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Abstract — Predictive Current Control (PCC) has been
widely applied in several applications. However, the
literature has not discussed its use as a fault tolerance
control algorithm in induction drive systems. In this
way, this paper discusses the PCC method in two fault-
tolerant squirrel-cage induction machine drive systems
operating under single-phase open-circuit faults. PCC’s
postfault performance is compared to Field Oriented
Control (FOC) for different steady- and transient-state
scenarios, analyzing harmonic distortion, torque ripple,
and the transition from healthy to postfault operation.
Also, experiments tested the robustness of postfault PCC
to low-speed operation, parametric variation, and a step
change in reference rotor speed, showing that PCC also
presents fault-tolerant operation under these conditions.

Keywords - Fault-Tolerance, FCS-MPC, Induction
Machine Drive Systems, Predictive Current Control.

I. Introduction

Nowadays, several control methods may be employed in
induction machine (IM) drives, being the Field Oriented
Control (FOC), proposed in [ 1]], and the Direct Torque Control
(DTO), first discussed in [2]], [[3]], the most common methods
[4]. However, more recently, the control Finite Control Set
- Model Predictive Control (FCS-MPC) has gained a lot of
attention for power electronics applications. It is due to its
advantages when compared to other methods, such as fast
transient response, simplicity in taking into account non-linear
constraints, and multiple variable control. Also, there is no
need for a proportional-integral (PI) current controllers design
(50, el

In this way, for electric machines control, two types of
FCS-MPC are usually employed [7]. The first type is the
Predictive Torque Control (PTC), which directly adjusts the
stator flux magnitude and the machine electromagnetic torque.
In this case, the cost function to be minimized is based on the
stator flux and torque errors. The second type of FCS-MPC is
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the Predictive Current Control (PCC), in which the stator af3
current components are adjusted by means of the minimization
of a cost function based on the current error. In [7]], the authors
carried out a performance comparison between the two control
strategies for a three-phase induction motor drive, concluding
that PTC provides a lower torque ripple and a lower flux
ripple than PCC. In contrast, PCC provides a lower current
ripple than PTC. Considering the dynamic performance, both
methods performed very similarly. Recently, several papers
have discussed the use of model predictive control in machine
drive systems, such as [8[]-[11]] for induction machine control
and [[12], [13]] for Permanent-Magnet Synchronous Machine
(PMSM) control.

On the other hand, there are several kinds of faults in
drive systems. However, one of the most studied is the
single-phase open-circuit fault, in which one of the machine
phases is disconnected from the converter. When a single-
phase open-circuit fault occurs, the drive system must be
physically reconfigured (usually by triacs) to keep a circular
flux trajectory after the fault (necessary condition for the
machine operate properly). Also, its control algorithm and
Pulse Width Modulation (PWM) strategy must be adapted to
the faulty condition. In 2004, Welchko et al. [14] provided a
survey on fault-tolerant inverter topologies and strategies for
three-phase ac drives. Still, all of the reported papers make
use of FOC-based compensation strategies.

Still today, fault tolerance for ac drives is a hot topic.
Concerning the single-phase open-circuit fault, [[15[] discussed
the use of FCS-MPC for a fault-tolerant PMSM drive system.
The authors used PTC as fault compensation strategy, showing
that this control provides fault-tolerant operation. Also, for
PMSM drives, in [[16], a resonant-based controller was studied
to suppress the postfault second harmonic torque and speed
ripples that take place, which is achieved by adequately
modelling the system and designing the controller. On the
other hand, for induction machine drive systems, in [17],
the authors discussed the use of DTC for three fault-tolerant
induction squirrel-cage motor drive systems for the case of
single-phase open-circuit fault. DTC method provides a
circular flux trajectory, and the systems operate correctly.
For the same type of fault, 18] discussed voltage, current,
and speed limitations for four fault-tolerant topologies for
induction machine control.
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Fig. 1. Fault-tolerant drive systems.
Configuration 2.

