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Abstract: This article comprehensively compares the short circuits and irreversible demagnetization in
star, delta, and hybrid winding connections for surface-mounted permanent magnet (SPM) machines,
including the three-phase short circuit (3PSC) and two-phase short circuit (2PSC). The analytical and
finite element (FE) methods are adopted. It is found that when 3PSC or 2PSC happens, the peak
current is the largest in the hybrid connection, which further results in the severest demagnetization.
In addition, the delta connection always results in a larger 2PSC peak current than the star connection.
Under relatively low permanent magnet (PM) temperature, the delta connection leads to more severe
demagnetization than the star connection. However, when PM temperature increases, the opposite
condition can occur. As for 3PSC, whether the peak current of the delta connection exceeds that of
the star connection is determined by the phase of the third back-EMF harmonic. The delta connection
shows higher 3PSC peak current when the third harmonic is in phase with the fundamental back EMF,
and conversely, the star connection shows higher peak current. The comparison of demagnetization
also heavily depends on PM temperature. Finally, the experiments are conducted to verify the
theoretical analysis.

Keywords: demagnetization; SPM; 3PSC; 2PSC; winding connection

1. Introduction

Surface-mounted permanent magnet (SPM) machines play a significant role in industrial
applications due to their high torque/power density, efficiency, and simple structure [1-3].
The choice of winding connection is crucial for SPM machines, which typically include two
methods: star and delta, as shown in Figure 1a,b. A hybrid connection combining the star
and delta connection was also proposed in [4-7], as shown in Figure 1c. Among them, the
star connection is more commonly used. The delta connection, characterized by higher
line currents yet lower line voltages, is preferred in high-voltage settings [8]. However, it
has been experimentally verified that the third back-EMF harmonics lead to zero-sequence
currents in the delta connection [9]. It was reported in [10] that the delta connection can
result in about 5.8% larger copper loss than the star connection due to the zero-sequence
currents. However, when a PWM inverter is adopted, the iron loss of the delta connection
can be smaller than that of the star connection [11]. Nevertheless, experiments still show
that 15% higher efficiency can be achieved at light load when the delta connection is
changed into a star connection [12]. As for the hybrid connection, despite its increased
complexity, it achieves higher winding factor, reduces winding losses, and minimizes
torque pulsations [13-16]. Furthermore, it exhibits superior performance in open-circuit
faults [16,17], thereby ensuring safety in practical applications [18]. In addition, the star
connection exhibits better withstanding capabilities against voltage unbalance than the
other winding connections [19].

Machines 2024, 12, 401. https:/ /doi.org/10.3390/machines12060401

https:/ /www.mdpi.com/journal/machines


https://doi.org/10.3390/machines12060401
https://doi.org/10.3390/machines12060401
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://doi.org/10.3390/machines12060401
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines12060401?type=check_update&version=1

Machines 2024, 12, 401

2 of 20

Figure 1. Star, delta, and hybrid winding connections. (a) Star. (b) Delta. (c) Hybrid.

However, for SPM machines, the risk of irreversible demagnetization in permanent
magnets (PMs) is a major drawback that cannot be ignored. Demagnetization can reduce the
average torque and exacerbate torque ripple [20-22], which has great influence on machine
reliabilities. It usually results from short-circuit faults under high PM temperature [21,23,24].
Short circuits are one of the most critical faults in SPM machines. Although there are usually
circuit breakers in the machine system, they only cut off short-circuit currents at the zero-
crossing point, before which the largest transient peak current has already occurred [25].
Among the short-circuit faults, three-phase short circuits (3PSCs) and two-phase short
circuits (2PSCs) are two typical types, which are usually caused by inverter failure or
control faults [26-28]. The large short-circuit currents produce large reverse magnetic
fields, making PMs easily demagnetized. Consequently, it is first necessary to investigate
how the largest peak short-circuit current can be obtained for each winding connection
to guide the demagnetization check for a specific design of SPM machines. On this basis,
which winding connection type can provide the greatest resistance to short-circuit current
and demagnetization should be given focused attention to guide the choice of winding
connection during the design of SPM machines, especially those used in safety-critical
applications, such as wind power generators or servo motors in aero-space applications.

In [29], e demagnetization was compared between the star and delta connection for a
brushless DC motor (BLDCM). It was revealed that the star connection resulted in a larger
maximum magnetomotive force than the delta connection under input PWM currents with
the same switching frequency, which further led to more severe demagnetization. However,
the above conclusions were based on the normal operating state instead of the short-circuit
fault. In [17], the short-circuit fault of a hybrid connection was investigated by finite
element (FE) simulation and experiments. It was found that the peak current increased
with rotor speed. However, further investigation and comparison with other winding
connections were not conducted. In [18], a triple three-phase PM-assisted synchronous
reluctance machine with a hybrid winding connection was proposed and compared with
the star connection. It was found that, when a 3PSC happened in one set of windings,
the hybrid connection led to a smaller peak current. However, since the PM volume was
limited, the short-circuit current was even lower than the rated current. Therefore, the
above conclusions cannot be applicable to SPM machines, especially in large-scale ones
using high volumes of PM materials, where short-circuit peak currents can be several times
larger than the rated currents.

