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ABSTRACT The expansion of DC microgrids has prompted investigations into wind energy systems
to harness the benefits of this configuration. Therefore, this study aims to analyze and compare the
performances of predictive current control (PCC) and predictive flux and torque control (PTC) applied to a
doubly-fed induction generator which has its stator windings connected to a DC microgrid by means of a
diode bridge. This system is commonly known as DFIG-DC. The system’s performance was evaluated in
terms of electromagnetic torque ripple, rotor flux ripple, and current distortion across a range of operating
speeds. Although PCC and PTC applied to DFIG-DC have been discussed in previous works, a systematic
comparison between them lacks in the literature, which is the main contribution of this paper. In addition,
this work discusses the robustness of both methods under parametric errors of stator and rotor resistances,
and magnetizing inductance, which has not been approached before.

KEYWORDS DC microgrid, doubly-fed induction machine, predictive current control, predictive flux and

torque control.

I. INTRODUCTION

Advances in power electronics technology play a crucial
role in facilitating the operation of DC microgrids. When
compared with AC microgrids, DC microgrids have the
following advantages: they do not need to synchronize the
generating sources connected to the bus; they can supply
loads of different frequencies using frequency inverters;
inductance and capacitance are not present in the DC system,
and therefore, the voltage drop is lower, allowing better
voltage regulation; they are more efficient because they do
not have reactive power and skin effect [1]-[4]. To take
advantage of the benefits of this configuration, studies were
carried out and implemented on wind energy systems in these
grids [1f], [4].

Considering the use of doubly-fed induction generators
(DFIG), their stator windings are usually connected to the
DC microgrids by means of diode-based rectifiers. Mean-
while, the rotor windings are connected to the same micro-
grid employing a full-controlled converter, which performs
the machine control. This system (illustrated in Fig. [T) is
named in the literature as DFIG-DC, and has stood out
due to its robust performance and independent control for
active and reactive power [5]], [[6]. According to [7]], the
most prominent applications of DFIG-DC are wind power

generation and interconnection [8]], distributed generation
and DC microgrids [9], [[10], islanded power systems for
mines [[11f], and on-board power generation [12]].

Studies show that DFIG-DC can be controlled by different
techniques. Reference [13] uses a direct torque control
(DTC) scheme based on a hysteresis controller. Reference
[14]] compares DTC with field-oriented control (FOC) fo-
cusing on torque oscillation cancellation. And [[15] proposes
a simple control technique suitable to regulate the power
delivered to the DC grid based on the regulation of the rotor
flux linkage.

Also, Finite Control Set-Model Predictive Control (FCS-
MPC) has been employed in machine drive systems in
general. In this technique, based on the system model,
the controlled variables are predicted for each available
switching state. In this way, a cost function is determined,
and the switching state that minimizes this function is
selected and applied, sending its correspondent gating signals
to the converter switches [16]. Compared to Proportional-
Integral (PI)-based methods, such as FOC, FCS-MPC has
the advantages of providing simple multivariable control and
straightforward implementation, avoiding the tuning process
of PI controllers, and providing faster dynamic response.
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SSR

DFIG

FIGURE 1. Circuit of the DFIG-DC system.

Among the types of FCS-MPC, the most discussed for
machine control are the predictive current control (PCC) and
the predictive flux and torque control (PTC). Reference [17]]
compares the performance of PCC and PTC for a three-
phase squirrel-cage induction machine (IM). Simulations and
experiments were carried out for steady and transient state
operation, as well as parametric variation. PCC presented
lower current harmonic distortion, but higher torque ripple
compared to PTC. Depending on the application, this may
be an important advantage of PTC over PCC since, as
discussed in [18]]-[20], torque pulsations result in torsional
vibrations and shaft failures. In this way, it is very important
to reduce torque ripple in DFIG-DC or any system that
employs electric machines. In addition, [|17] also proved that
PTC is more robust to an error in estimating the value of
the magnetizing inductance of the induction machine. On the
other hand, PCC proved to be more robust when there is an
error in estimating the resistance of the stator winding.

Also, in [21]], four FCS-MPC methods (linear PCC, non-
linear PCC, linear PTC and nonlinear PTC) are compared
to control a squirrel-cage induction machine configured in
open-end for common mode current suppression. And fault-
tolerance performance when applying PCC to a squirrel-
cage IM drive was also verified in [22]]. It is proved that
PCC provides proper postfault operation when the system
is submitted to a single-phase open-circuit fault, assuring
postfault sinusoidal magnetic flux and low torque ripple.

