not specific prescriptions with regard to PMSMs. Moreover, the machines for traction
vehicles are not part of the application fields of these international standards. The recent
guide IEEE Std 1812-2014 [l11.4] describes the instructions for conducting tests to
determine the performance characteristics and machine parameters of PMSMs. This last
reference focuses on the determination of the parameters and the efficiency of PMSMs
but does not provide clear and detailed instructions on determining the efficiency of the
whole electric drive. In this sense, the new standard IEC 61800-9 [I11.5]-[I11.6] tries to
fill the gaps present in the previous international standards, describing not only the test
methods for determining the efficiency of the machine fed by power electronics
converters but also the efficiency of each component of the adjustable speed electrical
power drive systems and, therefore, the total efficiency of electrical drive. In this
chapter, the prescriptions of standards IEC 60034-2, IEEE Std 1812-2014 and IEC
61800-9 are presented and discussed. Furthermore, with reference to the topic of
comparison between the performances of the electric drive controlled with different

control algorithms, an innovative method for determining the efficiency variation of the
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adjustable speed electrical power drive systems is described. In detail, the design of the
test bench and the experimental validations are described and discussed.

3.2 Measurement methods of electric drives efficiency
The efficiency of any electrical machines or any other energy system is defined as the
ratio between the output power Py, and the input power Pjy:

PO'U.t
= 1
=3 (3D

The efficiency is an index of the system ability to limit the losses that are inevitably

present. Referring to the field of electrical drives, the international standard IEC 61800-
9 defines the electrical drive as an extended product (EP) formed by several parts (Fig.
79). In details, there are:

e the complete drive module (CDM) consisting of the electronic power converter
connected between the electric supply and a motor as well as extensions such as
protection devices, transformers, and auxiliaries;

e the power drive system (PDS) that includes CDM and the motor;

e the motor system (MS) that includes the PDS and motor control equipment
(motor starter, contactor, etc);

e the driven equipment (DE) consisting of equipment mechanically connected to
the shaft of the motor, including the load.

Extended product

/ Motor system
Power drive system (PDS)
Complete drive module (CDM) Driven equipment
Mains s Basic 3
and Feeding = drive = Trans- || Load
mains : section [ | 5 | module S mission machine
cabling 1 2 (BDM) 2
1
1
1
1
1
: Motor starter
| R > (contactor, fkeemecc=a
softstarter, etc.)

— iz
~
Motor control equipment = CDM or starter

Fig. 79 lllustration of the extended product (EP).

IEC
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For the purpose of this research work on the electrical drive described in the previous
chapter, the electrical drive diagram, reported in Fig. 80, will be used as reference.
PDS

o | | —uuuudc link . | load
llac 1 DC 7/M\l %
DC Acll [ X"/

10 2 3

Fig. 80 Diagram of electrical drive.

In detail, the input section of PDS (1), the output section of CDM (2) and the output
section of PDS (3) are highlighted with blue segments. Therefore it is possible to define
the efficiency of PDS, the efficiency of CDM and the efficiency of the motor with the
following relationships:

Dops = P (3.2)
PDS — 5
P

0 b (3.3)
CDM — &
Py

_ Py (3.4)

v = P,

Therefore, it is possible to estimate each efficiency component by means the
measurement of the electrical power at the PDS input section, at the CDM output
section and the mechanical power at the motor output section. This procedure represents
the direct measurement method of the PDS efficiency. Otherwise, it is possible to
estimate each efficiency component with an indirect measurement method that requires
the estimation of each component of power losses and, consequently, the total power
losses AP. To measure the efficiency of an electric machine with the indirect method,
the standard IEC 60034-2-1 provides the following relationships:

_ P —AP (3.5)
==
__ Pour (3.6)
T=Pp _+AP

Where the equation (3.5) is suggested for motor operation, while the equation (3.6) is
suggested for generator operation. In details, for the case study, the complete drive

95



module total losses 4Pcpm and the motor total losses APy can be defined with the

following relationships:

APcpy = PL — P, (3.7)
APy = P, — P; (3.8)
Therefore the equation for the determining of PDS efficiency with the indirect method
Is:

- P, — (APC;;M + APy) (3.9)

In this case, the estimation of PDS efficiency requires only the measurement of the
powers in each section showed before (Fig. 80). Otherwise, in order to estimate the
value of 4Pcpyv and the APy, with indirect method, the evaluation of each component of
motor power losses and of complete drive module power losses is necessary. The
requirements suggested by each international standard for estimating the efficiency with

direct and indirect measurement methods are described in more detail below.

3.2.1 Standard IEC 60034-2

As already mentioned, the standard IEC 60034-2-1/2 deals with the methods of
measuring the efficiency of electrical machines directly connected to the electrical grid
or powered with sinusoidal voltage. Instead, the standard IEC60034-2-3 concerns the
induction machines powered by an inverter, or with distorted voltage and current
waveforms. The main limitation of these standards is the application field that doesn’t
include the PMSMs, the electrical machines for traction vehicles and, regard the
IEC60034-2-3, it is valid only for the induction machine. However, the main
prescriptions reported in these standards can be taken into account and extended to the
PMSMs. In this discussion, reference is made to the standard IEC60034-2-1, since the
standard IEC60034-2-2 represents a supplement for high-power machines and,
therefore, not of interest for the purposes of this work. In detail, the methods
recommended for efficiency estimation by the standard IEC60034-2-1 vary depending
on the size, type of machine and objective measurement uncertainty.

For induction machines with a size lower than 1 kW, the direct method is recommended
as it presents lowest uncertainty. A second low uncertainty method is the method with

two twin machines in mechanical opposition with separate power supplies. Between the
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two methods, the first is easier to apply, since it does not require two twin machines. If
the size of the induction machine is greater than 1 kW, the indirect method is required
with the determination of the additional load losses starting from the residual load
losses. A low uncertainty method that exploits the measurement of total losses is that
with two twin machines in mechanical opposition, but with the same electrical power
supply. Other methods present medium or high uncertainty. For methods that use
calorimeters or calibrated machines, the standard does not provide any indication about

the uncertainty. Table 20 summarizes the efficiency measurement methods described.

Table 20 Efficiency measurement methods according to IEC 60034-2-1 for induction machines.

INDUCTION MACHINES

Method Method suggested Uncertainty
Direct method, including a Single-phase and
measure of speed and polyphase machines with Low
torque Pn<1kW

Direct method, with two
twin machines in
mechanical opposition, Low

with separate power

supplies

Indirect method, with the _ )
o Three-phase machines with
determination of the Low
- 1kW <P, < 150 kW
additional load losses

Indirect method, with two
twin machines in

mechanical opposition, Low

with the same electrical

power supply

Calorimeter To be determined
Calibrated machine To be determined
Other method Medium/High
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For synchronous machines, the standard proposes similar methods. In this case, the limit
within which the direct low uncertainty method can be applied is given in terms of
height H of the shaft axis line with respect to the support plane. The method with two
twin machines in mechanical opposition with separate electrical connections presents,

now, medium uncertainty. See for more details the Table 21.

Table 21 Efficiency measurement methods according to IEC 60034-2-1 for synchronous machines.

SYNCHRONOUS MACHINES

Method Method suggested Uncertainty
Direct method, including a
measure of speed and Machines with H <180 mm Low
torque

Direct method, with two
twin machines in
mechanical opposition, Medium

with separate power

supplies

Indirect method, with the
determination of the Machines with H > 180 mm Low

additional load losses

Indirect method, with two
twin machines in

mechanical opposition, Low

with the same electrical

power supply

Calorimeter To be determined
Calibrated machine To be determined
Other method Medium/High

Regarding the power supply voltage and frequency features, they must comply with IEC
60034-1. The standard suggests that the analog instruments should preferably be used

over 2/3 of their full-scale value. The accuracy class, for the measurement of electrical
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quantities, must be 0.2%. The torque meter, if used, must have an accuracy of £ 0.2% of
the full-scale value. The frequency meter must have an accuracy of £ 0.2% of the full-
scale value. The speed measurement should be accurate to 0.1% or 1 rpm, using the one
that gives the minor error. Finally, the temperature measurement must have a precision
of + 1°C. Regarding the determination of the efficiency with the indirect method or of
the separate losses, the description of the main test is reported for induction and
synchronous machines.

In detail, for induction machines, the tests to be carried out are the no-load test and the
load test. In the no-load test, the input power Py, the current Iy, the voltage Uy, the
resistance of stator winding Ry are measured. Measurements must be made when Py
does not change more than 3% within 30 minutes. The input voltage is varied between
approximately 110% and 30% of nominal voltage U,, detecting the above values for

each working point. The constant losses Py are obtained with the following equation:

3

Interpolating the work points in the plane (U?, Px) a straight line is obtained, whose
intercept at the origin corresponds to the losses due to zero voltage, or the mechanical
losses due to friction and windage Pyw. The iron losses are:

Pre = P — Pry, (3.11)
In the load test, the machine is initially brought into the nominal working conditions
and then the rated current I, the input power Py, the rated voltage Un, the slip s, the
resistance R of the stator windings, the room temperature 6. and that of the windings 6,
are measured. Measurements are carried out when the temperature does not vary more

than 0.5°C within 15 minutes. The copper losses in the stator windings are then

calculated:
3
Pou =7 RI2 (3.12)

For the induction machines with a wound rotor, it is possible to calculate the copper
losses in the rotor in the same way. While, for the induction machines with a squirrel-
cage rotor, the rotor copper losses Pg are calculated with the following equation:

Pg = s(B, — Py — Pre) (3.13)
For the calculation of the load additional losses, it is necessary to carry out tests with
variable load, with no less than six working points between 125% and 25% of the rated

99



load, of which two are over 100% on rated load. These tests must be carried out
immediately after the test at a nominal load to limit the temperature variations of the
windings. The resistance must be brought back to the average temperature between 6,
and 6.. Torque T and number of revolutions per second n are also measured. The
residual losses for the single working point P ; are:

Ppi = Pin — Poyt = Py — PR — Py (3.14)
Where Pjj, is the input power and P, is the output power or the mechanical power at the
shaft of the machine (Pow=2zNnT). The additional losses at load P, are obtained through
linear regression analysis. If k is the number of work points, then:

_ kzln=1 PL,iTi2 - (Z?=1PL,1')(Z?=1 Ti2
k Zzn=1 Ti4 - (2?=1 Ti2 2
P, = AT? (3.16)

The copper losses must be reported to the reference temperature (6,=75 ° C), thus

(3.15)

obtaining Pcysr and Pyy:

Peys, = kyFey (3.17)
Pro, = koPg (3.18)
Where Ky is the temperature coefficient. In conclusion, the total power losses are:

AP = Py + Pcyg, + Prg. + Py (3.19)
For synchronous machines, the no-load test and load tests are similar to those described
for the induction machine. The constant losses Py and their components Ps, and Py, are
evaluated in the same way. The copper stator losses P, are evaluated in the test at rated
load and then reported to the reference temperature. The standard defines the losses in
the excitation system Pe, including within it the rotor copper losses Pg, those in the
exciter Pgg and those in brushes Py, that is:

P, =Pg+ Pgqg+ Py (3.20)
There are conventional methods, described in the standard, for the evaluation of the last
two components. The additional load losses can be assessed in two ways. The first
involves a short circuit test with a generator operation. A coupled dragging machine is
used. Then the additional load losses corresponding to the rated current are:

Py =2mnT — Py, — Puyy (3.21)

while those for any current value I are thus obtained:
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[1\2
P, = Prin (1—) (3.22)
n

The second method provides for motor operation with a fixed supply voltage
(preferably about 1/3 of the nominal value or the minimum value for which stable
operation can be had). The armature current is adjusted by varying the excitation of the
machine. In order to estimate the additional load losses, the standard suggests
considering at least six work points between 125% and 25% of the rated current value
and measure the input power Pj,, the absorbed current | and the supply voltage U. In

this case, the additional load losses for each working point are:

Py =Py —P—Fy—F (3.23)
In conclusion, the total power losses are:
AP = Py + Peyg, + P+ Fe (3.24)

Regarding the electric drives field, the electrical machines are powered by voltage
source inverter (VSI). In this case, the voltage at the machine terminals is not sinusoidal
but it is distorted. In most cases, the supply voltage is obtained with PWM (Pulse Width
Modulation) or SVPWM (Space Vector Pulse Width Modulation) modulation and it has
a distorted waveform as shown in Fig. 81. The harmonic content of the voltage
introduces additional harmonic losses which must be measured and take into account in

the calculation of the total power losses of the motor.

Van

G —

Fig. 81 Output phase voltage from a PWM-VSI.

For this purpose, IEC 60034-2-3 [10] can be of great help. The methods in this technical
specification apply to induction motors used with variable frequency drives. However,
the application to other AC motors or DC motors and converters is not excluded. The
methods are mainly intended for motors fed by voltage source converters. Furthermore,
the additional harmonic losses determined by the use of this technical specification are

for comparison of different motor designs, but they are not appropriate to be used for
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efficiency determination of a PDS in a driven application with its wide range of torque
versus speed operating points. The requirements to be met for the test are [6]:
e Use of VSI inverters;
e No current or slip control,
e Fundamental harmonic of power supply voltage value equal to the nominal one;
e Supply frequency equal to the nominal;
e The switching frequency equal to 4 kHz.
The choice of the switching frequency and the reference voltage has crucial importance
in the modulation technique to be used. In any case, overmodulation must be avoided.
The input voltage of the inverter must be set to a value that guarantees the nominal
voltage of the motor avoiding overmodulation but without supplying voltage higher
than that required for this condition. Particular care must be taken during no-load tests,
where the converter output voltages can be so high as to lead to overmodulation [6]. In
order to evaluate the additional harmonic losses, four tests must be performed, in the
order established as follows:
1. Load test with sinusoidal power supply, to determine the additional load
losses P, in sinusoidal regime;
2. No-load test with sinusoidal power supply, to determine the no-load losses Py
in sinusoidal regime;
3. Load test with power supply by the inverter, to determine additional load
losses Py, ¢ in distorted regime;
4. No-load test with inverter power supply, to determine the no-load losses Poc
in the distorted regime.
The standard suggests making the measurement, in each test, with three wattmeters. The
determination of P and Py _c requires a linear regression analysis like described
before. The additional harmonic losses are calculated as the difference between the
losses in the distorted regime and those in the sinusoidal regime. In particular, the load
losses and no-load losses will be respectively [1] [6]:
PyrL = Pric — P (3.25)
Pyr0 = Poc—Po (3.26)
The total additional harmonic losses are:
Pyr = Purr+ Puro (3.27)
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The latter, added to the total losses 4P with sinusoidal power supply, give the total
losses 4 Pr,c with inverter power supply. In conclusion, the motor efficiency is:

_ Py —APrc (3.28)
v = — p.
i

Moreover, the standard defines a coefficient ry, used as an efficiency index to classify
the motors supplied by the inverter. In details, it is:

APr ¢

(3.29)
THL = "7p

100

3.2.2 Guide IEEE Std 1812-2014

The IEEE Std 1812-2014 suggests the direct efficiency measurement method for small
power PMSMs and for larger power PMSMs, where the mechanical power cannot be
measured accurately the indirect measurement method. For the last case, the loss
components to be used in determining the efficiency of a PM machine are as follows:
e Core loss;
e Friction and windage loss;
e Additional losses due to inverter voltage harmonics;
e Stray-load loss;
e Armature loss using the armature current at the specified load and the dc
armature resistance corrected to a specified temperature.
In order to determine these loss components, the guide sets out various methods for
performing no-load, short-circuit and load tests. For the last two, there are no
differences compared to traditional synchronous machines and the methods are the
same as those already seen in IEC 60034-2-1. Regarding the determination of the
core loss and friction and windage loss, there are substantial differences with respect
to the procedures described before for wound synchronous machines. In fact, in a
PMSM, the excitation is fixed and cannot be reduced to zero because is established
by the permanent magnets. While in a traditional synchronous machine, friction and
windage loss can be measured directly in a no-load test without excitation. The
same procedure is not possible for PMSMs. The Guide suggests replacing the
permanent magnets rotor with a second one that is identical but without permanent
magnets. In this case, a drive motor is used to bring the rotor to the speed of interest

and thus the measurement of friction and windage losses can be performed directly
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or indirectly. Once the friction and windage losses have been measured directly, the
losses in the iron can be calculated by subtracting the losses just measured from the
losses measured in the no-load test with the permanent magnet rotor. In any case,
performing this replacement of the rotor is in practice quite difficult and only
possible for the manufacturer. The guide suggest other procedures like the direct
measurement of the mechanical power transmitted by a tared machine method, or
with retardation or coast-down test. The last method was used for the
characterization of the PMSM under test and described in the previous chapter. With
regard to load losses, the substantial difference with wound synchronous machines
lies in the absence of rotor circuits in the PMSMSs. Therefore, the load losses will be
given by the sum of the copper stator losses and additional losses or stray-load loss.
On the other hand, although the electrical conductivity of the magnets is lower than
that of copper, there may be non-negligible eddy currents in the rotor, higher than
those of a traditional machine. The contribution of eddy currents becomes
appreciable in particular geometric configurations of the magnets, such as in the
case of SPMSMs. This contribution to power losses is incorporated in the additional
losses, which can be calculated as described before. The method introduced by IEC
60034-2-3 for the determination of additional losses due to inverter voltage
harmonics is the same as reported in the guide. Therefore, it will be necessary to
carry out a no-load test and a load test both with sinusoidal power supply and with
inverter power supply and process the measurement results in order to obtain the
additional harmonic losses. Otherwise, the guide suggests to measure directly the
total losses from output and input power, and the component losses are subtracted
from total losses to obtain an estimate of the stray-load losses including those due to

inverter harmonics.

