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Normal and degraded operation of the open-end winding induction machine
fed by 2-level inverters in cascading

Introduction. The machine-converter system is a prevalent and essential configuration, widely used not only in variable-speed industrial
drive applications, but also in high-tech transportation and power fields. Problem. Conventional drive systems, particularly those supplied
by standard 2-level inverters, face major challenges regarding the enhancement of their dynamic performance and drive availability. To
overcome these limitations, a solution involves utilizing the open-end stator winding induction machine associated with cascaded 2-level
inverter topologies. The goal of this work is to improve the availability of the drive system by increasing its degrees of freedom through the
association of an open-end winding induction machine by two cascaded 2-level inverters. Methodology. The mathematical modeling of this
machine is presented and validated using MATLAB/Simulink. To evaluate the machine’s performance, it is first powered by two cascaded 2-
level inverters and subsequently by three cascaded 2-level inverters. Following this initial evaluation, the machine is then fed by two
cascaded 2-level inverters operating in degraded mode. This analysis features different failure configurations, and the specific operational
conditions that must be respected. Results. This topology enhances dynamic performances and enables effective power segmentation as well
as a degraded mode operation. These benefits are confirmed by the simulation results. The scientific novelty is based on demonstrating the
effectiveness of degraded mode control, which gives the machine-cascaded inverters topology a superior advantage in terms of reliability
and performances. Practical value. This topology provides a highly reliable and fault-tolerant drive solution, ensuring better performance
during normal operation and better availability after an inverter failure. References 15, tables 1, figures 24.

Key words: open-end winding induction machine, cascaded 2-level inverters, degraded mode, power segmentation.

Bemyn. Cucmema «mawiuna-nepemsopiosay € NOUUpeHoIo ma 8aicIugor0 KOHMIgypayicio, wo wupoko 6UKOPUCMOBYEMbCA He MIbKU 6
cucmemax npugoody 3 peyIbO8aHol0 WEUOKICIO 8 NPOMUCIOBOCH, d U Y BUCOKOMEXHONOIUHUX MPAHCNOPMHUX MA eHepeemUUHUX
eanyssix. Ilpoonema. Tpaouyiini cucmemu npugody, 0cob6IUE0 Mmi, SKI JHCUGTAMbBCA 60 CMAHOAPMHUX OBOPIGHEBUX THEEPMOPIE,
CMUKAIOMbCA i3 CepliosHUMU NPOOIEMAMU WOOO0 NIOBUIEHHS IX OUHAMIYHUX XAPAKMEPUCTIUK Ma 00CMYnHOCMI npusody. /s nooonranHs
yux obmediceHb NPONOHYEMbCA PillelHts, WO BKIIOYAE BUKOPUCANHS ACUHXPOHHOI MAWUHU 3 GIOKPUMOIO CMAMOPHOI0 0OMOMKOIO 8
NOEOHAHHI 3 KACKAOHUMU 080PIHeSUMU iHBepMOPHUMU mononoziamu. Mema pobomu — niosuwents O0CHYRHOCMI CUCmeMU NpUgoody 3a
PAXYHOK 30inblenHs il cmyneHie c60000U WNAXOM 3 €OHAHHA ACUHXPOHHOI MAWUHU 3 BIOKPUMOIO 0OMOMKOIO 3 080MA KACKAOHUMU
oeopienesumu  ineepmopamu. Memoouka. Mamemamuuna modenv yici mawunu po3pobrena ma nepegipena 3a O0ONOMO2010
MATLAB/Simulink. /[na oyinku npooyKmueHoCmi MauiuHu CnoYamiy JCUIAmy ii 6i0 080X KACKAOHUX OBOPIGHESUX IHBEPMOPIB, a NOmim
8i0 MPbOX KACKAOHUX 080PIigHeaUX ingepmopis. 1licas noyamxo6oi OYiHKU MAWUHA HCUBUMBCSA 80 080X KACKAOHO 3 €OHAHUX O80PIGHEGUX
iHeepmopis, w0 npayiorms 'y pesxcumi 3HudxCeHoi nomyxcrocmi. Lleti ananiz exaouae pisHi 3MiHU GIOMOB | KOHKpemHi yMOS8U
excnayamayii, Akux neobxiono dompumysamucs. Pesynomamu. /lana mononozia niosuuye Ounamiyni Xxapakmepucmuxu ma 3adesneyye
eghekmusHe ce2MeHMY8AHHA NOMYHCHOCII, 4 MAKOHC podOmy 8 pexcumi sHusxicenoi nomysxcnocmi. Li nepesazu niomeeposcyromvcs
pe3ynomamamu modemosants. Haykoea noeuzna ipynmyemoca na oemoHcmpayii egexmugHoCmi YnpaeiinHa 8 pedicumi 3HUNICEHOT
NOMYJICHOCMI, WO 0a€ MONONOIT (MAUUHA-KACKAOHI THBEpMOpUy 3HAYHY nepesazy 3 No2iAdy HAOIUHOCMI ma NpoOYKMUSHOCMI.
Ilpakmuuna yinnicme. JJana mononocisa 3abesneuye UCOKOHAOIIHe mMa GiOMOBOCMIlIKe PIEeHHs Olsl NPUBOOY, 2APAHMYIOUU KPAULY
NPOOYKMUBHICTIG ) HOPMATHOMY PedcuMi pobomu ma Kpawgy 00CHmynHicme nicia eiomosu ineepmopa. bion. 15, Tadn. 1, puc. 24.
Kniouoei cnosa: acHHXpOHHA MalllMHA 3 BIAKPHTO 00MOTKOI, KACKAJHI ABOpiBHEeBi IHBEPTOPH, peKUM 3i 3HHIKEHOIO
NOTYKHICTIO, CETMEHTALisl OTY>KHOCTI.

