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Association smooth-pole dual open-end windings permanent magnet synchronous machine
with cascaded 2-level inverters for improved performances

Introduction. Power segmentation is an increasingly important priority in high-power industrial drive applications that utilize AC machines.
Problem. To improve the dynamic performance, reliability and power segmentation of drive systems in high-power applications (above the
megawatt range), it’s advantageous to replace a single high-power converter with several low-power converters. This principle is applied to
the combination of AC machines and inverter structures. Goal. The authors propose a novel dual open-end windings permanent magnet
synchronous machine. This machine reduces the required size of the power supply inverters while also improving dynamic performances
and lifespan. Its power supply using 2-levels cascading inverters, further enhances these performances. Methodology. For this study, the
mathematical model of the system in the Park reference frame is introduced and validated using the MATLAB/Simulink environment. First,
simulation results are presented for the proposed machine supplied by four conventional two-level inverters based on the pulse width
modulation technique. Next, the new machine is fed by four multilevel converters, with each converter consisting of two two-level inverters.
To further demonstrate the benefits of this converter structure, the authors then use a configuration with three cascaded two-level inverters.
The results demonstrate that the use of the new machine with conventional two-level inverters ensures power segmentation and improves the
quality of the voltage, stator current, and torque. Furthermore, associating this same machine with cascaded multilevel inverter structures
significantly enhances dynamic performance and reliability. The scientific novelty lies in the synergy achieved by integrating the novel
synchronous machine with the cascaded two-level inverters, enabling the system to simultaneously surpass conventional limitations in both
performance and reliability. Practical value. A simulation model of the novel dual open-end winding permanent magnet synchronous
machine was implemented to validate the superior performance achieved with cascaded multilevel inverter structures for voltage supply
compared to conventional two-level inverters. References 19, table 2, figures 17.

Key words: smooth-pole dual open end permanent magnet synchronous machine, cascaded 2-levels inverters, power
segmentation, reliability.

Bcemyn. Ceemenmayis nomysicnocmi cmae 6ce Oibud 8adiCIuGUM 3a60aHHAM Y NOMYICHUX NPOMUCIOBUX NPUBOOHUX CUCMEMAX, WO
BUKOPUCOGYIOMb MawiuHy 3minnozo cmpymy. Ilpobnema. [{na nokpawenns OuHamivHux Xapakxmepucmux, Haoitinocmi ma cecmenmayii
NOMYIHCHOCI NPUBOOHUX CUCEM ) NOMYIHCHUX YCMAHOBKAX (8Uuje Me2asamuozo Oianazony) OOYINbHO 3AMIHUMU OOUH NOMYIHCHUL
nepemeopioeay Kilbkoma Manonomysichumu nepemeoprogadamu. Lleil npunyun 3acmocogyemuvcs Ons KOMOIHAYii Mawiun 3MIiHHO20
cmpymy ma ineepmopHux cmpykmyp. Mema. Aeémopu npononyioms HO8y CUHXPOHHY MAWUHY 3 0BOMA GIOKpUMUMU OOMOMKAMU MA
nocmitinumu  maewimamu. Lla mawuna smenwye HeoOXiOHi pO3MIpu [HEEPMOpPIE JHCUGNEHHS, OOHOYACHO NOKPAWYIOUU OUHAMIUHI
Xapaxmepucmuky ma mepmin cuyxcou. Ii scusnenns i3 6UKOPUCTAHHAM 0BOPISHEBUX KACKAOHUX iHEEpMOpI6 000amKoso nioguiyye yi
xapaxmepucmuxu. Memoouka. /[na ybo2o 00cniodxcents po3pobiena MamemMamuuna Mooenb cucmemu y cucmemi koopounam Ilapka,
ska nepesipena y MATLAB/Simulink. Cnouamky npedcmaeneni pezyiomamu MoOen08aHHs OJisi NPONOHOBAHOT MAWUHY, WO HCUBUMbCSL
YomupmMa  36UHAIHUMU  OBODIGHEGUMU  [HEBEPMOPAMU HA OCHOBL Memooy WUPOMHO-IMIYIbCcHOI moodyasayii. [lomiv Hoéa Mmawiuna
3AXCUBTIOBATIACH BI0 YOMUPLOX 0ASAMOPIGHESUX NEPEMEOPI8ais, KONCEH I3 SKUX CKIA0AEMbCsl 3 080X 080pIieHesux ineepmopis. [is
nooabuol deMoHcmpayii nepesaz OAHOi CIMPYKmMypu Nepemsoprosaya asmopu SUKOPUCHOSYIoNb KOHQIZYpayiio 3 mpboma KACKAOHO
3’€OHanumu 0sopisnesumu ingepmopamu. Pesynomamu noxasyioms, wo 6UKOPUCMAHHA HOB0I MAWUNY 13 36UYAUHUMU OBODIGHESUMU
ineepmopamu 3abesneyye cecMenmayilo NOMYMHCHOCMI Ma NOKPAULYE AKICHb HANpY2u, CIMpyMy cmamopa ma Kpymnoz2o momenmy. Kpin
M020, NOEOHAHHS Y€l MAWIUHU 3 KACKAOHO 3 €OHAHUMU 6A2amopieHesUMU IHEEPMOPHUMY CIPYKMYPAMU 3HAYHO RIOBUWYE OUHAMIYHI
xapaxmepucmuku i naoiiinicmo. Haykoea nosusna nonseae 6 cumepeii, ka 00CsA2a€mbcsl 34 paxXyHOK inmeepayii HOOI CUHXPOHHOT
MAWUHYU 3 KACKAOHO 3 €OHAHUMU OB0PIGHEBUMU THEEPMOPAMU, WO 00360AE CUCMEM] OOHOYACHO Q0NAmMU MPAOUYIIHI OOMENCEHHS SIK 34
npodykmusnicmio, max i 3a naoivnicmio. Ilpakmuuna 3nauumicme. Peanizoeana imimayivina mooens HOB0I CUHXPOHHOT MAWIUHU 3
06oma GIOKpUmuMY OOMOMKAMU MA NOCMIUHUMU MASHIMAMU Ol NIOMEEPOICEHH, BUCOKUX XAPAKMEPUCMUK, WO 00CA2ArOmbCs 3d
00NOMO20I0 KACKAOHO 3 €OHAHUX 0a2amopieHesux IH8EPMOPHUX CMPYKMYP O JCUGTEHHS HANPYeU NOPIGHAHO 13 36UYAUHUMU
oeopigrnesumu ingepmopamu. biomn. 19, tadm. 2, puc. 17.