3.2.3 Standard IEC61800-9

The standard IEC 61800-9 is a valid reference for evaluating the efficiency of electric

motors, CDMs and also of PDS. The real innovation introduced by this standard,

respect to the past, is the definition of general methodology to energy efficiency

standardization for any extended product by using the guidance of the extended product

approach (EPA). Moreover, the standard introduces efficiency standards for each kind
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of motors, CDM and PDS. Contrariwise, the standard IEC 60034-30 [I11.11]-[I11.12]
carried out the efficiency standards classification only for induction motors. The
contents of the standard can be summarized as follows:

e Introduction of the "extended product™ approach (EPA);

e Classification of motors, CDMs and PDSs;

e Efficiency at partial loads of CDM and PDS.
The "extended product” approach aims to take into account not only the efficiency of
the motor but of the whole electric drive with its load. This means combining the
efficiency of the motor and the converter. The efficiency of the electric drive is
determined by considering the sum of motor and CDM losses as total losses. Once this
Is done, the efficiency indices can be derived. These last ones constitute a parameter of
considerable interest to be able to compare several drives between them and thus aim at
the energy optimization of the whole power drive system. There are three efficiency
classes for CDMs: IEO, IE1, and IE2. For each size, a reference CDM (Reference
Complete Drive Module, RCDM) is introduced, whose efficiency is a reference value.
In fact, if the efficiency of a CDM is within + 25% of that of the RCDM, then the CDM
has IE1 efficiency class. Below -25% of the RCDM efficiency, the class is IEO, over
+25% of the RCDM efficiency it is IE2 (Fig. 82). The efficiency must be determined by
making the converter work at 100% of the rated output current and at 90% of the
nominal motor frequency. With regard to the motor efficiency classification, the IEC
61800-9 refers to the classification of the standard IEC 60034-30. The standard IEC
60034-30-1 [111.11] approved in 2008 and updated in 2014, distinguishes four efficiency
classes for motors powered by the electricity grid or by sinusoidal voltage supply: IE1
(standard efficiency), IE2 (high efficiency), IE3 (premium efficiency) and IE4 (super
premium efficiency). The standard specifies efficiency classes for single-speed electric
motors that have a rated power P, from 0.12 kW to 1000 kW, a rated voltage U, above
50 V to 1 kV and have 2, 4, 6 or 8 poles. Instead, the standard IEC 60034-30-2 [I11.12]
specifies efficiency classes for variable speed rotating electric machines not covered in
IEC 60034-30-1 and, therefore, for electrical machines powered with electronic
converters. In detail, the efficiency classes are the same described before and they are
valid also for electric machines that have a rated speed w, from 600 rpm to 6000 rpm. In

the same way, we introduce the efficiency of Reference Power Drive System RPDS that
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is obtained by combining the efficiency of RCDM and of Reference Motor RM where
which has IE2 efficiency class. For the PDS, three efficiency classes are defined in the
same way, naming them IESO, IES1, and IES3, where S means "system". To define the
IES1 class, the range of variation now is + 20% with respect to the reference value (Fig.
82). Furthermore, the working point in which to perform the evaluation is 100% of the
rated current and 100% of the rated speed. Since the electric drive generally finds itself
working under different conditions of torque and speed, the standard defines the work
points at partial loads at which the manufacturers must evaluate and declare the
performance of the PDS. Based on this information, buyers can also calculate the return
for any work condition by interpolation. For the PDS there are eight work points,
obtained with a load torque of 25%, 50% and 100% of the rated value and a speed of
0%, 50% and 100% of the rated value (Fig. 83).
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Fig. 82 Definition of efficiency classes for CDM (left) and PDS (right).
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Fig. 83 RPDS working points defined by IEC 61800-9-2.
In detail, the IEC 61800-9-2 [I11.6] specifies the procedures for measuring motor, CDM
and PDS losses, and it provides the reference values of efficiency in relation to the size
of the electric drive and defines the efficiency classes. There are three recommended
methods for estimation of CDM losses:

e direct method (the difference between input power and output power);
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¢ indirect method (evaluation of each losses component);
e calorimetric method.
The most accurate method, according to the standard, is the indirect method.
For PDS there are two recommended methods:
e direct method (the difference between input power and output power);
e indirect method (evaluation of each loss component).
In detail, the direct method is suggested when the PDS is equipped with a small power
motor (P, <1 kW), otherwise, it is suggested the indirect method. Finally, we want to
highlight some of the specifications that the instrumentation and the measurement
technique must meet:
e For each working point it is necessary to take measurements for at least 1-3
minutes;
e The bandwidths of the instrumentation must be adequate for the detection of
voltage and current frequency components. In details, a bandwidth ranging from
0 to 10 times the switching frequency fpww Is considered adequate for measuring
the output power from the CDM,;
e The measurement range must be chosen in relation to the measurement of
currents and voltages;

e The instrumentation must meet the specifications given by IEC 60034-2-1.

3.2.4 Final considerations

An accurate description of the measurement methods required by international
standards and the guide IEEE Std 1812-2014 has been carried out. In detail, the
methods recommended by the IEC standards vary according to the size and type of
machine. In general, for small power machines, the direct method is the one
recommended by the standard, while for medium/high power machines the indirect
method is recommended. The direct method is easier than the indirect method and
requires only the measurement of input power and the output power from the analyzed
system (motor, CDM, PDS). In particular, in the case of whole PDS, the critical aspect
consists of the measurement of the output mechanical power that requires accurate
transducer or instrumentations that usually is expensive. Contrariwise, the indirect

method requires the measurement of each power losses component. In detail, the IEC
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61800-9 reports the procedure to evaluate each power losses component not only for the
AC machine but also for the CDM. The advantage of this methodology consists in the
possibility of performing the efficiency measurement with only electrical equipment
which is very accurate and economically sustainable. The main drawback is represented
by the measurement procedure that is more complex than the measurement procedure of
the direct method. Despite the indirect method is suggested for medium/high power
machines, in the literature it has been shown that, even for medium/high power motors,
the direct method can provide low uncertainty values, comparable to those obtainable
with the indirect method [I11.7]. Based on the considerations made and since the
IPMSM under test present nominal power lower than 1 kW, the direct method has been
adopted in order to evaluate the efficiency of PDS under test. Furthermore, the speed
and torque transducer, employed in the electrical drive under test, satisfy the

measurement requirement of IEC 60034-2 [111.1].

3.3 Preliminary analysis and tests for the design of test bench

3.3.1 Harmonic analysis

For a correct design of the measurement system, preliminary experimental
investigations or tests have been carried out. The goal of these preliminary
investigations is to evaluate the features of the measurement quantity as amplitude and
their spectrum content. In order to choose the measurement system minimum
requirements, such as the sampling rates and the bandwidths, this analysis is
fundamental. In reference to the electric drive under test and its schematic
representation (Fig. 80), several harmonic analyses of electrical quantities at CDM input
and output sections, and of the mechanical quantities at the motor output section have
been carried out. In detail, at the CDM input section, the current is the quantity that has
the highest harmonic content since the CDM is fed by the grid and, therefore, with
sinusoidal voltage. Instead, at the CDM output section or IPMSM input section, the
voltage is the quantity with the highest harmonic content due to the SVPWM (Space
Vector Pulse Width Modulation) and the current harmonic content is limited due to the
filtering action of IPMSM inductances. A Teledyne LeCroy WaveRunner 6Zi equipped
with voltage and current probes have been employed for this analysis. All the

measurements reported in this paragraph are performed at a speed of 2000 rpm and a
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load torque of 1 Nm. Since the IPMMS under test has three pole pairs, the fundamental
electric frequency is 100 Hz at speed of 2000 rpm. For the purposes of this analysis,
other surveys have been carried out in correspondence of other values of mechanical
speed and load torque, providing results very similar in terms of harmonic content to
those relative to the working point analyzed and reported here. The sampling frequency
fs and the measurement time T,, are equal to 10 MHz and 100 ms, respectively. In Fig.
84, the trend of the current Icpw at the CDM input section and its FFT (Fast Fourier
Transform) are reported. From Fig. 85, it is possible to note that harmonic content is
very limited beyond the frequency of 10 kHz and, in particular, the IHD (Individual
Harmonic Distortion), the ratio between the amplitude value of the individual harmonic
and the amplitude value of the fundamental, presents values approximately equal to
10>, In Fig. 86, the trend of the CDM supply voltage Vcpm and its FFT are reported.
From Fig. 87, it is possible to see the absence of harmonics component with high
amplitude and, therefore, the IHD is lower than 107 at the frequency of 1 kHz.
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Fig. 84 Current waveform and its FFT.
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In Fig. 88, the trend of the output current of CDM or the supply current of IPMSM |0t
and its FFT is reported. From Fig. 89, it is possible to see the presence of fundamental
harmonic at 100 Hz and of the harmonic components multiple of the switching
frequency equal to 10 kHz. Moreover, at 40 kHz the current harmonic component
present peak values about equal to 10 mA and, therefore, IHD lower than to 107
Instead, the output line voltage of CDM Vcpw presents heavier harmonic content respect
those of the current and it is possible to see several voltage harmonic components
multiple of the switching frequency (Fig. 90). From Fig. 91, it is possible to see that the
harmonic components at 200 kHz present amplitude about equal to 4 V and, therefore,
IHD about equal to 10™. IHD values below 10 occur only for frequencies above
500 kHz.
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Fig. 88 Output current waveform of CDM and its FFT.
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Fig. 89 Detail of output current FFT of CDM.
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Fig. 91 Detail of output line voltage FFT of CDM.
A further investigation was carried out, through the use of the oscilloscope, on the
instantaneous power both in the single-phase input section of CDM and in the three-
phase output section of CDM. In particular, for the output section of CDM, the
instantaneous power of a single-phase was taken into consideration and analyzed here.
The results obtained for this phase have been compared to those obtained on the other
two phases and they are very similar. Therefore, the considerations on one phase are
valid for the other two phases. In detail, in Fig. 92 and Fig. 93 the spectrum of
instantaneous power and the cumulative power of each measurement section,
highlighted in blue and in red, are reported, respectively. The cumulative power is the
sum of instantaneous power spectrum amplitude as a function of the frequency. The
amplitude of each spectrum component is expressed in relative value respect to the
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value of the fundamental component, instead, the cumulative power is expressed in
relative values respect to the total value of instantaneous power.
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Fig. 93 Instantaneous power FFT at CDM output section.

Therefore, respect to the instantaneous power at the CDM input section, it is possible to
deduce that the contributions of instantaneous power spectrum components above
20 kHz can be considered negligible. Instead, respect to the instantaneous power at the
CDM output section, it is possible to deduce that the contributions of instantaneous
power spectrum components above 800 kHz can be considered negligible. Although the
frequency spectrum of instantaneous power does not add information for the correct

choice of measurement equipment for the evaluation of electric drive efficiency, it can
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be useful to quantify reactive power. Instead, it may be of great interest to evaluate the

influence of voltage and current harmonics components on the active power. This study

was carried out in the three-phase CDM output section where the voltages and currents

show heavier harmonic content. This analysis was conducted by using the acquisition

module of National Instruments NI PCI 6110-E in Labview environment. In detail, the

study was carried out according to the following steps:

AP% =

Voltage and current are acquired at sample frequency f. of 4 MHz, with
measurement time T, of 10 s;

Filtering, through a digital filter, of current and voltage with cut frequency fey
variable by the operator;

Calculation of active power with unfiltered quantities P and of active power
with filtered quantities Psjyy;

Calculation of the relative percentage difference between the unfiltered active
power and the filtered active power, when f; varies:

P — Pryyy (3.30)

100

The results of this analysis are reported in Table 22.

In conclusion, the analysis conducted highlighted the following aspects:

At the CDM input section, the voltage and current harmonics components are
negligible above the frequency of 1 kHz;

At the CDM output section, the line voltage present heavier harmonic content
and they only can be negligible above the frequency of 500 kHz (IHD<107?)
while the current present harmonic content reduced compared those of the
voltage;

the harmonic content of voltage and current does not affect the active power
only above 250 kHz.

Therefore, on the basis of the highlighted aspects, it is possible to deduce the minimum

measurement requirements necessary for the design of the test bench. The measurement

transducers, the acquisition boards used and their main characteristics are shown below.
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Table 22 Relative percentage difference between unfiltered active power and the filtered active power as a
function of cur frequency.

fe APY% = P~ Prae 100

2 MHz Negligible
1 MHz Negligible
250 kHz Negligible
100 kHz 0.393 %
50 kHz 0.753 %
5 kHz 1.971 %
10 kHz 4.356 %
1 kHz 4.483 %
500 Hz 4525 %
250 Hz 5%

3.3.2 Test bench

Regarding the test bench, it was chosen to use National Instruments acquisition modules
programmable in the Labview environment. In this way, the measurement system
presents a high degree of flexibility, the ability to acquire a large number of signals, and
in addition, the operator can design and define a virtual measurement instrument and its
measurement features in real-time.

In order to measure the input power of PDS at the CDM single-phase input section, two
measurements are required, one voltmetric and one amperometric. In Fig. 94 the
measurement scheme at the CDM input section is reported. The single-phase voltage is
measured through a direct connection to the NI DAQ 9225 acquisition module, whose
specifications are shown in Table 23. Voltage transducers are not necessary since the
voltage range of the module is higher than the input voltage value of the CDM. The
current is measured both through a Fluke i400 current probe (Table 24) and through a
non-inductive Fluke A40B shunt resistor (Table 25), whose output signals are sent to
the NI DAQ 9215 acquisition module (Table 26). This resistance is placed on the
neutral wire. We choose to use two current transducers to compare the measurement

results obtained with a first method with greater accuracy and cost (the one with the
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shunt resistance) and a second method less accurate but cheaper (the one with the
current probe).