Regarding the use of DFIG, [23] discussed a FCS-MPC
method that regulates real and reactive powers in a con-
ventional type-III wind energy conversion system (WECS).
And finally, when it comes to DFIG-DC, [24]] proposed
a sensorless PCC method that regulates the rotor currents
without the need for a position sensor. However, it does not
compensate for the delay introduced by the digital processors
and does not perform any discussion on torque ripple. And
[25] shows an optimized PTC in order to minimize system
losses and obtain low torque ripple.

In this context, the present paper discusses the applica-
tion of PCC and PTC to the DFIG-DC system. This is
an extended version of conference paper [26]. The main
contributions of this new version are: 1) Deeper discussion
of PCC and PTC methods applied to the DFIG-DC system;
2) Comparative analysis between the methods in terms of
stator and rotor currents harmonic distortion, torque ripple,
flux ripple, and transient response based on simulation and
experimental results in different operation scenarios. This
comparison has not been done in the literature; 3) Analysis of
the robustness of the methods in the presence of parametric
errors or variations, which is not present in the literature
either.

The paper is divided as follows: Section II presents the
mathematical model of the system; Sections III and IV
detail the mathematical modeling used for predictive current
control and predictive torque and flux control, respectively;
In Section V, the selection of the switching state is explained;
The simulation and experimental results of the DFIG-DC
system comparing PCC and PTC are shown in Section VI
and VII respectively; Section VIII presents the conclusion.

Il. SYSTEM MODEL
The mathematical model of the DFIG in the dgq rotor
reference frame can be described by [25], [27]:

—
r

- dA -

T < T s . T)\T' 1

Vg ="Tstl 4+ 7 +jw . (1)

- dA.

-7 — . > T T 2

ir iy (2)

X =10+ it @)

T, = P(Z:d)‘;q - )‘:dZ:q) (5)
dw,

Te =Ty = Frwr + I dt (6)

The subscripts s and r represent the stator and rotor param-
eters, respectively, w, is the rotor electrical speed, r and 7,
are the stator and rotor resistance, respectively, /s and [,. are
the inductances of the stator and rotor windings, respectively,
l,, is magnetizing inductance. ¥, 7 and X are vectors of
voltage, current and flux, respectively, where 77, = a7 , +

Ji,, 1s the vector of variable z in rotor reference frame with
x =wv,iand A\, n = s (stator) or  (rotor), and j = /—1.
T. and T,, are the electromagnetic and mechanical torque,
respectively, F}, is the friction coefficient, .J,,, is the moment

of inertia, P is the machine number of pairs of poles.

A. Speed control and electromagnetic torque reference

The machine speed is regulated using a conventional PI
controller. It generates, at its output, the electromagnetic
torque reference, which is used to obtain the current refer-
ences in PCC, and for the cost function in PTC. Considering
the mechanical torque as a disturbance, the electromagnetic
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torque reference is expressed by:

T: = kpwewr + Eiw /ewrdt @)

where e, is the speed error, resulting from the difference
between the speed reference w;: and the measured speed wi..
The proportional &, and integral k;,, gains are defined by
@) and @), where 7, is the mechanical time constant of
the machine (J,,,/F},), Bwr is a mechanical gain, 7 is the
control accommodation time and £ is the damping factor.

167

_ 87—11)7” — Ts
726 Bur

kpw = . ﬁ (8) kiw =

®

lll. PREDICTIVE CURRENT CONTROL

The predictive current control (PCC) strategy used in this
work consists in regulating the rotor current of DFIG-DC
system using the FCS-MPC technique in the rotor reference
frame. Then, (I)-(@) are rearranged using the forward Euler
discretization method, determining the predicted rotor cur-
rents, as detailed in [25]], [26]. The compensation of the
Digital Signal Processor (DSP) delay is implemented, as
discussed in [25], [28]. Then, the predicted rotor currents
in the rotor reference frame in two steps ahead, represented
by the notation k + 2, is shown in (I0) and (T),

. 1-— T7-Ts . wT'Ts .
brd(k+2) lerd(k.H) + Tlrlr‘l(kﬂ)_
OJTTS )\’I‘ TS,U:(i(k:-‘,—Q)
o, (et T T
Ty, A
o1, Wsdtrtn) ~ Tstsagin) (10)
- 1 - 7’7>T€ -r WTTQ -
Urq(k+2) T o1 Tra(k1) T T bk ) T
ol, D ol,
Ty )
Trls(vsq(’““) ~ Tslsq(ht1) (11)

where T is the sampling time and o is the leakage factor
[0 =1—13/(Usl)); i g1y and 7, ) are the predicted
rotor currents for instant k + 1; igd(kﬂ), i’s“q(kﬂ), vgd(kﬂ
e vlfq(k 41y are the same values as at instant k [26]. The
voltages v, A(k+2) and v:q(k 42) are obtained once again by
Park’s Transformation from the tested phase rotor voltages,
which are determined by tl_lg RSC, as will be explained in
Se.ction The roto.r flux )\:(!Hl) = )\:d(kﬂ)' + .?)‘:q(k+1)
arises from the predicted flux in the first step is given by:

Artes1) = Ay + (Trey — 1t e T, (12)

where the rotor flux 5\): )) comes from the observer devel-
oped by [29]]; U:(k) arise from the present switching state

of the rotor converter and 7:( k) obtained by measuring the
DFIG rotor currents.

