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ABSTRACT Salient pole wound field synchronous motors find many industrial applications, thanks to their
favorable characteristics: reactive power regulation, stiff mechanical characteristic, and overall outstanding
efficiency. Nevertheless, their competitiveness toward the induction motors, especially for medium and small
power sizes, depends crucially on their capability to be asynchronously started as well. Regrettably, the
asynchronous run-up of a synchronous motor can be sometimes very problematic because of thermal issues,
torsional vibrations, and grid voltage disturbances. This article presents an alternative method of starting
salient pole wound field synchronous machines by activating the field winding in a special manner, which
makes it possible to mitigate the three problems at once. The suggested method is validated through a two-
dimensional finite elements simulation and by starting a 60-kVA prototype generator. The requirements for
the application of the proposed run-up strategy are critically discussed together with related pros and cons.

INDEX TERMS Asynchronous start, reluctance torque, run-up, salient pole rotor, synchronous motor (SM),

torque ripple.

I. INTRODUCTION

Asynchronous motors (AMs) are robust, low maintenance,
and are relatively cheap when compared with other types of
electric motors [1]. These three features make AMs ideal as
industrial prime movers. However, when the high efficiency
is a priority, the synchronous motor (SM) can perform better
than the asynchronous one [2], [3]. This is the case in many
low-speed! automotive drives where the permanent magnet
synchronous motor helps greatly in saving battery energy
[4], [5]. This is also the case of the pumped storage power
plants, where the high efficiency of the synchronous machine
contributes to the overall round-trip efficiency of the system
[6], [7]. Moreover, it does not present the stability risk posed
by the double-fed asynchronous generator [8] and is able to
provide black start capability [9]. Besides, in those applica-
tions, where the considerable reactive power consumption of
AMs represents an economic or technical challenge, SMs are

!For high-speed automotive drives, the high iron losses produced by the
PM could make the induction motor more efficient.

the natural alternative choice. Finally, where constant speed
and pace keeping of all involved drives are crucial for a pro-
ductive process—such as in the paper and steel rolling mill
industry—SMs can provide the stiff mechanical characteristic
that the applications need. Nevertheless, at the state-of-the-art,
units of MW output represent the break even for industrial
applications of SMs, where AMs are more attractive for
smaller sizes, due to their relative lower cost and maintenance
need [10].

The toughest burden of SMs is that they need to be syn-
chronized at the grid frequency in order to work properly
and efficiently. The SM run-up through a variable frequency
converter is the most effective and efficient way to reach
the synchronism. However, the considerable cost of this de-
vice makes its use convenient when a variable speed control
is strictly required [9]. Therefore, the synchronized asyn-
chronous motors (SAMs) [11] and line-start synchronous
motors (LSSMs) [12], [13], [14], [15], [16] have been stud-
ied and developed over the past decades, aiming to keep the
design and the run-up solutions simple and robust at the same
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time. Unfortunately, they suffer the same and sometimes even
larger problems than the AMs during the start. In fact, the
asynchronous LSSMs can be troublesome for at least three
main reasons:

1) the thermal stress produced in the rotor for long or

repeated starts;

2) the remarkable ripple that characterizes the starting

torque;

3) the low steady-state power factor.

The almost adiabatic warming up in the rotor during the
start skyrockets the temperature of those conductive parts
where the eddy currents are induced (damper bars, solid pole
shoes, permanent magnets, etc.) [17], [18]. The related nega-
tive consequences of exceptional temperature rise in the rotor
can include the mechanical breakdown for fatigue, the magnet
total or partial demagnetization, and the accelerated aging or
failure of the electric insulation. The characteristics of the
load faced during the run-up, the rotor inertia, as well as the
length of the starting time are all responsible for the severity
of the considered warm-up [18]. Furthermore, the magnetic
and electric asymmetries of the rotor, due to the salient poles,
the damping bars, and the PMs are the causes of the ripple in
the starting torque [19], [20], [21], [22]. The ripple is quite
nasty because it is variable in intensity (large at standstill and
close to the synchronism) and its frequency changes steadily
from twice the grid frequency to zero along the entire run-up
process [23]. This fact can easily trigger the vibrational modes
of the driving system, which would, in turn, accelerate the
wear and tear of the mechanic couplings or produce the failure
of mechanical elements in the driving chain. For preventing
the overheating of the line-started SM and/or for limiting
the driving torque ripple during the startup, some protective
devices are needed. They are called either startup protections
[18]—when they tackle the thermal issue only—or smooth
startup units (SSUs) [24], [25], [26] when they reduce both the
current inrush and the torque ripple. These devices increase
the specific costs of the SMs drive furtherly and, above all,
they reduce the locked rotor torque (LRT) and the pull-up
torque (PUT) of the protected motors.

In this article, an asynchronous starting strategy for an
salient pole wound field synchronous machine (SPWFSM) is
presented that does not produce thermal issues for the rotor at
the run-up, provides good LRT and PUT levels, and reduces
the torque ripple if compared with an asynchronous line
start. It makes use of special arrangements for the excitation
system (ES) and the rotor winding that are duly illustrated
in Section III. The suggested run-up strategy is tested on a
60-kVA SPWFSM prototype and the experimental results
are furtherly validated through a 2-D finite elements method
(FEM) transient simulation. The rest of this article is orga-
nized as follows. Section II describes a brief recall of the main
causes for the torque ripple. Section III presents a multiphase
rotor winding concept analyzing its dc and ac behaviors.
The experimental setup and the simulation concept are then
introduced and explained in Section IV. Next, a run-up of
the machine at constant acceleration is both performed and
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simulated. The obtained results are reviewed and discussed in
Section V. Finally, Section VI concludes this article.