/2 NIDAQ 9215
V()

<y >

Rshunt FLUKE A40B

FLUKE i400

NI DAQ 9215 <>

NI DAQ 9225

GRID
CDM

Fig. 94 Measurement scheme at the CDM input section.

From the tables of the adopted instrumentations, it can be seen how the bandwidth of
the single components is adequate to measure the electrical quantity of the CDM input
section. Another important parameter for a careful choice of the measuring instrument is
the nominal range. The NI 9225 is suitable for the acquisition of supply sinusoidal
voltage of the grid (240 V) since it can reach 300 Vs Of the input voltage. As for the
current, it reaches peak values of the order of the ampere unit. The shunt resistor has an
already adequate value of the nominal range, while it is chosen to arrange 4 turns on the
pass-through current probe to make it work at values close to the full-scale. It is easy to
calculate the output voltages from the probe and from the shunt resistance and verify
that these values do not exceed the acquisition module NI 9215 full-scale value of 10 V.
Third parameter to consider, no less important than the previous ones, it is the
uncertainty. Generally, the uncertainties introduced by the acquisition modules are
negligible compared to those given by the transducers. The shunt resistance has a lower
and better accuracy compared to the current probe. Furthermore, the shunt resistance

has a wider bandwidth than the current probe.
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Table 23 Acquisition module NI 9225 features.

NI 9225
Number of channels 4
ADC resolution 24 bit
ADC typology Delta-sigma
Sampling Simultaneous

Sample rate f 1.613+50 kS/s

Nominal Voltage 300 Vrms

Bandwidth 0.453 fs

Accuracy Gain error Offset error
+0.05% +0.008%

THD -95dB

Table 24 Current probe fluke i400 features.

CURRENT PROBE FLUKE 400

Temperature reference 2345°C;

Current range 1+400 Arms or 1+40 Arms
Output 1 mA/A

Accuracy 2%+0,06 A, 45 Hz fino a 400 Hz
Bandwidth 5+20000 Hz

Table 25 Shunt fluke A40 B features.

SHUNT RESISTOR FLUKE A40B

Nominal current 20 A
Nominal resistor 0,04 Q
Bandwidth 0+100 kHz
Accuracy [tpA/A] (confidence level | DC | 1kHz | 10 kHz | 30 kHz | 100 kHz
95%) 26 43 52 70 113
Maximum current <5s Indefinitely
42 A 22 A
Phase angle error [degree] 1 kHz 10 kHz 100 kHz
<0.013 <0.125 <1.250
Work temperature range 13+33°C
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Table 26 Acquisition moduleNI 9215 features.

NI 9215
Number of channels 4
ADC resolution 16 bit
ADC typology SAR
Sampling Simultaneous
Sample rate f 100 kS/s
Input range +10V
Bandwidth 420 kHz
Accuracy Gain error Offset error
+0.02% +0.0014%

Figure 3.7 shows the measurement scheme for the CDM three-phase output section.

Aron measurement scheme is used to measure the active power at the CDM output

section. In particular, the currents I;, I3 and the line voltages V1, and V3, are measured.

The active power transferred to the motor, or the power P, measured in the CDM output

section, is:

Poutcpm = P2 = V111 cos @15 + V3215 cos @3, (3.31)
Where 1, and @3, are the phase displacements between the voltages and currents,

respectively.

CURRENT PROBE
YOKOGAWA 701933

: VOLTAGE PROBE
YOKOGAWA 700924
= 2
o e
(@]
CURRENT PROBE
YOKOGAWA 701933 VOLTAGE PROBE
/‘\ YOKOGAWA 700924 3

Fig. 95 Measurement scheme at the CDM output section.

As extensively discussed above, the electrical quantities of the output section of CDM
have a much higher harmonic content than the electrical quantities of the CDM input
section. Consequently, it is necessary to use probes and acquisition modules with a wide

bandwidth. The choice obviously must not compromise the accuracy and, once again,
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be adequate to the range of the electrical quantity to be measured. In detail, the voltage
probes Yokogawa 700924 and current probes Yokogawa 709133 are used and their
main features are reported in Table 27 and Table 28, respectively. From these tables, it
is possible to see that the bandwidths fully satisfy the measurement requirements
described in the harmonic analysis. A NI PCI 6110-E acquisition module is used for the
acquisition of the probes output signal. In detail, this module presents the maximum
sample frequency equal to 5 MHz. This value is much larger than the upper limit of the
frequency range where significant contributions to the active power by the voltage and

current harmonic components have been detected.
Table 27 Voltage probe Yokogawa 700924 features

VOLTAGE PROBE YOKOGAWA 700924

Input Differential

Attenuation ratio 1:100 or 1:1000

Bamdwidth (-3 dB) 0+100 MHz

Range +1400 V (DC + AC peak) or 1000 Vrms with

attenuation ratio of 1000:1;
+350 V (DC + AC peak) or 250 Vrms with

attenuation ratio of 100:1

Accuracy Gain error Offset error
+2% (-400V<common | £7.5 mV
mode voltage <400 V);

+3% (-1000< common
mode voltage < 1000 V);

Work temperature range 5+40 °C

Table 28 Current probe Yokogawa 709133 features

Current probe YOKOGAWA 701933

Output 0,1 VIA

Bandwidth (-3 dB) 0+50 MHz

Peak current value in continuous | 30 Arms

operation

Maximum peak current 50 Arms

Accuracy +1.0% of reading value £1 mV
Noise 2.5 mArms

Work temperature range 0+40°C
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Table 29 PCI Acquisition module NI 6110-E features

NI PCI 6110-E

Number of channels

4

ADC resolution

12 bit

Sampling Simultaneous
Sample rate f 1+5000 kS/s/chanel
Input range Selectable
Bandwidth (-3 dB) 5 MHz
ENOB 11 bit
Accuracy Gain error Offset error Background
noise
0.0571% 2.971 mV 5.073 mV
Fig. 96 shows the measurement scheme of the mechanical section.
Magtrol 715- ‘
M :l: 8NA Hysteresis

Brake

Magtrol DSP6001

dynamometer

NI 9215

Fig. 96 Measurement scheme of the mechanical section.

The mechanical load of the motor consists of a Magtrol HD-715-8NA hysteresis brake.

The brake presents the maximum torque equal to 6.5 Nm, maximum speed of

25000 rpm, maximum power for 5 minutes equal to 3360 W and maximum continuous

power equal to 2985 W. The main features of the brake have already been described in

the previous chapter (Table 5). The torque offered by the brake can be adjusted in real-

time by means of a Magtrol digital dynamometer model DSP6001, whose interface

already provides the torque, speed and power values measured at the shaft motor.
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Furthermore, the digital dynamometer provides the torque and speed measurement
signals can be sent to other acquisition systems. In this work, the acquisition module NI

DAQ 9215 is used to acquire the torque and speed measurement signals.

3.4 Losses and efficiency measurements of PDS, CDM, and motor

The efficiency measurement or power losses measurement of PDS and of its two
subsystems (CDM and motor) is a goal of this research work. As widely described
before, the direct method is employed for efficiency measurement. The acquisition of
electrical and mechanical quantities is carried out through the transducers and
acquisition modules of National Instrument, previously described, in Labview
environment. The acquisition is carried out with the Express Virtual Instrument (V1)
DAQ Assistants, characterized by:

e Sampling frequency fs;

e Single acquisition time or measurement time Ty.
The number of samples in one acquisition is:
Ny = Tyf; (3.32)
During the single acquisition time, the instantaneous values of electrical and mechanical
quantities are acquired and the instantaneous value of electrical power of each
measurement section and of mechanical power is calculated. Through the use of “VI
BASIC DC RMS” the rms value of the voltages and currents, the mean value of
instantaneous electric powers (or the active powers) and the mean value of mechanical
quantities are calculated respect to the time Ty. In this way, into measurement time Ty,
it is possible to obtain one sample for each electrical and mechanical quantity. Whit this
choice, it is possible to repeat this procedure and perform a measurement with a high
duration time window without weighing down the PC memory with a large number of
samples. Furthermore, with several measurement samples, it is possible to evaluate the
average value and the measurement deviation for each quantity. The single measure,
characterized by Ty and f;, is implemented then in a single iteration of a for loop. The
number N of loop iterations corresponds to the number of measurement samples
desired. The total observation time or the total acquisition time is equal to:
Ty = NTy (3.33)
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At the output of each for loop iteration, the measurement sample is stored in an external

array. At the end of the cycle, an array is obtained for each quantity of interest,

consisting of scalar elements. The measurement arrays obtained are:

CDM input section e Single-phase voltage rms value Vp,;

e Current acquired with Fluke probe Iy p;

e Current acquired with Fluke shunt resistor Ip sh;

e PDS input active power acquired with Fluke current
probe Ppps p;

e PDS input active power acquired with Fluke shunt
resistor Ppps sh.

CDM output section

Line voltage V;,
Line voltage V5,
Phase current I;
Phase current I5
Three-phase active power absorbed by the motor Ppq;

Mechanical section

Output torque Tem;
Mechanical speed of the motor wp,;
Mechanical power Py.

The efficiencies of PDS, CDM, and motor are calculated within the for loop, using the

values of the active powers evaluated in the various sections, adopting the relationships

already known for the direct method. Therefore, the following efficiency arrays are

defined and measured:

PDS efficiency evaluated with the Fluke probe #pps p;

PDS efficiency evaluated with the Fluke shunt resistor #pps sh;
CDM efficiency evaluated with the Fluke probe ncpm,p;

CDM efficiency evaluated with the Fluke probe 7cpm sh;

Motor efficiency #mot;

In order to evaluate the average value, the standard deviation and the variance for each

array obtained, the “VI standard Deviation and Variance” is employed in the

measurement software. Finally, the sampling frequency values fs and acquisition time

Tw adopted for the two DAQ Assistants are reported below:
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DAQ of PDS input e f, =50kHz

and output sections o Ty=260s

DAQ of CDM e f =1MHz
e Ty =60s

output section

In order to have synchronous sampling between the measurement sections, the same
measurement time was chosen. The number of samples acquired at the CDM output
section is much higher than those acquired at the PDS input and output sections. The
choice of sampling frequency f; of 50 kHz is in agreement with the measurement
requirements of the PDS input section because, as deduced from the spectrum analysis,
at 10 kHz the current presents IHD about of 107, while the voltage has a much more
limited spectrum. The NI 9215 and the NI 9225 acquisition modules used for the
acquisition of the PDS input section quantities, can reach this frequency.

Respect to the output mechanical section, since this is characterized by almost constant
quantities, the harmonic content of the acquired signals is reduced respect to that of the
electrical quantities. Therefore, the sampling frequency used for the PDS input section
is widely sufficient for the mechanical quantities acquisition.

Particular attention must be paid to the sampling frequency for the CDM three-phase
output section. The IEC 91800-9-2 standard establishes that it is necessary to sample at
a frequency such that the bandwidth goes from 0 to 10 times the frequency fsypwm Of the
SVPWM modulation. Since fsypww is equal to10 kHz for the electric drive under test,
the bandwidth must be at least 0 + 100 kHz, or at least the sampling frequency equal to
200 kHz must be adopted. In addition, the harmonic analysis performed in the CDM
output three-phase section allows concluding that over 250 kHz the voltages and current
harmonics components contribute to the three-phase active power in a negligible way.
The choice of fs equal to 1 MHz for the acquisition of the CDM three-phase output
section quantity is largely justified. In any case, with the PCI 6110-E it could reach the
frequency of 5 MHz, which would involve the acquisition of an excessively high
number of samples.

The torque and speed signals present some oscillations, due to the actions of the
controller. Moreover, it was noticed that the frequencies of these oscillations are a

function of the control variables variations. We proceed with an FFT analysis of these
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signals. The lowest frequency harmonic is 3.43 Hz and the corresponding period is
equal to 0.29 s. Therefore, in order to acquire all the oscillatory components of torque
and speed, it is necessary a measurement time Tx> 0.29 s. The choice of measurement
time Ty equal to 60 s allows to respect this constraint. Furthermore, IEC 91800-9-2
recommends a measurement time of 1-3 minutes.

Finally, the total observation time T,, has been set equal to 2400 s or 40 minutes. This
allows for a large number of samples to guarantee the repeatability of the

measurements.

3.4.1 Results and analysis

As suggested by the IEC 61800-9-2 standard, the IPMSM working points, take into
consideration the efficiency measurement, are reported in Table 30:

Table 30 IPMSM working points

Working points W, = W, 0, =50%w, w, =0
Tem =Ty, 1) wy; Ty 2) 50%wy; T, 3)0; T,
Tem = 50%T, 4) wy; 50%T, 5) 50%w,,; 50%T, 6) 0; 50%T,
Tem = 25%T, 7) wy; 25%T, 8) 50%w,,; 25%T, 9) 0; 25%T,

where T, and w, are the nominal value of the motor electromagnetic torque and of
motor mechanical speed, respectively. The working points are numbered from 1 to 9,
according to the sequence that was followed for the measurements. However, the
standard introduces only eight working points and does not take into account the point
7). The latter has been considered here anyway. Regard to the speed w,=0, the standard
refers to a sufficiently low speed, such that the motor supply frequency is lower than 12
Hz. For the IPMSM under tests, which has 3 pole pairs, this implies that the mechanical
speed can be approximated to zero when it is in the range [0; 240] rpm. Therefore, we
choose to take the measurement at 200 rpm. In order to simulate the behaviour of three
different control algorithms, for each working point, the measurements are taken at
three different values of the direct axis current lq. These values are Zz= {—1; 0; 1} A. As
already mentioned, 40 measurement samples are acquired for each the quantities of

interest, previously defined. Each measurement sample of the 40 acquisitions present a
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duration of 60 s and the total observation window is equal to 40 minutes. The respective

arrays of voltage and currents rms and mean values of torque and speed are thus

created. By way of example, the mean values of the quantities of interest for the first

working point, evaluated respect to the total observation time, are reported in Table 31.

Table 31 Average values of the quantities acquired at the first working point, for the three Is current values.

Average values

1) wy Ty
Vin [V] | Impl[A]| Imsn[A] | I1[A] | I3[A] | Vi2[V]| V32[V] | C[Nm]| o, [?
I¢=1A | 230,181 | 6,514 6,479 3,62 | 3,593 | 220,56 | 218,48 | 1,801 | 420,60
14=0A | 230,441 | 6,402 6,368 | 3,404 | 3,372 | 214,15 | 212,08 | 1,801 | 420,61
l4=-1A | 230,420 | 6,374 6,340 | 3,344 | 3,312 | 207,57 | 205,34 | 1,801 | 420,63

Furthermore, as regards the repeatability of the measurement and the evaluation of the

measurement uncertainty, it is of considerable importance to evaluate the standard

deviation for each quantity of interest. By way of example, the standard deviation

average values of the quantities of interest for the first working point, evaluated respect

to the total observation time, are reported in Table 32.