Introduction. In order to satisfy the demands for
reliability, availability and dynamic performance of the
drive system across various industrial domains [1-3],
power segmentation at the level of the machines is often
used [4-6]. This approach specifically allows for the
optimization of electrical system performance by
simultaneously  increasing  reliability, = modularity,
scalability and reconfigurability, while also ensuring better
cost control; ultimately, adopting this strategy yields
cleaner power waveforms and minimizes stress on power
semiconductor devices, thereby substantially enhancing the
overall efficiency and durability of the drive system.
Consequently, several lines of research have focused on
inverter structures such as 2-level cascaded inverters and
various other multilevel topologies [7, 8] as well as on
machine structures including multiphase machines [9, 10],
double-star machines, where each star is supplied by its
own 3-phase voltage source inverter [11-13], this
architecture substantially enhances the drive system’s
reliability, providing multiple degrees of redundancy [4].
Another machine structure is the open-end winding
induction machine (OEWIM), where each end is supplied
by its own 3-phase voltage source inverter [5, 14, 15].

The goal of this work is to improve the availability
of the drive system by increasing its degrees of freedom
through the association of an open-end winding induction
machine by two cascaded 2-level inverters.

The structure of the work is next. In the first part, the
mathematical modeling of the proposed OEWIM is
presented and implemented in the MATLAB/Simulink. In
the second part, the OEWIM is fed by cascaded 2-level
inverter structures based on a pulse width modulation
(PWM) strategy. The various results obtained concerning
the speed, torque, stator current, the voltage between
phases of the cascaded inverters and the machine, the total
harmonic distortion (THD) of the voltage and the torque
ripple are shown. The final part of this work presents the
machine’s degraded mode performance across 4 specific
inverter failure configurations, utilizing two cascaded 2-
level inverters. Successfully conducting this study
requires strict adherence to predefined operational
constraints unique to each configuration.

Modeling of the OEWIM. As shown in Fig. 1, the
design of the OEWIM allows for a dual-inverter supply
configuration.
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The following state equations describe the
mathematical flux model in the (d, ¢) reference frame:

dX() 1 .
5 =[4]- [x(]+[B1- U@®); 0

Y(1)=[c]- x (),
where the state vector:
X(t): dj] = [¢sd gzSsq Dy ] s
the control vector:
U(t)=U()-U5(0)
the output vector:
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where 7, = L/R,, 7. = L,/R, are the constants of time for

stator and rotor; R,, R, are the resistances of stator
and rotor; L, L, are the inductances of stator and rotor;
o=1- (Lmz/LS-L,.) is the coefficient of dispersion of Blondel;
L, is the mutual inductance between stator and rotor.

