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Abstract—This manuscript investigates the torque-speed char-
acteristics of a synchronous reluctance motor drive with an open-
end winding (OEW) configuration. The machine is powered by
standard two-level voltage source inverters (VSI), one supplied by
a DC power source while the other connected to a floating capac-
itor (FC). The analysis considers the flux maps of a synchronous
reluctance motor identified through experiments to account for
the effect of the self-and cross-saturation phenomenon. The
study reveals that the dual-inverter (DI) configuration with a
FC can significantly extend the constant torque speed range and
achieve unity power factor. In addition, the analysis demonstrates
that the torque in the constant power speed range can be
noticeably increased compared to the standard single-inverter
(SI) configuration. With the full model of the OEW drive plant,
the FC voltage can be purposefully selected to modify the drive
torque speed characteristic to benefit the specific application.
The advantages of the investigated synchronous drive architec-
ture have been experimentally validated in different operating
conditions with a purposely built set-up.

Index Terms—Open-End Winding, Two-Level Inverter, Dual-
Inverter, Synchronous Reluctance Motor Drive, Floating Capac-
itor, Torque-Speed, Power Factor, Field-Weakening.

I. INTRODUCTION

ynchronous reluctance (SyRel) motor drives are a com-

pelling alternatives to induction and permanent magnet
synchronous motor drives in a wide spectrum of applications
[1]. This broad application uptake can be attributed to their
high dynamic performance, good power density, competitive
costs, and reduced environmental impact due to the lack of
rare earth permanent magnet materials [2]]. Despite their cost-
effectiveness, SyRel motor drives have significant drawbacks
such as low power factor and constant power speed range, high
torque ripple, and the highly non-linear magnetic behaviour
which greatly complicates the control structure.
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Fig. 1: SyRel in OEW with FC drive scheme.

The standard engineering solution to tackle both low power
factor and narrow constant power speed range challenges is
to add permanent magnets within the rotor flux barriers [J3]].
Despite being effective, this approach requires a significant
amount of rare-earth based-PM assistance, especially when a
high overload is required as in traction applications [4f]. The
use of PMs does obviously not guarantee stability of the supply
chain in the current market ecosystem where sudden shortages
or rapid price fluctuation of rare-earth elements are possible.

Another promising approach aimed at extending the con-
stant power speed range and increasing the power factor
of SyRel drives involves the adoption of a SyRel machine
with an open-end winding (OEW) configuration where each
side is supplied by a three phase voltage source inverter [5],
[6]]. This configuration allows to increase the voltage applied
at the motor terminals and exploit the intrinsic multilevel
voltage output capability, offering improved control of both
torque and speed. Furthermore, the OEW design contributes
to improved fault tolerance [[7] as it allows the machine to keep
running by redirecting the current through unaffected sections.
These features collectively enhance the overall reliability and
robustness of the motor drive system.

Fig. |I| depicts the described system where both ends of
the machine’s windings are supplied with a main converter
(Main-Conv) and an auxiliary converter (Aux-Conv). Three
distinct configurations have been proposed in literature dif-
fering according to the way the DC-link auxiliary converter
is connected: 1) a common DC-link shared between the two
inverters [{8], [9]; 2) two isolated DC-links independently sup-
plied [10], [11]; 3) the DC-link of the Aux-Conv is connected
to a floating capacitor (FC) [[12], [13].