Il. CAUSES OF THE TORQUE RIPPLE

The torque in a salient pole synchronous machine during the
line start consists of three terms essentially [23]: a useful
constant unidirectional component 7y, averaged over the slip
period; an unavoidable fast decaying pulsating torque Tian (%),
which relates to the transient components of the armature and
rotor currents; and an undesired persistent pulsating torque
Tiip(t), which causes the machine torsional vibrations. The
latter component has been intensively investigated [19], [20],
[21], [22], [23] finding out that it depends mainly on the
following rotor aspects:

1) the difference in magnetic permeance between the d-
and g-axis (due to the rotor saliencies);

2) uneven angular distribution of the rotor proper electric
circuits (field winding and damper bars) and de facto
electric circuits (pole shoes and pole cores).

With reference to point 1), when the armature windings
provide a magnetization for the motor (e.g., during a direct
line start of an SM), the reluctance torque Ty s depends on the
amplitude of the stator current and on the difference between
the motor magnetization inductances [27]

Trels < 12 (Lam — Lgm) sin2y. (1)

The angle y in (1) lies between the direction of the d-axis
and that of the armature magnetomotive force (MMF). When
a rotor current .z magnetizes the machine instead, a change
in the angular rotor position ¥ does not change the value of
the rotor magnetizing inductance L,, , essentially. Hence, the
reluctance torque Tr , calculated by means of the magnetic
coenergy variation [28] by

oLy r

-2 =0 2)

Trel,r 99 exc

becomes negligible.

Equation (2) points to the fact that providing the motor
magnetization from the rotor side would help to reduce the
reluctance component of the torque ripple during the asyn-
chronous start. This is especially relevant considering that the
magnetizing current accounts for 30%-+60% of the rated active
current component in large AMs [29]. In large SMs, which
have relative wider airgaps than AMs, the proportion between
magnetizing and active current at the run-up could become
even larger.

With reference to point 2), it is well known that the ex-
citation circuit, the damper bars, and the solid amortisseurs
(e.g., the pole shoes and conductive magnets) in SPWFSMs
can be conveniently represented by single-phase circuits [30].
They produce their MMFs on the d- and/or g-axis only. Fig. 1
shows the fundamental MMF produced by an ac current at slip
frequency, having phase constant ¢, that flows either through
the field winding or the d-axis damper circuit.

The resulting rotor MMF is the sum of a progressive
and a regressive wave (:):fl and (:);1, respectively. When an
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axis of phase A

FIGURE 1. Single-phase rotor circuit excited by an ac current at slip
frequency produces two counter-rotating MMFs.

Tavg
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FIGURE 2. Qualitative comparison between the average torque
(continuous line) and the ripple torque (dashed line) contributed by a
rotor single-phase circuit.

armature-rotating MMF is provided through a direct sequence
system of three-phase currents with amplitude / and angular
frequency wy

- Az - Ao 2 = PSP}
IX =Ielw0t’ IY — Iela)()t 3JT’ IZ — Iela)ot 37T (3)

the interaction between the resulting rotating magnetic field
and the rotor MMFs establishes the following electromagnetic
torque TgM on the rotor

Tem (1) = Tavg + Tiip,Em Sin (Zswot + @) “4)

where the phase constant ¢g means that the variable compo-
nent of the torque is not necessarily zero at = 0.

The first term on the right side of (4) is the useful torque
Tyavg. The second term of (4), with amplitude Ti;, gwm, is the
contribution of a single-phase rotor circuit to the torque ripple
Tiip(1). It is due to the interaction between the armature mag-
netic field and the regressive rotor MMF ® ., which rotate in
the opposite direction.

Fig. 2 shows a comparison between the useful 7,y¢ and the
undesired Tijp M in terms of amplitude versus the relative
rotor speed [19].

nl’
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It can be observed that the ripple torque is particularly
strong both at the start and close to the synchronism. Its
relative intensity depends, among other factors, on the con-
stitution of the rotor. Owen [19] has shown that solid poles
in place of laminated ones—especially when the pole tips
galvanic connections are not used—can make the amplitude of
the ripple torque even larger than the average one that can re-
sult in the impossibility to asynchronously start an SPWFSM
or to drive it even close to the synchronism. This is because
of the solid poles, which, contrarily to other kinds of amortis-
seurs (e.g., squirrel cage or interconnected grill damper bars),
establish a single-phase circuit on the d-axis only, exactly as
the field winding does.

Having examined the different contributions to the ripple
torque during the asynchronous run-up, previously addressed
with points 1) and 2), respectively, it is concluded that:

1) magnetizing the machine from the rotor side;

2) making the rotor circuits symmetric so as to form sym-

metric multiphase windings;

3) adopting laminated poles;

are all means for reducing the ripple torque.

The implementations of the technical solutions referred
to in points 1-3 above are presented in Section III for SP-
WFSMs. In particular, Section III-A describes a novel rotor
arrangement, which is electrically and magnetically symmet-
ric during the asynchronous run-up phase, when it is supplied
with ac currents. The same arrangement can excite the SM
at synchronism when dc is supplied. Section III-B shows
how to connect the armature phases conveniently so as to
correspond to the rotor MMF during the asynchronous and
synchronous behaviors, respectively. After the derivation of
the run-up torque in Section III-C, the driving strategy for
the run-up and the test setup is disclosed. The presentation
of the time-stepping FEM simulation of the run-up concept is
considered in Section III-G and its results are compared with
the experimental results in Section V.