This article comprehensively compares short circuits and the resulting irreversible de-
magnetization in delta, star, and hybrid connections for SPM machines, including the 3PSC
and 2PSC. This paper aims to provide clear insight into the winding selection principles
for the practical design of SPM machines, especially those requiring high torque density
and high reliability. Section 2 shows the different winding connections and compares
the basic performances. Section 3 makes comparisons of 3PSCs and demagnetization in
different connections. Section 4 focuses on the comparison of 2PSCs and the resulting
demagnetization. Section 5 performs experimental validation. The main contributions are
summarized as follows.

(1) The short-circuit analytical models of different winding connections are developed
and the relationship of short-circuit peak currents is revealed. It is found that the
largest 3PSC or 2PSC peak current happens in the star-side of a hybrid connection.



Machines 2024, 12, 401

30f20

In addition, the delta connection leads to a larger 2PSC peak current than the star
connection. As for the 3PSC, the delta connection shows slightly higher peak current
when the third harmonic is in phase with the fundamental back EME. In contrast, the
star connection shows a higher peak current. Additionally, the conditions resulting in
the largest peak short-circuit current for each winding connection are also provided.

(2) The demagnetization in different winding connections is compared by FE analysis. It
is found that the hybrid connection can lead to the severest demagnetization due to
the largest peak current, which is not suggested for safety-critical applications. The
comparison between delta and star connections depends on PM temperature. When
the 2PSC happens under relatively low PM temperature, the delta connection can
lead to more severe demagnetization than the star connection, whereas the opposite
condition can occur when PM temperature increases. Since the demagnetization level
under high PM temperature is much more severe, which is not acceptable in most
scenarios, and the difference between star and delta connections can be neglected, the
star connection can be a better selection for safety-critical applications. For a similar
reason, the comparison of demagnetization due to 3PSC depends on the phase of the
third back-EMF harmonic.

(3) Itis also found that, compared to the 3PSC peak current, the 2PSC peak current is
smaller in the star and hybrid connection. In the delta connection, the 3PSC and 2PSC
peak currents are comparable. In addition, the 3PSC usually leads to more severe
demagnetization than the 2PSC in different winding connections.

2. Winding Connections and Basic Performances
2.1. Prototype Machine

A 10-pole/12-slot SPM machine was selected for investigation, which is shown in
Figure 2a. The parameters are shown in Table 1, which are the same for different winding
connections. Under the rated condition and ambient temperature of 20 °C, the temperature
distribution via natural cooling is shown in Figure 3, which is analyzed by Motor-CAD.
It can be found that the PM temperature distribution was almost even and reached about
100 °C. Therefore, the PM temperature of 100 °C was selected as the basic condition. Never-
theless, PM temperature has great influence on the machine performances, particularly the
demagnetization characteristics. Considering the possible change in ambient temperature,
the close lower and higher PM temperatures were also selected for investigation. The
demagnetization curves under different PM temperatures are shown in Figure 4. The
influence of PM temperature can be analyzed by changing the demagnetization curves ac-
cording to the PM temperature in an FE simulation, which is conducted by JMAG Designer
in this article.
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Figure 2. The investigated 10-pole/12-slot SPM machine. (a) Model. (b) Phasor diagram of different
winding connections.
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Table 1. Parameters of investigated SPM machine.

Parameters Value Parameters Value
Stator outer radius 50 mm Stack length 50 mm
Number of turns/coil 45 Airgap length 1 mm
Magnet thickness 3 mm Coil resistance 0.19 O
Sheet material 35WW250 PM material N45H
Volume 9.8 x 105 m? Rated p(};f;re) current 5.85 A

Rated speed 500 rpm Rated power 265 W

Figure 3. Temperature distribution of the investigated SPM machine.
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Figure 4. Demagnetization curves under different PM temperatures.

For the star and delta connections, the coils within one phase were connected in series.
Taking phase A as an example, Al, A2, A3, and A4 were connected in series. For the
hybrid connection, since there is a current phase shift between the star- and delta-side
windings [30], which is 7t/6, Al, A3, and A2, A4 should be divided into star- and delta-side
windings, respectively, to maximize the average torque. The phasor diagrams for star, delta,

and hybrid connections are shown in Figure 2b, where “+” represents that the coils are
connected in series.

