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Abstract—Existing zero-sequence current (ZSC) elimination
methods have unsatisfactory elimination performance during
post-fault (PF) operation due to unequal dead time effects on the
terminals of the open-end winding (OW) machine, resulting in a
significant ZSC and unbalanced three-phase currents. This article
proposes a new ZSC elimination strategy based on frequency-
adaptive repetitive control (FARC) for OW machine drives to
fully eliminate the ZSC during PF operation following inverter
open circuit faults. In contrast to the traditional ZSC elimination
methods, the proposed strategy can effectively eliminate the
fundamental, triple, and additional frequency disturbances of
the ZSC by only implementing ZSC closed-loop control. To this
aim, a FARC based approach is proposed and designed to realize
a zero steady-state tracking error of the ZSC loop by eliminating
periodic disturbances that originate from both inverter and
machine sides. Furthermore, a comprehensive analysis of the
dead time effects on the ZSC during both healthy operation and
PF operation is carried out. In addition, a decoupled space vector
modulation technique is developed to produce the required zero-
sequence voltage (ZSV) by unequally distributing the ZSC control
signals of the legs of the two inverters within one duty cycle.
Finally, the proposed strategy is verified via both simulations
and experimentally on a dSPACE platform with an OW induction
machine.

Index Terms—Zero-sequence current (ZSC) elimination, post-
fault (PF) operation, frequency-adaptive repetitive control
(FARC), open circuit fault (OCF), open-end winding induction
machine (OW-IM).

I. INTRODUCTION

ECENTLY, open-end winding induction machines (OW-

IM) have seen increasing interest in safety-critical ap-
plications due to their intrinsic post-fault (PF) operation ca-
pability, high reliability, and flexible control ability. The OW-
IM configuration can be simply implemented by disconnecting
the neutral terminal of the stator windings and employing a
secondary inverter. Typically, the OW machine drive can be
implemented in three main configurations: with a common
dc-link, with a separate dc-link and a floating capacitor, and
with two separate dc-links. The configuration of the dual
inverter with a common dc-link has the simplest structure and
control system. In comparison to the traditional star-/delta-
connected windings, the OW-IM configuration has the ability
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to maintain operation after faults without the need for auxiliary
elements such as an additional leg. Generally, with three-phase
OW machine drives, the PF operation methods are classified
into two main groups: two-phase operation and three-phase
operation [1]. During two-phase PF operation, the remaining
two phase currents will be raised in magnitude by /3 to
maintain the torque output, leading to higher copper losses.
Furthermore, to allow for rated torque operation during two-
phase PF operation, both the machine and the dual inverter
should be oversized. In order to enable three-phase PF oper-
ation, several methods have been presented in the literature,
which are categorized into control system adaptation-based
and inverter reconstruction-based approaches. The first type
involves adapting the control scheme while keeping the in-
verter configuration unchanged to achieve three-phase PF op-
eration [2]; therefore, no additional hardware components are
required. Although these strategies provide a straightforward
and cost-effective approach, the power output of the drive
system will be decreased during PF operation as compared
to healthy operation. In contrast, the second type focuses on
adjusting the structure of the dual inverter to maintain three-
phase PF operation. As reported in [3] and [4], following an
open leg or switch circuit fault, PF operation is realized by
reconfiguring the faulty inverter into a two-leg three-phase
inverter using additional switches, resulting in fluctuations
in the voltage level of the DC link capacitor. Furthermore,
this method enables the drive system to operate in a limited
output power during PF operation. To ensure three-phase
operation and maintain the power output capability during
PF operation, a leg-sharing PF operation approach has been
introduced in [5], [6]. This approach can realize PF operation
for a maximum of three open leg circuit faults by reconnecting
the winding terminals of the common dc-link OW-IM through
additional bidirectional switches (Bi-Sws).