11l. METHOD

A. MULTIPHASE ROTOR WINDING AND ITS MMF ANALYSIS
In Fig. 3, a special rotor winding arrangement is shown [31],
where four phases are formed by connecting the pole winding
every four poles so that for k = 0, 1, 2, ..., the poles involved
in the mth phase (where m = 1, 2, 3, 4) are

Nk = m ~+ 4k. (5)

All-phase ends are then joined together to form a common
electric reference point. In the end, there are five winding ter-
minals, one for each strand, and one for a common reference
O. Fig. 3(a) shows that, when the same dc current enters the
odd phases and exits the even ones, a constant excitation field
with 2p poles is set up. Therefore, the shown field windings
are able to provide the excitation field needed by an SPWFSM
at synchronism. Fig. 3(b) and (c) are referred to the following
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FIGURE 3. Multiphase salient pole rotor windings arrangement capable of
producing (a) DC excitation field having 2p poles, and (b) and (c) rotating
magnetic field having p poles, when supplied by two sinusoidal currents in
quadrature. In (b) i, = iz and in (c) iz is maximal while i, = 0.

sinusoidal currents in quadrature, having electric angular fre-
quency w,

iy =1y cosw,t (6)

b4
ig =1y cos (a)et _ E) . %)
The current ig enters the first phase and exits the third one,
whereas i, enters the second phase and exits the fourth one.
After one-eighth of the electric period, when i, = ig =
0.71 Iy, a magnetic field is set by the rotor, which shows
only p poles. As a result of this, in Fig. 3(b), the new pole
pitch 75 is twice the original pole pitch t of the SM. In
Fig. 3(c), after one-fourth of the electric period, when i, = 0
and ig = Iy, the magnetic field of the rotor still shows p poles.
However, it has moved half a pole leftward with respect to
the previous instant. Having displaced of about 7/p radians in
T/8 seconds, the magnetic field produced by (6) and (7) has
a positive mechanical angular speed (referred to as the rotor)
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FIGURE 4. Simplified rotor MMF profile for a salient pole rotor having pole
coverage o and N turns per coil. (a) When i, and —is are dc currents equal
to /;. (b) When i, is a sinusoidal current with amplitudes /r and i = 0.

equal to

2
Q= ~w,. ®)
p

Equation (8) proves that the field windings arrangement, as
represented in Fig. 3, is able to provide a rotating magnetic
field as well, the angular speed of which is related to the
frequency of the sinusoidal rotor currents i, and ig. Fig. 4(a)
represents the simplified profile of the rotor MMF ®, along
the rotor perimeter. The rotor has pole coverage o, N turns per
coil, p pole pairs, and a dc current supply mode according to
Fig. 3(a).

The harmonic expansion of ®, is a function of the sole
mechanical rotor angle $, and includes odd-order harmonics
only

4 o0
O (0r) = —NI 3 axericos [k + D pdr] . (9
0

The amplitudes of the harmonics depend on the pole cover-
age through the following coefficients:

1
daes) = ————cOs [(Zk (1 —a) %] .30

2k +1
Fig. 4(b) shows the simplified MMF rotor profile in the
same rotor arrangement, where the sole current (6) flows. The
profile is that of a standing wave showing p rectangular pulses,
the amplitude of which varies in time proportionally to iy ().
The Fourier expansion of a phase MMF in the rotor can be
easily derived from (9), having made the needed adjustments

4 ad p
Ora (97.1) = =Nig () §0 s 008 [ 2k + 1) S
(11)
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Equation (11) is a function of both rotor angle $, and time 1 e
t. The harmonics’ amplitudes in (11) are proportional to lagesal | e ‘
0.5 Sth
: Q+DZ=2 T a “ E
= ———Cos _ = :
G = 2 2 0

where the first subscript “2” points to the fact that these coef-
ficients are related to the two current modes of Fig. 3(b) and
(c). The MMF produced by the sole (7) can be obtained per
analogy from (11) by

4 > b4
O (9.1) = —Nig Xoja2,2k+1cos @k +1) (’5’19, - 5)]

(13)

At this point, the rotor MMF ©(%,, t), established by two

90° displaced sinusoidal currents, can be obtained by adding

(11) and (13) and using some trigonometry. The following
result is yielded:

4 00
Oy, 1) = —NI Y ar.aps1c0s [ (4k + 1) 20, F o]
7 5 2

4 00
+ —NI, Z ap 4k+3C08 [(4]( + 3) El?,r + a)et] .
b4 T 2

(14)

In (14), the upper signs in the cosine argument are used
when i, leads on ig as in (6) and (7). Sticking to this assump-
tion, the rotor MMF (14) is the superposition of two groups of
odd-order rotating waves: the group of the progressive MMF
waves, associated with the orders 1st, 5th, 7th, ...,(4k + 1)th
and having mechanical speed with respect to the rotor

1

Qa1 = mgr

and the group of the regressive MMF waves, associated with
the orders 3rd, 7th, 11th, ...,(4k + 3)th, which have mechani-
cal speed with respect to the rotor

15)

1
4k +3

As soon as i, lags on ig, the two groups of harmonics swap
their roles and the signs of (15) and (16) must be changed
accordingly.

Finally, Fig. 5 shows the relative weights of each single
harmonic with respect to the fundamental of the MMF of
Fig. 4(a), which is the useful one for the SM at synchronism.
The weights are given in function of the rotor pole coverage «,
for both the steady MMF with 2p poles (upper subfigure) and
rotating MMF with p poles (lower subfigure). The assumption
underlying the two behaviors, as compared in Fig. 4(a), is that
the dc current of the synchronous MMF equals the amplitude
of the phase currents i, and ig of the rotating MMF.

In the same figure, it can be observed that, in the usual
range of the pole coverage (0.65+0.80), the amplitude of the
fundamental of the rotating MMF is about 55%+60% of the
fundamental of the steady MMF. Moreover, the third harmon-
ics of the stationary MMF, which can knowingly be canceled

Qa3 = — Q. (16)
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FIGURE 5. Relative amplitudes of the first four nontrivial rotor MMF
harmonics, for a stationary MMF (upper plots) and for a rotating one
(lower plots), produced by dc and ac currents, respectively, having the
same maximal intensity.

rotor
( p/2 pole pairs )

stator 4 a-axis

( p pole pairs ) Y

axis of phase 4

FIGURE 6. According to the proposed rotor winding arrangement, the
rotating MMF produced by the ac current supply does not match the
number of poles of the armature.

through an appropriate choice of the pole coverage, amounts
to circa 40% in the rotating MMF. This poses a problem for
the exploitation of the rotating MMF during the run-up. In
fact, the third harmonic would act against the accelerating
work of the fundamental one, in the same way an external load
does. Therefore, this crucial problem is addressed and solved
next by considering the armature windings.