In this control method, the stator phase voltages are
imposed in the algorithm as the fundamental component of

Vs123 Switching state selection
7 - - - .- — -
' Ussdg(k rdq (k1)
/ 123/dq |1” Estimat Prediction]
Loz | rdq(k) Zklﬂ) 9 L )
Lsras0p—" rdat[ i it (GAR /A
0r sdq (k) rdq(k+1)
! r
o, ——X) a N
r. | PLIV]
e m! " s
i 7]
Eq:(13 ;
o, g:(13) 0. o l,

FIGURE 2. PCC control diagram.

the SSR voltages which has an amplitude of 2E/m. This
approximation does not harm the applied control method
[30], [31]. Thus, the fundamental components of the phase
voltages across the stator windings are:

Vsm =(2F/m)senfwst — (m — 1)27/3], (13)

where m = 1, 2 and 3, E is the DC-link voltage and w, =
2750 rad/s, is the synchronous speed, which determines the
synchronous frequency as 50 Hz.

As described in [32], the reference dg rotor currents can
be obtained from the stator voltage reference frame in order
to control the DFIG electromagnetic torque and obtain unity
power factor. They are determined from (T4) and (T3), where
Vs = 2E/m is the amplitude of the dg stator voltage, T*
is the electromagnetic reference torque that comes from
a conventional PI rotor speed controller, as explained in
Section [[[A] and the index e indicates the stator voltage
reference frame.

-ex _Te*wSlS
VA = —
rd le‘/s

=V
(14) ie* = .
w.

= — (15)
st m
Subsequently, the reference currents are obtained in the
rotor reference frame by means of referential transformation,
as expressed below:

iyg =lygcos(0c — 0,) —irisen(f. — 0;) (16)
irg =irgsen(fe —0,) +iggcos(0e — 0;), 17)

where 0, is the position of the stator voltage vector and 6,
is the position of the rotor.

The cost function chosen for the PCC uses the squared
current error given as:

- - 2 e .y 2
Fe = (iyg — Zrd(k+2)) + (g — qu(k+2)) ‘ (18)

Finally, the PCC control diagram is represented in Fig. 2]
as discussed in this section.

IV. PREDICTIVE FLUX AND TORQUE CONTROL

The predictive flux and torque control (PTC) for DFIG-
DC consists in controlling the rotor flux magnitude and the
electromagnetic torque. The predicted rotor flux components
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FIGURE 3. PTC control diagram.

in k + 2, when discretized by forward Euler method and
compensating for the delay, are:

Magkr2) = Maerny T Wrageysy = Trivagerny) Ts, - (19)

Araiet2) = Mrgtirn) + (Vrgterz) = Trivquerny) Tss - (20)

rd(k+1) and )\rq(k_H) come from (12));
rd(k+1) and qu(k+1) comes from instant k£ + 1; v:d(k+2)
and v], q(k+2) are obtained through the switching state of the
rotor converter during the commutation tests of the predictive
control, as will be explained in Section Finally, the

predicted rotor flux module is determined by:

Where A the currents

r r 2 r 2
Ar(kt2) = \//\rd(k+2) A gt - @

The electromagnetic torque is calculated through the rotor
current and the rotor flux, according to @) In this way, the
prediction of torque is given by

(22)

Te(k+2) = P(i:d(k+2)>‘:q(k+2) - A:d(k+2)i:q(k+2))’

where zrd(k”), ) (k+2 ) )\Td(kJrQ) and A a(k2) COme from
the equations (10 . and respectlvely In PTC,
stator voltages used in and ( are measured directly
from the machine by sensors and then transformed into dg
rotor reference frame.