However, the existence of a zero-sequence current (ZSC)
circuit in the OW-IM with a common voltage source is an
intrinsic problem; thus, the ZSC circulates in the machine
windings, leading to potential detrimental effects such as
torque ripple and additional copper loss [7]. The operation
efficiency of the OW-IM will be reduced as the circulating
ZSC does not produce useful torque. In the OW machine
drive, both the third-harmonic of the back electromotive force
on the motor side and the zero-sequence voltage (ZSV) on
the inverter side are the main ZSC sources, as the ZSV is
produced by pulse width modulation (PWM) techniques and
dead times. Thus, to effectively eliminate the circulating ZSC



associated with the OW-IM configuration, both sources of
the ZSC should be considered. Several approaches have been
suggested to eliminate the ZSC in the OW-IM configuration.
Zhou et al. [8] propose a novel zero vector redistribution
strategy using a proportional resonant (PR) controller to gen-
erate the required ZSV by changing the duration time of the
zero vectors. Moreover, An et al. [9] introduce a new space
vector PWM with the ZSV reference to eliminate the ZSC
in the dual inverter topology. However, the aforementioned
methods mainly focus on the ZSC elimination in healthy
operation and are not suitable in PF operation when the dual
inverter fed OW machine is reconfigured. In [10], the ZSC
is considered during healthy operation and PF operation. But,
during PF operation, only two-phase operation can be realized.
Wei et al. [11] propose an integrated control system, in which
both the PR controller for ZSC closed-loop and a dead time
compensation technique based on current polarity are adopted.
However, the conventional PR controller will not be sufficient
in PF operation since the dead time influence appears in the
fundamental component of the ZSC. As a result, the ZSC
will comprise fundamental, triple, and additional frequency
disturbances.

This paper proposes a new ZSC elimination strategy based
on frequency-adaptive repetitive control (FARC) for OW ma-
chine drives to fully eliminate the ZSC during PF operation
following inverter open circuit faults (OCFs). In contrast
to the traditional ZSC elimination methods, the proposed
strategy can effectively eliminate the fundamental, triple, and
additional frequency disturbances of the ZSC by only imple-
menting ZSC closed-loop control. This paper improves and
extends the results previously presented in [12]. It provides
a comprehensive analysis of the dead time effects on the
ZSC during both healthy operation and PF operation. It also
addresses the limitations of the single FARC introduced in the
initial conference paper under load conditions and proposes an
extended FARC, which employs a parallel combination of two
FARC:s to overcome these limitations. The main contributions
of this article are as follows.

1) An extended FARC is proposed, which dynamically
adapts to both integer and noninteger multiples of the
stator frequency. This ensures effective ZSC elimination
under diverse dynamic conditions by suppressing peri-
odic disturbances that originate from both inverter and
machine sides.

2) A detailed study on the harmonic components of the
ZSC under varying operating conditions is conducted.
This analysis is subsequently integrated into the con-
troller design to effectively address all ZSC components.

3) A comprehensive analysis of the dead time effects on
the ZSC during both healthy operation and PF operation
is carried out, explaining how these effects during PF
operation are reflected in the fundamental component of
the ZSC.

4) The proposed FARC-based ZSC elimination strategy
is validated through both simulations and experiments,
demonstrating its effectiveness under different operating
conditions.

First, the system configuration of the OW-IM with a com-
mon dc-link is briefly described in Section II. Then, the PF
operation topology and a comprehensive analysis of the dead
time effects on the ZSC during healthy operation and PF
operation are provided in Section III. In Section IV, the single
FARGC, its limitations, and the extended FARC are introduced
in detail. The decoupled space vector modulation technique
is developed in Section V. At the end, in Section VI, the
simulation and experimental results are presented to illustrate
the effectiveness of the proposed ZSC elimination strategy.

II. SYSTEM CONFIGURATION
A. OW-IM Model

The OW-IM configuration with a common dc-link is illus-
trated in Fig. 1. In this configuration, the shorted terminal of
the machine windings is disconnected, and thus the windings
will be supplied from each terminal by both inverters. Since
the OW-IM configuration with a single dc supply has an
inherent ZSC circuit, the zero-sequence component of the OW-
IM can not be neglected. Thus, the ZSV can be described using
a simplified relation as

Up = Roio+|—0%; (1)
where Ug is the ZSV, ig is the ZSC, Ry is the zero-sequence
resistance, and Lg is the zero-sequence inductance. The math-
ematical model used for the modelling of the OW-IM is
reviewed in the Appendix.
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Fig. 1. Dual inverter-fed OW-IM configuration with a common dc-link.