Knrouoei crnoea: TiIagkomoOJIOCHA CHHXPOHHA MAIIMHA 3 NOCTIfHMMHM Mar"iraMu Ta JBOCTOPOHHIM BiIKDUTHM BHMBOJOM,
KaCKa/lHi ABOpiBHEBi iHBepTOpPHU, CerMeHTALlisl MOTYKHOCTI, HAXIHHICTD.

Introduction. The machine-converter associations the new machine structure; it is the dual three-phase open-

are widely used in application industrial drives [1-3]. But
this association machine with conventional converter is
not without disadvantage especially in high power. To
ensure the power segmentation, the improvement the
reliability and consequently the availability of this
association inverter-machine, several researches have also
been developed. The research at the level of inverter
structures  includes cascaded H-bridge multilevel
inverters, diode clamped multilevel inverters, flying-
capacitor multilevel inverters, cascaded two-level
inverters and other structures [4-8] and in synchronous or
asynchronous machines structures, in particular the
permanent magnet synchronous machine (PMSM)
includes multiphase machines [9, 10], the multi-star
machines [11, 12], the open-end stator winding machine
[13, 14] and the multiphase open-end stator windings
machine [15]. Recently, some researchers have developed

end stator windings AC machines supplied by four
voltage source inverters [16-18]. Furthermore, this
machine offers good solution for the power segmentation
and best dynamic performance compared with classic
machine, double star machine and open-end stator
winding machine. Also, this machine increases the liberty
degrees of system drive in degraded mode.

The goal of this work is to present a novel dual open-
end windings permanent magnet synchronous machine
(DOEWPMSM). This machine is designed to improve
dynamic performance and lifetime, while reducing the size
of the required power inverters. The use of cascaded two-
level inverters improves these performances. In the first
part, the mathematical modeling of novel machine is
presented in the Park reference frame and implemented in
MATLAB/Simulink environment. In the second part, the
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proposed machine is fed by four voltage source inverters
using a pulse width modulation (PWM) technique. The
results obtained for the total harmonic distortion (THD) of
the phase-to-phase voltage, the THD of the stator current,
and the torque ripple are shown. To improve the
performance of the new machine, a combination of
cascaded inverter structures is used. In the first
configuration, two cascaded 2-level inverters are used,
while the second configuration consists of three cascaded
2-level inverters [19]. The simulation results obtained from
the cascaded configurations show significant advantages in
terms of voltage, current and torque quality.