2.2. Back EMF

The back-EMF waveforms of different winding connections in phase A are shown in
Figure 5, which were obtained by the FE method under the rotor speed of 500 rpm and an
open-circuit condition, and the spectra are shown in Figure 6. It should be noted that, for
the delta and hybrid connection, the back EMF was obtained after disconnecting each phase
winding with other phases, i.e., there was no circulating current. The PM temperature
was 100 °C. It should also be noted that the rotors of different connections were in the
same mechanical position. The back EMF of star and delta connections were the same. The
amplitude of the hybrid connection was slightly larger than half the value of the star/delta
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connection due to a higher wind factor. In addition, compared to the star/delta connection,
the star-side back EMF of the hybrid connection leads for 7t/12 whilst the delta-side one

lags for 7/12.

30
S 151 S
[T -~
¥ star/delta s
B 15 | cececees hybrid (star-side)

------ hybrid (delta-side)
-30 T T T T T
0 60 120 180 240 300 360

Rotor Position (Elec. Deg.)

Figure 5. Phase back-EMF waveforms of different winding connections under rotor speed of 500 rpm.
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Figure 6. Phase back-EMF spectra of different winding connections. (a) Amplitude. (b) Phase.

2.3. Current and Torque
For the star and delta connections, the average torque can be expressed as

T, a

where () is the mechanical angular speed, e;, ¢, and e. are the back EMF of the star/delta
connection, and i, iy, and i; are the currents of the star/delta connection. Taking e, as
examples, according to Figure 6, the fundamental back EMF can be expressed as

eq = Eypp sin(wt + «) )

where E;;1 is the fundamental back-EMF amplitude, w is the electrical angular speed, and
« is the initial rotor position. To maximize the average torque, the corresponding current
should be

ig = Iy sin(wt + ) 3)
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where I;;;1 is the current amplitude. Therefore, the average torque can be obtained as

3Em1lm
Te=—F~ 4
= @
For the hybrid connection, the average torque can be expressed as
_ Caslas + Cpsips 1 €csics 1 adlad + €palva + Ccdled
T, = ®)

Q

where ¢, €5, and e.s are the star-side back EMF of the hybrid connection, respectively. e,4,
epq, and ey are the delta-side back EMF, and iy, iy, ics, 154, ipg, and iz are the corresponding
currents. Taking e;s and ¢, as examples, the fundamental back EMF can be expressed as

p— Enl 1
€as = 5ostyzy Sin(wt + &+ f3)

12
Em 1 Us (6)
e = 2C05(7T/12) SlI'l((Ut + o — ﬁ)
The corresponding current can be expressed as
ias = V3L sin(wt +a + ) )
igd = Iypsin(wt + o — f5)

where 1,1 is the amplitude of the delta-side current. It is assumed that the influence of
circulating current is neglected and the copper loss is the same as that in the star and delta

connections, which is

3 1 1
ZRIrznlh + ZRIrznlh = ERIrznl 8)

Therefore, the relationship between I,;1 and I;1;, can be expressed as

I
Lin = % )

Hence, according to (5), the average torque of the hybrid connection can be obtained as

o 3Em1 Iml

T, = = (10)

It can be found that, under fixed copper loss and neglecting the circulating current, the
three winding connections show the same average torque. However, in the FE simulation,
the circulating currents cannot be neglected. The phase A currents of different winding
connections by FE analysis are shown in Figure 7. It can be found that the circulating
currents exist in the delta connection and the delta-side of the hybrid connection, which
hardly contribute to the average torque. The torque waveforms are shown in Figure 8. It
can be found that under fixed copper loss, the star connection leads to the largest average
torque, which is about 5.339 Nm. The circulating currents in the delta connection are the
largest, and thus the average torque is the smallest, which is about 5.302 Nm. The average
torque of the hybrid connection is 5.337 Nm. Nevertheless, the difference of average torque
is slight and negligible.
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Figure 7. Input phase A currents of different winding connections. (a) Waveforms. (b) Spectra.

0 60 120 180 240 300 360
Rotor Position (Elec. Deg.)

Figure 8. Torque waveforms of different winding connections.

3. Comparison of the 3PSC and Demagnetization
3.1. Equivalent Circuits of the 3PSC

Practically, short-circuit faults are more likely to happen in the converters than the
SPM machine itself because the power electronic devices are usually easier to fail than the
well-insulated windings. It is assumed that the 3PSC happens when all upper switches
in the inverter are closed whilst all lower ones are open to prevent shoot-through, which
is equivalent to the terminals 4, b, and c in Figure 1 being short-circuited in each winding
connection. The equivalent circuits are shown in Figure 9. The back-EMF has been analyzed
in the previous section. R represents the phase resistance of the star/delta connection. In
the hybrid connection, the phase resistance is half the value. In addition, L represents the
inductance of the star/delta connection, which consists of both self-inductance and mutual
inductance. In the hybrid connection, the self-inductance is smaller than half that of the
star/delta connection. However, the mutual inductances between phases are almost the
same for different winding connections. Therefore, the inductance in the hybrid connection
is only slightly smaller than L/2. In this article, the difference is neglected. In addition, it is
assumed that the temperature rise of PMs during a 3PSC is neglected.
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(b)

Figure 9. Equivalent circuits of 3PSC for different winding connections. (a) Star. (b) Delta. (c¢) Hybrid.