B. Space Vector Distribution

As illustrated in Fig. 2, in the OW-IM configuration, each
inverter can obtain eight switching states, resulting in a total
of 19 voltage vectors. The vectors shape three hexagons,
namely GIKMPR, HJLNQS, and ABCDEF, with amplitudes
of %Udc, %Udc, and %Udc, respectively. Based on states of the
switching devices of the dual inverter, the three phase voltages
can be described as

Uaas = Uao — Uato = (Sa, — Saer) Ude

Upg = Upo — Ugro = (Se1 — Seo1) Ude (2)

Ucco = Uco — Ucro = (Sc1 — Sco1) Ude s
where Uao;Ugo;Uco and Uaco; Ugeo; Ucto represent the
pole voltages produced by Inverter-I and Inverter-II, respec-
tively. Saz1; Sg1; Sc1, Sa1; Seo1; Scor represent the dual in-
verter switching states. For example, Sa1 = 1 represents that
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Fig. 2. Voltage vector diagram of the dual inverter configuration.

the upper device of leg A is switched ON, while Sa; = 0 rep-
resents that the lower device of leg A is switched ON. The
reference voltage space vector supplying the OW-IM can be
determined as

Us = Us] — Ugjy (3)

where Ug; and Ug)| represent the voltage space vectors pro-
duced by each of the two inverters, which can be given as

Ug) = Uao + UBoej% + Ucoej ¥
4

2 4
Ug = Uaco + UBO()eJT + l.,I(:Oo(E.‘JT

Wl W| N

Consequently, the ZSV ug generated by the inverters to-
gether can be calculated from the three phase voltages as

1
Up = 3 (Uaa® + Upge + Ucco) : )

Then, the circulating ZSC is determined by the three phase
currents as follows:

io = %(ia+ib+ic) : ©6)
Thus, in the dual inverter-fed OW-IM with a common
dc-link, the positive ZSC path is shown in Fig. 3(a). And
the equivalent circuit of zero-sequence loop is derived, as
illustrated in Fig. 3(b). In this case, the ZSC is induced within
the stator windings due to the presence of ZSVs generated
by various sources. These sources include Ug pwm, generated
by the PWM technique; Ug_gead time, caused by the dead time
effect; and Ug_motor. arising from the rotor slot-related fre-
quency component and other ZSV disturbances from the motor
side. Therefore, to effectively eliminate the circulating ZSC
associated with the OW-IM configuration, both the inverter
side and the motor side should be considered.
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Fig. 3. Zero-sequence circuit model of the dual inverter-fed OW-IM with

a common dc-link. (a) Positive ZSC path. (b) Equivalent circuit of zero-
sequence loop.

III. POST-FAULT OPERATION METHOD
A. Reconfiguration Topology
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Fig. 4. Dual inverter-fed OW-IM configuration under an OCF of leg A.

The proposed PF operation is implemented by employing
a leg-sharing approach [5], wherein three-phase PF operation
is achieved without compromising the power generation capa-
bility. To implement this method, three auxiliary Bi-Sws are
required for reconnecting the OW-IM terminals following a
leg or switch OCEF, as illustrated in Fig. 4.

In this case, the leg-sharing PF operation method can be
implemented by adopting a decoupled SVPWM with a phase
shift of 120° between Inverter-I and Inverter-II. Thus, when
the voltage space vector of Inverter-I Ug leads the voltage
space vector of Inverter-II Ug;; by a 120° electrical angle,
as selected in this paper, the pole voltages averaged over a
switching period can be written as follows:

Upo =V sin( ) -+ Uo
Ugo =V sin( —2 =3) 4 U (7
Uco =V sin( —4 23) + Ugr ;



Ua oo V Sin( 2= 3) + Ugy
Ugop = V sin( 4= 3) + Ugy (8)
Ucoo = Vsin( )+ Ug ;

where is the electrical angley is the pole voltage amplitude,
and ug, and ug, are the ZSVs of Inverter-l and Inverter-