(a) Configuration 1. (b)

In this context, the discussion of postfault FCS-MPC for
three-phase squirrel-cage induction machine drives, along
with fault-tolerant converters, is lacking in the literature.
Thus, the present paper discusses two fault-tolerant induction
machine drive systems operating with single-phase open-
circuit fault employing the Predictive Current Control strategy.
This paper is an extended version of the conference paper [[19].
In this new version, the authors provide a more profound
discussion of the PCC method and its steady- and transient-
state performances for two of the three configurations
discussed in [19]], as well as new experimental results. The
main contributions of this paper are showing that the PCC
method (i) provides fault-tolerant operation for both high and
low rotor speeds, (ii) is robust to variation in stator resistance
and mutual inductance in postfault operation, (iii) presents a
good dynamic response to step change in rotor speed. Also,
the paper compares FOC and PCC in terms of postfault current
total harmonic distortion (THD) and torque ripple, as well as
dynamic response considering the migration from healthy to
postfault operation.

II. Fault-tolerant inverters

Both studied configurations are illustrated in Fig. [T} During
healthy operation, all triacs are blocked. In the occurrence of a
single-phase open-circuit fault, the systems must be physically
reconfigured, as well as the control algorithm. Suppose the
fault occurs in one of the machine phases for configuration 1,
the triac TR is activated, and the machine neutral is connected
to the dc-link mid-point. On the other hand, for configuration
2, the reconfiguration consists in connecting the machine
neutral to an extra leg through a triac TR.

III. Induction Machine Model

In order to obtain the three-phase squirrel-cage induction
machine model, the machine’s primary variables are
transformed into a two-dimensional domain, usually named
af3, and a single-dimensional domain, usually named o, which
represents the zero-sequence component. The transformation
from one domain to the other is given as follows:

fs apo =P f5 123, (1

where f; 123 = [fi1 fs2 fi3]” is the machine primary variables
matrix and f; o0 = [fsa fip fs0)T is the machine «f3 variables
matrix. These variables may be stator voltages (f = v), stator
currents (f = i) or stator fluxes (f = ¢). Matrix P is obtained
considering the stationary common reference frame and is
given by

1
1
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Under motoring convention, the machine equations in af3
model are

. do,
v = bt 3
. do
g = nipt L @)
diy
Vso = Tslso +Lls dl) (5)
dg,
0 = rit U0, ©)
d
0 = rrirﬁ+ :?;ﬁ*(Prawr (7)
¢soc = Lssq + Liirg (8)
0p = Lyisp+Luisp )
$so = Lisiso (10
¢ra = Lrira+Lmisa (11)
¢rﬁ = Lrirﬁ+Lmi.yﬁ (12)
T = p($raisp — Oupisa) (13)

where r; and r, are the stator and rotor windings resistance,
respectively, Ly and L, are the equivalent self-inductance of
the stator and rotor windings, respectively, L,, is the stator-
rotor equivalent mutual inductance and Ly, is the stator leakage
inductance. i,q and i,g are the rotor aff currents in the
stationary reference frame, @, is the rotor electrical speed in
rad/s, and p is the number of pole pairs.

IV. Predictive Current Control

The PCC algorithm for squirrel-cage induction machine
drives is based on the mathematical model shown in [(3)-(12)].
The control system is illustrated in Fig. [2]

Since the method controls the aff currents, they must
be predicted, as shown in [7]. Also, considering the delay
compensation, which is necessary to achieve low current
ripple, as discussed in [6]], these current components must be
predicted using a two-step horizon (i.e., k +2). In this way,
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Fig. 2. Control system diagram.

from the model equations, the predicted o3 currents are

isa(k+2) = {vsq(k+2)+ 0Lgisq(k+1)/T;

L/ Lr[9ra(k+1) /T + @, 9 (k+1)]}/(ro + OLs/T5)
(14)

isp(k+2) = {vyg(k+2) + oLisp(k+1)/T;