Table 32 Standard deviations of the quantities acquired at the first working point, for the three Ia current

values

Standard deviation

1) wy; Ty
rad
Vin [V] | Tmp[A]| Imsn[A] | 11[A] | T[A] | Viz[V] | Vs[V]| CINm] | @, |—
I;=1A | 0.0142 | 0.002 | 0.0017 | 0.001 0.001 | 0.0088 | 0.0073 | 2.8110* | 9.210*
I;=0A | 0.0162 | 0.004 | 0.0019 | 0.001 0.001 | 0.0078 | 0.0083 | 5.8110* | 8.210"
l.=-1A | 0.0139 | 4610* | 4810" | 1610* | 1.410* | 001 | 0.009 | 1510° | 7.310"
In Fig. 97-Fig. 102 the average values of each active power component (PDS input

active power, active power absorbed by the motor and output mechanical power) for

each case of study, I4=1 A, 15=0 A, and I4=-1 A, are reported as function of mechanical

speed ny, measured in rpm, respectively.
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Fig. 97 PDS input active power measured with shunt resistor and fluke current probe at 1;=1 A.
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Fig. 98 Motor input active power and output mechanical power measured at 14 =1 A.
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Fig. 99 PDS input active power measured with shunt resistor and fluke current probe at 1, =0 A.
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Fig. 100 Motor input active power and output mechanical power measured at 14 =0 A.
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Fig. 101 PDS input active power measured with shunt resistor and fluke current probe at 14 =-1 A.
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Fig. 102 Motor input active power and output mechanical power measured at 14 =-1 A.
From the acquired values of each active power component, it is possible to evaluate

both the power losses than the efficiency of each part of the PDS or electric drive under
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test. For simplicity, the efficiency mean values of CDM, motor, and PDS, evaluated
respect to the total observation time, are reported in Fig. 103Fig. 111
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Fig. 103 CDM efficiency measured at 1,=1 A.
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Fig. 104 CDM efficiency measured at 14,=0 A.
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Fig. 105 CDM efficiency measured at 15=-1 A.
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Fig. 106 Motor efficiency measured at I4=1 A.
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Fig. 108 Motor efficiency measured at 1;=-1 A.

129



0.8+ i
~
2
(%) 0 6 - —e—Shunt-T_ =T,
Q -6 -Probe—Tem=Tn
bﬂ. —e—Shunt-T, =50%T,
-6 -Probe-Tem=50%Tn
0.4+ —o—Shunt-T__=25%T_
-6 Probe—Tem=25%Tn
0. 2 | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500
n_ [rom]
Fig. 109 PDS efficiency measured at I4=1 A.
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Fig. 110 PDS efficiency measured at 14=0 A.
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Fig. 111 PDS efficiency measured at I14=-1 A.

In detail, the CDM (inverter) is the component that presents the highest values of

efficiency at the correspondence of the working points analyzed. The values of CDM
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efficiency increase as the load torque increase. In fact, for a converter, the performances
improve when the working point is closer to the converter nominal working conditions.
Although at nominal load torque T,, the converter does not absorb its nominal current,
this condition is nevertheless, compared to the other two, the one closest to the nominal
working condition of the CDM. In addition, from Fig. 103 to Fig. 105, it is possible to
see that the efficiency of CDM evaluated with shunt resistor is slightly higher than the
efficiency evaluated with Fluke current probe for each d-axis current Iy value. Although
also for the motor the efficiency increase as the load torque increase, a different
efficiency behaviour has been detected compared to that of the CDM. In particular, for
the condition w,=0, the highest value of efficiency is obtained at the correspondence of
the condition Ten=25% T, for each d-axis current lq value. While, for the conditions
on>50%wy, the highest value of efficiency is obtained at the correspondence of the
condition Ten=50% T, for each d-axis current Iy value (Fig. 106-Fig. 108). This
behaviour can be attributed to the greater value of the current absorbed by the motor
when it works at the nominal load torque Tem=T,, Which determinates an increase of the
copper losses. The PDS efficiency behaviour is a combination of the behaviours before
described. In detail, the highest efficiency values are obtained at correspondence of the
load torque condition T,,=50% T, for each d-axis current Iy value. Moreover, for the
speed condition wy=0, the PDS efficiency obtained at Ten=25% T, are higher than the
PDS efficiency obtained at Ten=50% T,. While for the speed conditions wm,>50% wp,
the PDS efficiency obtained at T, =25% T, is lower than the PDS efficiency obtained at
Tem=50% T,. For all working points and for each d-axis current Iy value, the PDS
efficiency values measured with shunt resistor are higher than those measured with
Fluke current probe (Fig. 109-Fig. 111). A substantial difference between the PDS
efficiency measured with the two mentioned systems was found when the IPMSM was
powered with d-axis current l4=-1 A. The uncertainty, relating to the PDS efficiency

measurement achieved with the two systems described, is analyzed below.

3.4.2 Uncertainty of the efficiency measurements

In this activity, the procedure for calculating the uncertainty is carried out only for the
PDS efficiency. The latter is the one of greatest interest as it is an index of the

performances of the entire electric drive under test and useful for the PDS energy
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classification. The PDS efficiency uncertainty is affected by errors on power
measurement in the PDS input single-phase section and by errors on power
measurement in the PDS output mechanical section. Regarding the PDS input single-
phase section, it is necessary to consider that there are two current transducers that have
different accuracy. The uncertainty for the measurement of electrical power, with the
system characterized by shunt resistance, has already been calculated in [111.13] and it is
equal to 500 ppm or 0.05%. The expanded uncertainty with a confidence interval of
99% is then 0.13%. The measurement of the current through the Fluke current probe is
affected by high uncertainty, since this probe has an error of 2% + 0.06 A and its angle
error is not known. An appropriate angle error value is set. This value is obtained by
comparing the average specifications of the current probe transducer used with those of
the same precision class, and, therefore, the value of 0.03 rad is reached. The expandend
uncertainty on the measurement of PDS input single-phase power by Fluke current
probe is equal to 9.3% (99% confidence interval).

The mechanical power measurement is mainly affected by the error introduced by the
dynamometer, while the one introduced by the NI 9215 is negligible. Using the data
provided by the dynamometer datasheet, the errors on torque and speed measurements
are calculated. It is obtained that the expanded uncertainty, with a confidence interval of
99%, on the measurement of mechanical power is equal to 0.17%. The mechanical
power can also be measured by direct reading of the dynamometer. The relative error
committed, in this case, is obtained from the datasheet of the brake used, and is equal to
0.01% for the speed and to 0.5% for the torque. The expanded uncertainty with a
confidence interval of 99% on the measurement of mechanical power with this second
method is equal to 0.74%.

Finally, the relative uncertainties with a confidence interval of 99%, concerning the
efficiency measurement with the first system, characterized by shunt resistance and
acquisition of torque and speed, is 0.21%. Regarding the efficiency measurement with
the measurement system characterized by Fluke current probe and acquisition of torque
and speed, the relative uncertainty with a confidence interval of 99% is 9.4%. In both
situations, the uncertainty reported is related to the worst case. The PDS efficiency
measurement performed with the first measurement system complies with the

IEC61800-9 uncertainty prescriptions and, therefore, can be used for the PDS energy
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classification. While the PDS efficiency measurement performed with the first
measurement system does not comply with the IEC61800-9 uncertainty prescriptions
and, therefore, it cannot be used for the PDS energy classification. Therefore the
analysis carried out underlines how high precision instrumentation is necessary and,
therefore, economically expensive for the accurate efficiency measurement of electric

drives under test.
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3.5 New measurement approach for the comparison of electrical
drive performances controlled by several control algorithms

The analysis carried out has shown that for accurate efficiency measurement of the
electric drive under test, it is necessary to use accurate and, therefore, expensive
measurement transducers. In this paragraph, a new and accurate measurement approach
is presented which allows to compare the performances of an electric drive obtained
using different control algorithm, also with low precision measurement instrumentation.
This study was applied to the whole PDS taking into consideration the measurements
made with the two measurement systems defined previously:
e A first measurement system composed of the acquisition module NI 9215 and
high precision Fluke shunt resistor A40B;
e A second measurement system composed of the acquisition module NI 9215 and
low precision Fluke current probe i400.
In the previous study, the PDS efficiency has been taken into consideration as a
performance index of the electric drive under test, but the PDS power losses can be
chosen in an equivalent manner. Let be APpps aig1, and APpps aig2 the PDS power losses
obtained with two control algorithms that supply the IPMSM with different d-axis
current values, respectively. The PDS power losses are evaluated as the difference
between the PDS input active power Ppps and the PDS output mechanical power Py. In
general, the corresponding uncertainty of the PDS power losses measurement is:
u(BPpps) = VU2 (Pops) + u?(Py) (3:34)

where u(Ppps) and u(Py) are the PDS input power measurement uncertainty and PDS

output mechanical power measurement uncertainty, respectively. Each component of
uncertainty includes both the contributions of systematic errors and random errors.
Below, the quantity A4Ppps is defined as:

AAPpps = APppgs 191 — APpps aig2 (3.39)
The A44Ppps represents an index of the power recovered passing from the first to the
second control algorithm. In particular, since the use of the LMA involves the search for
the optimal value of the d-axis current Iy which allows minimizing the power losses of
the electric machine, the quantity 44Ppps can be used to compare the performance of

LMA with other control algorithms. In this work the quantity A4Ppps is evaluated with
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the two measurement system described and, therefore, the following two quantity are
defined:

AAPpps shunt = (AP pDs,Alg1 — AP, PDS,Ang) (3.36)

shunt

AAPpps prove = (AP pDs,alg1 — AP, PDS,ang) (3.37)

probe
where A44Ppps shunt 1S €valuated with the shunt resistor and 44Ppps probe i evaluated with
the Fluke current probe. It is possible to prove that the 44Ppps measurement is not
affected by uncertainty due to systematic errors. It is known that for the uncertainty
propagation law, the uncertainty corresponding to a general quantity y=f(xy,X,....xn),

withn € N, is:

u(y) = Z ( )uz(x )+ 2 Z Z 9 af ruu(x Du(x;) (3.38)

i=1j=i+1

where rj; represents the correlation coefficient between the i-th and j-th quantities. For

the singular case of the quantity 44Ppps, it is:

y = AAPpps = APPDS,Algl - APPDS,Ang = PPDS,Algl - PM,Algl - PPDS,ALgZ +

(3.39)
+Py 4192
Then, in the case under consideration, applying the relationship (3.38) we obtain:
u(AAPpps) = [uZ(PPDS,Algl) + uZ(PM,Algz) + uZ(PPDS,Algz) + uZ(PM,Algz) +
_erDS,Mu(PPDS,Algl)u(PM,Algl) - ZTPDS,PDSu(PPDS,Algl)u(PPDS,Algz) + (3.40)

+ZTPDS,MU(PPDS,Algz)u(PM,Azgz) + ZTPDS,Mu(PPDS,Ang)u(PM,AlgI) +
1
—ZTM,MU(PM,Alg1)U(PM,Azgz) - ZTPDS,Mu(PPDS,Ang)u(PM,Ang)]Z

Since both the input electric power and mechanical power are measured with the same
measurement equipment and measured values are similar when the two control
algorithms are employed, it is possible to assert that:

u(PPDS,Algl) = u(PPDS,Ang) = u(Ppps) (3.41)
U(Py,a191) = U(Puy,a192) = u(Pym) (3.42)
Let suppose that the uncertainty components are generated only by systematic errors. In
this case, we can assert that, regarding the correlation coefficient, if the uncertainty
quantities involved in the double product are both electrical or both mechanical, rij=1,
while if the uncertainty quantities involved in the double product are one electrical and

one mechanical, rjj=0. The measurement uncertainty expression is:
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u(AAPpps) =

Vu2(Ppps) + u?(Py) + u?(Peps) + u2(Py) — 2u(Peps)u(Ppps) — 2u(Py)u(Py)
In conclusion, the following expression is obtained:

(3.43)

u(AAPpps) = \/zuz (Ppps) + 2u?(Py) — 2u?(Ppps) — 2u?(Py) = 0 (3.44)
This result is of considerable importance, as it emphasizes that A44Pppsshunt and
A4Ppps probe are not affected by the uncertainties due to systematic errors. Therefore, the
measurements of 44Ppps shunt and of A4Ppps prone Should give coinciding results, except
for a limited deviation due to random errors. After this theoretical premise, the

experimental validation of the proposed measurement approach is shown below.

3.5.1 Experimental validation of the proposed measurement approach

In order to compare the performances of the electric drive under test controlled with
l4=1 A, 15=0 A, and I4=-1 A, respectively, the 44Pppsshunt and A4Ppps prove Values are
calculated from the experimental data acquired and for each IPMSM working condition.
These values have been evaluated starting from the value of PDS power losses can be
obtained from the PDS input power array acquired with Fluke shunt resistor Ppps shunt,
the PDS input power array acquired with Fluke shunt resistor Ppps shunt, and PDS output
mechanical power array Pym. The PDS power losses evaluated with the first
measurement system APpps shunt and With the second measurement system APpps probe are
calculated with the following relationships:
APpps shunt = Ppps,shunt — Pu (3.45)
APpps prove = Pppsprobe — Pu (3.46)
In detail, three cases of study can be defined:
e Comparison between the performances of the electric drive under test controlled
with I4=1A and with Ig=-1A (Case 1);
e Comparison between the performances of the electric drive under test controlled
with 14=1A and with 13=0A (Case 2);
e Comparison between the performances of the electric drive under test controlled
with 15=0A and with I4=-1A (Case 3);
In Fig. 112 AAPpps evaluated when the IPMSM is supplied with 15=1 A and I4=-1 A for

each motor working condition., Fig. 113 and Fig. 114 the mean values of 4A4Ppps shunt
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and A44Ppps prove, €valuated respect to the total observation time T,, equal to 40 minutes,
obtained for each case of study are reported.
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Fig. 112 AAPpps evaluated when the IPMSM is supplied with 1;=1 A and I4=-1 A for each motor working
condition.
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Fig. 113 AAPpps evaluated when the IPMSM is supplied with 13=1 A and 14=0 A for each motor working
condition.
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Fig. 114 AAPpps evaluated when the IPMSM is supplied with 1,=0 A and I4=-1 A for each motor working
condition.

In detail, from the figures, it is possible to see how the value of 44Ppps evaluated with
the shunt resistor and the Fluke current probe are very similar. A further analysis was
carried out, calculating the percentage values 44Ppps% of the quantity 44Ppps shunt, and
AAPpps probe respect the IPMSM mechanical power rated value Py p:

AP, AP,
AAPpps% = P”DS 100 = —25100 (3.47)

Mn TleTl
In Fig. 115, Fig. 116 and Fig. 117 the mean values of 44Ppps shunt% and 44Ppps probe?0,
evaluated respect to the total observation time T,, equal to 40 minutes, obtained for each

case of study are reported.
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Fig. 115 AAPpps%0 evaluated when the IPMSM is supplied with 1;=1 A and I4=-1 A for each motor working
condition.
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Fig. 116 AAPpps% evaluated when the IPMSM is supplied with 1;=1 A and 1;=0 A for each motor working
condition.
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Fig. 117 AAPpps% evaluated when the IPMSM is supplied with 1,=0 A and I4=-1 A for each motor working

condition.

This analysis also confirms that the quantities 44Ppps shunt% and A4Ppps prone%, have

almost coincident values. In addition, the differences between the A4Pppsshunt and

AAPppsprobe Values and between the AAPppsshunt? and A4Pppsprone? Values are

calculated with the following relationships for each case of study:

APcasel = AAPPDS,shunt/casel - AAPPDS,probe/casel
APcaseZ = AAPPDS,shunt/caseZ - AAPPDS,probe/caseZ

APcase3 = AAPPDS,shunt/caseS0/0 - AAPPDS,probe/case30/0

APcasel(%) = AAPPDS,shunt/casel(%) - AAPPDS,probe/case1(%)
APcasezcyo = AAPPDS,shunt/caseZO/O - AAPPDS,probe/caseZ0/0

APcase3%’ = AAPPDS,shunt/caseS(yo - AAPPDS,probe/case30/0

(3.48)
(3.49)
(3.50)
(3.51)
(3.52)
(3.53)
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In Table 33 the numerical results of the differences before mentioned are reported. In
particular, from the analysis of these numerical results, it is possible to see that the
APcasei absolute value does not exceed the value of 0.4 W and the 4P,si% percentage
value does not exceed the value of 0.055%. This conducted analysis confirms how the
quantity 44Ppps, even if evaluated with low precision instruments, can be used as an
index to compare the performances of the same electric drive under test controlled with
several control algorithms. Finally, in the next section, the evaluation of A4Ppps

measurement uncertainty is reported in Table 33.