I, respectively. Due to the periodicity of the ZSV produced
by the modulation strategylo is equal toug, . It can be
seen from (7) and (8) that each leg in Inverter-l has an
identical leg in Inverter-1l, wherein the pole voltages of legs
A, B, and C correspond respectively to leg§ &% and B.
Consequently, in the case of an OCF occurring in leg A, the
terminal A of the OW-IM can be reconnected to le§ &/
activating switch T1, which ensures the three-phase operation
with the same output power capability. However, the dead time
affects the dual inverter legs unequally during PF operation,
resulting in the circulation of a ZSC in the machine windings
at the fundamental frequency; therefore, the ZSC may become
notably serious. ()

B. ZSV Analysis During Dead Time

In the dual inverter-fed OW-IM, the ZSV introduced by
the modulation technique can be completely suppressed by
introducing a phase shift of 120° between Inverter-l and
Inverter-l1l [13], thus only the dead time remains as a potential
source of the ZSV from the dual inverter side.

During the dead time, when both switching devices on
the same leg are simultaneously switched off to avoid the
risk of a SCF in the dual inverter, the phase current ows
through the free-wheeling diode determined by the leg current
direction [14]. In this case, the machine phase voltage will be
eitherUg., Ugc, Or 0. Hence, in healthy operation, the dead
time will produce two ZSV pulses in one switching period
with an amplitude of eithetJyc=3 or U4.=3, depending on
the directions of the three phase currents [6]. To analyze the
ZSV induced by the dead time during healthy operation and PF
operation, the directions of the three-phase currents in sectors
Il and Ill are considered as an example. (b)

1) During Healthy Operation:In sector I, wheni, > 0,
ipb, < 0, andic < 0O, two ZSV pulses with an amplitude
of Ug.=3 are generated during the dead tinig of leg C
and its corresponding leg®Bvithin one switching periodrs,
as illustrated in Fig. 5(a).Whereas, when > 0, i, > 0,
andic < 0, the amplitude of the two ZSV pulses generated
during the dead time of leg B and leg® Avill be  Ug.=3,
as shown in Fig. 5(b). Similarly, in sector Ill, whegp < O,
ip > 0, ic < 0, the dead time produces two ZSV pulses in
each switching period, as shown in Fig. 5(c). Hence, the dead
time has no in uence on the ZSC in healthy operation when
the inverter leg conducts only its own phase current.

2) During PF Operation: On the other hand, in PF opera-
tion, i.e., when winding terminal A is reconnected to le§jy C
the voltage output of leg s in uenced by the directions of
both currents, andic, not only byi. as in healthy operation.
Taking sectors Il and Ill as an example again, the dead time
effect under different directions of the three phase currents
is analyzed. In sector lli; andic have opposite directions, (c)

s < . . .
wherei, > 0 andic < 0, the resulting dead time effect is thusFig. 5. Healthy operation: ZSV induced by dead time. (a) In sector Il when

ia> 0,ip < 0,ic < 0. (b) In sector Il whenizg > 0,ip > 0,ic < 0. (c)
In sector Il wheniag < 0, i, > 0,ic < 0.



TABLE |

ZSV PRODUCED BY DEAD TIME DURING HEALTHY OPERATION AND PF OPERATION

Sectors I'and Il II'and IlI Illand IV IV and V V and VI VI and |
lalp Ic + ++ + ++ + + o+
directions
ZSV amplitude _ _ _ _ _ _
in healthy operation Ude =3 Ude=3 Ude=3 Ugc =3 Uge =3 Uge =3
ZSV amplitude Uge=3 Uge=3 0 Uge =3 Ugc=3 0

in PF operation

Legs

CandB Band A Aand & Cand P Band A A andC

the same as that observed during healthy operation. However,

wheni, < 0andi. < 0in sector lll, the ZSV pulses caused by

the dead time will be canceled out, as illustrated in Fig. 6. This

occurs due to the change in the current owing path of phase

¢ during the dead time under switching state$ 46d 53,

resulting in a difference in the phase c voltage compared

to healthy operation. As illustrated in Fig. 7, when> i .

in switching state 4% the phase c voltaga. will be  Ugc

in PF operation, while its value i® in healthy operation. (a) (b)

Table | shows the ZSV amplitude produced by the dead tinagy 7. current owing paths during dead time in sector Ill whign< 0,
during healthy operation and PF operation in each sectr.> 0, ic < 0 under switching states 46(a) Healthy operation. (b) PF
Consequently, during PF operation, the dead time introduc®§ration.

different effects on leg €as compared to the remaining legs,

resulting in the circulation of ZSC in the stator windings at

the fundamental frequency.