While the common DC-bus topology offers advantages such
as a compact design, a high torque per volume ratio, and
fault tolerance, challenges arise due to the presence of zero-
sequence current [[14f]. Either the converter’s output Common



Mode Voltage is eliminated by employing a more complex
modulation strategy and reduced input/output voltage transfer
ratio or additional system losses and increased torque ripple
have to be accepted [15]. The two isolated DC-link solution
helps avoid zero-sequence current circulation. However, as for
the standard VSIs, the common-mode voltage generated by
the stand-alone DC buses can cause shaft voltage and bearing
current which can reduce the drive’s useful life [16]. In the
FC solution, zero-sequence current circulation problem is not
present [13] and has the additional advantage that the FC
voltage level can be adjusted during the motor operation to en-
hance torque-versus-speed characteristic [12]. Indeed, by set-
ting a relatively large FC voltage extends the constant-torque
region and delays the onset of field weakening operations. The
voltage ratio between the two DC buses plays a crucial role
in determining DC-link voltage utilization and torque-versus-
speed characteristics. Existing studies have primarily focused
on extending the performance of the torque-speed curve by
relaxing the power factor constraint in induction motors [17]],
[18]], or in analyzing single voltage ratios [19], [20], but the
full potential of selecting the FC voltage level to enhance drive
performance for a SyRel motor remains largely unexplored.

This paper attempts to fill this gap by exploring the per-
formance of a SyRel drive with an OEW configuration with
a FC in order to increase the constant torque region without
altering the internal characteristics of the machine.

This manuscript is based on [21]], and investigates how
the torque-versus-speed performance are affected by the FC
voltage considering the non-linear magnetic behaviour of the
commercially available SyRel machine. The paper is struc-
tured as follows: Section [ll| introduces the magnetic model
experimental characterization and the motor operations with
a single inverter supply. Then, the linear OEW SyRel motor
operations are discussed in Section[[TI} while Section[[V]covers
the real OEW SyRel motor operations. Section [V] presents the
experimental results and Section VI discusses the advantages
of the DI configuration. Finally, Section concludes the
paper by summarizing key findings and suggesting future
directions.

II. MAGNETIC MODEL EXPERIMENTAL
CHARACTERIZATION AND SI DRIVE OPERATIONS

The defining equations of a SyRel machine can be expressed
in the dq rotating reference frame as follows [22]:

va = Ryig + La%t — w,i L,
{Uq = Rsiqg + Lq% + wriqgLag M
La (ia,iq) = 244t )
{Lq (iay) = Palfia) @
Tom = 2p(duiy — Guia) 3

2
where Lg, Ly, ¢4, ¢q, iq and i, are the d- and g-axis
inductances, flux and currents, respectively; vq4 and v, are the
dq stator voltages, while T, is the electromagnetic torque;

Variable Symbol | Value | Unit
Stator Resistance Rs 6.3 Q

Rated Torque Tem 7 Nm

Rated Speed Wi 1500 | rpm
Rated Power P, 1.1 kW
Rated Current (RMS) I, 2.9 A
Rated Voltage (RMS) Va 380 \"
Pole Pairs P 2 #

TABLE I: SyRel motor under test: nameplate.

w, s the rotor electrical speed, R is the stator resistance, and
p is the number of pole pairs.

A distinguishing feature of the SyRel resides in the non-
linear flux versus current characteristics due to the self-axis
and cross-saturation phenomena [22]]. The self-axis saturation
shows that direct and quadrature current components satu-
rate the direct and quadrature flux components, respectively.
The cross-saturation consists of direct-flux variations due to
changes in quadrature current and vice versa. As a result, the
d- and g-flux components have to be considered as non-linear
functions of the current vector (i.e. ¢q(ia,%q), Pq(id,1q))-

One of the most acknowledged procedures to identify the
flux-versus-current maps of the SyRel motor is the one re-
ported in [23]], and it will be here carried out to identify the
aforementioned ¢4, ¢, characteristics. The test rig is shown in
Fig. |2 It consists of a prime mover (PM) coupled to the SyRel
motor under test whose characteristics are reported in Tab. [I]
The experimental tests consist of setting the PM rotational
speed while the SyRel operate as a load in current control
mode in several operable points in the d- and g-current domain.