Table 33 Numerical results of the differences between the 44Ppps shunt aNd 44Ppps proe Values and between the
AAPpps shunt%o and 44Ppps probe% Values

APcase1[W] | APcase2[W] | APcases[W] | APcase1%0 | APcase1%0 | APcaser%
1 -0.157 -0.253 0.096 -0.021 -0.034 0.013
2 -0.187 -0.119 -0.068 -0.025 -0.016 0.009
3 -0.288 -0.172 0.115 -0.038 -0.023 0.015
4 -0.155 -0.19 0.035 -0.021 -0.025 0.046
5 -0.267 0.128 0.14 0.035 0.017 0.018
6 0.194 -0.196 0.391 0.026 -0.026 0.052
7 -0.198 -0.325 0.126 -0.026 -0.043 0.017
8 -0.104 -0.238 0.134 -0.014 -0.031 0.018
9 -0.09 -0.123 0.033 -0.012 -0.016 0.004

3.5.2 Uncertainty calculation of the 44Ppps measurement

The innovative feature of the measurement approach proposed, for the comparison of
the performances of an electric drive controlled by several control algorithms, is that
allows to accurately measure the efficiency variation also by means of low accurate and
cheaper measurement equipment thanks to the fact that the effects of the systematic
errors balance out. Therefore, the 44Ppps measurement uncertainty includes only the
measurement uncertainty due to random errors. This last contribution is equal to the
AAPpps standard deviation evaluated respect to the total observation time T,, equal to 40
minutes. This uncertainty allows defining the possible range values in which it is
possible to find the value of the quantity of interest with a probability of 66%. In this

analysis, we refer to the expanded uncertainty with a confidence interval of 99% that
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can be obtained multiplying the deviation standard to 2.58. In particular, it is possible to

define the maximum and minimum values of the range with the following relationships:

AAPppsmax = AAPpps + u(AAPpps)
AAPppsmax = AAPpps — u(AAP PDS)

(3.54)
(3.55)

The expanded uncertainty of 44Ppps with a confidence interval of 99%, evaluated with

shunt resistor ushunt(44Ppps) and evaluated with Fluke current probe Uprobe(44Ppps) for

each case of study (named with subscript “1,2,3”, respectively) and for each motor

working condition, are reported in the Table 34, respectively.

Table 34 A4Ppps uncertainty for each case of study and for each working condition

Working Ushunt,1 Ushunt,2 Ushunt,3 Uprobe,1 Uprobe,2 Uprobe,3
points | (44Ppos) | (AAPpos) | (AAPros) | (AAPpos) | (4APros) | (44Ppos)
n [W] [W] [W] [W] [W] [W]
1 0.42 0.54 0.42 0.24 0.51 0.47
2 0.29 0.24 0.27 0.27 0.23 0.26
3 0.46 0.29 0.45 0.26 0.24 0.35
4 0.24 0.23 0.24 0.21 0.21 0.19
5 0.27 0.26 0.27 0.17 0.17 0.13
6 0.26 0.26 0.26 0.27 0.27 0.27
7 0.2 0.21 0.18 0.18 0.1 0.17
8 0.17 0.21 0.15 0.11 0.12 0.12
9 0.31 0.22 0.29 0.22 0.22 0.2

In order to further highlight the accuracy of the proposed measurement method, it is

possible to analyze the relationships between the mean values of 44Ppps evaluated with

the two measurement systems and their range values obtained with the relationships

(3.54) and (3.55). Referring to the 9 motor working points (Table 30), the mean values

of 44Ppps and their range values obtained at correspondence of rated load torque T,

(motor working points 1,2,3), at correspondence of 50% of T, (motor working points

4,5,6) and at correspondence of 25% of T, (motor working points 7,8,9) are reported in
Fig. 118, Fig. 119 and Fig. 120, respectively.
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These figures, besides showing the small difference between the 44Ppps mean values,
obtained with the two measurement system, for each motor working conditions, show
how among the 44 Ppps range values evaluated with measurement system equipped with
shunt resistor and evaluated with the measurement system equipped with Fluke current
probe there are intersections and, therefore, possible values of 44Ppps in common. This
last observation allows us to assert that the difference between the possible 44Ppps

values evaluated with the two measurement systems is quite limited.
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Chapter 4 Enhanced mathematical modelling of IPMSM

4.1 Introduction
The interior permanent magnet synchronous machine (IPMSM) is one of the most
widely employed machine typology in many applications, such as automotive [IV.1]-
[IV.4], aerospace [IV.5]-[1V.6], and marine industries [IV.7]. The conventional IPMSM
mathematical model is commonly used in the study and simulation of IPMSM drive
control system. In particular, the conventional IPMSM mathematical model is based on
idealized hypotheses, such as the sinusoidal spatial distribution of the magneto-motive
force in the air-gap, linear behaviour of the machine magnetic circuits that involves the
absence of self-saturation and cross-coupling effects, spatial harmonics in phase
voltages, iron core losses and the temperature effects on the machine behaviour.
However, nonlinearity and temperature effects have a substantial influence on the
IPMSM performances and characteristics. The conventional idealized IPMSM
mathematical model in dg-reference frame may be unreliable in predicting the
performances of saturated machines [IV.7]-[IV.10]. The parameters of the two-axes or
dg-axes model vary nonlinearly, depending on operating conditions that change the
level of saturation and magnetic field distribution in the motor. The self magnetic
saturation and the cross magnetization have a substantial influence on the dg-axes
inductances. In particular, saturation and cross-magnetization modelling of an
anisotropic synchronous machine requires a great amount of data, regarding dg-axes
magnetizing curves, evaluated for several working conditions. Although the d-axis
magnetizing curve is generally known, the g-axis magnetizing curve is usually not
available. In literature, several modelling approaches, that take into account the
saturation and cross-coupling effects, are proposed [IV.8], [IV.11]. In addition, the
presence of reluctance torque in IPMSM not only determines a nonlinear relationship
between the electromagnetic torque and the armature current components but also leads
to greater level of spatial harmonics in phase voltages due to the inherently large
variation in the magnetic energy with the rotor position [IV.12], [IV.13]. Therefore, if
the spatial harmonics and magnetic saturation effects in the stator and rotor cores are
neglected, the conventional IPMSM dg-axes model, that employs constant values of d-
and g-axis inductances, cannot accurately represent the IPMSM electromechanical

behaviour [IV.14]. Moreover, this behaviour is emphasized when the IPMSM works in
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the field weakening region where the phase voltage harmonics will distort the current
waveforms due to the limited dc-link voltage. Since traction motors for automotive
applications are designed to work in the constant power region or field weakening
region and, therefore, they operate in highly nonlinear conditions, a high fidelity
IPMSM model can be of great aid for the design of innovative control strategies and for
the evaluation of their performances.

Therefore, without a high fidelity IPMSM machine model, a high-performance IPMSM
machine control algorithm cannot be accurately evaluated in the simulation.
Furthermore, since the performances of an electric drive controlled by the Loss Model
Algorithm (LMA), especially in terms of efficiency, depends on the accuracy of the
mathematical model of the IPMSM, the definition of a new and enhanced IPMSM
mathematical model can be of considerable use. The goal of this work is to investigate
and define an IPMSM mathematical model including saturation, cross-coupling, spatial
harmonics and iron loss effects. For this purpose, the IPMSM under test, described in
previous chapters, has been taken into consideration, implemented in Ansys Maxwell
environment, and several finite element analysis (FEA) investigations have been carried
out. In this way, the dg-axes flux linkages, variable with the dg-axes currents and the
rotor position, were established via FEA transient simulations.

In detail, this chapter firstly describes the IPMSM enhanced mathematical model that
takes into account the saturation, cross-coupling, and spatial harmonics effects, and
secondly the FEA (Finite-element analysis) investigations conducted in Ansys Maxwell
environment for the characterization of the IPMSM. Subsequently, the FEA
investigations conducted for the definition of iron loss mathematical model and its
integration in the previously defined model are described. Finally, in order to validate
the IPMSM enhanced mathematical model, it has been implemented in Matlab/Simulink
environment and its results have been compared with the results of the FEA
investigations carried out on the IPMSM model implemented in Ansys Maxwell

environment.
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4.2 Enhanced mathematical modelling of IPMSM in order to that take
into account saturation, cross-coupling and spatial harmonics
effects

The conventional approach to modelling the IPMSM is based on the following voltage

and torque equations:

di
vy = Rig + Ly d—: — welgig (4.1)
di
vy = Rig + L, d—f + pweLaig + wedpy (4.2)
3 : .
Tom = Ep[/’lleq + (Ld — Lq)ldlq] (4.63)

where vy is the d-axis voltage, vq is the g-axis voltage, iq is the d-axis current, iq is the g-
axis current, R is the stator winding resistance, L4 is the d-axis inductance, L4 is the g-
axis inductance, p is the number of pole pairs, m is the number of the phases, we is the
electrical angular speed, Apm is the permanent magnet flux linkage and Ten is the
electromagnetic torque. In the conventional approach the parameters Lq, Lq and Apm
present constant values. In literature, several modelling approaches, that take the
saturation effects into account, have been proposed [IV.15]-[1V.20]. In detail, the dg-
axes inductances are a function of dg-axes currents, respectively, and the PM flux
linkage is a function of the g-axis current. These IPMSM modelling approaches only
captures the effects of the fundamental components, whereas the harmonic field
components resulting from the combination of saturation, cross-coupling, slotting, and
permeance variance with the rotor position are neglected. Therefore, in order to analyze
the problems associated with the IPMSM conventional modelling approach, below the
definition of the new IPMSM modelling approach will be shown. The dg-axes flux
linkages Aq and A4 are functions of the dg-axes currents iq, ig, Since the currents are the
main source of flux linkages in the IPMSM, and the cross-saturation between the d-axis
and g-axis is inevitably present due to the imperfect construction symmetry of the
machine. The spatial harmonics are present also due to the slotting effects and this
phenomenon is a function of the rotor mechanical position 8. Therefore, in order to
take into account the effect of saturation, cross-coupling and spatial harmonics effects it
Is necessary to define dg-axes flux linkages A4 and 4qas functions of the dg-axes currents
la, iq and the rotor position 6y, as shown in [IV.8]-[IV.13]. The voltage equations of a
three-phase IPMSM can be expressed as:
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d [Aabc]
dt

where [Vanc], [ianc], [Aanc] are the stator voltage vectors, the stator current vectors and the

[vabc(t)] = R[iabc] + (4.3)

stator flux linkages vectors in the abc-reference frame, respectively. With the use of
Park transformation, described in Chapter 1, it is possible to define the dg-axes voltage

equations:

da
Vg = Rld + Ld _d - (L)e/‘{q (44)

dt

dAq
vy = Rig + L, e 14 Welg (4.5)
Furthermore, the dg-axis flux linkages can be described as follow:
Aa(t) = Agi(t) + Aapm (4.6)
Aq(t) = A4i(t) + Agpm (4.7)

where Aqi and Aq; are the dg-axes flux linkages produced by the stator currents excitation
and A« and Aqpm are dg-axes flux linkages produced by the permanent magnet (PMs),
respectively. In the relationships (4.6) and (4.7), the flux linkages 44 and 44 are functions
of time and, in an equivalent manner, they can be expressed as functions of the dg-axes
currents ig, iq and rotor position 6. Therefore, as already mentioned, it is possible to

define the dg-axes flux linkages with the following equations:

2a(®) = 24(ia iq, 0m) = Aai(ia, ig, Om) + Aapy (4.8)
2q@®) = 24(iq,ig, Om) = A4i(ia, iq, 0m) + Agpm (4.9)
Employing the total differential theorem to expand the derivative terms in relationships
(4.4) and (4.5), the following equations can be derived:

dld(t)_a)ld(id,iq,em)dﬁ ald(id,iq,em)ﬂ 0a(ia iq Om) dOn,

et 0ig dt ai, dt 96,  dt 10
= Ly (ia, ig, m) : + mc(ld' L m) dlq + Om ald(i;éf:' o)
daq(t) alq(id,iq,em)dj 024 (ia, iq,Hm) dig  02q(ia ig,6m) dOm _

dt dig dt dig dt 20,, dt (4.11)
= me(Ld, ig) m) + me(ld, lg) m) dlq + Wy, qu(ig,eij, Bm)
where Lgg™ and qu'”c are the self-incremental inductances, Lgq"™ and Log™ are the

mutual-incremental inductances between the d-axis and g-axis and wn, is the mechanical

149



rotor angular speed (we=pwm). Therefore, it is possible to define the matrix of

incremental inductances as:

mc(ld’lq’ m) me(ldflq’ m)

mc(ld'l ) ) (4.12)
q-m mc(ld’lq’ m) me(ld:lqr m)
where each quantity of the incremental inductances matrix is:
ald(id; iqr Hm) a/’ld(id' iq; Hm)
mC(ld, lq, m) = aid mc(ld,lq, m) 6iq (4.13)
02q(iq ig, Om) 02q (i, ig, Om)
qg\‘td»tq»Ym q\!d> ‘q'Ym
lnc(ld’lQ’ m) ald Llnc(ld'lq' m) di (414)
q
& A
Aotdio o — — — —
/1‘” _____ | L/H(‘
| | Incremental
| I inductance
l I
I I
I
Apparent | |
inductance | | i
—
ig ip~diy

Fig. 121 Definition of the incremental and apparent inductances.

The incremental inductances can be defined as the slope of the tangent at the
magnetization curve operating point, as shown in Fig. 121. In particular, the incremental
inductance can be calculated by Li,.=04/0i, whereas the apparent inductances can be
calculated by Lapp,= A/i. In order to obtain the values of the apparent and incremental
inductances, the IPMSM dg-axes flux linkages must be evaluated for several working
conditions by fixing the current values. This requires a large number of experimental
investigations on the IPMSM under test or a large number of finite-element analysis
(FEA) simulations. Since the dg-axes flux linkages are nonlinear functions of dg-axes
currents, consequently the apparent and incremental inductances are also nonlinear
functions of dg-axes currents. Therefore, the apparent and incremental inductance
values take into account the saturation and cross-coupling effects, as shown in [IV.8]-
[IV.11] and [IV.21].