@)

(b)
Fig. 8. Block diagram of the FARC-based ZSC elimination strategy. (a)

Inner model of the single FARC in discrete-time domain. (b) Closed-loop
ZSC control in discrete-time domain.

A. Single FARC

Fig. 6. PF operation: ZSV induced by dead time in sector Ill wher O,

1> 0,ic< 0. Fig. 8(a) shows the inner model of the single FARC in
discrete-time domain. The single FARC is implemented in the

discrete-time domain due to the complexity of implementing

IV. EXTENDED FARC DESIGN AND ANALYSIS delay in the continuous-time domain [15]. The inner model of

the single FARC consists of a periodic delay elenzert with

In PF operation, the ZSC comprises fundamental, triple, ahdbeing the number of delay steps, a repetitive control gain
additional frequency disturbances. Hence, the conventional RR and two ItersH (z) andG4(z). The value ofN = N; +
and PI controllers are insuf cient to effectively eliminate thd- is determined by the sampling frequenfcyand the stator
ZSC. Therefore, a FARC is proposed and designed in thHigquencyf g0 , WhereN; and F represent the integer and
paper to realize a zero steady-state tracking error of the Z8@&ctional parts ofN, respectively. Thus, the transfer function

loop.

of the single FARC, namel%eare (2), can be given as



z Nz F H(@» K Gy (2) ) whereR is the number of rotor slotg is the number of pole
1 (z Nz F)H(2) ' pairs, ands is the slip. Thus, the rotor slot related frequency

wherez Ni andz F are the integer delay and fractional dem;omponent varies with changes in slip, and consequently with

elements. In order to accurately approximaté , a Lagrange changes in machine load. Fig. 9 shows the harmonic order of
interpolation-based FIR Iter is adopted as [15] the measured ZSC during different load torque levels for the

OW-IM with 28 rotor slots. It can be noted that the fteenth-

Grarc (2) =

X order harmonic frequency in the ZSC, arising due to the
z Az ©; (10) :
k ' rotor slot geometry, decreases when the load torque increases
k=0 due to the corresponding increase in slip. Therefore, under
wherek = 0, 1, ...,n, and n=3 is the selected parameter itoad conditions, the ZSC spectrum will contain components
this work. The coef cientAy is calculated as that occur at integer and noninteger multiples of the stator
) frequency. Consequently, the single FARC fails to eliminate
Yo i i i - i
Ay = ki=0:1:::n: (11) the noninteger multiple components of the ZSC; thus, it can
12018 k ki not realize a zero steady-state tracking error of the ZSC loop.

In this approach, a low-pass FIR IterH(z) =
Ghz+ (p+ uz ' is used to improve the system robustness,
as it has a low-pass lter characteristic with zero phase shift.
Although H (z) is a noncausal lIter, causality concerns are
avoided as it is connected in series with delay elements. To
maintain the closed-loop system stabilify (z) is designed
as

Gp(2)Ge(z)  *
1+ Gp(2)Ge(2)

whereG¢(z) is a standard feedback controller, aGg(z) is
the control plant, which is the zero-sequence system of the
OW-IM in this case. Thus, a delay element is added to the
positive feedback loop of the FARC due to the presence of
noncausal ltersGy(z) and H(z); therefore, the number of Fig. 9. Harmonic order of the measured ZSC during different load torques
delay steps should be reduced by two. for the OW-IM with 28 rotor slots.
Fig. 8(b) illustrates the closed-loop ZSC control system with
the single FARC in discrete-time domain. In this strategy,
Gearc (2) is added to the standard feedback contraBefz) C. Extended FARC
in a plug-in feedforward manner [16], which guarantees rapid |n the IM, it is well known that the rotational frequency
dynamic responsey, is the reference ZSV, which is generatediffers from the stator frequency. Moreover, while the rotor slot