The identified ¢4 and ¢, characteristics are reported in
Fig. and In the same figure, the linear magnetic
characteristics are also highlighted. From the given flux maps,
the calculated ideal and experimental electromagnetic torque
represented by T, is reported in Fig. and respec-
tively. In addition, the resulting apparent inductance on both d-
and g-axis represented as non-linear function of the d- and ¢-
axis current are represented in Fig. [5(a) and [5(b)] respectively.
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Fig. 2: Schematic hardware setup for magnetic characterization.
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Fig. 3: Flux maps experimental results: (a) d-flux and (b) g-flux magnetic
characteristics.
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Fig. 4: Electromagnetic torque: (a) ideal, (b) experimental.

The knowledge of the flux and torque maps in the dq
current plane allows to derive the control loci of a SyRel drive
system with SI configuration with a 2-level VSI connected
to the stator and powered by a fixed DC voltage source.
The assumptions to derive such loci include negligible stator
resistance, iron losses, and ideal converter switching behavior.
Target values are detailed in Tab. [l with optimal trajectories
extracted numerically. Maximum torque per ampere (MTPA)
and maximum torque per watt (MTPW) are evaluated using
isotorque curves, as shown in Fig. [6(a)]

Three operating regions are identified: constant torque re-
gion (CTR) operates below base speed (wl‘?l = 1500 rpm).
Fig. [6(b)] illustrates torque-versus-speed characteristics, show-
ing maximum torque in CTR and decreasing torque during
flux-weakening. Second flux-weakening region (SFWR) is
introduced to reduce torque loss at high speeds, with the
transition marked by the depowering speed. In this region,
the current vector follows the MTPW trajectory.

III. IDEAL OEW SYREL MOTOR OPERATIONS

The analytical model of an OEW SyRel drive system is
hereafter presented to identify the impact of the floating
capacitor voltage level on the resulting torque versus speed
characteristics. The schematic drive system topology is de-
picted in Fig. [T} The study has been carried out at a steady
state considering the dq coordinates synchronous with the
SyRel current, assuming 1) negligible stator resistance; 2)
linear magnetic characteristics (i.e. Lg, Iq); 3) ideal switching
behavior of the converters; and 4) iron losses neglected. In
addition, the rated voltage as reported in Tab. [[] was considered
hereafter to set the main converter (main-conv) DC link
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Fig. 6: Experimental (a) id,ig-plane Real SI MTPA, maximum torque per
voltage (MTPV), MTPW trajectories for the machine under testing. (b)
Torque-versus-speed characteristic real SI configuration.

voltage. Referring to the DC-side reactive power (i.e. ) 4) and
the FC-side active power (i.e. Pg), the following conditions
can be imposed:

3 . ) _

Qa = 3 (vagla — vadiq) = Q (4a)
3 . .

Pp = 5 (UBdZd -+ qu’Lq) =0 (4b)

where the DC- and the FC-side voltages are denoted by vag4,
VAq> UVBd» VBg» T€Spectively.

The constraint Pg = 0 is essential to keep the capacitor
voltage constant. On the other hand, () is a designer’s choice
set to compensate a specific amount of the reactive power of
the machine. The unity power factor constraint set by Q4 = 0
in (@) is a designer choice, which is particularly beneficial for
low power factor motors such as the SyRel considered in this
work. The SyRel stator voltage equation can be represented
in the dq frame (i.e. vg, v4) at steady state as follows:

Vd = VAd — VBd = —wriqu (5a)

Vg = Vaq — Vg = +WriqLg (5b)

Combining (@) and (5) yields the magnitudes of the resulting
voltage vectors:

iqida (La — Lq)
p— 6
|UA| Wy \/m ( )
d Tl
IdiQ + L,i2
lvp| = w, ——eett )

.2 .2
/gt g

In general, the lowercase letter, |v A,B |, is used to represent the
magnitude, while the capital letter, V4 g, denotes the set-point
value for that case.