+Lm/Lr[¢rﬁ (k+1)/% — 0 ¢ra(k+1)]}/(ro + 0L/ Ty)
(15)

where 7, is the rotor time constant (1, = L,/r,), 0 is the
leakage factor [6 = 1 — L2,/ (LLy)1, §ra(k+1) and ¢, (k+1)
are the rotor flux a8 components in step k+ 1, and Ty is the
sampling period. Also, rs = ry+r.L2 /L2,

Rotor fluxes ¢,¢(k+1) and ¢, (k+ 1) are given by

Pra(k+1) = Ly Tsisa (k) /T + (1 = T/ T) $ra (k) — T5099,5 (k)

(16)
‘Prﬁ (k + 1) = LmTSisﬁ (k)/fr + (1 - Ts/Tr)(Prﬁ (k) + Tswr(brﬁ (k)
a7)

In turn, the rotor fluxes ¢, (k) and ¢, (k) are
Ora (k) = Ly§so (k) /Ly — OLsLyigq /Ly (18)
¢r/3 (k) = Lr¢sl3 (k) /Lm - O_Lerisﬁ /Lm (19)

where the stator flux o8 components ¢s4(k) and ¢g(k) are
estimated using the observer discussed in [20].

Thus, the cost function for the PCC method is

g = (isg —isa(k+2)) + (ifg —ip(k+2))*  (20)

where iy, and i;; are the aff reference currents. The
cost function (20) is valid for both healthy and post-fault
operations.

The reference currents i, and ijﬁ are obtained by first
defining the values of dg stator current components in the rotor
flux reference frame. They are given by

B=2 @)

m

LT
— 22
iy Lndy (22)

where ¢ is the reference amplitude of the rotor flux and 7" is
the reference electromagnetic torque, which is provided by a

proportional-integral (PI) speed controller.
The reference slip value is given by

Linig,
;= (23)

br ¢ ;g Tr

Then, the reference rotor flux speed is given by
W, = O+ (24)
And the rotor flux position is

5 = / wfd (25)

At last, a3 reference currents are
Piq =i cos(65) — i;‘qsin(@;‘) (26)
i = igqsin(8y ) + izycos(6y) (27)

So, the method calculates the value of (20) for each
available switching vector.  The switching vector that
minimizes (20) is selected and applied. Naturally, in healthy
operation, the converter presents eight available switching
vectors ([g1g2q3] = from [000] to [111]). The af voltage
components vy (k +2) and vyg(k +2) that compose each
switching vector are given by

B 17 [ (k+2)
vm(Hz)] 2 [1 Sk i1

=\Vilo B B[ |mk+2)| o9
[Vsﬁ(’“fz) 30 % T vsk+2)

where vy (k+2), vio(k+2) and vg(k+2) are the predicted
phase voltages. They are given as functions of the pole
voltages. For healthy operation, the predicted pole voltages
are:

vc

vito(k+2) = (241 (k+2) = 1) (29)
veo(k+2) = (2ga(k+2) — 1)% (30)
vaok+2) = (243 (k+2) = )5 (31)
The neutral voltage is

v (k+2) = vs10(k+2) + v5-20(13€+ 2) +vgao(k+2) 32)

Thus, the predicted phase voltages are finally given by
vsi (k4 2) = vs10(k+2) —vao(k+2) (33)
vsa(k+2) =vgolk+2) —vyo(k+2) (34)
Vi3 (k+2) = vgo(k+2) — vuo(k+2) (35)

In this way, it is possible to map all available switching vectors
as shown in Fig. [3(a)] The length of all vectors for healthy
operation is 0.8165vc¢.