The mechanical equation governing the drive and
the electromagnetic torque 7, is:

dw
Tpn— T, =j—+ fow; (6)
dr
3
Tem _Tr = E p(‘//sals/)’ _(//Sﬁlm)’ ™)

where T, is the load torque; f is the frequency; w is the
angular frequency; p is the number of pairs of poles; v,
Wsp, Lsen Isp are the flux linkages and the stator currents in
the (o, P) reference frame.

Supply of the OEWIM by two cascaded 2-level
inverters. The OEWIM is fed by two cascaded 2-level
inverters based on PWM, with each inverter drawing power
from a quarter of the DC-link voltage (E/4) (Fig. 2).
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Fig. 2. Supply the OEWIM by two cascaded 2-level inverters

The evolution of the stator currents, speed and
torque is shown in Fig. 3, illustrating the transient and
steady-state modes during normal operation. The load
torque is the type kew”.
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Fig. 3. Evolution of the stator currents, speed and torque

Figure 4 provides an enlarged view of the torque
under steady-state conditions.
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Fig. 4. Enlarged view of the torque

The torque ripple is calculated as:
302.65-300
Aem 300
Figure 5 shows the compound voltages in the steady-
state regime during normal operation. Specifically, the
voltages at stator input Al (U;=Vs;—Vs,) of converter Al
and at input A2 (U,=Vs,—Vsy;) of converter A2 are shown.
The machine phase-to-phase voltage U,, which is given by
the difference U =U,—U,, features 5 voltage levels.
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Fig. 5. Compound voltages at the terminals
of the two cascaded 2-level inverters and the machine
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THD of the voltage across the machine terminals is
24.99 % (Fig. 6).

Fundamental (50Hz) = 451.7 , THD= 24 99%
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Fig. 6. THD of the machine voltage

The use of cascaded 2-level inverters to power the
machine significantly increases the phase-to-phase voltage
level from 3 to 5 levels when compared to conventional
converters with the same machine. This configuration also
substantially improves the voltage THD and doubles the
bandwidth relative to a classic induction machine [4].

Supply of the OEWIM by three cascaded 2-level
inverters. As illustrated in Fig. 7, the OEWIM is powered
by three cascaded 2-level inverters. Crucially, each
inverter is supplied by a dedicated DC source equivalent
to 1/6 of the total DC-link voltage (£/6).
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Fig. 7. Supply the OEWIM by three cascaded 2-level inverters

Figure 8 provides an enlarged view of the torque
under steady-state conditions.
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Fig. 8. Enlarged view of the torque

The steady-state torque ripple was calculated as

follows: AT, = %

Figure 9 shows a detailed visualization of the
compound voltages in the steady-state regime during
normal operation. It clearly differentiates the 4-level
voltage waveform observed at the converter terminals
from the 7-level voltage waveform observed at the
machine terminals.
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Fig. 9. Compound voltages at the terminals
of the three cascaded 2-level inverters and the machine

THD of the voltage across the machine terminals is
15.07 % (Fig. 10).
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Fig. 10. THD of the machine voltage

The performance characteristics for different
cascaded converters are detailed in Table 1. Specifically,
the table reports the voltage levels at converter Al, A2
and OEWIM terminals, the voltage harmonic distortion
rate and the steady-state torque ripple.

Table 1
Different results of THD and torque ripple
Voltage levels THD of the AT %
Inverter Al | Inverter A2 | Machine N | voltage, % em
3 3 5 24.99 0.88
4 4 7 15.07 0.45

The integration of cascaded 2-level inverters with the
OEWIM configuration delivers substantial performance
enhancements across the drive system. Chief among these is
the ability to increase the phase-to-phase voltage resolution
from 5 to 7 levels, depending on the cascaded inverter
topology employed. This voltage resolution directly
translates into quantifiable improvements in signal quality.
The voltage THD is drastically reduced from 24.99 % to
15.07 %, and the torque quality is improved, decreasing from
0.88 % to 0.45 %.

Degraded mode operation for the OEWIM fed by
two cascaded 2-level inverters. Our focus is the
degraded-mode operation of the OEWIM, which is
powered by two 3-level converter systems. As each
system comprises two cascaded 2-level inverters, we
investigate 4 potential fault configurations by considering
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only failures within the converter feeding input Al, given
the operational symmetry with input A2. These 4
configurations stem from the fault location (upper or
lower stage) in each of the 2 cascaded inverters. The
specific operational constraints for each configuration
must be adhered to throughout the study.