3.2. Analytical Model of the 3PSC

According to [31], 3PSC currents result from the back EMF and initial current whilst
the back EMF leads to the dominant component. Therefore, the influence of the initial
current is neglected in the article. For the star and delta connections, since the short-circuit
current usually produces a voltage against the back EMF, the terminal voltage of each phase
is approximately 0 V during a 3PSC. Therefore, when only the fundamental back-EMF is
considered, the 3PSC currents for star and delta connections are almost the same.

However, when the phase third back-EMF harmonic is considered, it is compensated
in each loop for the star connection and does not contribute to the 3PSC currents. For the
delta connection, the third back-EMF harmonics cannot be compensated and lead to an
additional 3PSC current component. Therefore, the third back-EMF harmonic is particularly
considered when developing the 3PSC analytical model for the delta connection. To simplify
the analysis, the core saturation is neglected. The 3PSC current in phase A is analyzed as
an example. According to Figure 9b, when the 3PSC starts from «, the voltage equation of
phase A can be expressed as

d ia-A

Ldt

+ Rigp = —eq — eg3 = —Ep sin(wt + a) — kE,3 sin 3(wt + a) (11)

where E ;3 is the third back-EMF harmonic amplitude. The coefficient k indicates the phase
difference between the fundamental back EMF and the third harmonic, which equals 1 or
—1. By solving (11), the 3PSC current in phase A of the delta connection can be obtained as

. Ey - 1
in-a = — 7 [sin(@t + e — g) + ¢ Fsin(p — )] (12)
kEy . ~%si

i [sin(3at +3a — ) + e Fsin(y —3a)]

where T = L/R, ¢ = arctan(wL/R), and 5 = arctan(3wL/R). It should be noted that the first
term with only E;; is exactly the phase A current of the star connection.

As for the hybrid connection, according to Figure 9c¢, the voltage equations during the
3PSC can be expressed as

s o dipg i L
%(% + 5 - %) + 5 (fas + ipg — ips) = —€as + €pa + eps
L(diy | dig  di Re: .
2 (Tl;s + dctd - ﬁ) + 7(1175 + g — lCS) = —€ps T €cq +ecs (13)
L(diyg , dipg , di Rei s Ly
f(d[id+#+ did)+7(1ad+lbd+lcd)—E’ad+€bd+€cd

It should be noted that the third back-EMF harmonic is not considered since it does
not lead to the main difference between star/delta and hybrid connections. Taking the
star-side phase A and delta-side phase B as examples, 3PSC current can be solved as

Do V12+6V3 Enn
" 4cos(m/12) /w22 + R2

s

12) t+esin(—at - %)) (14)

(sin(wt +a— g+
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and

Lo V4423 Em
Y Gcos(7/12) Vol 1 R2

Based on the above analytical models, the largest peak currents for different connec-
tions can be obtained. Taking (14) as an example, the star-side current of hybrid connection
consists of the steady and transient components. Since the short-circuit peak current in-
creases with angular speed, it is assumed that w is large enough to get the largest value.
Under such condition, the transient component almost does not decay and ¢ is approxi-
mately 71/2. To get the largest peak current, it is necessary to maximize both the steady and
transient components at the same time, which requires

(sin(wt +a—¢@+ g) te T sin(—tx +¢— g)) (15)

{—a—i—(p—ﬁ—g—kkn 16)

wt+ua—¢+ {5 =7 +km

Therefore, « and wt should be —7t/12 + kmt and 7, respectively. This means that, when
the 3PSC starts at the rotor position —7t/12 + kmt and the rotor rotates 7t after a 3PSC, the
peak current occurs, which is larger than the peak current starts at other rotor positions.
The largest peak currents of other winding connections and the corresponding conditions,
including the star rotor position and rotor position after a 3PSC, are summarized in Table 2.
For the star and delta connection, it shows that the effect of the third back-EMF harmonic
heavily depends on the coefficient k. The additional 3PSC current component caused by
the third back-EMF harmonic increases the peak current from the fundamental back-EMF
when k equals 1. When k equals —1, the phase peak currents are reduced. In addition, the
star-side peak current of the hybrid connection is the largest, which is about 1.23 times that
of the star connection. Moreover, the delta-side peak current is the smallest, which is about
0.71 times that of the star connection.

Table 2. The largest 3PSC peak currents and corresponding conditions.