B. STATOR WINDINGS ARRANGEMENT

The idea of ac magnetizing the SM from the rotor side during
the asynchronous run-up has the advantage of establishing a
magnetic and electric symmetry in the rotor, as the right side
of Fig. 6 shows.

The rotor presents the same permeance on the d- and g-axis
and has identical electric circuits working on them. However,
the rotating excitation produced by ac currents in the rotor
[see Fig. 3(b) and (c)] shows only p poles, whereas the SM
armature is designed for 2p poles.

A solution for this “pole mismatch” is possible when the
armature presents at least two current paths in parallel for each
phase (¢>1) [31], the terminals of which can be accessed sep-
arately and conveniently connected through toggle switches.
Fig. 7 shows a four-pole (p = 2) SPWFSM with ¢ = 2 parallel
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’ o VX

(b)

FIGURE 7. Armature phase connections. (a) Synchronous behavior with dc
rotor excitation. (b) Asynchronous behavior with ac rotor excitation.

paths per armature phase, which includes the special rotor
arrangement, as presented in Section III-A.

In order to find out how to conveniently connect the ar-
mature phase during the dc and ac rotor excitation, in the
continuation, the electromotive forces (EMFs) of the machine
phases are derived from the magnetic linkage fluxes.

In Fig. 7(a) and (b), the generic harmonic of the magnetiz-
ing flux linked with phase A can be expressed by means of

Womt1.a = Worgrcos [p(Qe + Q) 1] = Re [Toppr4] (17)
where €2, is the angular speed of the rotor magnetic field with
respect to the rotor and €2 is the rotor angular speed.

Once the vector X = [A, B, C, a, b, c] is defined, the posi-
tion ky € [1, 2, 3, 4, 5, 6] of the element x belonging to X
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FIGURE 8. First and third harmonics of the EMFs induced in the armature
phases in Fig. 7 by a dc excitation (rotor spinning CCW) and by a
retrograde ac excitation (rotor spinning CCW), respectively.

is

ky =pos(x € X). (18)

Therefore, the linked flux for the generic phase x can be
generalized as

Wity = Wapyg aeTCmtDE=Dp% (19)

where the minus sign is taken when (€2, 4+ 2) > 0 counter-
clock-wise (CCW).

The generic harmonic for the EMF of phase A can be
derived from (19) by means of the electromagnetic induction
law, i.e.,

Eypi1a = —i2m+1) p(Qe + Q) Wy 1.4 (20)
The analogous EMF for the generic phase x is then
Epnirx = Eyyr ae™@mtDEEDPT 2D

Considering the dc excitation mode at synchronism [see
Fig. 7(a)], where p = 2 and Q, = 0 with > 0, the funda-
mental harmonic for the phase EMFs becomes

E—BC — E_B\Ce_i(kx_l)z%. (22)
Forx =A, B, ...c, (22) produces the two symmetric direct
sequences of voltage in Fig. 8, top-left corner. These allow
the toggle-switch positions of Fig. 7(a), which pose the ho-
mologous phases (Aa, Bb, and Cc) in parallel during the SM
synchronous behavior.
Under the same conditions, considering the third harmonics

in (21), the following homopolar EMFs are yielded:

E—gc _ Eice_m(krl)z% 23)
For x =A,B, ..., c, (22) produces the phasors of Fig. 8,
top-right corner. These EMFs are not of concern for the cir-
culation of homopolar currents since the phase windings are
y-connected without a neutral line.
Considering now the ac excitation mode for the asyn-

chronous behavior of the SM [see Fig. 7(b)], where p = 1 and

VOLUME 5, 2024



IEEE Open Journal of

Industry Applications

Q. + Q = 5Q, < 0clock-wise (CW) with Q > 0 (CCW), the
fundamental harmonics of the EMFs become

E_{’}C _ E‘&Ceﬂ(kx—l)%. (24)

For x =A,B,...,c, (24) gives the phasors of Fig. 8,
bottom-left corner, where two direct three-phase systems of
voltages, AbC and aBc, respectively, are represented.

Under the same conditions, the third harmonics of the phase
EMFs from (21) are

E’QC — E‘vﬁceﬂ?(kxfl)%. (25)

For x = A, B, ..., c, (25) identifies the phasors of Fig. 8,
bottom-right corner. In this case, the homologous phases, if
accidentally connected, would produce third-harmonic cir-
culation currents. However, the toggle-switch positions in
Fig. 7(b) prevent such currents to circulate during the SM
asynchronous behavior.

C. TORQUE GENERATION FOR THE RUN-UP

During the asynchronous behavior w, = 2, since p = 1.
Once the phases of each three-phase direct voltage sequence
(namely AbC and aBc) are separately closed in a short circuit
[see Fig. 7(b)], a double three-phase direct sequence of arma-

ture currents is established, so that, analogously to (24)
I—ﬁc _ I—&C eTite=DE (26)

Considering the voltage balance in one armature phase path
having a magnetizing inductance L, stray inductance Ly,
and resistance Ry, the KVL application yields

_ , _ 1. _
EAC = — (R + isweLys) IR — Sisee > MG IRC. @27
x,y
Since the mutual inductance My, between the phases x and
y is equal to
T
M,y = Lyscos (mod (kx — ky, 6) §> 28)

by substituting (28) and (26) in (27), the latter transforms into

ENS = EfS +iswe QL) IS = — (Ry + isweLos) Iy
(29)
The magnetizing EMF E f?f, namely
EfS = — jLogswe ¥y (30)

depends on the magnetizing flux linkage ¥ ,,, which includes
the reaction magnetic linkage — (3L, )1 ﬁc too.