A. Postfault Operation - Configuration 1

As aforementioned, for the postfault operation of
configuration 1 the neutral point of the machine is connected
to the dc-link mid-point as part of the compensation strategy,
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Fig. 3. Switching vectors. (a) Healthy operation. (b) Faulty operation - configuration 1. (c) Faulty operation - configuration 2.

and the control algorithm must be reconfigured as well. In
this case, the system presents four available switching vectors
since one leg is disconnected from the machine. Considering
that an open-circuit fault takes place in phase 1, the available
switching states are [¢g>q3] = from [00] to [11]. Note that,
since the neutral is connected to the dc-link mid-point, so
vao(k+2) = 0. In this way phase voltages vy (k+ 2) and
vg3(k+2) in the healthy phases become

(36)
(37

V) (k =+ 2) = Vszo(k + 2)
Vs3 (k + 2) = Vs30(k + 2)

However, to obtain vy (k+2) and v,g (k+2) using (28), the
faulty phase voltage [vy) (k+2)] is still needed. It is known that
even though phase 1 is disconnected from the converter, there
is an induced voltage in its winding. By Faraday’s law, this
induced voltage is given by vy (¢) = d @ (¢)/dt, where ¢ (¢)
is the magnetic flux in phase 1. Using (I and (2), the magnetic
flux ¢,1(k) calculated in the present calculation step is

041 (k) = /2/3(dsa (k) + 050 (k) /V/2)

And finally, the flux derivative is calculated numerically by

k)~ gak—1)
T

(38)

vs1(k) (39

where @sq(k — 1) is the magnetic flux value in the previous
step.

Thus, in this case, considering that the sampling frequency
is high and that the induced voltage in the faulty phase
has a near-sinusoidal waveform, vy (k +2) = vy (k) and the
values of vyq(k+2) and vg(k +2) are obtained, allowing
the calculation of predicted currents ise (k +2) and igg (k +2)
(using and (T3)) for all four available switching vectors.
The switching vector that minimizes the cost function is
selected and applied.

Additionally, the calculated vy (k) can also be used in
the stator flux observer of [20]. In this way, contrarily to

what was made in [15] for a PMSM, the machine model, the
transformation matrix (2)), and the flux observer do not need
to be readapted for postfault operation, meaning that the same
equations used in healthy operation are still valid.

B. Postfault Operation - Configuration 2

At last, for configuration 2, the machine’s neutral is
connected to the extra leg s, through a triac. In this case,
eight switching vectors ([¢2¢3¢g,] = from [000] to [111]) are
available. The neutral voltage is a pole voltage given by

vc

no(k+2) = 2anlk+2)— 1) %

(40)

Once again, considering that the fault takes place in phase
1, the voltages in the healthy phases are

Vsz(k—i- 2) = Vszo(k + 2) — Vno(k + 2)
vs3(k+2) =vgo(k+2) —vuo(k+2)

(41)
(42)

And again, faulty phase voltage vy (k + 2) is obtained by
calculation of the flux derivative as shown in and vo (k+
2) and v,g(k+2) are calculated using .

Similarly to configuration 1, the system equations do not
need to be readapted for postfault operation.

C. Rotor speed controller design
As aforementioned, the rotor speed is controlled using
a conventional PI controller. The calculation of its
proportional and integral gains uses performance criteria such
as accommodation time and damping ratio, as explained in
[21]], and are given by:
8T —

tllC
Ky = @ lac (43)
PO 1ieBo

o 167,
10 — t2 SZBa)

ac

(44)

where Ty, is the rotor mechanical time constant (T, = Ji;/Fy,
where J,, is the moment of inertia and F;, is the friction



TABLE 1
Induction machine parameters.

Parameter Value
Ty 15.1Q
Ly 39.9 mH
T 6.22Q
Ly, 39.9 mH
Ly, 523.8 mH
P 1
Jn 0.013 kg.m?
Fy 0.001
Rated power 500 W

coefficient), t,- is the control accommodation time, P, =
1/F,, and ¢ is the damping ratio.

V. Simulation Results

Digital simulations using programming language C were
performed for PCC and FOC methods for the fault-tolerant
configurations. The machine parameters are shown in Table
where L;,. is the rotor leakage inductances, making L; =
Lis+ Ly, and L, = L;, + L,,. The dc-link voltage was 550 V.
Reference rotor flux was ¢, = 0.9 Wb. The applied mechanical
torque was -1.39 Nm. The negative value of torque means that
the machine operated as a generator.