Depending on the magnitudes of |v4| and |vg|, along
with the chosen trajectory of the current vector, three distinct
operating regions can be distinguished. The initial region,
labeled as 'Region A’ is characterized by both sides’ voltages
remaining unsaturated, with the drive operating below the base
speed (wP?). Once that wp’! is exceeded, the drive enters
the first flux-weakening region known as 'Region B’. The
current vector follows a trajectory on the current circle limit
and one of the two inverters’ DC-links is saturated. During
the flux weakening, the electromagnetic torque decreases as
the rotational speed increases. To prevent excessive torque
reduction at high rotational speeds, the current magnitude can
be reduced at a fixed current angle, marking the second flux-
weakening region, called 'Region C’. The rotational speed at
which the transition occurs from ’Region B’ to 'Region C’ is
commonly referred to as the depowering speed (w(’zf ).

In the first operational region, the current vector is chosen
along the optimal MTPA trajectory within the current plane
(i.e. ig = iq), as illustrated in Fig.s and [7(b)} Combining
the MTPA trajectory, equations (6) and (7), the wP! can be
determined as follows [21]]:

wP! = min wA:% ’U)BI% 8)
I (La— L)’ I (La+ Ly)

where I, represents the maximum current as a thermal limit
for the drive (minimum among converter and motor), and w{? 4
is evaluated based on which side the voltage source reaches
the saturation target first. Comparing w{’! with the one of the

SI (i.e. wy! = %), the following expression can be
I\/I*+T
derived: !
2(Lg+ L 2(Lg— L
|UA|ZMVTL lvg| > f( d q)V 9)

2/Li+ L. 20/Li+ L.
where V,, denotes the rated voltage of the SyRel motor.

From (EI) it can be deduced that w{?l will be higher
compared to the one of the SI (i.e. wfI = 1500 rpm).
Moreover, (9) suggests that the same base speed as the SI
configuration can be always achieved in a DI configuration for
lower voltage levels, given the inherent nature of the SyRel
motor characterized by Ly > L. In fact, if the FC voltage
is set to zero, the motor operates with the stator windings
connected together to create a neutral point as for the standard
SI configuration.

The drive enters in the second operation region, the first flux
weakening region, with either |v4| or |vg| voltages saturated.
In order to determine the speed-torque FC DI drive profile,
the magnitude of the motor voltages |va4| and |vg| must be
evaluated to observe which one saturates first then entering
the first flux weakening region. In order to identify the upper
rotational speed boundary of this region, two approaches have
to be distinguished for the ideal OEW configuration [21]]: one
consists of taking into account the maximum torque per flux
trajectory (MTPF), while the second one consists of evaluating
the rotational speed at which both, the DC-link voltage of the

Main-Conv, and the FC of the Aux-Conv saturate. wﬁf is
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Fig. 7: (a) Case 1: id,ig-plane ideal DI trajectories for V B = 351 V. (b) Case
2: id,ig-plane ideal DI trajectories for VB = 290 V.
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Fig. 8: (a) Case 1: Torque-versus-speed characteristic ideal DI for VB = 351
V and SI configuration. (b) Case 2: Torque-versus-speed characteristic ideal
DI for VB =290 V and VB = 351 V.
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Fig. 9: (a) Case 1: Voltage-versus-speed characteristic ideal DI for VB = 351
V. (b) Case 2: Voltage-versus-speed characteristic ideal DI for VB = 290 V.
evaluated by intersecting the current limit circle, (6) and
with both sides voltages saturated. The resulting intersection
lays on the limit circle for current angle greater than 45°.

The second flux-weakening region, denoted as 'Region C’,
is characterized by a decreasing power trend. This occurs
either when both sides voltages are saturated or when the
current angle reaches the MTPF trajectory. In such cases, the
only viable solution to further increase the rotational speed
involves reducing the magnitude of the current vector while
keeping the current angle fixed [21]].

In the next subsections, an analysis is conducted on the
impact of FC voltage levels on torque-versus-speed charac-
teristics, on voltage versus-speed-characteristics, and on the
corresponding behavior on the 74, ¢, plane. This examination
encompasses two notable cases, each defined by distinct FC
voltage levels.