150



In detail, the dg-axes flux linkages equations (4.8) and (4.9) can be expanded in the
following way:

Ad(idl iq, Hm) = Adi(id' iq, Hm) + AdPM = Add(id' iq, 9m) + Adq (id’ iq, Qm) + (4 15)

/1dPM

Aq(id, lgs Hm) = )lqi(id» Lgs Hm) + Agpm = lqd(id' Lg) Hm) + AW(id’ g Qm) + (4.16)

/1dPM

where Aqq is the d-axis flux linkage produced by d-axis current, Aqq is the d-axis flux
linkage produced by g-axis current, the Aqq is the g-axis flux linkage produced by g-axis
current and the Aqq is the g-axis flux linkage produced by d-axis current. The dg-axes
flux linkages 44 and 44 can be expressed by the use of apparent inductances with the
following relationships:

Aa(ia g, 0m) = Laa(ia) iq Om)ia + Lag(ia iq 0m)iq + Aapu (4.17)
Aq(iariq0m) = Lga(ia ig, 0m)ia + Lag(ia iq) Om)iq + Aapu (4.18)
where Lgg™ and Lqq™" are the self-apparent inductances, Lgq™ and Lqq*® are the mutual-
apparent inductances between the d-axis and g-axis. It is possible to define the apparent

inductances matrix as:

Ll (iariq6m) Lag! (iariq, Om)

LPP 4.19
(ld' lg) m) app(ld, iq m) Lapp(ld, igh m) ( )
In detail, they can be calculated with the following relationships:
L8 1 ) = 220 0) ) allelotn) g
d a
Lag (ialq,6m) = daallaiaOn) - yamn(y, 1, 6,) = Jeelirlarn)

lq lq

This matrix can be simplified with a mathematical adjustment and the following non-

coupled apparent inductances are defined as:

L (iayiqOm)ia(®) + L (iq, i, O )ig (t)

LI (g, ig, Om) = —— 5 (4.22)
app . t) + Lapp . ¢
LPP (iq)iq)0m) = Laa’ (iaig O )ia( 3q(t) (ar ig Om)iq () (4.23)
qu—adf(ld‘ Lg em) - 0 Lapp(l.d i B ) (4.24)
q rtqr Fm
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where Ls*® and Lq*" are the dg-axis adjusted apparent inductances. The calculation of
the dg-axes non-coupled apparent inductances are easier than of the apparent
inductances quantity present in (4.19) because they require only the values of the dg-
axis flux linkages produced by the stator currents excitation A4 and Aq and not of each
component of dg-axes flux linkages. In detail, the dg-axes non-coupled apparent
inductances can be determined with the following relationships:

Aai(ia, iq, 6m)

LPP(ig, i, 0m) = l_ (4.25)
d
L% (ig,ig, ) = Aaillar I, Om) (4.26)
iq
The dg-axes flux linkages can be defined with the following relationships:
Aa(ia ig,0m) = LFP (ia,ig, Om)ia + Aapm (4.27)
Aq(iariq0m) = L' (ia iq, Om)iq + Agpm (4.28)

Therefore, the IPMSM voltage equations that take into account the saturation, cross-

coupling and spatial harmonics effects are:

di
vy = Rig(t) + me(ld, ig» m) + me(ld, lg) m) lq +

024 (ia, ig, Om) (4.29)
ig,ig,
+wp, d 519 g Ym _a)e[Lf‘JPp(id, iq,Hm)iq(t) +,1qPM]
m
[ dlq
Vg = qu(t) + lnc(ld; Lq, )__|_ me(ld, iq m) n
(4.30)

024 (ia,iq, Om)
26,

In detail, it is possible to see that incremental inductances define the dynamic behaviour

+w, + We LGP (ig, g, 0m)ia(0) + Agpy|

of IPMSM. While the apparent inductances define the amount of the dg-axes flux
linkages at specific dg-axes currents values and, consequently, the dg-axes motional
induced voltages due to flux linkage moving at steady-state conditions. Generically the
flux linkage Aqpm presents a very low value and can be neglected. But for completeness,
in this work, it will be taken into consideration.

The torque equation of IPMSM considering the saturation, cross-coupling, and spatial
harmonics effects can be derived from the power relationships in dq reference frame. In
detail, the following hypotheses are taken into account:

e Noiron losses;
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e No mechanical losses;
e Constant temperature;

e Energy stored in the permanent magnets is constant.

The input power in dq reference frame is:

Paq = vaiq + vgig = R[i3 +i2] +

di, di, dig di,
|ipe =i i =i Ly i+ e | +

ald(id; iq; Hm) . aA (ldl Lq' m) I

(4.31)
+la)e()ldiq—/’lqid)+a)m 28 ig + wn
m

= Pyq1 + Pagz + Pags

where Pgyq1 is the copper power loss, Pqq is the power associated with the stored energy
in the magnetic field, and Pgyq3 is the mechanical power. The power in abc-reference
frame can be calculated with the following relationship:

3
Pabc = Epdq + 3PO (432)

where P, is the zero sequence power and, since it is assumed that no zero sequence
currents exist in the system, it is equal to zero. Therefore the mechanical power of the
IPMSM is:

0Aq(iq, iy, 6 0Aq(iarig,
Pom = |0e(Aaiq — Agia) + @ alia: b Om) ig + Wn (d wOn) l (4.33)
00,,
The electromagnetic torque can be calculated with the following relatlonshlp:
Pem _ 3[04a(ia iq)0m) . 02q(iasiq Om)
Tom = ' 4.34

Replacing the flux linkage equations (4.27) and (4.28) in the torque equation, the

derived torque equation is:

3
Ty = Ep{AdPMiq — Agpmia + [LFP (i iqr Om) — LgT7 (ias iqr Om)]iaiq}

3[924(ia, iq,Hm)i +a,1q(id, iq,Hm)i B (4.35)
2 36, a 36, al =
= Tem1 + Temz

where the torque component Teym: is similar respect the torque equation of the
conventional modelling approach (1.65). However the apparent inductance are functions
of ig, ig and 6y and, therefore, the torque component Tem: represents the mainly average
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torque of IPMSM plus some ripple torque component. Instead, the torque component
Temz IS an additional ripple torque component of IPMSM due by the variation of dg-axes

flux linkages with the rotor position Oy,
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4.3 Characterization of IPMSM in Ansys Maxwell environment

In order to validate the effectiveness of the new proposed modelling approach, the

IPMSM under test has been implemented and numerically simulated in Ansys Maxwell

environment (FEA software). The cross-sectional view of the IPMSM is shown in Fig.

122. The IPMSM main electrical, mechanical and geometrical data are summarized in

Table 35 and Table 36. The stator winding is a double layer fractional winding with

slots per pole and per phase g=1.5 and its scheme is reported in Fig. 123 (a). The iron

pack magnetic material is a 0.5 mm wide laminated sheet of type M330-50A while the
PMs are made by SMCo-18 MGOe. The SMCo-18 MGOe magnets B-H curves are

shown in Fig. 123 (b).

(a (b)

Fig. 122 IPMSM under test (a) and its cross-section (b).
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Fig. 123 IPMSM winding scheme (a) and PMs B-H curves (b).
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Table 35 Main electrical and mechanical data of the IPMSM under test.

Quantity Value
Power [kW] 0.8
Rated current [A] 3,6
Nominal Speed [rpm] 4000
Maximum Speed [rpm] 6000
Nr. of pole pairs 3

Nr. of phases 3
Nominal torque [Nm] 1,8
Peak torque [Nm] 9.2

Table 36 Geometrical data of the IPMSM.

Geometrical data Value
Nr. of stator slot 27
Axial stator length [mm] 59
External stator diameter [mm] 81
Inner stator diameter [mm] 49,6
External rotor diameter [mm] 48
Inner rotor diameter [mm] 19
Stator tooth length [mm] 9.7
Stator tooth width [mm] 3
Stator slot opening [mm] 1.6
PMs lenght [mm] 13,45
PMs thickness [mm] 3
Airgap [mm] 0,8
Iron pack laminations factor 0.95
Slot depth [mm] 9,2

The goal of the FEA investigations concerns the characterization of IPMSM under test.
In order to take into account the magnetic self-saturation and cross-coupling effects, it is
necessary to determinate the flux mapping or the variation of dg-axes flux linkage A4, Aq,

and the electromagnetic torque mapping Ten for several values of dg-axes currents ig, iq
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and of rotor electrical angular position 6, (6.=p ). In particular, with FEA simulations
it is possible to capture all torque components, including the cogging torque that is
present even with currents equal to 0 A [IV.22]. Moreover, the apparent and
incremental inductances components can be derived from the flux mapping data.
Another goal of the FEA investigations is the evaluation of iron loss for several values
of dg-axis currents ig, iq. In detail, this analysis has been used for the definition of
mathematical model of iron loss and, consequently, their integration in the IPMSM

modelling approach proposed. The FEA investigations are described in detail below.

4.3.1 Mapping of the flux linkages and of the torque

The dg-axis flux linkages 44, 4q and electromagnetic torque T, mapping are obtained by
varying iq, iqand 6. in the range [-7.5 A,7.5 A], [0 A,7.5 A] and [0°-360°] ([0°-120°] in
mechanical degrees), respectively. Negative values of the g-xis current iy are not taken
into account because this IPMSM is used only for motor operation. The ig, iq and 6,
samples in the FE calculations are 30, 16 and 49, respectively, and the total number of
FEA simulations carried out are 23250. The dg-axes flux linkages values, in each FEA
simulations, are obtained from the flux linkage in abc-reference frame with the dgo
Park transformation described in the section 1.32 of this work. By way of example, the
dg-axes flux linkages and torque maps as functions of dg-axes currents at a 0° rotor
electrical position are reported in Fig. 124-Fig. 126. In particular, from these figures, it
is possible to evaluate the self-saturation and cross-coupling effects on each component
of the flux linkage. The dg-axes flux linkages and electromagnetic torque trends as a
function of the rotor electrical position for fixed values of dg-axes currents (ig=-5A,
Ig=4.5A) are reported in Fig. 127-Fig. 129, respectively. In these last figures, it is
possible to see the spatial harmonics effects and, therefore, the presence of torque ripple
even with constant dg-axes currents that is present in a real IPMSM but cannot be
predicted with the use of conventional modelling approach.
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Fig. 124 d-axis flux linkage map at 0° rotor electrical position.
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Fig. 125 g-axis flux linkage map at 0° rotor electrical position.
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Fig. 126 Torque map at 0° rotor electrical position.
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Fig. 127 d-axis flux linkage variation with rotor electrical position at i,;=-5A and i;=4.5A.
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Fig. 128 g-axis flux linkage variation with rotor electrical position at i;=-5A and i;=4.5A.
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Fig. 129 Electromagnetic torque variation with rotor electrical position at i;=-5A and i;=4.5A.

The elaboration of the data acquired from FEA simulations and the determination of the

quantities of interest, such as the dg-axes flux linkage components and apparent and
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incremental inductances, have been carried out in the Matlab environment. The dg-axes
non-coupled apparent inductances can be derived from the dg-axes flux linkages Aq(ig,
Iq, ), Aq(ia, 1q, e) data acquired. For this purpose, it is necessary to obtain the dg-axes
flux linkages components Aqgi, 4qi that are produced by the stator current excitation and
the dg-axes flux linkages component produced by the PMs Agpwm, Agem. In this discussion,
the dg-axes flux linkages Aq(ig, iq, 6e), Aq(ia, 1g, Ge)and their components are defined in
the following way:

Aa(ia ig 0e) = 2ai(ia, ig, 0e) + Aapm (0, iy, 6e) (4.36)
Aq(iarig. 00) = Aqi(ia,ig, 0e) + Agpn(ia, 0,6,) (4.37)
where the flux linkage quantities A¢pm, Aqem are the dg-axes flux linkages component
produced by the PMs that take into account the cross-coupling effects. These quantities
are easy to determine because they are equal to the value of dg-axes flux linkage
obtained in the absence of dg-axes currents excitation A4(0, iq, ), Aq(ia, O, 6e),
respectively. Therefore, the dg-axes flux linkages components Agi(ia, iq, 6e), Aqi(id, iq,

6c)are obtained with the following relationships:

Aai(ia ig 8e) = Aa(ia ig, 0e) — Aapm (0, iy, 6e) (4.38)
Aqi(iaig,6e) = 24(ia,ig, 0e) — Agpn(ia, 0,6,) (4.39)
The dg-axes non-coupled apparent inductances have been determined with the

following equations:

Aailia, ig, 0
L (i i, Or) =—d‘(ldl.;“ o (440
Aqi(iariq,6e)
i

LFP (ig iq, Om) = - (4.41)

By way of example, the dg-axes non-coupled apparent inductances Lq*® and L,*" at a

90° rotor electrical position are reported in Fig. 130 and Fig. 131, respectively.
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Fig. 130 d-axis non-coupled apparent inductance map at 90° rotor electrical position.
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Fig. 131 g-axis non-coupled apparent inductance map at 90° rotor electrical position.
Instead, the values of dg-axes incremental inductances have been calculated with the

equations (4.13) and (4.14). By way of example, the dg-axes incremental inductance
Lad™, Lgq™", Lag™" and Log™" at a 90° rotor electrical position are reported in Fig. 132-

Fig. 135, respectively.
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Fig. 132 Incremental inductance L, map at 90° rotor electrical position.
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Fig. 134 Incremental inductance Ly, map at 90° rotor electrical position.
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Fig. 135 Incremental inductance L,y map at 90° rotor electrical position.
Furthermore, in order to show the influence of the spatial harmonics on each inductance
components, the trends of dg-axes apparent and incremental inductances can be shown
for each pair of dg-axes current values (ig, iq). For simplicity, only the dg-axes non-
coupled apparent inductances L# and L trends as a function of the rotor electrical
position &, for fixed values of dg-axes currents (ig=-2A, i;=3A), are reported in Fig. 136

and Fig. 137.
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Fig. 136 d-axis non-coupled apparent inductance variation with rotor electrical position at i;=-4A and i;=3A.
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Fig. 137 g-axis non-coupled apparent inductance variation with rotor electrical position at i;=-4A and i;=3A.
In order to numerically validate the accuracy of the proposed dg-axes flux linkages
modelling approach, the dg-axes flux linkages have been calculated starting from the
values of non-coupled dg-axes apparent inductances and from the dg-axes flux linkage
produced by the PMs with the following equations:

Aacaic(iarig0e) = LFP (ia) ig, 0e)ia + 2apm(0,ig, 6,) (4.42)
Ageatc(ia ig. 0e) = Lg7? (iay iq, 6e)iq + Agpu (i, 0,6,) (4.43)
The values of the calculated dg-axes flux linkages Agcaic(ia, ig, Ge), Agcarc(ia, ig, Ge) are
compared with the original values of dg-axes flux linkages obtained from FEA

simulations Aq(ig, ig, Ge), Aq(ia, ig, €e) through the following error quantities:

Ad(id' iq' He) - Adcalc(id' iq' ee) 1

err1, % (ia, iq, Be) = 7aia i, 02) 00 (4.44)
.. /1q (id' iqf He) - chalc(idr iqr He)
erny, %(ia i, 6) = i) 100 (4.45)

The dg-axes flux linkages error maps are reported below in Fig. 138 and Fig. 139.
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As can be noticed, the differences between the calculated dg-axes flux linkage values

and the dg-axes flux linkages original values obtained from FEA simulations are so

limited that they can be considered negligible. In particular, the limited amplitude of the

error can be attributed to the accuracy of calculation algorithm or to the computational

errors.

Further analysis has been performed by calculating the mean values of dg-axes flux

linkages quantities in 360° electrical degree range:

(i i ) — Z?:lldcalci(id; iq; Hei
drtq n
2?:1 chalci(idr iqr eei)

n

Adcalcmean

chalc (id; iq) =

(4.46)

(4.47)
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Consequently, these flux linkage quantities have been compared with the mean values
of the dg-axes flux linkages obtained from FEA simulation by defining the following

flux-linkage mean error quantities:

e (i) =2 _’,
err/ldmean%(id’ Lq) = dmean(ld lqjd(iddica)lcmean(ld lq) 100 (448)
’q
(i) — (i
Ty mean%0(iar i) = q’”e“”(lj{ l(qlz i )Q(ld ') 100 (4.49)
q ’q

Also in this case, the differences between the calculated dg-axes flux linkage mean
values and the dg-axes flux linkages mean values obtained from FE simulations are so
limited that they can be considered negligible.

In order to numerically validate the accuracy of the electromagnetic torque modelling
approach proposed, the electromagnetic torque Tem-cac Values have been calculated
starting from the values of calculated dg-axes flux linkages Agcaic(id, ig, Ge), Agcaic(id, Ig,
6.), with the help of equation (4.35). In detail, the mathematical equation of each torque

components are summarized below:

Tem—calc = lemicg + Temzcalc (450)
3 Y AN (4.51)
Temlcalc = Ep[ldcalc(ld: lq: He)lq - chalc(ld, lq, ge)l,d]
T _ E aﬂdcalc(id, ig) 99) - alqcalc(id, ig» 96) ; (4.52)
em2cqic 2 a@e d 696 q

The dg-axes flux linkages derivatives as a function of rotor electrical angular position

are calculated with the function “gradient” in the Matlab environment. The calculated

values of electromagnetic torque Tem-caic are compared with those of electromagnetic

torque obtained from FEA simulations Ty through the following error quantity:

Tem(iar ig: ) = Tem—catc(ia» ig» 6e)
Tom(ia, ig, 6e)

The electromagnetic torque error map is reported below in Fig. 140.

errr, %(ig, iq 6.) = 100 (4.53)
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Fig. 140 Electromagnetic torque error map.