The inner control loop of the used FOC method was
performed in the stationary reference frame and made by
means of resonant-PI current controllers, as described in [22].
The current controllers’ proportional and integral gains used
in FOC were 56.51 and 39273, respectively.

In order to perform a fair comparison, the sampling
frequency used for FOC simulations was adjusted in such a
way that the obtained switching frequency becomes similar to
the one observed when PCC is used. In this way, the sampling
frequency of PCC was 10 kHz, which makes the switching
frequency assume values near 2.5 kHz (approximately one-
quarter of the sampling frequency). So, the sampling
frequency used in FOC was made 2.5 kHz, making its
switching frequency of 2.5 kHz (since the sampling frequency
is equal to the switching frequency of the used PWM strategy
in FOC).

For the rotor speed controller gains, the damping ratio
was made € = 0.7 in all cases. On the other hand, since
the system dynamics of PCC is different from that of FOC
since the current inner loop behaves differently for each
method, the accommodation times for each method were
set to provide a better dynamic response for each case. In
this way, the accommodation time for PCC was 7,.=1.1s,
making k,,=0.093 and k;,=0.35. For FOC, 1,.=0.7s, making
kpw=0.15 and k;,=0.87.

As will be discussed in the following sections, in order
to observe the systems’ behavior when submitted to different
operating conditions for both configurations, three scenarios
of simulation were performed: Scenario 1) Transient-state
results when the systems migrate from healthy operation
to postfault operation with high rotation speed (250 rad/s,
i.e., approximately 2400 rpm); Scenario 2) Transient-state
results when the systems migrate from healthy operation to
postfault operation with low rotation speed (41.88 rad’s, i.e.,
approximately 400 rpm); Scenario 3) Steady-state results,

showing the phase current THD and torque ripple as a function
of the generated power for postfault operation. Scenarios 1,
2, and 3 bring a performance comparison between PCC and
FOC.

A. Migration from Healthy to Postfault Operation

1) High rotation speed - Scenario 1: Considering the first
scenario for both PCC and FOC methods, the results for
configuration 1 are shown in Fig. [fa) and f[b) for PCC
and FOC, respectively, and the results for configuration 2 are
shown in Fig. f{c) and [[d) for PCC and FOC, respectively.
The systems operate in healthy condition until the time of Ss.
At this moment, an open-circuit fault takes place in phase 1,
making its current assume null value (i;; = 0), as shown in the
left curves in Fig. @ From S5s to 5.1s, the system operated
without compensation strategy, i.e., the triac was still blocked,
and the control algorithm was the same as healthy operation.
This causes high oscillation in current and torque. At 5.1s, the
system reconfiguration is activated, meaning that the triac was
triggered and post-fault control algorithm was employed.

As can be seen, the compensation strategy makes of
currents present the same waveforms as those in healthy
operation, leading to low torque oscillation, characterizing
fault-tolerant operation. This means the fault compensation
strategy performed successfully for PCC and FOC. In this
way, the applicability of Predictive Current Control for fault-
tolerant systems is attested. However, it can be noted that PCC
provides a much smoother transition, with lower current peaks
and lower speed and torque oscillations than FOC, confirming
that PCC has a better transient response in this scenario.

2) Low rotation speed - Scenario 2: On the other hand, the
second scenario was performed for a rotor speed of 41.88
rad/s. The results for configuration 1 are shown in Fig. [5[a)
and [5(b) for PCC and FOC, respectively, and the results for
configuration 2 are shown in Fig. [5(c) and [5[(d) for PCC and
FOC, respectively. An open-circuit fault takes place in phase
1 at 3.5s. From 3.5s to 3.6s, the system operates without
compensation strategy. At 3.6s, the system is reconfigured,
meaning the compensation strategy is activated.

In this scenario, for both configurations, PCC rapidly
responded to the activation of the compensation strategy,
making a8 currents assume virtually the same waveforms as
before the fault, with low speed and torque oscillations. On the
other hand, when FOC is used, the systems take a long time to
reach post-fault steady state, since o3 currents and rotor speed
take, respectively, almost 2s and 6s to assume their reference
values, and high speed and torque oscillations are observed,
even with the activation of the compensation strategy. In this
way, PCC also has a better dynamic response than FOC in this
scenario.