A. First Case

As described in [21]], the condition and the limit to extend
the base are the following:



'UBZ'UAlig (10)
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where ¢ is the saliency ratio defined as £ = L,/L4. The set-
point value, Vp, is selected to be greater than but less
than (TI). Opting for Vp below implies no increase in
base speed compared to the SI case. Conversely, selecting Vg
higher than (TT) indicates no further increase in base speed, but
rather an extension of the flux-weakening region at a constant
current module.

The first FC voltage level under study is chosen as Vp =
351 V as it corresponds to a value between (I0) and (LI).
Fig. shows the resulting torque versus speed characteristic
(light green) of the DI configuration as well as the SI solution
(dark green) [2]. It is notable that the base speed operation is
extended with respect to the SI configuration, and the resulting
electromagnetic torque is higher in flux weakening when the
OEW configuration is adopted. As far as the voltage levels
evolution over the rotational speed are concerned, it can be
observed in Fig. how the drive enters the flux weakening
’Region B’ with the FC voltage level saturated and it stays
saturated in the whole speed domain. The voltage versus speed
characteristics shows that both |v4| and |vp| saturate during
the flux weakening.

The corresponding current vector trajectories are repre-
sented in Fig. In 'Region A’, the trajectory followed is the
ideal MTPA. Once the current limit circle has been intersected,
corresponding to the base speed (i.e. wé) I'= 2076 rpm), the
current vector will be moved on the MTPV. The current vector
angle shall not be increased further, otherwise |v4| would
increase beyond the selected target fixed by the voltage source
feeding the Main-Conv DC-link. Once the depowering speed is
reached (i.e. wﬁf = 2797 rpm), both DC-links are saturated.
The only feasible solution to further increase the rotational
speed consists of decreasing the current vector magnitude. The
drives will enter in *'Region C’ and the DC-links modules will
stay saturated in the whole speed domain.

B. Second Case

The Second FC voltage level under study is chosen as Vp =
290 V as it corresponds to the value at which is intersected
the MTPF trajectory between the two flux-weakening regions.

Fig. compares the torque versus speed characteristic
of the two DI cases. Compared to the previous case, it is
notable that the constant torque region is less extensive (i.e.
wf’! = 1715 rpm), while depowering speed (i.e. wp' = 5100

rpm) is higher than the first case. w(?pl is reached when
_1Q

the corresponding current angle is 64, = tan T and
consequently the Main-Conv DC-link voltage level does not
reach its target. Fig. shows that |v4] in ’region B’ does
not saturate to its available maximum voltage. This behaviour
can be explained by the fact that the d-current component,

which is responsible for the most significant flux component
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Fig. 10: Flowchart of the analytical approach to find the feasible Vrc values
for different operating regions.

(i.e. ¥4 = Lgiq), diminishes more significantly than the rate
of increase of the q-current component after a certain angle.
The voltage v4 in Fig. O(b)| exhibits a peak, corresponding to
the maximum torque per power factor (MTPPF). It was chosen
to extend beyond this point for consistency with SI operations
and to reach the MTPW, despite the decrease in maximum
voltage.

IV. REAL OEW SYREL MOTOR OPERATIONS

The analytical analysis of the OEW SyRel model developed
in the previous section remains valid even in the real case. The
difference lies primarily in the non linearity (i.e. Lg (iq4,q),
Lg (iq,1q)), derived from the magnetic model outlined in Sec.
The study is undertaken under the same hypothesis as

The identification of the three operating regions takes place
based on the magnitudes of |v4| and |vg|, along with the
chosen trajectory of the current vector in the dg plane. The
three operational regions are based on the optimal operating
trajectories of the machine under testing presented in Sec.