Modeling of the smooth-pole DOEWPMSM. The
windings of this machine shifted by 0° in the (d, ¢) Park
reference (w(, 4 = w,) are represented in Fig. 1.
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Fig. 1. Windings representation in the (d, ¢) reference frame

The relation that links the flux and the currents is:

Wsdl Ly Mg 0 0 |isdr| [y
M L 0 0 ||z
Vsd2 _ d d .sd2 N Ve )
Vsql 0 0 Lq Mq Isql 0
Vsq2 0 0 My Ly igp| [0

The voltage is related by the following matrix:

Va1 =Vsaiz | R, 0 0 0 Vsdl
Vsart =Vsaz | | 0 Ry 0 0 |hsa2 | d|Vsa2
Va1t =Vsqiz | | 0 0 Ry 0 |isqr| df|Wsql i
Vi =Va | L0 0 0 R]ig vz] (2)
0 0 —a)dq Vsl |
N 0 0 wdq} Vsd2
ogq 0 Wsql |
0 g Ysq2 |

where R; is the stator resistance; Ly = Lq = L is the stator
inductance in d, g axis for the smooth-pole synchronous
machine; M, is the mutual inductance of the stator in d|,
d, axis; M, is the mutual inductance of stator in g, ¢,
axis; y; is the flux of the permanent magnet by pole.

If the smooth-pole DOEWPMSM is supplied by
voltage sources, the mathematical current model is written
in (d, q) reference frame, and described as:

=L 8L ®

where: [1] = [ T is the state vector;

Isdl ist isql isqz]
T
Vsat1 —Vsd12

Vsaz1 =Vsda2
WV1=|Vigi1 = Veqi2
Vsq21 - Vsq22
Ve

is the control vector.

The state matrix [A4] is:

RL ~RL oy 0
>-M3; *-M} a
~RL R,L 0 Y
2 2 2 2 dq
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dq 2 2 2 2
L —Mq L —Mq
0 Ay, _Rqu RSL
R A V- A Vi
The matrix [B] is:
L —My 0 0 0
2 22 12 1,2
-M§ IF-M;
My L 0 0 0
2 22 2 a2
18] -M; IF-Mg (5)
N 0 0 L My oy
LZ_MZ LZ_MZ L-M
d q q
0 0 —M, L ~Ddq
L2 _M2 L2 _M2 L-M
q d q

Tile electromagnetic torque of the DOEWPMSM is:

3 . .o . .
Tem = Ep((Md _Mq )(lsd2lsql + lsdllqu) +yr (lsql +lsq2)) . (6)

The drive mechanical equation is:
Cifw. (7

Case 1. Supply of the DOEWPMSM by 2-levels

inverters. The DOEWPMSM is fed by four three-phase
2-level inverters based on PWM technique (Fig. 2) with:
Vsai1, Vsarz, Vsaiz are the simple voltage of inverter A;;
Vsaz1, Vsana, Vsaxs are the simple voltage of inverter Ay;
Vsgi1, VsBi12, Vsgi3 are the simple voltage of inverter By;
Vsga1, Vspaz, Vspas are the simple voltage of inverter B,;
(Vsa11—Vsa12) is the pole voltage of inverter A;
(Vsar1—Vsap) is the pole voltage of inverter A,;
(Vsg11—Vsgi2) 1s the pole voltage of inverter By;
(Vspa1—Vsga2) is the pole voltage of inverter By;

UA = (VSAI 1—VSA12)—(VSA21—VSA22) is the phase—to—phase
voltage of machine stator winding A;

UB = (VSBl1—VS312)—(V5321—VS322) is the phase—to—phase
voltage of machine stator winding B.

The Voltages (VSAl 1—VSA12), (VSAZI_VSA22), UA
(winding A) and same simulation results for winding B
are shown in Fig. 3.

Figure 4 shows the harmonic content of the phase-
to-phase machine voltage.