Conditions
The Largest 3PSC Peak Currents
Start Rotor Position Rotor Position after 3PSC
Star lo-Y-peak = 25'31 « = k7t (k is integer) wt=71
. 2B 2kEw — —
Delta ln-Apeak = o + 3 n =k wt=1
Hybrid, star-side i — V1246V8Em 5 g5Em a=—m/12+km wt=71
as-peak = 2 cos(7t/12)wL T wL
Hybrid, delta-side ; _ VA4+2VBEnm Em x=—m/4+km wt=7
yor ! Lpd-peak = 2cos(m/12)wl L4137 /

3.3. FE Analysis Considering Demagnetization

To verify the above analysis, an FE simulation was conducted on the SPM machine
in Figure 2a. The variations in 3PSC peak current with start rotor position are shown in
Figure 10. The PM temperature was 100 °C and its influence will be investigated later.
It can be found that the 3PSC start rotor positions leading to the largest peak current
correspond to the analytical results. The largest peak current of the delta connection was
46.3 A, which was slightly larger than that of the star connection, at 44.3 A. This is because
k =1, which can be obtained in Figure 6b, and the third back-EMF harmonic increases
the peak current from the fundamental back-EME. In the hybrid connection, the star-side
largest peak current of 53.6 A was about 1.21 times the value of the star connection, which
is close to the analytical results.
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Figure 10. Variations in the 3PSC peak current with start rotor position for different connections.
(a) Star and delta. (b) Hybrid.

As for demagnetization, the overall demagnetization level is evaluated by torque loss,
which is defined as
Tbefore - Tufter

Torque Loss =
Tpe fore

x 100% (17)
where Tpefore and Typer are the average torque before and after demagnetization. In addition,
before the demagnetization caused by the 3PSC was investigated, the phase current thresh-
old, under which the demagnetization does not occur or is negligible, was first analyzed. It
was obtained as follows. DC currents of different values are first input into a single phase
to demagnetize PMs when the SPM machine rotates an electrical period. Then, the torque
loss is also calculated by (8). The variation in torque loss with DC current value is shown in
Figure 11. It can be found that the phase current thresholds are about 20 A, 30 A, and 40 A
for the PM temperatures of 90 °C, 100 °C, and 110 °C, respectively. It should be noted that
when the DC current exceeds the threshold, the resulting torque loss can be overestimated,
compared to the 3PSC with the same peak currents. Nevertheless, it can still be concluded

the demagnetization level almost increases linearly with peak current when it is larger than
the threshold.

IS
o

w
o
"

©—90°C *—100°C

—&—110°C

Torque loss (%)
3 8

o

0 10 20 30 40 50 60
DC Current (A)

Figure 11. The variation in torque loss with DC current value under different PM temperatures.

The variations in torque loss with 3PSC start rotor position for different winding
connections are shown in Figure 12, which repeat every 7/3 in an electrical period. This
is because the variation in peak currents in each phase with 3PSC start rotor position
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repeats every 7 in an electrical period, as shown in Figure 10. However, since the three
phases are balanced, the variation in peak currents with 3PSC start rotor position repeats
every 7/3 from the view of three phases, which makes the variation in torque loss also
repeat every 7t/3. For the star and delta connections, the peak torque losses are 6.14%
and 6.20%, respectively, which occur when « = 71/6. From Figure 10a, the phase B current
is smaller than 30 A, which hardly contributes to torque loss. The phase A and C peak
currents lead to the main demagnetization. Consequently, the difference between the star
and delta connections is negligible, which can also be seen from the demagnetization ratio
distribution of PMs shown in Figure 13a,b. The demagnetization ratio is defined as

Br_be fore — Br_a fter

Demagnetization Ratio = x 100% (18)

Br_before

where B, _peore and B, g are the PM remanence before and after demagnetization, respec-
tively. As for the hybrid connection, the torque loss is larger than that of the delta/star
connection since the peak current is much larger, and the corresponding demagnetization
ratio distribution is shown in Figure 13c.

—»—star —a— delta —o— hybrid

Torque loss (%)

N

o o N ® © O
P

30 60 90 120 150 180
3PSC Start Rotor Position (Elec. Deg.)

o

Figure 12. Torque loss under different 3PSC start rotor positions for different winding connections
under PM temperature 100 °C.

2N TN TN
f(a)\ﬂ(b)\ﬁ' (C)\

Figure 13. Demagnetization ratio of PMs under 3PSC when o = 7t/6. (a) Star. (b) Delta. (c) Hybrid.

3.4. Influence of PM Temperature

PM temperature has a significant effect on both remanence and coercivity. However,
the coercivity is more sensitive to PM temperature. Therefore, when PM temperature
increases, the short-circuit current decreases, whereas the demagnetization deteriorates.