B. Steady-State Analysis - Total Harmonic Distortion and

Torque Ripple - Scenario 3

At last, the third simulation scenario provided the phase
current THD and torque ripple for postfault operation when
PCC and FOC are applied for both configurations. Actually,
for the case of FOC, the steady-state values are more affected
by the PWM strategy that is employed than by the control
method itself. In this case, the used PWM strategy was the
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conventional Carrier Based-PWM (CB-PWM), as discussed
in [23]].
In this way, the THD value was calculated by
I tgmx - 1 2
———100%
I; 1

THD = (45)

where 1,,,,; is the rms current value and /; is rms value of the
current fundamental component.

To define the analyzed points of operation, nine different
mechanical torque values were applied to make the generated
real power vary from 0.1 pu to 0.9 pu during healthy operation.
However, it must be highlighted that, although the same torque
values were applied in postfault operation, the generated
power values are lower than in healthy condition with the
generated power varying from the minimum of 0.018 pu to a
maximum of 0.43 pu. It happens because the zero-sequence
current iy, is no longer null since the machine neutral is
connected to either the dc-link mid-point (configuration 1)
or an extra leg (configuration 2). Although necessary for
the compensation strategy, this current component does not
produce either torque or flux and contributes only to the
machine losses. In this way, the generated power becomes
lower for postfault operation for the same applied mechanical
torque because of the higher losses in postfault operation when
compared to those observed in healthy operation. In addition,
it is possible to see that for the highest torque value (3.4
Nm), the generated power started to decrease due to the loss
augmentation derived from is,.

Fig. [6(a)] shows the THD values for postfault operation

when configuration 1 was used. PCC and CB-PWM
performed very similarly, especially for the higher torque
values. Overall, for configuration 1, PCC and CB-PWM
have similar steady-state performance in terms of harmonic
distortion.

For configuration 2, Fig. [6(b)| shows the obtained THD
values. In this case, CB-PWM provides lower distortion than
PCC for all points of operation.

Concerning torque ripple value, it was calculated as

M 100%

AT, =
Te(avg)

(46)

where 7,(,_,) is the peak-to-peak torque variation and 7,
is the torque average value.

Figs. and show the postfault operation curves
for configurations 1 and 2, respectively, for the same nine
points of operation described before. CB-PWM presents
lower torque ripple than PCC for configuration 2, but for
configuration 1 the torque ripple values are very similar for
both methods.

VI. Experimental Results

In order to prove the experimental feasibility of fault-
tolerant operation using PCC method, configurations 1 and
2 were implemented experimentally. The experimental setup
is shown in Fig. [B] The power converter comprises 12
SEMIKRON SKM50GB12T4 IGBT modules. The voltage
sensors are LEM LV20-P and the current sensors are LEM
LTS15-NP. The three-phase induction generator has the
same parameters of simulations, shown in Table m The
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Fig. 6. THD curves. (a) Faulty operation - configuration 1. (b) Faulty
operation - configuration 2.

mechanical torque was provided by a three-phase 0.56-kW
induction motor, which is the prime mover. The control
algorithm was implemented in the Digital Signal Processor
TMDSDOCK28379D. The dc-link voltage was 550 V, the
sampling frequency was 10 kHz. Reference rotor flux was
¢ = 0.9 Wb. The dc-link voltage was adjusted by a variac, a
diode-based rectifier and a load resistor.