The electromagnetic torque applied to the stator 75, can
be derived from the active power provided to the six armature
phases by

6Re |} B ()]

SWe

Tem = 31)
where sw, is the mechanical angular frequency since p = 1.
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Formulating I in function of E ﬁf from (29), the expres-
sion for the torque (31) becomes in the end

rms 2
(vi)

—_. 32
R32~ + (SweLos)z 2

Ty = —0sw, Ry

According to the third law of dynamics, the rotor reacts to

(32) with an opposite torque. Hence, it demonstrated that the

electromagnetic (EM) torque performs a mechanical work on

the rotor in the same sense as the rotor angular speed. This lets

us conclude that the asynchronous arrangement, as shown in
Fig. 7(b), can definitely work as a motor.

D. DRIVING STRATEGY
During the synchronous behavior of the SPWFSM, the several
paths of the armature phases are connected in the way, as
shown in Figs. 6 and 7(a). During the proposed alternative
asynchronous run-up, the same paths are connected in a short
circuit according to Figs. 7(b) and 9 and they play the role
of the secondary circuit. The primary circuit is made of the
special multiphase rotor winding, as presented in Fig. 3. Since
the primary circuit is a rotating one and has five terminals, it
is supplied by a five-leg inverter through five sliding contacts.
Contrary to a traditional asynchronous machine, the present
one has a rotating primary circuit. A simple change of refer-
ence from the stator to the rotor makes it easy to define the
motor slip

a)e_EQ

5= Qﬁeld - Qsec _

= (33)
Qfield e

where Qgec, Q2field, and Q2 are the mechanical angular speeds
of the secondary winding (armature), of the rotating magnetic
field, and of the rotor, respectively. The numerator of (33)
represents the frequency of the induced currents in the ar-
mature. By keeping this frequency so low that the armature
stray reactance becomes negligible in comparison with the
armature resistance, the stator MMF lies almost in quadrature
to the rotor magnetizing flux. This ensures knowingly the
best condition for the torque generation because the induced
armature reaction does not weaken its source. To achieve this
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condition, the controlled frequency of the rotor phase currents
iq and ig must increase together with the rotor speed during
the run-up.

In Fig. 9, the microcontroller («C) generates the reference
currents iy-ref and ig-ref of given frequency f,, which are
reproduced in the rotor phases through a two-point (bang—
bang) control strategy. The ©C measures the rotor speed n
by sensing the rotor position through an incremental encoder
mounted on the machine shaft. At a standstill, the excitation
frequency equals the desired stator current frequency f;. As
soon as the rotor accelerates under the effect of the generated
torque, the actual frequency of the currents induced in the
armature phases decreases according to (33). The excitation
frequency f, is kept constant as long as

“)<a

I (f e— P 120) <Af.
Otherwise, it is increased stepwise of Af <« f; in order to
fulfill condition (34) permanently. In this way, the frequency
of the induced stator currents can vary very little between f
and f; — Af, all over the run-up process. Finally, in order to
keep the accelerating torque constant while the rotor speed
increases, the intensity of excitation flux must not change
that can be easily achieved by maintaining the rotor currents
amplitude constant, even though their frequency f, keeps in-
creasing. The bang—bang control performs the rotor currents
shaping around the reference currents in Fig. 9. To that end,
the dc-link voltage must always be larger than the rotor back
EMF to have enough control voltage left for providing the
needed current dynamic. Once the desired rotor magnetizing
flux linkage W, and the maximal current control effort for the
hysteresis control are set, the excitation frequency w, decides
the needed level of the dc-link voltage, according to
diy

dt

The left side of (35) is the minimal control voltage available
at the control frequency w,, whereas the right one represents
the maximal instantaneous voltage drop on the transient rotor
stray inductance L, at the highest rotor current slope. The
combination of (33) and (35) shows that, given the current
dynamic, the dc-link voltage, and the magnetizing flux link-
age, the higher the rotor speed, the smaller the control voltage
available for controlling the rotor currents.

(34)

(35)

Vbe — we“l"p,r > Ly
max

E. SYNCHRONIZATION PROCESS

In principle, having enough dc-link voltage available, it is
possible to accelerate an SM, with inertial time constant H,
up to a hypersynchronous speed Qyy, through the conceived
starting strategy. At that point, the rotor gets de-excited and
the short-circuited stator phases of Fig. 8, at no current, are
reconnected back in parallel with their homologs. During this
operation, the rotor slows down reaching the synchronous
speed S2yn after

Q
Atoin > (ﬂ - 1) 2H (36)

syn
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FIGURE 10. Test setup. (a) Driving motor with short-circuited armature
phases (A-b-C and a-B-c). (b) Driven machine (additional inertia).

(c) 2 x 200 A H-bridge inverters. (d) Contactless torque sensor. (e)
Mechanical joints.

at the earliest, the load torque does not exceed the nominal
one. For example, an over-run of the synchronous speed of
about 10% would make a lapse of time available larger than
20% of the inertial time constant H. That lapse would be
useful for
1) switching the armature phases back to the configuration
in Fig. 7(a);
2) setting up a dc rotor MMF excitation, as shown in
Fig. 3(a).
At that point, when the synchronous speed is reached, as
soon as the conditions for the EMFs amplitude and phase are
achieved, the SPWFSM can be finally connected to the grid.

F. TEST SETUP

In order to demonstrate the run-up of an SPWFSM by means
of the suggested concept, a test setup has been built. In Fig. 10,
a four-pole, 400 V, 50 Hz, 60 kVA SPWFSM is coupled
to a coaxial induction machine through a contactless torque
sensor and two mechanical joints. The induction machine is
not supplied and has the only function of providing additional
inertia to the rotor. With J, ; and J,;; being the rotor moment
of inertia of the synchronous and induction machine, respec-
tively, given the torque Tpeas measured by the torque sensor,
the net mechanical torque 7 accelerating the rotating masses
can be indirectly derived by

J
T = Treas <1+§>.

i

(37)

Since the dc voltage source available for the test could
provide only 170 V of the 410 V needed for the inverter dc
link at synchronism, it has been possible to accelerate the
rotor at constant torque up to 510 r/min only. Hence, being the
test focused mainly on the asynchronous run-up phase rather
than on the synchronism, the rotor circuits’ connections have
been conveniently modified, as shown in Fig. 11, so to have a
simplified two-phase system.