As shown in Figure 14a, when the PM temperature decreases to 90 °C, although the
start rotor positions leading to the largest torque loss can shift, the relationships of torque
loss in star, delta, and hybrid connections are similar to that under a PM temperature of
100 °C. This is mainly because the current threshold increases, which means the demag-
netization level further depends on the largest peak current. When the PM temperature
increases to 110 °C, as shown in Figure 14b, the hybrid connection still leads to the severest
torque loss. However, the torque loss of the star connection exceeds that of the delta
connection. Taking the peak torque loss at « = 71/6 as examples, the phase A and C currents
are close for the star and delta connections whilst the phase B current is larger in the
star connection, as shown in Figure 10a. Under a PM temperature of 110 °C, the current
threshold leading to demagnetization decreases. Therefore, the phase B current also leads
to demagnetization, and thus the torque loss is larger in the star connection.
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Figure 14. Variation in torque loss with 3PSC start rotor positions under different PM temperatures.
(a) 90 °C. (b) 110 °C.

Considering the demagnetization under high PM temperatures is much more severe,
which is usually not allowed when designing practical SPM machines, and the difference
between the star and delta winding connections is negligible, the star connection should
be adopted in the investigated SPM machine to mitigate demagnetization risk. In SPM
machines with the fundamental back EMF and the third harmonic in the opposite phase,
the delta connection can be the better selection for applications requiring high reliabilities.

As aforementioned, the 3PSC peak current increases with rotor speed. However,
according to (12) and (14), the comparison result of peak currents in different winding
connections does not change. In addition, the demagnetization deteriorates when the rotor
speed increases, which is similar to increasing the PM temperature. Therefore, their effects
on the comparison result of torque loss are also similar.

4. Comparison of the 2PSC and Demagnetization
4.1. Equivalent Circuits of the 2PSC

The 2PSC happens when the terminals 2 and b in Figure 1 are short-circuited and the
equivalent circuits for different winding connections are shown in Figure 15.

Ip.a L R e
Ilmvx_:__:grl
[N e
L
% e.
-+
(b)

Figure 15. Equivalent circuits of the 2PSC for different winding connections. (a) Star. (b) Delta.
(c) Hybrid.

4.2. Analytical Model of the 2PSC

The 2PSC current is analytically modelled with the same assumptions as those in
the previous section. The third back-EMF harmonic is neglected since it is not the main
reason for the difference of 2PSC current in the three winding connections. According
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to the equivalent circuits in Figure 15a and Kirchhoft’s voltage law, the voltage equation
during 2PSC for the star connection is

di di
L ;Y+Rzuy+ea_L ;Y

+ Ripy + ¢ (19)
In addition, the relationship between the phase A and B currents can be expressed as

ipy = —ipy (20)
Therefore, the voltage equation of (19) can be rewritten as

d ia-Y
dt

2L +2Ri,y = —e; + ¢ (21)
By solving this first order non-homogeneous linear differential equation, the 2PSC
currents can be obtained, which are

. . \BEml . 7T _t . 7T
ZLI-Y — —lb_Y — —W (Sln(&)t + [ + g - q)) + e T Sln(—tk - g + qo)) (22)
Similarly, according to the equivalent circuits in Figure 15b, the voltage equations
during the 2PSC for the delta connection can be expressed as

LdbA—FthA— ey 23)
2040 4 R, g = —es — e
By solving (23), the 2PSC currents for the delta connection can be obtained as
. E,, . 2 _t . 2
zb_A:—\/ﬁ(sm(wt+zx—T”—q))+e rsm(—zx—i-%—i-q))) ”

, , E . _t .
Ipp = o p = Z\/ﬁ (sm(wt—Hx - 27” —¢) +e Tsin(—a+ 27” + (p))
This shows that the phase B current of the delta connection is twice the phase A or C
current yet in the opposite phase.
As for the hybrid connection, according to Figure 15¢, the voltage equations are

di di diy . . .
( Has 4 Zbd — ;;) + g(las +1pg — lbs) = —€us t+ epg + €pg

i ; (25)
( T2 w) + 5 (ipa + 2ica) = €aa + €bq + €
By solving (25), the star-side currents can be solved as
. . 3V4+2/3E,, . Tt s
Igs = —lps = sinflwt+a—@+ —)+e 7sin(—a+ ¢ — — 26)
* . 8cos(7‘r/12)\/w2L2+R2( ( ¢ 4) ( ¢ 4>) (
The delta-side currents are
L 4+2v3Em ; _ o % sin(— _z
ibd = fes /12 VAT (sm(wt +a—@+F)+e Tsin(—a+¢— 7 )) o
442v/3E,

(sin(wt Fa— @+ ) e Tsin(—a+tg—

=N

)

fad = led = " 8cos(m/12)Vw? 2+ R2
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It can be found that the star-side current is 1.5 times the larger one of the delta-side
current and three times the smaller one. In addition, the star-side phase A current is in the
same phase as the delta-side phase B current, which is opposite to other phases.