Figure 5 shows the simulation results of the speed
and the torque. At time ¢ = 1 s the impact of torque
T, =180 N-m is applied.

In order to analyse the torque quality, the definition of
the torque undulations 47, by the expression is:

AT,y = Tmax —Tem 1000, (8)

em
The enlarging effect of the torque for a load torque
T, =T, is indicated in Fig. 6.
Then, the torque undulation is:

AT, :%.100%:17.5%.

T —T: = J
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Fig. 3. Pole voltages of inverters and phase-to-phase voltages of
machine stator windings A and B

Fundamental (50Hz) = 452.3 , THD= 44.27%
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Fig. 4. Harmonic content of machine voltage

The simulation results of the stator currents /;;; of the
winding A and [, of the winding B are shown in Fig. 7.
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Fig. 5. The simulation results of the speed and the torque
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Fig. 6. Enlarging effect of the waveform torque
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Fig. 7. The simulation results of the stator currents
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The harmonic content of the stator current Is,, of the

winding A is shown in Fig. 8.
Fundamental (50Hz) = 29.18 , THD= 5.35%
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Fig. 8. The harmonic content of the stator current

Case 2. Supply of the DOEWPMSM by two 2-levels
inverters in cascading. To enhance the performance of
the DOEWPMSM in terms of voltage, current and torque
quality, it’s essential to supply it with a multi-level
inverter. As shown in Fig. 9, this inverter is a cascaded

configuration of two 2-level inverters [19].
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In order to control the two cascaded 2-level
inverters, the phase disposition PWM technique was used,
as shown in Fig. 10.
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Fig. 10. Principle of the phase disposition PWM technique

Three reference voltages with a frequency of £; and a
120° phase shift between them are compared with two
amplitude carriers. This method controls the two cascaded
inverters at input Al of stator winding A. Similarly, three
other reference voltages, shifted by 180° relative to the first
three, are compared with the same carriers to control the
two cascaded inverters at input A2 of stator winding A.
This same control principle is applied to the two cascaded
inverters located at inputs B1 and B2 of stator winding B.

Figure 11 shows the pole voltages (Vsaj—Vsarn),
(Vsax1—Vsax) and the phase-to-phase voltage U, of the stator
winding A, which have five voltage levels between phases of
the machine. The same applies to the stator winding B.
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Fig. 11. The pole voltages and the phase-to-phase voltage
of the stator winding A (case 2)

The harmonic content of the phase-to-phase machine
voltage for the DOEWPMSM is shown in Fig. 12.

Fundamental (50Hz) = 451.2 , THD= 26.82%
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Fig. 12. The harmonic content of the machine voltage

Using multi-level voltage converters to feed the
DOEWPMSM significantly improves the voltage level
and reduces its THD from 44.27 % with a conventional
inverter to 26.82 % with cascaded 2-level inverters. The
enlarging effect of the torque is indicated in Fig. 13.
Then, the torque undulation is:
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Fig. 13. Enlarging effect of the waveform torque

The harmonic content of stator current is shown in
Fig. 14. Connecting the machine to two cascaded 2-level
inverters, instead of a conventional inverter, improved the
stator current’s THD from 5.35 % to 3.86 %. It also
reduced torque ripple from 17.5 % to 7.22 %.
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Fundamental (50Hz) = 25.19 , THD= 3.86%
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Fig. 14. The harmonic content of the stator current

Case 3. Supply of the DOEWPMSM by three 2-levels
inverters in cascading. To demonstrate the performance
improvement gained by using cascaded 2-level inverters,
the proposed machine is also supplied by a second
cascaded multi-level inverter structure at each input (Al,
A2, Bl and B2). This structure is formed by three 2-level
inverters connected in a cascade (Fig. 15).
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The enlarging effect of the waveform torque is
shown in Fig. 17.
511 L ETTTT— LTS ] T ]

11 OSSP F S PP T N 4

L1 T e TP T fo e 4

00 e [ REITEIITIe s LTI, e L 4
1.4 15 16 1.7 1.8 19 s 2

Fig. 17..Enlarging effect of the waveform torque

Then, the torque undulation is:
187.4-180
AT, _

m =80

Table 1 presents the results obtained with three
cascaded inverters, along with those from the two other
types of power supply structures. This table clearly
illustrates the advantages of the DOEWPMSM when
combined with cascaded 2-level inverters. Indeed, the use
of these cascaded structures improves stator current
quality, voltage THD and reduces torque ripple.