This move makes it possible to use only four legs of the
inverter (one H-bridge for each phase).
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A

FIGURE 11. Rotor-inverter four-wire connections for demonstrating the
run-up only (no synchronism).

1 x M800-100A

FIGURE 12. Salient pole damperless rotor with a two-phase winding.
(a) Assembly. (b) Laminated magnetic circuit. (c) Particular of the
pole-shoe/pole-core joint.

In Fig. 12(a), the adopted rotor of the SPWFSM shows
only four slips’ rings according to the final arrangement of
the driving circuit for the test, as already presented in Fig. 11.

In order to prevent the impairment of the variable magne-
tization flux caused by the eddy currents, the entire magnetic
circuit of the rotor is fully laminated [see Fig. 12(b)]. While
structural considerations suggest to use a thick lamination for
the rim and the pole core, the presence of highly frequent teeth
harmonics (stator slots Q = 72) requires a thinner lamination
for the pole shoes [see Fig. 12(c)]. The needed excitation fre-
quency at synchronism is slightly higher than 25 Hz for p = 1.
Nongrain-oriented Si electrical steel qualities, such as the ones
shown in Fig. 12(c), have p = 400 n2-m and (@, max = 4000.
They experience a minimal penetration depth § = 1 mm at
25 Hz, which justifies the adoption of M800-100 as the thick-
est lamination in the rotor design. Finally, the long bolts, that
pass through the pole shoes’ holes and press the lamination
stack together [see Fig. 12(b)], are electrically insulated from
the rotor frame by means of glass-fiber/epoxide-wax cylindric
cladding and polyamide washers.

G. FIELD-TO-CIRCUIT COUPLED TRANSIENT SIMULATION

The transient simulation of the proposed run-up strategy is
performed through an ABB Group internally developed FEM-
analysis program called ace. The magnetic field problem is
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FIGURE 13. Two-dimensional drawing for the FEM analysis coupled with
the circuital equations.

based on a 2-D axial cross section of the machine visible

in Fig. 13. While the field equations are discretized in the

investigated domain, the parameters of the winding coil ends

(c.e.), as well as the windings’ resistances, have been included

in the algorithm through the following circuital equations:
KVL—rotor

di
Uy = ey + Ryig + Lgf-d—t“ (38)
di
ug = eg + Ryig + Lf,'f'd—f. (39)
KVL—for stator phases A, b, and C
. dig . dip,
es + RslA + Lgfz =ep+ Rslb + Lgf; (40)
. dip . dic
ep — Rsip + L(C,‘SC'E = ec + Rsic + L(C,SCW “41)
KVL—for stator phases a, B, and ¢
. di . dip
eq + Ryiy + L(C,'f'd—: = ep + Ryip + Lg’?'z (42)
. dip . di
ep + Rsipg + Lf,‘f'z = e, + Ryi. + Lf”ed—; (43)
KCL—for stator phases A-b-C and a-B-¢
ia+ip+ic=0 (44)
ig +ip+i.=0. (45)

Two sinusoidal currents i, and ig of constant amplitude,
variable frequency, and in quadrature, as shown in Fig. 9, are
forced into the rotor phases. Since the armature phases are
short circuited according to Fig. 7(b), their currents are the
result of their EM interaction with the rotor MMF. The EMFs
in (38)—(43) are determined through the postprocessing of the
FEM vector potential A;, by

lo — _
o Ea;(/sffA;—(x’y)dXdy_/S.‘Az (x,y)dxdy)

(46)
where /, is the machine’s active axial length, n; is the number
of turns in series per phase, and S;“/Sf is the cross sections
of the conventionally positive and negative active sides of a
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turn, respectively. Equations (21)—(45) and (46) set the field-
to-circuit-problem. For completing the coupling between the
field problem and differential problem, the following mechan-
ical differential equations are required:

ds
Tem — Tres = (Jr,s + Jr,i) E 47)
and
=% (48)
S odt’

The variable Ties summarizes the torque load and the me-
chanical resistances, while €2 and ¥ are the angular speed and
position of the rotor, respectively.

The electromagnetic torque Tgym is also obtained by post-
processing the vector potential A, [32] by

TEMZf
s

where S¢y1 is a cylindrical axial domain placed in the motor
airgap and o(A;) is the Maxwell magnetic stress tensor de-
fined as

A, dA;

(%)2 _ ;(%)2 _2A; 9A;
o (Az) _ Jdy 2\ ox dy 0x

_9A; 94, oA\ _ 1)’
ax dy ax 2\ ay

The vector field A; is solved by a classic FEM time-stepping
algorithm [33]. For the run-up simulation, the only indepen-
dent variable is the amplitude of the rotor currents. In fact,
once the Maxwell stress tensor is determined from the FEM
results, the Maxwell torque (49) can be numerically calcu-
lated. At that point, the rotor speed can be updated instant
by instant by integrating the mechanical differential (47) and
(48). The used finite-element mesh can be seen in Fig. 13. It
contains about 33 000 triangles. The meshing is the finest in
the airgap where the surface integral for the EM torque (49)
must be performed.

Finally, the ferromagnetic portions of the machine mag-
netic circuit, made of laminated electrosteel, are modeled by
nonlinear cubic splines, which interpolate their magnetization
curves. Table 1 lists the machine parameters used for the
transient simulation.

rxo-AdS
cyl

(49)

IV. RESULTS
The following pictures give a comparison between the exper-
imental and the simulation data for the same run-up test.