Gy(2) = ki ; (12)

by the ZSC controller loope(z) = iy o is the ZSC related frequency component of the ZSC is a noninteger multi-
tracking error. The continuous-time transfer function of thgle of the stator frequency, it corresponds to an integer multiple
zero-sequence system plant is given as of the rotational frequency. Thus, the ZSC can be considered as
1 a dual-period signal that comprises two fundamental frequency
Gp(s) = Ro+ slg : (13) components: the stator frequency and the rotational frequency.

o ‘Therefore, to eliminate all components of the ZSC, the single
Thus, the zero-order hold feature and one switching perigARC is extended by adopting a parallel combination of two
delay are used to describe the plant in the discrete-tirfaRCs. The concept of a parallel combination structure is

domain. introduced in [17] to control relatively static harmonics in grid
simulators. However, the proposed extended FARC effectively
B. Limitations addresses all components of the ZSC arising from both inverter

The single FARC can effectively eliminate the fundament@nd motor sides, while adapting to a wide range of stator
frequency of the ZSC and all its integer multiples produced gpequency variations. Fig. 10 illustrates the closed-loop ZSC

both inverter and machine sides. However, the adopted O@@ntrol with the extended FARC in discrete-time domain,
IM introduces a signi cant harmonic component in the zghereu,(z) is the output control signal of the extended FARC.

spectrum due to the rotor slot geometry. The frequency of this
component is related to the slip, rotor slots number, and pale Stability Analysis

pairs number, and it can be expressed as Before adding bothGearcs (z) and Gearc (z) into the

R _ system, the transfer function of the closed-loop ZSC control
fh= 1+ 5(1 S) Fstator ; (14)  system is given as



From the aforementioned analysis, the closed-loop ZSC
control system with the extended FARC is asymptotically
stable if the following stability conditions are met.

1) The roots ofl + G¢(z)Gp(z) = 0 are located inside the
unit circle, ensuring the stability of the closed-loop ZSC
control system without adding the extended FARC.

2) O<kp + kp <2

Fig. 10. Closed-loop ZSC control with the proposed extended FARC in/. M ODULATION DEVELOPMENT FORZSC E.IMINATION
discrete-time domain.

Adopting the carrier-based implementation of the decoupled
space vector modulation with a 120° phase shift, the reference
voltage vector delivered to the OW-IM is determined as

Gc(2)Gp(2)

{7 T e@e@

(15) D D
Us = Ug Ug = §é = 6U5| = §eiS: 6Us|| . (20)
From (15),G¢(z) must be designed to maintain the stability .
of the closed-loop ZSC control system without incorporatin Thus, the magnitude of the reference voltage vector for each

.\ . . . . 1 . . _
the extended FARC, and thus the poleslai) should be %dlwdual inverter isp= times of- the magnitude of the com
. I N bined reference vector, and the instantaneous reference vectors
situated within the unit circle. ) .
in Inverter-1 and Inverter-Il should lag the combined reference

By adding the extended FARC as shown in Fig. 10, th\%ctor by 30° and 150°, respectively. Thus, the ZSV generated

gansfer function of the closed-loop ZSC control system C%y the modulation technique is suppressed. However, in PF
e expressed as . N X
operation, the reference ZSW,, which is superimposed by
. the ZSC controller loop, needs to be produced to eliminate
T(2) = 10(z) _ (1+ Grarer (2) + Grarcz (2)) L(2) . the ZSC. Therefore, the turn-on times of the dual inverter legs
i0(2)  1+(Grarct (2) + Grarcz2 (2)) L(2) T, andTyo (x = A, B, C) should be modi ed to generate the