Sizing inverters. Accurate sizing of cascaded 2-level
inverters is a prerequisite for proposing a mitigation
strategy during degraded-mode operation. This section
demonstrates the relevant sizing criteria based on the
configuration of two cascaded 2-level inverters (Fig. 11).
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Fig. 11. Induction machine fed by two cascaded 2-level inverters

n — fictitious neutral;

i — inverter number;
=[1,2];

j — phase number;

j=1{1,2,3};

E T21

As shown in Fig. 11, the DC bus voltage for each
inverter is denoted by E. This allows us to define the
relation as follows. For inverter 2:

E E E
Vr,, :_"‘VAZOZ:_"’;:E- )

For inverter 1:

3E +V 3E + E 2F 9)
) A202 9

In this configuration, the OEWIM is sized for a
power P. Since the machine is powered at each input by
two cascaded 2-level inverters, the required sizing is:

o inverters Inv A1l and Inv A21 are rated for a power P/2;
o inverters Inv A12 and Inv A22 are rated for P/4.

Different configurations. We consider the failures
of the converter Al (the behavior is identical for failures
of the converter A2). Only one fault is considered at a
time. Four configurations 1—4 are possible.

Configuration 1. In the 1¥ configuration (Fig. 12)
we consider an open circuit of one of the switches: Ty or
Ty, or Ty3 of the inverter A11 (following a short circuit).
The control must act so that the 3 switches T,;, T;» and
T,; are in state 0 and the switches T’;;, T’1, and T’y are
in state 1. We will thus have a star coupling of the input
Al of the machine.

This is the operation of the classic induction
machine powered by converter A2. The machine must
operate at reduced speed and therefore there are no
conditions on the sizing of the inverters:

e 70 % of the nominal speed for 7, = ka*;
¢ 50 % of the nominal speed for 7, = ko.
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F1g 12. Supply the OEWIM by cascaded 2-level inverters
for the configuration 1

The provided figures illustrate the simulated operation
of an OEWIM powered by two cascaded 3-phase inverters.
The simulation is designed to show the machine’s behavior
before and after a fault that occurs at z = 1.2 s in inverter
Al1. The system has a load torque defined by the equation
T, = ko®. This particular characteristic necessitates a
control strategy that intentionally commands the machine’s
speed to drop to 70 % of its nominal value following the
fault. As shown in Fig. 13, this speed reduction is imposed
at the moment of the fault, which effectively reducing the
required torque to manage the load and allowing the
machine to operate safely despite the inverter failure.
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Fig. 13. Evolution of speed and torque for the configuration 1

Figure 14 shows the evolution of the stator currents
before and after the failure in the inverter Al11, which
occurs alongside a reduction in speed.
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Fig. 14. Evolution of stator current for configuration 1

Figure 15 shows the evolution of the machine and
inverter voltages, covering the regimes before and after
the failure that occurred within inverter A11. A zoomed
visualization is included to accurately capture the
immediate dynamic response of the system to the fault.
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Configuration 2. In the 2™ configuration (Fig. 16)
we consider an open circuit in one of the switches of
inverter A11 (T’y;, T’15, or T’13). Following a short circuit
event, the control system must act to force the affected
switches (T’;;, T’15, and T’j3) to state 0 and their
complementary switches (T}, Ti,, and T);) to state 1. For
this configuration, the machine is powered through its
input 2 and exclusively by the A12 inverter. Following
the failure of inverter A11, the OEWIM shifts into a fault-
tolerant mode where it is supplied only by the remaining
inverters (A12, A21 and A22). This operational change
means the machine is now fed by the sum of 3 continuous
DC buses, resulting in a total DC-link voltage 3£/4. This
constrained voltage supply directly limits the maximum
operational speed the machine can achieve while
delivering the required load torque. Consequently, the
machine must operate at a reduced maximum speed: this
speed is 86 % of the nominal value for quadratic load
torque 7, = ko?, or is further restricted to 75 % of the
nominal speed for linear load torque 7, = ko.
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Fig. 16. Supply the OEWIM by cascaded 2-level inverters
for configuration 2

Figure 17 presents the evolution of speed and torque

with a speed reduction to 86 % of the nominal speed to
maintain the operating current for 7, = ko”.
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Fig. 17. Evolution of speed and torque for configuration 2