In Fig. 14, the excitation frequency starts from 2.5 Hz at
the rotor standstill and keeps constant for a while. As soon as
the growing rotor speed makes the armature current frequency
lower than f; = 2 Hz, the excitation frequency is increased
stepwise of Af= 0.5 Hz. The linear increase of the rotor speed
suggests an underlying constant rotor acceleration. The exci-
tation frequency is increased during the acceleration process,
according to (34).
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TABLE 1. Steady-State Machine Parameters

Name Description Value
7 rotor radius 187.5mm
l, machine axial active length 187 mm
Omin minimal airgap 3.1 mm
S8eip maximal airgap 5.7 mm
Apnin pole coverage (min. airgap) 0.42
Ayt pole coverage (tip-to-tip) 0.73

n conductors per slot 9

0 slot number 72

N number of turns per pole 49

R, rotor phase resistance 38 mQ

R, armature phase resistance 300 mQ
1ce c.e. stray inductance (rot.) 0.63 mH
e c.e. stray inductance (stat.) 1.80 mH

—— frequency of the rotor currents (measured)

| = revolutions per second of the rotor (measured) —1 480

240

frequency (Hz)
speed (rpm)

()
9
n

0 0.5 | 1.5
— frequency of the rotor currents (simulated)

— revolutions per second of the rotor (simulated) — 480

240

frequency (Hz)
speed (rpm)

0 0.5 | 1.5
time (s)

()
2
n

FIGURE 14. Controlled excitation frequency (blue plot) and rotor speed
(red plot) during the run-up test and simulation.

The sinusoidal rotor currents, producing a CW rotating
excitation field, are presented in Fig. 15. The upper plot repro-
duces the actual currents, continuously adjusted around their
respective sinusoidal references by the bang—bang control
(£2 A as hysteresis window). The frequency control strategy,
as represented in Fig. 14, forces the slip frequency between
very close limits during the run-up (2 < f; < 2.5). Hence,
the armature currents in the short-circuited phases A, b, and C
(see Fig. 16) show an almost constant frequency. The current
ripple with variable frequency, more evident in the simulation
plot, depends on the rotor saliencies facing the armature phase
electric axis four times per revolution.

Finally, Fig. 17 shows the driving torque produced by the
proposed run-up strategy.

The upper plot is an indirect measurement of the acceler-
ation torque by means of (37). It shows an average constant
value, which is responsible for the constant rotor acceleration.
If compared with the simulated EM torque, they differ for
the ripple components at higher frequency mainly. Since the
simulated torque correctly reproduces an increasing torque
ripple frequency (2psw,) at increasing excitation frequency,
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FIGURE 15. Controlled sinusoidal rotor currents. The current iy is leading
on i, and in phase quadrature to it.
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FIGURE 16. Armature currents for the phases A, b, and C. The currents in
phases a, B, and c are omitted because they are trivially the opposite of
the currents in the homologue phases.

the problem seems to be on the measured torque. This could
depend either on the damping and filtering effect of the me-
chanical elastic joints and/or of the data acquisition chain in
the torque sensor.

V. DISCUSSION

In [19], [20], and [23], it is shown how the amplitude of the
torque ripple can overcome the average accelerating torque
during the traditional line start of an SPWFSM. In particu-
lar, that happens close to the synchronism, when the torque
component at twice the slip frequency can approach and cross
potential natural frequencies of the entire driving chain. On
the contrary, Fig. 17 shows that the proposed startup strategy
keeps the amplitude of the torque ripple below 30% of its
average value, all over the acceleration process. In addition,
the torque ripple frequency increases together with the rotor
speed instead of decreasing. This is due to the unavoidable
presence of the reluctance torque produced by the armature
currents. By observing Fig. 18, it is possible to recognize that,
given the asynchronous behavior and the magnetizing flux in
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FIGURE 17. Measured net mechanical torque accelerating the rotor (upper
plot) and simulated EM torque produced by the driving strategy (lower

plot).

1(70 4)

I5(45 4)

FIGURE 18. Phasors diagram for the fundamental harmonics of currents
and voltages according to a single-phase T-equivalent circuit of the motor
at steady state.

the machine, the armature current is the minimal one for the
produced torque.

In fact, the stator current ; is almost in quadrature to the
magnetization current /,, » contributing to the average torque
generation essentially and not counteracting the main flux
W, , at all. On the contrary, if the same magnetizing flux
was provided from the armature side at the same torque, the
armature current would be ca. 2.5 times larger than its actual
active component that would result in a much larger reluctance
torque (o< I%). Hence, the proposed asynchronous starting
strategy proves to be effective in keeping the ripple torque at
its minimal reluctance component for a given average torque.

For the rotor acceleration, as shown in Fig. 14, the rotor
currents amplitudes of Fig. 15 assume roughly 70% of the
nominal rotor dc current (100 A). By increasing the rotor
currents’ amplitudes up to 100% of the nominal rotor current,
the EM torque would reach 132 N-m, which amounts to ca.
43% of the synchronous nominal torque. It must be observed
there that the armature current would be only 53% of the
nominal current and that the RMS rotor current would be
ca. 71% of the dc nominal one. That means that neither the
armature nor the rotor of the SM would even reach the thermal

25



FELICETTI ET AL.: ALTERNATIVE RUN-UP STRATEGY FOR SALIENT POLE WOUND FIELD SYNCHRONOUS MACHINES

_Af

o« surplus losses (line-start)

I~ fsynch

A B

— lstart ———

tsta‘rt

FIGURE 19. Partition of the airgap power.

stress of the nominal behavior. In that condition, the proposed
asynchronous start is capable of speeding up the unloaded
rotor in

1
tun = EZH =4.65H.