-100% =4.11%.

Table 1
Different results for three structures
Inverter Al | inverter 2.cascaded 3_cascaded
inverters mverters
THD voltage, % 44.27 26.82 16.42
THD current, % 5.35 3.86 1.63
AT, Yo 17.5 7.22 4.11

Assuming the machine has a total power P. Table 2
summarizes the specifications for its power supply system.
The table details the power ratings for the two cascaded
inverters, as well as the required stator current and the
voltage of the switches needed to supply the machine. This
same process is applied to all inverter modules at each of
the machine’s inputs, ensuring consistent sizing across the
entire system [19].

I Table 2
ﬂéA) 12 Is12 (A) E/6—— Sizing of the two cascaded inverters
—»1 Is13(A) Inverter Al Power Stator Switches
inverter current, A voltage, V
LT’I3 |_T’12 LT’H Inverter Al11 Pl4 1/2 VTll =FE/2
Inverter A12 P/8 12 Vi =E/4
Inverter A21

Fig. 15. Three 2-levels inverters in cascading

Figure 16 shows the pole voltages (Vsai—Vsarn),
(Vsa21—Vsaz) and phase-to-phase voltage U, of the stator
winding A. The results indicate that an increase in the
voltage level enhances the lifespan of this machine.

Vsu=Vsan. V

300

-400 b o4

1 IS 1 135 1 ‘9 It‘ 5
Fig. 16. The pole voltages and the phase-to-phase voltage
of the stator winding A (case 3)

Table 2 demonstrates that using two cascaded
inverters to supply the DOEWPMSM is not a constraint
but rather a key component of power segmentation. The
table shows that the cascaded inverter Al2 has a
significantly lower power rating P/8 than the principal
inverter A11. This finding is crucial because it indicates
that the system can be built with a smaller and more cost-
effective secondary inverter while still achieving the
benefits of a multilevel configuration.

The combination of a DOEWPMSM with cascaded
inverters provides a reliable solution for degraded-mode
operation. However, to ensure the drive system’s
continued performance, specific operational conditions
must be met in the event of an inverter failure. This
involves a precise reduction of the machine’s speed to
prevent a rise in current draw, which in turn avoids the
overheating of both the motor windings and, most
importantly, the semiconductor devices.

The characteristics of the machine are: nominal power
P =40 kW, speed 1000 rpm, stator resistance R, = 65 mQ,
stator inductance Ly = Ly= 0.655 mH, mutual inductance of
stator d; , axis My = 0.545 mH, mutual inductance of stator
q12 axis My = 0.545 mH, magnet flux y; = 0.8 Wb, inertia
moment J = 0.02 kg-m’, viscous force F =2 10~ N-m-s/rad.
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Conclusions. The novel smooth-pole dual open-end

windings permanent magnet synchronous machine
(DOEWPMSM) when associated with cascaded inverters
structures offers a significant advantage over the

conventional 2-levels inverters. The mathematical model of
the DOEWPMSM is presented and simulated in
MATLAB/Simulink. The machine is first fed by
conventional 2-level inverter and then by cascaded 2-level
inverter structures. The new machine offers such benefits:

e a good solution for power segmentation, reducing
clutter, improving the availability of the drive system, and
increasing redundancy in degraded mode compared to a
classic synchronous machine.

e When the new machine is powered by cascaded 2-level
inverter structures, it provides a better voltage level between
the machine phases. With a conventional 2-level inverter,
three levels are obtained. With two 2-level inverters in
cascading, five levels are obtained, and with three 2-level
inverters in cascading, seven levels are obtained.

e A better voltage THD. If the THD is 44.27 % with a
conventional inverter, it drops to 16.42 % when powered
by three 2-level inverters in cascading.

e A better quality of stator current. With a
conventional inverter, the THD is 5.35 %. Using three
cascaded 2-level inverters, the THD becomes 1.63 %.

e A better torque quality. The value decreases from
17.5 % to 4.11 % with three cascaded 2-level inverters.

e A reduced the DC bus voltage value of E going from
E/2 to E/6 with three cascaded 2-level inverters.

e An extended bandwidth.

In future work it is planned to experimentally confirm
the advantages of the proposed new DOEWPMSM and
powered using cascaded 2-level inverters.
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