To attest the PCC fault-tolerant operation and its robustness,
experiments were performed for four different scenarios:
Scenario 1) Transient-state results when the systems migrate
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Fig. 7. Torque ripple curves. (a) Faulty operation - configuration 1.
(b) Faulty operation - configuration 2.

from healthy operation to postfault operation with high
rotation speed (250 rad/s, i.e., approximately 2400 rpm);
Scenario 2) Transient-state results when the systems migrate
from healthy operation to postfault operation with low rotation
speed (41.88 rad/s, i.e., approximately 400 rpm); Scenario
3) Robustness to parametric errors with high rotation speed
during postfault operation; Scenario 4) Transient-state results
to step variation in reference rotor speed during postfault
operation.
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A. Migration from Healthy to Postfault Operation

1) High rotation speed - Scenario 1: With a rotor speed
of 250 rad/s (2400 rpm), Figs. [Bla), BIb), Blc) and O(d)
show the phase currents, the aff currents, the rotor speed,
and the electromagnetic torque, respectively, for configuration
1. Similarly to what was made in simulations, the system
initially operated in healthy operation. However, a single-
phase open-circuit fault took place in phase 1, making current
is1 assume a null value. The system operated during some
time in faulty operation before compensation. At last, the
triac was fired, connecting the machine neutral to the dc-
link mid-point, and the algorithm was reconfigured to perform
the compensation strategy. The experimental results show
that the a8 currents assume practically the same waveforms
as before the fault, providing fault-tolerant operation. Also,
the rotor speed is adjusted to the reference speed after a fast
transient state due to the occurrence of the fault. Moreover,
the electromagnetic torque continues to present a low ripple
when the compensation strategy is activated. In this way, the
results shown in Fig. [9] are in full accordance with simulation
results presented in Fig. M(a). This shows that PCC method
provides fault-tolerant operation and presents good steady and
dynamic performances, presenting a smooth and fast transition
from healthy to post-fault operation.

A similar procedure was made for configuration 2 and Fig.
[[Qlshows the same waveforms as configuration 1. Once again,
the results are in full accordance with simulation results shown
in Fig. Fi(c). In this way, the PCC method provided a smooth
and fast transition from healthy to post-fault operation, and
good steady-state performance.
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2) Low rotation speed - Scenario 2: To prove the robustness
of the PCC method when the system operates under single-
phase open-circuit fault with low rotor speeds, experiments
were performed with a rotor speed of 41.88 rad/s (400 rpm).
For configurations 1 and 2, Figs. [l and respectively,
illustrated the phase currents, a3 currents, the rotor speed,
and the electromagnetic torque for the transition from healthy
to postfault operation when a fault takes place in phase
1. Similarly to the high rotor speed case, the aff currents
assume virtually the same waveforms as before the fault,
characterizing fault-tolerant operation. Also, the rotor speed
is adjusted to the reference value, and the torque presents a
low torque ripple when the system reconfiguration is activated.
For both configurations, the experimental results are in full
accordance with the simulation results presented in Figs. [3(a)

and[3fc).

B. Robustness to Parametric Errors in Postfault Operation -
Scenario 3
As explained in [7], accurately estimating the machine
parameters may be complex, mainly because they may vary
depending on the operation conditions, such as working
temperature. In this way, it is essential to verify the
robustness of the PCC method to possible parametric errors
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since it depends strongly on the system model. The analysis
performed in the present paper evaluated the impact of errors
in estimating of the stator resistance and the mutual inductance
for postfault operation with high rotation speed (250 rad/s)
for both configurations. The systems operate in postfault
condition, meaning that the triac was already activated, as well
as the algorithm reconfiguration.

Initially, for configuration 1, the stator resistance value was
changed in the model used in the control algorithm as shown
in Fig. [[3(a). The value of the ry was 15.1 Q until 0.5s, and
it started to increase until it reached the value of 21.7 Q at
3.5s, representing an increase of 43.17 %. As can be seen, the
system presents good robustness to the evaluated parametric
interval since the rotor speed and torque remain stable, as
shown in Figs. [[3(b) and (c), respectively.

The same r variation was performed for configuration 2.
The obtained results are shown in Fig. [[4l Once again, the
system presents good robustness to the evaluated parametric
interval.