As a term of comparison, in an exemplar traditional un-
loaded line start of an SPWFSM with interposition of a reactor
[34], where the inrush current is 0.93 p.u. and the supply
voltage is 0.22 p.u., the run-up time is increased up to

(51

frun = 32 H. (52)

In spite of the current- and voltage-limiting measures taken
there, which reduce the accelerating torque to 6% of the nom-
inal synchronous one, the rotor reaches the remarkable spot
temperature of 198 °C [34].

The suggested starting technique has the advantage of a
“constant volt-over-hertz” driving technique, where the dras-
tic reduction of the joule losses, in comparison with the
asynchronous line start, is achieved by keeping the airgap
power as close as possible to the mechanical one. Fig. 19
allows to estimate the ratio between the kinetic energy stored
in the rotor and the total work done by the airgap power during
the run-up.

It amounts to circa 83.2% when the excitation frequency
ramps up from 2.5 to 27.5 Hz within 9.7 s (Area ABC/Area
ABDE). The same efficiency would be only 45.5% over the
same time (Area ABC/Area ABDF), in the case of a traditional
asynchronous line start at constant frequency with the same
accelerating torque. This is enough to conclude that a tradi-
tional start would release three times as much heat into the
electrical machine as the technique suggested in this article.
Moreover, the traditional start wastes the heat into the rotor,
which is usually an internal part of the SM and is more dif-
ficult to get cooled. On the contrary, the proposed technique
releases the heat in the armature essentially, which is already
provided with ventilations’ ducts and well-exposed winding
heads for cooling purpose.

The machine power factor during the asynchronous start is
penalized by the large amount of reactive power needed for
the machine magnetization, especially when the SPWFSM
has a large airgap or equivalently a large short-circuit ratio.
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The presence of an inverter (see Fig. 11) can be then of
advantage for the containment of the grid voltage disturbance
since the power electronics (PE) itself provides the needed
reactive power. This fact reduces the inverter efficiency during
the startup, but it does not affect the overall efficiency of the
ES significantly, being the starting time a negligible fraction
of the entire machine service over a year.

If a power inverter is available for supplying the SM
from the armature side, a synchronous start would be more
recommendable than an asynchronous one. However, it
cannot be ignored that a PE placed between the SM and the
grid must have voltage and current ratings comparable with
those of the driven SM. Therefore, its remarkable costs could
only be justified in the presence of particular driving needs.
The suggested alternative starting technique instead cannot
provide the entire machine’s nominal torque. So, its use
must be envisaged starting at a reduced load, which naturally
downsizes the rated power of the needed PE. The starting
of a gas turbine-driven generator for instance would be an
ideal potential application for the presented technique. The
needed firing speed for the compressor, usually 50%+60%
of the nominal speed, scales down the mechanical power for
the turbine ignition between 13% and 22% of the generator
rated power. Furthermore, the reduced ripple of the torque
would be an additional plus considering that the turbine and
the synchronous generator are often coupled through a highly
efficient but vibration-sensitive gearbox.

Another potential application of this technology could be
the auxiliary torque generation for those SAM or wound field
LSSM, which have a low LRT and PUT. In other words,
where the line-start asynchronous torque at high slip is not
large enough for overcoming the load, the proposed starting
strategy could provide enough torque for accelerating the
rotor up to a certain speed, where the traditional line-start
technique can take over that could primarily solve a stall
problem and milder both current inrush and rotor thermal
stress at the same time.

Another advantage of the spoken technique is the current
limitation in the case of rotor blockade for failure or load
excess. The current control through the inverter prevents the
risk of rotor/armature overheating, with no need for SPUs
or SSUs installation. The most evident drawback in compar-
ison with the line-start solutions is the presence of the PE
essentially, even though the line start itself requires sometimes
special rotor designs or the adoption of current/voltage-
limiting additional devices. However, it must be observed
that the PE integrates and potentially expands the already
needed ES of an SPWFSM. In fact, the proposed multiphase
winding together with the inverter could provide additional
features besides the traditional ones, which would make the
investment in the PE more profitable. They are namely the
power system stabilization [35] and the compensation of
magnetic and mechanical imbalances [36] via the split rotor
technology.

On one side, if the investment for the additional PE
would suggest the usage of the presented technology on large
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SPWFSM only, on the other side, the condition

Rs > sw,L (53)
at standstill (s = 1) could be more difficult to be fulfilled
with large-size motors. In fact, a larger armature stray in-
ductance together with a lower armature resistance would
set the needed excitation frequency so low to pose in the
end a technical challenge for its control. The introduction of
additional external armature resistors would solve the problem
of course. However, the connections between Fig. 7 and their
management would be more complicated and relevant in cost.

Finally, the proposed technique, at the state-of-the-art,
makes use of slip rings and rotor position sensing device, the
removal of which opens a new perspective regarding the future
work on this topic.

VI. CONCLUSION

An alternative asynchronous run-up strategy and technology
have been presented, which prove to be effective in reduc-
ing both the rotor thermal stress and the torsional vibrations,
which are present in a traditional asynchronous line start of
an SPWFSM. The theoretical foundations of the proposed
solution have been disclosed and validated through an exper-
iment and an FEM transient simulation of a partial run-up in
a 60 kVA, 50 Hz, four poles SPWFSM. The achieved results
have been assessed and discussed by highlighting the pros and
cons of the suggested application. When applied to very large
SMs, the same strategy could require the usage of external
armature resistors so that the minimal excitation frequency
does not become too low for being technically controlled.
Therefore, the proposed application can best fit, where a
medium-power synchronous machine application is essential,
but its starting process presents critical aspects in terms of
thermal stress and/or torsional vibrations. In that case, the
additional benefits deriving from the presented technology,
in terms of availability of good PUT level, limitation of the
current inrush and more flexible ES performances could help
to mitigate and justify the higher costs for the needed PE and
Sensors.

Additional material: The following supporting informa-
tion can be downloaded at: https://doi.org/10.5281/zenodo.
8220558, (Accessed: August 7, 2023), Video: SPWFSM-rotor
fed asynchronous start.mp4.
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