The base speed depends on the selected values of Vp. Fig.
illustrates the Vp versus wP! characteristic. It is not
possible to increase the base speed beyond a specific threshold
(i.e. Wpiim = 2517 rpm), that corresponds to @]) The
limitation of the base speed results from the saturation of the
DC link in the Main-Conv before the Aux-Conv for all values
exceeding wy 1im . Selecting the optimal operational curves of
the machine under testing as the working trajectory renders
the utilization of all V values unfeasible. Fig. [I2(a)]illustrates
the values of Vp (cyan) that simultaneously comply with the
constraints (@), (I0), and the saturation of both DC links during
operation within the three delineated regions. Fig. shows
the algorithm implemented to visualize the acceptable values
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Fig. 13: (a) Case 1: Voltage-versus-speed characteristic Real DI. (b) Case 2:
Voltage-versus-speed characteristic Real DI.

of FC. Next sections will closely examine the results obtained
from the steady state analysis, offering a detailed overview, and
key findings and implications that emerged while studying the
system under various operational conditions. Two cases will
be presented, differing in the trajectory followed in ’Region
C’. In the first case, starting from the depowering speed, the
trajectory follows a path parallel to the MTPA curve. In the
second case, the trajectory followed in the dg plane is parallel
to the d-axis. Fig.s [TI(a)] and [T1(b)|illustrate the two different
possible paths.

A. First Case

For the first scenario, the FC voltage level selected is Vp =
351 V. The chosen value is selected to lie between (TI0) and
(TT), as described in Sec. [[TI}

Fig. [I2(b)] illustrates the resulting torque versus speed
characteristic. It is evident that the behavior of the charac-
teristic reflects that of the ideal case. In the real dual inverter
configuration, the base speed is extended, and the depowering
speed is reduced. The extension of the base speed results in the
elongation of 'Region A’. Moreover, the torque in 'Region C’

(S
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Fig. 14: Torque-versus-Voltage characteristic real DI configurations

decreases exponentially as the trajectory followed is parallel
to the MTPA. Adopting this trajectory involves employing an
aggressive flux-weakening technique for the machine.

Regarding the evolution of voltage levels over rotational
speed, Fig. [I3(a)] shows that the system enters the flux weak-
ening 'Region B’ with a saturated FC voltage level, remaining
saturated throughout the entire first field-weakening speed
domain. However, in comparison to the ideal scenario depicted
in Fig. P(a)] the two DC links do not remain saturated in
’Region C’ but decrease, due to the implementation of the
non-linear magnetic model. The voltage-speed characteristics
indicate that both |v4| and |vp| saturate during the initial flux-
weakening region. However, in the subsequent region, they
only comply with the maximum voltage limit, differing from
the ideal case.

The corresponding current vector trajectories are repre-
sented in Fig. [TT(a)] In 'Region A’, the trajectory followed
is the real MTPA. Once the current limit circle has been
intersected, corresponding to the base speed (i.e. wbD I'=2185
rpm), the modules of the current vector is maintained constant
and moved counterclockwise. The depowering speed is the
one that performs the saturation of the Main-Conv. Once
the depowering speed is reached (ie. wj! = 2720 rpm),
the trajectory selected is the one parallel to the MTPA. The
objective is to pursue a trajectory similar to MTPW, one that,
under @) conditions, failed to meet the imposed constraints.
Consequently, among the available alternatives, the decision is
made to explore this possibility.

B. Second Case

For the second scenario, the FC voltage level select is
Vp = 351 V. Fig. [I2(b)] illustrates the resulting torque versus
speed characteristic. It is noteworthy that there is a limit on the
maximum machine speed following the trajectory parallel to
the d-axis. This trajectory cannot be followed for all theoretical
speeds because, beyond a certain speed limit (i.e. wﬁ,{l = 3104
rpm), compliance with the imposed constraints on powers and
voltages would be compromised. However, it is observed that
in the second case, higher torque values are obtained for all
possible speeds.

Regarding the evolution of voltage levels over rotational
speed, Fig. [T3(b)] shows that the system enters the flux weak-
ening 'Region B’ with a saturated FC voltage level, remaining
saturated throughout the entire field-weakening speed domain.