(16) requireduy. Thus, the ZSC control signal duration tirig is
Both Grarc: (2) and Grarcz (2) have the same structuregetermined as

and design as in (9). Accordingly, substituting (9) into (16)

results in T, = Tsi; (21)
Udc
1 (1 (ka+ke)Gx(2)z Nz FH(2) L(2) Commonly, Tz is equally divided between the turn-on
T = . i i = - =
(2) 1 (1 (kn+ K2)G(DL@YH @ z Viz F times of both inverters a$;=2 for Inverter-l and T,=2 for

(17) Inverter-Il [19]. However, when the machine terminal A is
The control gain andk;, are individually tuned. Fur- reconnected to leg @n PF operation following an OCF in
thermore, the number of delay steps affects disturbance st§8 A, the increase in the turn-on time of leg A will result in
pression but does not alter the fundamental stability conditiors Simultaneous increase in the turn-on time of Iéfywhich
Thus, it can be deduced from (17) that the closed-loop zd&expected to be decreased [20]. Therefore, the duration time
control system with the extended FARC will be asymptoticalljz Should be distributed unequally between the turn-on times
stable if the poles of (z) are situated within the unit circle. Of the dual inverter legs. In this case, the turn-on times of

This analysis leads to the following stability condition leg A (faulty leg) and leg €(its identical) remain unchanged.
Meanwhile, the turn-on times of leg B and le§ &e modi ed
i1 (ka + ke2)Gx(2)L(2)) H(2)] < 1: (18) by Tz=2, while the turn-on times of leg C and leg®/re

adjusted byT;.
The aforementioned stability condition for the extended Thus, the turn-on times of the dual inverter legs after
FARC aligns with that of a standard repetitive controlle@djustment are written as
Therefore, given thajH (z)j 1, L(z) is asymptotically

stable, ands4(z) is chosen as in (12), the stability condition is ta = Ta
ful lled if the control gain k; satises0 <k, < 2, as proven tg = Tg + Tz (22)
in [18]. 2
Accordingly, the stability condition in (18) can be simpli ed tc = Tc + Tz;
as tAO = TAO Tz
Tz
O0<ky + kp < 2: (19) tgo = Tgo > (23)
A higher value ofk; leads to a faster dynamic response of tco = Teo:

the extended FARC, but a larger overshoot transient responseConsequently, the reference ZSV can be appropriately mod-
Therefore, a tradeoff between the dynamic response speed aladed using the proposed modulation technique, which leads
system robustness should be made. to complete elimination of the ZSC.



Fig. 11. Overall block diagram of a rotor ux-oriented OW-IM with the proposed ZSC elimination strategy.

VI. RESULTS 1) Steady-State Performance Te#t illustrated in Fig. 12,
Simulations and experiments are carried out oB:zkw in healthy operation, the dead time has no in uence on the
squirrel cage OW-IM to verify the performance of the proZSC as the inverter leg conducts only its own phase current.
posed ZSC elimination strategy. The major parameters of thé 0:8s, an OCF is detected in leg A, and thus two-phase PF
OW-IM are provided in Table II. The overall block diagram ofPeration is automatically enabled. In this gase, the healthy
the rotor ux-oriented OW-IM with the proposed ZSC elimi-tWo phase currents are raised in magnitude B/to ensure
nation strategy is illustrated in Fig. 11. The main parameteife Same torque output as in healthy operation. 1A2s,
of the proposed extended FARC, selected for both simulatiffif leg-sharing PF operation is activated by reconnecting

and experimental evaluation, are given in Table III. the machine terminal A to leg CDue to the dead time
effects during PF operation, a signi cant ZSC circulates in
TABLE I the machine windings at the fundamental frequency, resulting
EXPERIMENTAL SETUP in unbalanced three-phase currents. Then, the proposed FARC-
System parameters based ZSC elimination strategy is implemented.:&ts, and

thus the ZSC produced during three-phase PF operation is fully

Sampling frequency 5 kHz eliminated, as shown in Fig. 13.