Based on the above analytical models and using a similar method to that analyzing the
3PSC peak currents, the peak currents for each winding connection and the corresponding
conditions are summarized in Table 3. It can be found that the hybrid connection leads
to the largest peak current, which is about 1.06 times that of the delta connection and
1.22 times that of the star connection. In addition, compared to the 3PSC, the 2PSC peak
currents of star and hybrid connections are smaller, whilst the 2PSC current of the delta
connection is comparable.

Table 3. The largest 2PSC peak currents and corresponding conditions.

Conditions
The Largest 2PSC Peak Currents — ”
Start Rotor Position Rotor Position after 3PSC
5 3Em = — 1S 1 =

Star ig-Y-peak = % a =—71/6 + kmt (k is integer) wt=m

Delta Ip-A-peak = 25'31 a=27/3 +km wt=71

Hybrid, star-side i — 3VA+VBEm | 2.12Ey a=—m/4+km wt=71
as-peak 4cos(m/12)wLl wL

Hybrid, delta-side ; — VA442VBEw | 141Ey a=—m/4+km wt=7
as-peak = 2 cos(m/12)wl wL

4.3. FE Analysis Considering Demagnetization

Based on the SPM machines in Figure 2a, the variations in 2PSC peak currents with
start rotor position for different winding connections are shown in Figure 16. It can be
found that the start rotor positions leading to the largest peak current correspond to
the analytical results. The peak currents for the star, delta, and hybrid connections are
38.5A,46.4 A, and 474 A, respectively. The peak current of the hybrid connection is about
1.02 times the value of the delta connection and 1.23 times the peak current of the star
connection, which is close to the analytical results. The slight difference can be attributed
to the neglected core saturation effect.

The variations in torque loss with start rotor position are shown in Figure 17. The
demagnetization ratio distribution corresponding to the peak torque loss for each winding
connection is shown in Figure 18. Different from the torque loss caused by the 3PSC, the
variation in torque loss with the 2PSC start rotor position repeats every 7. In addition,
the 2PSC start rotor positions leading to the peak torque loss are almost the same as those
resulting in the largest peak currents for each winding connection. At such start rotor
positions, the largest peak torque loss of 6.1% happens in the hybrid connection due to the
maximum peak current, which is shown in Figure 16c. Moreover, the peak torque loss of
the star connection is the least severe due to the smallest peak current. Compared to the
torque loss in the 3PSC, as shown in Figure 12, the 2PSC generally results in less severe
demagnetization. This is not only because the 2PSC peak currents are smaller than the
3PSC peak currents, but also because there are fewer faulty coils.
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Figure 16. Variations in 2PSC peak currents with start rotor position for different winding connections.
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Figure 18. Demagnetization ratio distribution for PMs under the 2PSC. (a) Star. (b) Delta. (c) Hybrid.
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4.4. Influence of PM Temperature

The variations in torque loss with the 2PSC start rotor position under different PM tem-
peratures are shown in Figure 19. It can be found that the hybrid connection still leads
to the largest peak torque loss. As for the star and delta connections, when the current
threshold leading to demagnetization increases with lower PM temperature, the torque
loss is further determined by the largest peak currents. Therefore, the star connection still
leads to smaller peak torque loss when PM temperature decreases to 90 °C. On the contrary,
when PM temperature increases to 110 °C, although the delta connection still leads to larger
peak current, it only exists in phase B and the peak current of other phases is smaller than
the phase A peak current in the star connection, as shown in Figure 16. Hence, the delta
connection leads to smaller peak torque loss. Considering the demagnetization under a
high demagnetization level is not acceptable in practice and the difference is slight, the star
connection can be a better selection against demagnetization.

2

Torque loss (%)

0 T T T {
0 30 60 90 120 150 180
2PSC Start Rotor Position (Elec. Deg.)
(a)
15

N
o
"

Torque loss (%)

0 - ¥ T T T
0 30 60 90 120 150 180
2PSC Start Rotor Position (Elec. Deg.)

(b)

Figure 19. Variation in torque loss with the 2PSC start rotor positions under different PM temperatures.
(a) 90 °C. (b) 110 °C.

5. Experimental Validation

Since short-circuit and demagnetization tests are dangerous and even destructive, only
the 3PSC at low rotor speed was experimentally validated on a star-connected SPM machine.
Nevertheless, the accuracy of the analytical model and FE analysis can still be verified, as
well as the above theoretical analysis.