Now, once again, for configuration 1, the mutual inductance
L,, had its value changed in the model used in the control
algorithm, as shown in Fig. [[3a). The value of L,, was 523.8
mH until 0.5s, and it started to increase until it reached the
value of 1 H at 3.5s, representing an increase of 90.91 %. As
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can be seen, configuration 1 presented good robustness to the
evaluated parametric interval since the rotor speed and torque
remain stable, as shown in Figs. [T3lb) and (c), respectively.
The same L,, variation was performed for configuration 2.
The results are shown in Fig. Once again, the system
presents good robustness to the evaluated parametric interval.

C. Transient-state performance to step variation in reference

rotor speed - Scenario 4

For postfault operation, in this scenario, configurations
1 and 2 were submitted to a step of reference rotor speed
during postfault operation. The step consisted in changing the
reference rotor speed from 41.88 rad/s (400 rpm) to 125.66
rad/s (1200 rpm). The results are shown in Figs. [I7] and
[I8] for configurations 1 and 2, respectively. The reference
electromagnetic torque 7,° was limited 0 Nm as maximum
value to avoid current peaks and to assure power generation
at all times. Also, the anti-windup technique was employed
in the rotor speed controller, in which the integrative part of
the controller is deactivated during the controller saturation,
making the speed overshoot lower.

Note that PCC method provided a good transient response
when submitted to speed step, properly adjusting the rotor
speed to the reference value, as illustrated in Figs. [[Z(a) and
[[8(a). Low torque ripple is observed during the transition
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between the two rotor speed reference values (see Figs. [[7(b)
and [I8(b)), and as the rotor accelerates, the «f8 currents
increase their frequency (as expected), but always keeping
the 90°-shift between them, showing that PCC assures fault-
tolerant operation in this operating condition as well.

VII. Conclusion

This paper discussed the Predictive Current Control
performance of two three-phase squirrel-cage fault-tolerant
induction machine drive systems. The studies showed that
this control method provided proper post-fault operation, since
the af currents were adequately adjusted to present the same
waveform as before the fault, leading to a low torque ripple.
Also, a comparison between FOC and PCC was presented
for both configurations for high and low rotation speeds,
showing that PCC, besides showing a proper post-fault steady-
state operation, also provides a much better transient response



=260
=
(a) § 250
o
17
B
g
[=]
& 240 L L L L L L
0 0.5 1 L5 2 25 3 35

Time (s)

0 0.5 1 L5 2 2.5 3 35
Time (s)
Fig. 16. Variation of mutual inductance - configuration 2. (a) Rotor
speed (@,). (b) Electromagnetic torque (7).

%\ 150
£

< 100}
Q

2.

(@) )
5 50 -0, —o.
=]

I L L L L L
0 0.5 1 1.5 2 2.5 3
Time (s)
2 :

0 0.5 1 1.5 2 2.5 3
Time (s)

0 0.5 1 1.5 2 2.5 3
Time (s)
Fig. 17. Step change in reference rotor speed - configuration 1. (a)
Rotor speed (w,). (b) Electromagnetic torque (7). (c) a8 currents.

than FOC when the systems migrate from healthy operation
to post-fault operation, with much lower current and torque
oscillation.

To assess the postfault steady-state behaviour of the
systems, phase current THD and torque ripple were
calculated for nine different power generation operating points
employing PCC and FOC+CB-PWM for the same switching
frequency. Considering the configuration 1, PCC and CB-
PWM presented a similar performance in terms of THD and
torque ripple. On the other hand, for configuration 2, CB-
PWM has lower distortion and torque ripple values than PCC
for all considered operation points.

Also, in order to evaluate the PCC method postfault
robustness to parametric errors, experiments were performed
varying the values of stator resistance and mutual inductances
used in the control algorithm. In the evaluated parametric
intervals, the systems presented proper fault-tolerant
operation, with low torque ripple and rotor speed adjusted
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to its reference value, then showing high robustness to
parametric errors.

At last, the PCC method postfault dynamic response was
evaluated submitting the systems to a step rotor speed change
from 41.88 rad/s (400 rpm) to 125.66 rad/s (1200 rpm). The
rotor speed was suitably adjusted to the new rotor speed
reference value, showing that PCC assures proper system
operation for this condition as well.
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