Switching frequency 5 kHz

Dead time 2s

Machine parameters

Rated power 3:7 kW
Rated voltage rms 400 V
Rated current rms 6:9 A
Rated speed 1430 r/min
Rated frequency 50 Hz
Number of stator slots 36
Number of rotor slots 28
Number of pole pairs 2
Moment of inertia 0:0195 kgm?
Stator leakage inductande s 11:44 mH
Stator resistanc®s 2:3
TABLE Il

PARAMETERS OF THEEXTENDED FARC

kign =0:5, k2 =0:1,00 =0:5,q1 =0:25

; : Fig. 12. Simulation results in different operation modes 1800rpm
A. Simulation Results and11:5N-m. From top to bottom are the three phase currents, the ZSC, and
To simulate the proposed strategy, the MATLAB/Simulinkhe actual and the reference speed. For an enlarged view ¢t :4:::1:95) s

program [21] is used. The frequency component associafé§ ™9 13
with the rotor slot is not included in the simulation model.



Fig. 15. Test bench description.

Fig. 13. Enlarged view of the three phase currents and the ZSC during PF

operation in the test from Fig. 12 without (befdkes s) and with (afterl:6s) : ; : .
the proposed ZSC elimination strategy. as shown_ in Fig. 16(_b_). Thus, the ZSQ comprises funda
mental, triple, and additional frequency disturbances from the
machine. Therefore, the three-phase currents of the OW-IM

2) Dynamic Performance Tesffhe dynamic performance will be unbalanced and deformed. Notably, the Single FARC-
test, as shown in Fig. 14, demonstrates the response whenlfged ZSC elimination strategy can effectively eliminate all
reference speed is increased frd®00to 1500rpm under a components of the ZSC, as illustrated in Fig. 16(c). The
load torque oft1:5N-m. The proposed FARC automa’[ica”ySiﬂgle FARC could eliminate the rotor slot related frequeﬂcy
adapts to variations in the stator frequency, thereby maintaf2mponent, which is the fteenth-order harmonic frequency
ing its capability to eliminate the ZSC in a broad speed rang®8.the ZSC, being an integer multiple of the stator frequency

under no load condition.

2) Comparison Between the Single FARC and the Extended
FARC Under Load Condition:Fig. 17 shows experimental
results in different operation modes of the OW-IM. From
Fig. 17(a), it can be seen that during PF operation, the
ZSC comprises fundamental, triple, and fteenth frequency
components. As discussed in Section 1V, the fteenth fre-
guency component from the machine is related to the slip,
and thus, it changes with the machine load. Therefore, the
single FARC can only eliminate the fundamental and triple
frequency components, but it fails to eliminate fteenth one
as it is a noninteger multiple of the stator frequency under
load conditions, as shown in Fig. 17(b). Therefore, the ZSC
can be considered as a signal with two fundamental periods.
The proposed extended FARC-based ZSC elimination strategy

Fio 14, Simulat s of lea-sharing PE on dur dvari can effectively eliminate all components of the ZSC, as shown
1g. . imulation results o eg-sharing operatlon uring spee Val'latﬁf Flg 17(C)

under11:5N-m. From top to bottom are the actual and the reference spe ;
the three phase currents, and the ZSC, respectively. 3) Dynamic Performance of the Proposed Extended FARC-

Based ZSC Elimination Strategyig. 18 shows the dynamic
performance characteristics of the extended FARC when half
of the rated torque is suddenly introduced2afs and then
withdrawn at 6:17s, while the motor maintains a stable
The experimental tests are carried out on a dSPACE plapeed of800rpm. The proposed ZSC elimination strategy
form with an OW-IM, and the whole test bench is shown igan effectively eliminate the ZSC under sudden changes in
Fig. 15. load conditions. It can be seen that the extended FARC
1) Steady-State Performance of the Single FARC Undeffers a quick recovery time and a low speed dip under load
No Load Condition: Fig. 16 shows experimental results indisturbance.
different operation modes of the OW-IM. From Fig. 16(a), Fig. 19 shows the experimental results of the dynamic
it can be observed that the dominant harmonics of the Z$@rformance test when the rotor speed is stepped up
during healthy operation are the third and fteenth harmonic&om 500 to 1000rpm. It can be observed that the extended
However, in PF operation, the asymmetric dead time effedi&RC can effectively eliminate the ZSC even when rotor
will be re ected in the fundamental component of the ZSGspeed varies. Thus, the extended FARC has excellent ro-

B. Experimental Results