In this case, the difference between the calculated electromagnetic torque values and the
electromagnetic torque values obtained from FEA simulations is not negligible and
present high values especially at the ends of the rotor electrical angular position
variation range (0° and 360°). This behaviour can be attributed to derived functions, that
for rotor electrical angular position values near to zero, tend to diverge. Furthermore, it
can also be observed that high electromagnetic torque error values occur when the g-
axis current is equal to 0 A or presents very low value and, consequently, the
electromagnetic torque presents very small values. In detail, it can be observed that the
maximum and minimum the electromagnetic torque error values are 19.63% and -
26.73%, respectively.

Further analysis has been performed by comparing the mean values, calculated in 360°
electrical degree range, of the proposed electromagnetic torque model and those of
electromagnetic torque obtained from FE simulations through the following error
quantity:

Tem mean(ia» ig) — Tem-catc mean(ia» iq)

Tem mean(ia» iq)

The electromagnetic torque mean values error map is reported below in Fig. 141.

errr,  %(iq iq) = 100 (4.54)
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Fig. 141 Electromagnetic torque mean values error map.

As can be noticed, the differences between the calculated electromagnetic torque mean
values and the electromagnetic torque mean values obtained from FE simulations are
much more limited than the one found previously. In detail, it can be observed that the
maximum and minimum the electromagnetic torque error mean values are 0.04% and -

0.4%, respectively.

4.3.2 Iron loss evaluation and their mathematical modelization

The accurate estimation of iron loss is a fundamental parameter not only for the design
process of the electrical machines but also for the drive control purpose, especially
when a control algorithm based on the knowledge of the mathematical model of the
machine, such as the LMA, is used. In the variable speed drive applications, this is not
easy due to the wide variation of the supply frequency and impact of the inverter
switching harmonics on the machine flux linkages. In this work, in order to consider the
iron loss effects on the IPMSM electromagnetic behaviour at different working
conditions in a computationally efficient way, the iron loss model presented in
[IV.23]and [IV.24] has been considered. The iron loss model is based on voltage-
dependent loss functions. The iron losses are separated in two loss components, one
associated with the main magnetizing flux linkage and another one associated with the
demagnetizing flux linkage that occurs during field weakening operations. In detail, this
iron loss model tries to take into account the field weakening current effects than
involves a stator reaction field component which opposed with the main PM excitation

field. Therefore, during the field weakening operations, the resultant flux linkage with
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the stator winding is thus reduced. Consequently, iron losses in field weakening
operations would be to be lower respect to the iron losses obtained at the same
conditions without field weakening operations. The iron losses component associated
with the main magnetizing flux linkage can be directly related to the induced stator
voltage E:

Ppgy = f1(En) (4.55)
The second component of iron losses associated to the demagnetizing flux linkage can
be related to the voltage due to the armature reaction of the d-axis current Eg:

Ppgs = f1(Eq) (4.56)
The expressions of the induced stator voltage En, and of voltage due to the armature
reaction of the d-axis current Eq4 can be derived from the IPMSM mathematical model in

dg- reference frame:

E,, = 2nf \/)Lg(id, i)+ 22 (i ig) (4.57)

Eq = =2nf[24(ia ig) — 2apm(0,i4)] (4.58)
The iron loss function f; and f, are obtained with time-stepping FEA simulations. In
detail, magnetostatic 2D FEA open circuit simulations are used to determinate loss
function f;(Eyn) and 2D FEA short circuit simulations are used to determinate loss
function f,(Eg). The short circuit test is performed with ig=-Isc and i;=0 A where the
value of short circuit current Isc is equal to the value of d-axis current that allows
obtaining a d-axis flux linkage equal to zero and consequently induced voltage equal to
zero at any supply frequency or speed. Based on the modified Steinmetz equation, each
iron loss component can be expressed as the sum of hysteresis losses and eddy current
losses with the following relationships:

Prpq(Ey) = PIQEC(f) = apf + a.f? (4.59)
Ppgz(Eq) = Ppg (f) = bpf + bef? (4.60)
where ap, ae, bp. be are the hysteresis and eddy current coefficients of the iron loss
estimated by FEA open circuit simulations and of the iron loss estimated by FEA short
circuit simulation, respectively. In this way, the hysteresis losses and eddy current
losses can be found from the FEA simulations at a single arbitrary frequency. The loss

functions f; and f, can be found by substituting the frequency f with the following
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relationships obtained by the expression of the induced voltage in open circuit and short

circuit operations, respectively:

En
f= 2770 (0,12) (4.61)
Eq (4.62)

f=o——
Zﬂ)ldpM(O, lq)

Replacing the equation (4.61) and (4.62) to the relationships (4.59) and (4.60), it is

possible to obtain:

2

E E
Pegi(Ep) = POS(f) = i + < u ) 4.63
1 (Em) rE (f) ah27T/1dpM(0,iq) Qe Zﬂ/ldpM(O,iq) ( )

Prga(Eg) = ng(f) = bh—d. + b, <L.)2 o9
27t/1dpM(O, lq) 2t gpm (O, lq)

The total iron loss for a given IPMSM operating condition can be calculated as the sum
of Pres and Pees:

Prgmoder = Prp1(Em) + Ppe2(Eq) (4.65)
For the purpose of hysteresis and eddy currents coefficient estimation, several no-load
and short circuits FEA simulations have been performed by varying the rotor angular
speed wm in the range [500 rpm, 6000 rpm] with speed step of 500 rpm or in frequency
terms in the range [25 Hz, 300 Hz] with frequency step pf 25 Hz. Moreover, in order to
numerically validate the iron model proposed, several FEA simulations of the IPMSM
have been performed for several values od d-g axes currents ig, iq in the range [0A, 5A]
and for several values of the mechanical speed in the range [0 rpm, 6000 rpm] and the
values of iron losses Pre (ig, i, wm) have been determinate for each case of study. The
iron losses, obtained from the aforementioned FEA simulation, are compared with the
iron loss estimated only with the iron loss component of open circuit simulations that is
the conventional iron loss modelling approach. In detail, for this comparison the

following error quantity is defined:

Por(ig, i, w,)— PSS (i, i, w
erTpppoc% = rilia by o) = P (0t om) | (4.66)

Pre(iq) ig, 0m)

The iron losses model errors map, relating to the conventional iron loss modelling

approach, is reported in Fig. 142.
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Fig. 142 Iron losses error map relating to the conventional iron loss modelling approach.

As can be noticed, the iron losses error, relating to the conventional iron losses
modelling approach, presents considerable values for several working points. In detail,
it can be observed that the maximum and minimum iron loss error values are 66.85%
and -10.24%, respectively. In a similar way, the differences between the values of iron
losses of the aforementioned FEA simulation and the iron losses values estimated with
the proposed iron losses modelling approach have been evaluated with the following
error quantity:

Pre(ia gy @m) — Premoaet (i, gy @m)

Prg(iq iq, 0m)

The iron losses model errors map, relating to the iron losses modelling approach

100 (4.67)

errp..% =

proposed, is reported in Fig. 143.

1, [A] ) I Al

Fig. 143 Iron losses error map relating to the iron loss modelling approach proposed.
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In this case, as can be noticed, the iron losses error presents lower values respect those
obtained with the conventional iron losses model approach. In detail, it can be observed
that the maximum and minimum iron losses error values are 24.65% and -10.24%,
respectively. This result allows to successfully validate the new iron losses modelling
approach. The iron loss in the electrical machines increases the input active power when
it works as a motor whereas decreases the output active power when they operate as a
generator. In order to take into account the iron losses effects in the dg-axes modelling
approach of IPMSM, it is possible consider an equivalent current the incur losses in the

equivalent resistors across the d- and g-axis induced voltages as shown in Fig. 144.

R Loa Ly
YT L
T —
Id i ch
(a)
Vd Rcd <> pwm)‘q
+
R iOq ) Lq
— .
1, i Igq +
PWmhy (b)
Vq cq

Fig. 144 Circuit model with equivalent iron losses components: (a) d-axis circuit model;(b) g-axis circuit
model.

For this purpose, the iron loss can be decomposed in the components associated with the

dg-axes flux linkage, as expressed by:

AZ SC
/12 oc (4.69)

Prg q = /12 1 — 3 PrE

The corresponding iron loss dg-axes currents components can be derived through the

following relationships:
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. PFE_d
lea = 7R (4.70)

oy = VPiE}gi (4.71)
q q
The equivalent d-axis and g-axis iron loss resistances can be derived with the following
relationships:
(Vg — Rig)?

=7 4.72
Rcd PFE_d ( )
. \2
o _ (= Riy) 473)
“ P FE_q
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4.4 Implementation and validation of enhanced mathematical model
of IPMSM in Matlab®/Simulink environment

The proposed enhanced mathematical model of the IPMSM has been implemented in
Matlabe/Simulink environment and validated by means of several FEA simulations
carried out in Ansys Maxwell environment. The implementation of the proposed
mathematical model of the IPMSM in Simulink environment can be very useful as it
allows to evaluate the electromagnetic behaviour of the IPMSM in various operating
conditions with much smaller computational times than those required for simulations
in the FEA environment. Moreover, a high fidelity model of the IPMSM implemented
in Simulink environment is of considerable utility for a control purpose, since it allows
in a simple way to evaluate the effectiveness of the control algorithms. In detail, firstly
the validation of the IPMSM mathematical model that take into account the magnetic
self-saturation, cross-coupling and spatial harmonics are described. Subsequently, the
iron loss mathematical model is integrated into the previous mathematical model and

the validation is carried out.

4.4.1 Validation of the IPMSM mathematical model that take into account
magnetic self-saturation, cross-coupling and spatial harmonics effects

For the validation purpose, several IPMSM working points have been analyzed. In
detail several FEA simulations have been performed and in each of them the dg-axes
currents ig, iq and the mechanical angular speed wm are set as input quantities and the
following output quantities have been evaluated:

e induced voltages in abc-reference frame Eqp;

¢ induced voltages in dgo-referennce frame Eqqo;

e input supply voltage in dqo-referennce frame Vqo;

e electromagnetic torque Tem;
The input supply voltage in dgo-reference frame Vyq, are calculated as the sum of the
value of the induced voltages in dgo-reference frame Eqqo and the voltage drop on the
resistance that is set equal to 2.21 Q, the same value employed in the Simulink
simulations. In order to simulate the same IPMSM working points considered in FEA
simulations, a Field Oriented Control (FOC) of IPMSM is implemented in
Matlabe/Simulink environment. In detail, the  Simulink block diagram of the

implemented FOC is reported in Fig. 145.
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The FOC input quantities are represented by the reference mechanical angular speed
wm, by the value of the load torque T. and the reference value of the d-axis current ig. In
order to compare the Simulink model results with those of the FEA simulations, the
values of mechanical angular speed wm and of the d-axis current iy have been set equal
to those of each FEA simulation and the value of the load torque T, has been set equal
to the mean value obtained in each FEA simulations. The reference angular speed wp, is
compared with the actual value of the mechanical angular speed wn, and the relative
speed error is processed by the Pl anti-windup block that returns the reference value of
the g-axis current ig. The reference values of dg-axes currents are compared with the
actual values of the dg-axes currents and the respective error quantities processed in the
torque controller that returns the reference value of dg-axis voltages. These latter
represent the input quantities of the IPMSM mathematical model proposed. In detail,

the IPMSM mathematical model equations, including the mechanical equations, are:

. o dig . ., di
vg = Riy(t) + Ll(?dc(ld, ig» Hm) It + LZ‘(IC(ld, ig) Hm) d_tq +

o) (4.74)
iq,ig
b RIS o (12 (i, B )ig (O) + o]
m
, di , di
Vg = qu(t) + qundc(id’ iq, Gm) % + L%C(l'd, iq, em) % +
. (4.75)
0Aqig, g, 0
Yo, q(lgelq m) n we[szp(id,iq,gm)id(t) +/1dpM]
m
3 , , . . . 4.76
Tem = Ep{/ldPMlq — Agpmia + [LG (ia ig, Om) = LGP (ia ig, Om)]iaiq} o
3[024(ia,iq 0m) . 02g(iariq 6m) .
+= ld l
2 20, 00y, I
(4.64)

dw,
TeszL+Fa)r+]7

A schematic representation of the IPMSM mathematical model proposed, implemented

in Matlabe/Simulink environment, are reported in Fig. 146.
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Fig. 146 Schematic representation of the IPMSM mathematical model proposed.

The values of the dg-axes non-coupled apparent inductances, of the dg-axes incremental

inductances, of the dg-axes flux linkage produced by the PMs, derived by the

characterization carried out in Ansys Maxwell environment, are implemented as lookup
tables (LUT). The quantities taken into account for the validation of the IPMSM

mathematical model proposed are:

dg-axes currents ig and ig;

electromagnetic torque Tem;

induced voltages in abc-reference frame Egapc;

input supply voltages in dqo-reference frame Vgo;

Several IPMSM working points are simulated and compared for validation purpose.

Since the ripples on both the flux linkages and the electromagnetic torque are more

significant at high speeds, the comparisons are illustrated at the rated mechanical

angular speed of 4000 rpm and for several values of dg-axes currents ig and iy. By way

of example, the comparisons between the trends of the dg-axes currents within 360

electrical degrees, evaluated in four cases of study, are reported in Fig. 147-Fig. 150,

respectively.
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Fig. 147 dg-axes currents comparison at 4000 rpm, i;=0 A, i;=1 A.
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Fig. 148 dg-axes currents comparison at 4000 rpm, i;=0 A, i;=5 A.
n _=4000rpm T =0.4645Nmi =-3Ai =1A
m em d q
1.5 T T T T N
T —d fem
0.5~ 4=~y simutink
0r 7 Iq fem
~ -0.5~ I 'Iq simulink
< 7 ~
T 1.5 7
2F .
-2.5+ .
-3
_3.5 | | | | | | | | |

0 30 60 90 120 150 180 210 240 270 300 330 360
¢, [deg]

Fig. 149 dg-axes currents comparison at 4000 rpm, i;=-3 A, i;=1 A.
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Fig. 150 dg-axes currents comparison at 4000 rpm, i;=-3 A, i;=5 A.