Figure 18 shows the evolution of the stator currents

during an event accompanied by a reduction in speed.
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Fig. 18. Evolutlon of stator current for configuration 2

Figure 19 shows the evolution of the machine and

inverter voltages in both normal and degraded operating
modes. A zoomed visualization provides a detailed view
to better capture the immediate impact of the fault that

occurred at = 1.2 s in inverter A11.
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Fig. 19. Evolution of the machine and inverter voltages
for configuration 2
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Configuration 3. For the 3™ configuration (Fig. 20)
we consider an open-circuit fault on one of the switches
(Ty1, Tay, or Ta;) of inverter A12. The control system must
then act by ensuring that the 3 switches (T, T1,, and T3)
are set to state 0 and switches (T7,1, T2, and T’y3) are set
to state 1. The input Al of the machine is powered by
only inverter A11. We will have the same power supply
conditions as in the 2" configuration, where the power
supply to input Al is provided solely by inverter Al2.
Moreover, in both cases, the DC bus voltage at input Al
is E/4, the results are then identical to those obtained in
the 2™ configuration.
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Flg 20. Supply the OEWIM by cascaded 2-level inverters
for the configuration 3

Configuration 4. The 4™ configuration involves an
open-circuit fault on switch (T,;, T’5,, or T’53) of inverter
A12. Consequently, the control sets switches (17,1, T’ and
T’x) to state 0 and switches (T,;, Tsp, and Tp3) to state 1
(Fig. 21). Since the DC bus voltage at input Al is now E/2,
the machine operates at nominal speed. No operating
conditions need to be imposed on inverter All, as it is
sized for half of the nominal power.
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F1g 21 Supply the OEWIM by cascaded 2-level inverters for
configuration 4

The evolution of the speed and torque after the
inverter All failure is shown in Fig. 22. The results
display the state before and after the fault at t = 1.2 s,
maintaining 100 % of the nominal speed with a load
torque of 7, = keo”.

Figure 23 shows the evolution of the stator currents
before and after the failure of inverter A12, demonstrating
that the stator current magnitude remains unchanged (or
similar) despite the fault.
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Fig. 22. Evolution of the speed and torque for configuration 4
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The evolution of the machine and inverter voltages
before and after a failure in inverter A1l at t = 1.2 s is
shown in Fig. 24. This event occurred while the DC bus
voltage at input Al is E/2. A zoomed view provides a
detailed visualization to better capture the immediate
impact of the fault.
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Fig. 24. Evolution of the machine and inverter voltages
for configuration 4

The characteristics of the machine, which has a
nominal power P = 45 kW, are defined by: nominal speed
of 1450 rpm, stator resistance R, = 150 m{2, rotor resistance
R, = 46 mQ, stator inductance L, = 17.9 mH, rotor
inductance L, = 18.6 mH, mutual inductance L,, = 17.2 mH.

Conclusions. The association of the OEWIM with
cascaded 2-level inverter structures offers benefits in both
operating modes. In normal mode, it improves dynamic
performances. In degraded mode, it enhances the system’s
reliability, availability, and safety because the failure of a
single inverter does not stop the motor.
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The OEWIM mathematical model was derived and
simulated using the MATLAB/Simulink. The results
obtained allowed us to draw the following conclusions: for
the normal operation, supplying the machine with cascaded
2-level inverter structures offers several advantages. These
include a higher output voltage level (increasing from
5 levels with two cascaded inverters to 7 levels with three
cascaded inverters), a significant decrease in voltage THD
(falling from 2499 % to 15.07 % for the same
configurations, respectively) and enhanced torque quality
(improving from 0.88 % to 0.45 %). The different degraded
mode operating configurations for the OEWIM were
investigated with the analysis of the switch failure in one of
the two cascaded 2-level inverters. Four configurations are
then detailed, along with the operational constraints
necessary for each scenario. The resulting simulations
confirmed the control strategy’s efficacy and underscore
the importance of this inverter-machine topology for
guaranteeing system service continuity. Furthermore, the
system configuration successfully balances the power
segmentation capabilities and service continuity achieved
by using cascaded two-level inverters with the machine.
Moreover, the use of cascaded 2-level inverters to feed the
machine makes it possible to withstand a second inverter
fault, consequently enhancing the drive system’s reliability.
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