5.1. Prototype Machine and Experimental Setup

The prototype 10-pole/12-slot SPM machine is shown in Figure 20. The parameters
are shown in Table 4. The back EMF of the prototype SPM machine is shown in Figure 21.
It can be found that the amplitude of measured back EMF is slightly smaller than the
predicted results due to the end effect.
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(c)
Figure 20. Prototype SPM machine. (a) Steel sheet. (b) Rotor. (c) Stator.

Table 4. Parameters of prototype SPM machine.

Parameters Value Parameters Value
Stator outer radius 50 mm Rotor outer radius 28 mm
Airgap length 1 mm Magnet thickness 3 mm
Stack length 50 mm Pole-arc ;;E)Ole_pimh 1
Number of turns/ coil 70 Coil resistance 0.45 Q)
Sheet material 35WW400 PM material N52

10

------ predicted

measured

-10 T r T T T
0 60 120 180 240 300 360
Rotor Position (Elec. Deg.)

Figure 21. FE predicted and measured back EMF waveforms under rotor speed of 400 rpm.

The test setup for the 3PSC experiment is shown in Figure 22. The windings are
connected to a three-phase inverter and controlled by the dSPACE controller. The experi-
ments are conducted under an ambient temperature of about 20 °C. Before each time of the
3PSC experiment, the prototype SPM machine was naturally cooled down to the ambient
temperature. Therefore, the winding and PM temperature can be approximately regarded
as being unchanged for each time of the experiment to make a fair comparison. In the
experiments, the prototype SPM machine was first dragged to 400 rpm by a servo motor.
The 3PSC was started by forcing the duty cycle to be 1 for all upper switches. In addition,
the 3PSC started at different rotor positions from the open-circuit state.

dSPACE
Controller

Resistor {8
Box

)  Servo
RN B Controller
——

= Servo l\lotorl

Figure 22. Test setup of the 3PSC.

SPM
Machine
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5.2. Experimental Results and Discussion

The 3PSC current waveforms by analytical, FE, and experimental methods are shown
in Figure 23. In the analytical model, the open-circuit inductance and the fundamental
back EMF from the FE simulation are adopted. Considering the short-circuit current can
lead to core saturation, the 3PSC current calculated by the analytical model is smaller than
the FE results. For the measured results, since the 3PSC leads to braking torque, which
reduces the rotor speed, the transient current is smaller than the FE predicted results. In
the steady state, since the back EMF is slightly smaller than the FE predicted results, the
steady current is also smaller. Nevertheless, the 3PSC current waveforms match well with

each other.

------ FE prédicted ---measured —.analytica.l‘

0 10 20 30 40 50 60
Time (ms)

12

Current (A)
o

Figure 23. Current waveforms at the 3PSC start rotor position 0.

The 3PSC experiments from different rotor positions were also conducted. As shown
in Figure 24, the start rotor positions lead to the largest peak current shift because the rotor
speed is not large enough to neglect the resistance. However, the results from the analytical
model, FE simulation, and experiments are close to each other. Therefore, the analytical
and FE methods have decent accuracy and the above theoretical analysis is verified.

10
< ) —o— FE predicted —&— measured
g 9.4 1 —»— analytical
~8.8 1
(3]
(]
o
8.2 T T T T T 1
0 30 60 90 120 150 180

3PSC Start Rotor Position (Elec. Deg.)
Figure 24. Variation in phase A peak currents with the 3PSC start rotor position.

6. Conclusions

This article comprehensively compares the 2PSC/3PSC and irreversible demagneti-
zation in different winding connections for SPM machines, including the star, delta, and
hybrid connections.

It was found that when a 3PSC or 2PSC happens, the peak current is the largest in the
hybrid connection, which further results in the severest demagnetization. Therefore, the
hybrid connection is not suitable for safety-critical applications.

In addition, a delta connection always leads to a larger 2PSC peak current than the star
connection. Under relatively low PM temperature, the delta connection leads to more severe
demagnetization than the star connection. However, when PM temperature increases, the
opposite condition can occur. Nevertheless, since the overall demagnetization level is high,
the demagnetization difference at high PM temperature can be neglected. Hence, the star
connection has better withstanding capability against the 2PSC and demagnetization.

As for the 3PSC, whether the peak current of the delta connection exceeds that of
the star connection is determined by the phase of the third back-EMF harmonic. The
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delta connection shows a higher 3PSC peak current when the third harmonic is in phase
with the fundamental back EMF, and conversely, the star connection shows higher peak
current. Similar to the 2PSC, the difference in demagnetization is more obvious when
the PM temperature is relatively low, where demagnetization is mainly influenced by the
largest peak current. Therefore, which winding connection should be selected to mitigate
demagnetization also depends on the phase of the third back-EMF harmonic.

Finally, experiments were conducted to verify the theoretical analysis.

It should be noted that, although the above conclusions are developed based on the
investigated small-size SPM machine, they are also applicable to SPM machines with larger
size and higher PM volume.
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