It can be observed that the current waveforms predicted by the FE and Simulink models
almost coincide at the same load torque conditions. Particular attention must be paid to
the comparison between the g-axis currents, since the d-axis current is an input quantity
in both models. The comparison between the electromagnetic torque waveforms within
360 electrical degrees obtained with FE and Simulink models are reported in Fig. 151-
Fig. 154.
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Fig. 151 Electromagnetic torques comparison at 4000 rpm, ig=0 A, i;=1 A.
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Fig. 152 Electromagnetic torques comparison at 4000 rpm, iz=0 A, i;=5 A.

n_=4000 rpm T _=0.4645Nmi =-3Ai =1A
0.5 m o em d 9

—T
em fem

—T .
em simulink

0.42 ‘ ‘
0 30 60 90 120 150 180 210 240 270 300 330 360

¢, [deg]
Fig. 153 Electromagnetic torques comparison at 4000 rpm, iz=-3 A, iz=1 A.
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Fig. 154 Electromagnetic torques comparison at 4000 rpm, i;=-3 A, i;=5 A

It can be observed that the electromagnetic torque waveforms predicted by the FE and

Simulink models almost coincide at low values of g-axis current. Instead, for high
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values of g-axis currents, the electromagnetic torque waveforms predicted by the FE
and Simulink models present the same mean value of electromagnetic torque but the
torque ripple amplitudes are slightly different. The comparison between dg-axis voltage
waveforms within 360 electrical degrees obtained with FE and Simulink models are

reported in Fig. 155-Fig. 162.
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Fig. 155 d-axis voltages comparison at 4000 rpm, idc=0 A, ig=1 A.
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Fig. 156 d-axis voltages comparison at 4000 rpm, id¢=0 A, iq=5 A.
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Fig. 157 d-axis voltages comparison at 4000 rpm, id==-3 A, ig=1 A.
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Fig. 158 d-axis voltages comparison at 4000 rpm, id<=-3 A, ig=5 A.
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Fig. 159 g-axis voltages comparison at 4000 rpm, id¢=0 A, ig=1 A.
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Fig. 160 g-axis voltages comparison at 4000 rpm, id¢=0 A, iq=5 A
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Fig. 161 g-axis voltages comparison at 4000 rpm, id==-3 A, ic=1 A
n _=4000rpm T =2.3145Nmi =-3Ai =5A
m em d q
96 I T T T
- q fem

- Vq simulink

v, Vi

90 1 L 1
0 30 60 90 120 150 180 210 240 270 300 330 360

0, [deg]

Fig. 162 g-axis voltages comparison at 4000 rpm, id¢=-3 A, ic=5 A

It can be observed that dg-axes voltage waveforms predicted by the FE and Simulink
models present the same trends but there small differences between the average values,
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especially for d-axis voltages. This behaviour can be attributed to possible numerical errors
carried out in the derivations of the IPMSM model parameters or to the accuracy of the dg-
axes flux linkages derivatives oldq/0m that are present in the dg-axes voltage equations. A
greater number of FE simulations in the characterization phase of the IPMSM could
improve the accuracy of the dg-axes flux linkages derivatives and the other model
parameters. However, these results can be considered satisfactory for the validation
purpose. In this regard, a further comparison was made on the induced voltages in abc-
reference frame. In detail, the induced voltage waveforms obtained in FE simulations
present a distorted waveform due to the saturation effects or to the distorted airgap flux
density, whereas the induced voltage waveforms obtained in Simulink simulations present

sinusoidal waveforms as shown in Fig. 163 and Fig. 164, respectively.
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Fig. 163 Three phase induced voltage waveforms obtained in FE simulations.
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Fig. 164 Three phase induced voltage waveforms obtained in Simulink simulations.
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Therefore, in order to perform a comparison between the induced voltages obtained in
FE and Simulink simulations, a fast Fourier transform (FFT) of these quantities has
been performed. The FFT of the induced voltages obtained with FE and Simulink
models are reported in Fig. 165-Fig. 172.
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Fig. 165 FFT of the induced voltages obtained in FE simulation at 4000 rpm, ia=0 A, iq=1 A.
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Fig. 166 FFT of the induced voltages obtained in Simulink simulation at 4000 rpm, i<=0A, i.=1A
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Fig. 167 FFT of the induced voltages obtained in FE simulation at 4000 rpm, ia=0 A, iq=5 A.
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Fig. 168 FFT of the induced voltages obtained in Simulink simulation at 4000 rpm, i¢=0 A, iq=5 A.
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Fig. 169 FFT of the induced voltages obtained in FE simulation at 4000 rpm, id=-3 A, iq=1 A.
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Fig. 170 FFT of the induced voltages obtained in Simulink simulation at 4000 rpm, id==-3 A, ig=1 A.
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Fig. 171 FFT of the induced voltages obtained in FE simulation at 4000 rpm, id=-3 A, iq=5 A.
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Fig. 172 FFT of the induced voltages obtained in Simulink simulation at 4000 rpm, i¢=-3 A, ig=5 A.
It can be observed that the FFT of the induced voltages obtained in FE and Simulink

simulations present the same amplitude of the fundamental harmonic and a third
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harmonic component is present in the FFT of the induced voltages obtained in FE
simulation. A third harmonic component is not present in the FFT of the induced
voltages obtained in Simulink simulations because the zero sequence quantities are not

useful for control purposes and in dgo modelling approach are set usually equal to zero.
4.4.2 Validation of IPMSM mathematical model that take into account magnetic
self-saturation, cross-coupling, spatial harmonics and iron losses effects

The iron loss effects on the electromagnetic behaviour of the IPMSM have been studied
and implemented in the proposed mathematical model. The IPMSM mathematical

model that also includes the iron loss effects is represented by the following equations:

. i .. di d 1 .. dioq
vy = Rig(t) + L‘Cﬁf(ld, ig, Hm) d_j: + Lgl;(zd, ig) Bm) S +

02a(iaig)0m) (4.77)
l ’l ) . . .
+wpy, d ;9,: nl_ We [szp(ld, ig) Bm)loq (t) + AqPM]
) di . di
vy = Rig(®) + L7 (ia, iq, 6m) % + L7 (ig,1q,6m) % +
(4.78)
oA, ig, 0,0
+wp, o g 9,: m) + We LGP (ig, i) 0m)ioa (8) + Aapm]
3 . . . .. .. 4.79
Tem = Ep{AdPMloq - AqPMlod + [L(Zipp (ld' lg, Hm) - szp (Ld' lg, em)]lodloq} ( )
.3 024 (ig iq 0m) Pt 024 (ia,iq, Om) .
2 a0,, a0,
(4.65)

dwy,
Tem=TL+FwT+]F

The schematic representation of the IPMSM mathematical model that accounts for the

iron losses is shown in Fig. 173.
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Fig. 173 Schematic representation of the IPMSM mathematical model proposed with the iron losses effect.
For the validation purpose, the same working point of the IPMSM, employed for the
previous validation, are taken into account. The quantities taken into account for the
validation of the proposed IPMSM mathematical model, are:

e dg-axes currents ig and ig;

e induced voltages in abc-reference frame Eqp;

e input supply voltages in dqo-reference frame Vgo;

e electromagnetic torque Tem;
In this case, since the modelization of the iron loss effects consists in the definition of
the equivalent currents icq. icq that provide losses in the equivalent resistors across dg-
axes induced voltages, the resultant g-axis current should be larger than that predicted
with the IPMSM mathematical model described previously at the same IPMSM
working conditions. In order to highlight the above-described behaviour, several cases

of study with high values of the electromagnetic load torque or the dg-axes currents
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have been considered. By way of example, three comparisons between the trends of the
dg-axes currents within 360 electrical degrees, obtained with the FE and Simulink

simulations, are reported in Fig. 174-Fig. 176.
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Fig. 174 dg-axes currents comparison at 4000 rpm, iz=0 A, i;=5 A.
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Fig. 175 dg-axes currents comparison at 4000 rpm, iz=-2 A, i3=5 A.
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Fig. 176 dg-axes currents comparison at 4000 rpm, i;=-3 A, i;=5 A.
It can be observed that the current waveforms predicted by the FE and Simulink models
almost coincide at the same load torque conditions. Particular attention must be paid to
the comparison between the g-axis currents, where it is possible to appreciate a small
difference between the predicted g-axis currents, as expected. The comparison between
the electromagnetic torque waveforms within 360 electrical degrees obtained with FE

and Simulink models are reported in Fig. 177-Fig. 179.
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Fig. 177 Electromagnetic torques comparison at 4000 rpm, iz=0 A, i;=5 A.

191



n _=4000rpm T =2.2257 Nmi =-2Ai =5A
2.28 m\ T T en\' T q T q T
: —T

e fem

Te simulink

2. 18 | | | | | | | | | |
0 30 60 90 120 150 180 210 240 270 300 330 360
ﬁe [deg]
Fig. 178 Electromagnetic torques comparison at 4000 rpm, igz=-2 A, i=5 A.
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Fig. 179 Electromagnetic torques comparison at 4000 rpm, iz=-3 A, ig=5 A.
It can be observed that electromagnetic torque waveforms predicted by the FE and
Simulink models present the same mean value of electromagnetic torque but the torque
ripple amplitudes are slightly different. The comparison between dg-axes voltage
waveforms in 360 electrical degrees obtained with FE and Simulink models are reported

in Fig. 180-Fig. 185.
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Fig. 180 d-axis voltages comparison at 4000 rpm, id==0 A, iq=5 A.
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Fig. 181 d-axis voltages comparison at 4000 rpm, id=-2 A, ig=5 A.
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Fig. 182 d-axis voltages comparison at 4000 rpm, id<=-2 A, ig=5 A.
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Fig. 183 g-axis voltages comparison at 4000 rpm, =0 A, iq=5 A.
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Fig. 184 g-axis voltages comparison at 4000 rpm, id==-2 A, ic=5 A
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Fig. 185 g-axis voltages comparison at 4000 rpm, id¢=-3 A, ic=5 A

90

It can be observed that dg-axes voltage waveforms predicted by the FE and Simulink
models present the same trends. In detail, the d-axis voltage waveforms predicted present
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small differences in the average values. Instead, the g-axis voltages waveforms predicted by
the FE and Simulink models are very close. The differences found can be attributed to
possible numerical errors carried out in the derivations of the IPMSM model parameters or
the accuracy of the dg-axes flux linkages derivatives dlqq/00m that are present in the dg-axes
voltage equations. A greater number of FE simulations in the characterization phase of the
IPMSM could improve the accuracy of the dg-axes flux linkages derivatives and the other
model parameters. However, these results can be considered satisfactory for the validation
purpose. In this regard, a further comparison was made on the induced voltages in abc-
reference frame. The results obtained are quite similar to those obtained in the validation
described previously. By way of example, the FFT of the induced voltages obtained
with FE and Simulink models at 4000 rpm, ig=-2 A, i;=5 A are reported in Fig. 186 and
Fig. 187, respectively.
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Fig. 186 FFT of the induced voltages obtained in FE simulation at 4000 rpm, id=-2 A, iq=5 A.
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Fig. 187 FFT of the induced voltages obtained in Simulink simulation at 4000 rpm, is=-2 A, ig=5 A.

Also in this case, it can be observed that the FFT of the induced voltages obtained in FE

and Simulink simulations present the same amplitude of the fundamental harmonic and

a third harmonic component is present in the FFT of the induced voltages obtained in

FE simulation. Therefore, it is possible to state that the results obtained validate

successfully the enhanced IPMSM mathematical model proposed.
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Conclusions

In this PhD thesis, several aspects of loss minimization control of interior permanent
magnet synchronous machines have been discussed. In order to highlight the main
features of loss minimization control algorithm, a description of the loss minimization
control state of the art was performed. In detail, this work was focused on the loss
model control algorithms (LMA) that are based on the knowledge of the IPMSM
mathematical model. In this regard, in order to evaluate the possible performances of
the LMA, two power loss models have been taken into account. The first is derived
from the conventional IPMSM mathematical modelling approach, that presents constant
values of the magnetic and electrical parameters. This IPMSM mathematical modelling
approach doesn’t take into account the non-linear magnetic behaviour of the machine
and the variability of the iron losses with the supply frequency of the machine. The
second is derived from an IPMSM mathematical model that take into account the self-
saturation effects and the iron loss variations with the supply frequency. In order to
estimate the electrical and magnetic parameters values and their variation with the
working conditions, experimental characterization of the IPMSM under test has been
performed. The data acquired was used to study and simulate the impact of the proposed
IPMSM mathematical models on the performances of the electric drive under test
controlled with a LMA. Furthermore, several experimental investigations are carried out
for the estimation of the total controllable losses for several working conditions of the
electric drive. Therefore, the controllable losses estimated in simulation with the
IPMSM mathematical models are compared with those obtained from the experimental
investigations. In particular, a first comparison analysis was performed on the
controllable power losses referred to the supply voltage fundamental harmonic. In this
case, the IPMSM mathematical model, that take into account the magnetic self-
saturation effects and the iron loss variability with the supply frequency, allows
estimating more accurately the motor controllable losses respect to the conventional
IPMSM mathematical modelling approach. A second comparison analysis was
performed on the controllable power losses referred to the supply voltage entire
harmonic content. In this case, the analysis carried out has shown that the performances
of the two loss models are comparable. This study highlights how the harmonics of
electrical quantities, such as supply voltages and absorbed currents, generate a no-
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negligible contribution of active power respect to that evaluated at the fundamental
harmonic and such as to compromise the effectiveness of the LMAs based on IPMSM
mathematical models defined at fundamental harmonic. This result may be
characteristic of the electric drive under test, and different results can be obtained for
other electric drives, especially for high power electrical drives where the additional
harmonic power losses impact can present negligible amplitude respect the controllable
losses amplitude evaluated respect to fundamental harmonic of the supply voltage.

Therefore, the evaluation of the LMA effectiveness on the electric drive performances
requires an accurate estimation of the electric drive efficiency or its power losses. For
this purpose, the efficiency measurement approaches for electrical drives equipped with
IPMSMs proposed by the international standard have been discussed. For this purpose,
the standard IEC61800-9 prescriptions have been taken into account for the
measurement system design. In this regard, a measurement system able to estimate the
active power in each section of the electric drive under test has been realized.
Furthermore, in order to evaluate the impact of the measurement equipment accuracy on
the efficiency measurement uncertainty, the power drive system (PDS) input active
power was measured with the two current transducers. In detail, a non-inductive Fluke
A40B shunt resistor and a Fluke i400 current probe have been employed. The first
current transducer presents high accuracy and high cost whereas the second current
transducer is less accurate but cheaper. In order to simulate the control action of three
control algorithms, the PDS efficiency has been evaluated with the two measurement
systems for three d-axis current values and for several load conditions. Therefore, it has
been shown that the measurement system equipped with the shunt resistor is able to
accurately measure the efficiency of the electric drive and can be used for its energy
classification, whereas the measurement system equipped with the Fluke 1400 current
probe cannot be used for the accurate measurement of the electric drive efficiency.
Finally, a new measurement approach for the comparison of electrical drive
performances controlled by several control algorithms are designed and experimentally
validate. This approach defines the 44Ppps quantity that represents an index of the
power recovered passing from the first control algorithm to the second control
algorithm. Since the measurement uncertainty is affected only by the uncertainty related

to random errors, the measurement of the 44Ppps quantity can be carried out also with
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low accurate measurement equipment. In this regards, the two measurement system
described have been used to measure 44Ppps quantity for several load conditions. The
analysis conducted showed that the difference between the 44Ppps quantity evaluated
with the two measurement system is negligible. This result validates the proposed
measurement method.

Finally, an enhanced mathematical modelling of IPMSM that take into account the
magnetic saturation, cross-coupling, spatial harmonics and iron loss effects has been
addressed. In particular, in order to take into account these phenomena , the electrical,
magnetic and electromagnetic quantities are defined as functions of the dg-axes currents
and rotor angular position. For this purpose, a finite element model of the IPMSM under
test has been implemented and characterized in Ansys Maxwell simulation environment.
In particular, in order to define the non-linear relationships between the dg-axes flux
linkages and the dg-axes currents and the rotor position, a large number of FEA
simulations have been carried out. The proposed enhanced mathematical model of the
IPMSM has been implemented in Matlabe/Simulink environment. In detail, this
mathematical model captures all significant effects associated with the electromagnetic
behaviour of the machines, including magnetic saturation, spatial harmonics, and the
iron loss effect and it has been validated by means FEA investigations. The results
obtained are of considerable importance since a high-fidelity mathematical model can
be used both for the design of innovative LMAs and for the evaluation of the control
algorithm effectiveness. Moreover, the simulation time can be greatly reduced

compared with circuit-FEA cosimulation.
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