As in Fig. [[3(a)] similar results are observable in this case
given the operation in the maximum voltage region. Small
voltage differences can be appreciated, especially in the be-
haviour of |vp|. Compared to the previous case, only |v4]
decrease in ’Region C’, that implies that, by following the
trajectory parallel to the d-axis in the second flux weakening
region, the DC-links of the system are utilized more efficiently,
as the minimum DC link voltage is employed to meet the
operational requirements within the desired operating point
on the T¢y, versus w plane.

The current vector trajectories are illustrated in Fig. [[1(b)]
In ’Region A, the trajectory conforms to the actual MTPA.
Upon intersecting the current limit circle, corresponding to
the base speed (i.e. w’! = 2185 rpm), the current vector is
directed along the limit circle. Once the depowering speed
is reached (i.e., wj = 2720 rpm), the chosen path for the
second scenario follows a trajectory parallel to the d-axis. The
selected current trajectory aims to reach the MTPW. However,
to adhere to (@) constraints and due to a significant decline in
voltage V4, the trajectory was terminated before reaching the
MTPW.

At least, the electromagnetic torque variations were ex-
amined across different Vg values at four rotational speeds
(.e. w, = 1700 rpm, w, = 2000 rpm, w, = 2300 rpm,
w, = 2600 rpm), and the results are depicted in Fig. [T4}
Notably, voltage values ensuring the machine avoids entering
the flux weakening region were identified for the initial three
speeds. Consequently, to optimize torque output at a given
speed, it is recommended to choose a voltage value on the
FC that sustains machine operation within the constant torque
region. Furthermore, maintaining the same voltage value,
operating at lower rotational speeds is advised, as it results
in higher generated torque. For the fourth considered speed,
flux weakening is observed across all Vp values, leading to
lower generated torque in all instances.

In conclusion, the analysis of the real machine yields
significant insights. The base speed of the machine under
testing has been extended in the dual inverter configuration.
Furthermore, till the maximum speed of the real machine (i.e.
Wpaz = 2500 rpm), all conditions are met. This encompasses
adherence to power constraints (@) and voltage constraints,
highlighting the robust performance and compliance of the
system, even in demanding operational scenarios.

V. EXPERIMENTAL RESULTS

The experimental setup is depicted in Fig. [T5] The picture
shows the test bench, consisting of the measuring instruments
and the inverters (ocher and cyan), which feed the open-end
winding SyRel motor (red) coupled with a PMSM (yellow)
acting as load. Inverter A is based on a SiC power module
(BSM180D12P2C101) by Rohm, inverter B is based on a SiC
power module (CAS120M12BM?2) by Cree, whereas inverter
C is based on an insulated gate bipolar transistor (IGBT)
power module (FF400R12KT3IGBT) developed by Infineon.
The switching frequency is 20 kHz. The commutation dead-
time of inverter C is 2 us, while the commutation dead-time

of inverter A and B is 1 us. The control board is the uCube
system (green) designed at the University of Nottingham [24]).
The parameters of the drive are the same as shown in Table
The measured signals have been acquired, transferred to a
PC, and plotted via Matlab. The analysis is centered on steady-
state conditions, and the adopted control scheme is presented
in [5]. The DC-Link voltage is fixed at 580 V, while the
speed is set by the prime mover at 1900 and 2000 rpm for
two separate cases. Fig. [I6(a)] and [T7(a)] show the waveform
of the phase A reference voltage vector of inverters A and
B, in the stationary reference frame. Fig. [I6(b)| and [T7(b)]
depict the phase A current of the machine and the reference
voltage of inverter A at a mechanical speed of 1900 and 2000
rpm, respectively. As can be seen, the stator current exhibits
sinusoidal characteristics and is in phase with the reference
voltage of inverter A, conforming to the expected unity power
factor. Similarly, the waveform of the measured voltage of
inverter B is sinusoidal, and it leads the voltage waveform of
inverter A by 90°. Fig. [[6(c)|and [T7(c) illustrate the dg-current
reference tracking at steady state for a nominal torque of the
SyRel Machine, as presented in Fig. [6(a)} The FC voltages
reference tracking are depicted in Fig. and and
their values permit the unity power factor for the machine
under testing. It is noteworthy how the reference values align
with those obtained through mathematical analysis in Section
[Vl The differences lie in the fact that in the mathematical
model, the stator resistance is not considered, and additionally,
a safety factor is taken into account for control purposes [5]).

In conclusion, the primary objective of the developed drive
is to expand the speed range and enhance the power factor of
SyRel machines in SI configuration. The DI system enables an
extension of the base speed guaranteeing a unity power factor
for the whole torque-versus-speed characteristic. In the flux
weakening regions, where the power factor of a single inverter
drive rapidly diminishes and its active power diminishes to
zero, the power factor of the dual inverter drive remains
constant. Unfortunately, the behavior under these operating
conditions cannot be evaluated, as this speed range (i.e.,
w > 2500 rpm) exceeds the maximum speed attainable by
the drive.
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Fig. 16: Experimental results at 1900 rpm at steady-state. (a) Voltage refer-
ences waveform of phase A for inverter A and inverter B. (b) Voltage reference
waveform and measured current of phase A for inverter A. (c) Torque-versus-
speed characteristic with dg-current reference tracking and Vpo reference
tracking.

VI. DISCUSSIONS

The benefit of using a DI drive over a SI architectures
resides in the enhanced torque-versus-speed characteristics
along with the unity power factor operation. Similar torque-
versus-speed operation enhancement would be achieved by
increasing the voltage rating of the main bridge converter. If
the voltage rating of the converter is doubled, the base speed is
proportionally extended, along with the constant torque region.
This study has primarily focused on low-voltage AC drives,
which typically do not operate with DC links exceeding 800 V.
Similar results to the ones achieved in this manuscript in
terms of torque-versus-speed capability can be achieved by
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Fig. 17: Experimental results at 2000 rpm at steady-state. (a) Voltage refer-
ences waveform of phase A for inverter A and inverter B. (b) Voltage reference
waveform and measured current of phase A for inverter A. (c) Torque-versus-
speed characteristic with dg-current reference tracking and Vpo reference
tracking.

upgrading the DC-link voltage. However, this is a high-cost
solution given that the voltage class of the semiconductors
must be upgraded to at least 1.7kV. Additionally, the motor’s
insulation class would also need to be upgraded accordingly.
Furthermore, no power factor compensation could be achieved
by means of upgrading the inverter ratings to boost the torque-
versus-speed capability of the drive. The analysis provided was
focused on the unity power factor operation. Nevertheless, the
constraint on the reactive power of the Main-Conv can be
relaxed to achieve enhanced torque-versus-speed operations
with respect to the case study at the cost of a reduced power
factor of the main bridge [17]]. This is the object of a future
investigation to introduce a further degree of freedom to shape



the drive-operation according to the specific requirement of the
application.

VII. CONCLUSION

This paper presents an in-depth analysis of a OEW SyRel
motor drive system. The investigation focuses on the impact
of the floating capacitor voltage level on torque versus speed
characteristics, considering both ideal and real scenarios. The
use of a dual-inverter setup addresses challenges such as low
power factor and limited constant power speed range in SyRel
drives. The experimental identification and description of the
machine’s magnetic model are presented, providing crucial
insights into the non-linear flux versus current characteristics
of the SyRel motor. The analytical models of the SyRel drive
system in SI and DI configurations are presented, emphasizing
the three operational regions based on current vector trajec-
tories. The analysis is extended to real scenarios, considering
non-linear inductances. In conclusion, the experimental results
are presented underling the extension of the base speed and
the compliance with all constraints.
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