The selected cost function considers two control objec-
tives: 1) Imposing a constant electromagnetic torque; and
2) Regulating the amplitude of the rotor flux. The PTC cost
function is based on torque and rotor flux errors and is given
by:

Fo= (T} — Torga)? + (X2 — Argrsn)) ™ (23)

In this case, there is a weighting factor for the rotor flux
expressed by k. The PTC control diagram is represented in

Fig. [3

V. SWITCHING STATE SELECTION

For the two-level inverter used in the RSC for PCC and PTC,
the switching state voltage is given by v, = %(qﬂ —
42 — 2)E and v, = %(q,«g — ¢;3)E. To determine
the predicted control variables for the instant & + 2, these

voltages are inserted into Equations @I) (T1), (I9) and (20),
through the variables de(k +2) and ”7q(k +2); {\fter testing
all combinations, the voltage vector that minimizes the cost
function is applied on the converter switches.

TABLE 1. DFIG parameters.
Parameters Values
P, Rated power 560 W
T Stator resistance 15.1 Q
ls Stator inductance 563.7 mH
T Rotor resistence 6.22 Q
I Rotor inductance 563.7 mH
Im Magnetizing inductance 523.8 mH
Im Moment of inertia 0.013 Kg-m?
Fo, Viscous friction constant 0.001 N-sm?
Ns /Ny Stator and rotor turns ratio 1.82/1
Wn Rated speed 400 rad/s
P Number of pole pairs 1
TABLE 2. System and control parameters used in the simulations.
Parameters Values
E DC bus voltage 250 V
Ts Control calculation step 100 ps
h Simulation calculation step 0.1 ps
Ts Control accommodation time 0.65s
13 Damping factor 0.7
Ar Reference rotor flux for PTC 0.93 Wb
k) | Weighting factor for rotor flux 5
wWs Synchronous speed for PCC 314 rad/s

VI. SIMULATION RESULTS

Simulations of the DFIG-DC system were performed using
a 560-W DFIG through softwares PSIM®, Matlab® and
DevC++°®. The values of DFIG, system and control param-
eters used in the simulations are shown in the Tables [I] and
2] respectively.

Figure ] shows the steady-state simulation results for PCC
and PTC for a speed reference of w;=300 rad/s. Data on
speed, torque, rotor flux, rotor currents and stator voltage and
current were obtained. Total harmonic distortion (THD), flux
and torque ripple were also computed. The THD is calculated

by:
/T2 2
Mmo%’

I
where I,.,,s is the rms value of the phase current and I; is
the rms value of the phase current fundamental component.

The ripple is determined by (25), where ripple is given
in percentage; N is the number of samples; z; and xgyq
are the values of each sample and the average of the signal,
respectively.

THD(%) = (24)

— Taug)?. (25)

N
1
ripple(%) = 100 i Zl(atl
Figs. @a) and [d{b) show the rotor speed and its reference
for PCC and PTC, respectively. Observe that both methods
are capable of regulating properly the rotor speed.
It can be seen from Figs. f[c), for PCC, and [d), for

PTC, that the torque has an average value of -2N.m, and
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FIGURE 4. Simulation results for steady-state predictive control for w,. =
300rad/s. (a) PCC machine speed. (b) PTC machine speed. (c) PCC torque.
(d) PTC torque. (e) PCC rotor flux. (f) PTC rotor flux. (g) PCC rotor
currents in the rotor reference frame. (h) PTC rotor currents in the rotor

reference frame. (i) PCC stator phase voltage and phase current. (j) PTC
stator phase voltage and phase current.

Stator voltage (V)
Stator current (A)

that the torque ripple produced by PTC is less than that
produced by PCC. The negative value of torque means that
the machine operates as generator. Concerning the rotor flux,
PTC regulates its value to its reference value (see Fig. Ekf)).
And PCC, although it does not directly regulate the rotor
flux, provides an average value of around 0.86 Wb, as shown
in Fig. fe).

Figs. Bfg) and @{h) show the rotor current in the dg rotor
reference frame. It is evident for PCC that the rotor current
closely tracks its reference with low distortion. In contrast,
PTC exhibits higher current ripple. Another detail is that the

synchronous frequency is different in each technique. PCC
has a fixed synchronous frequency of ws = 314 rad/s (50
Hz). Therefore, it is noted that for the reference speed of
300 rad/s, the PCC is in subsynchronous operating mode.
On the other hand, PTC does not have a fixed synchronous
frequency, which depends on the point of operation. For this
simulation, it is clear that the PTC is in supersynchronous
operating mode, since current %,, leads current %,4.

The stator voltage and current can be seen in Fig. [4]i) for
PCC and Fig. [ifj) for PTC. Note that the currents are 180°
out-of-phase with the voltage, as the machine operates as
generator with a unity power factor. Furthermore, PCC stator
currents have a sinusoidal waveform despite being connected
to a diode bridge.

Simulations results for speeds of 270 rad/s and 340 rad/s,
as well as simulation THD values, can be seen in [26].
However, torque and flux ripples comparison is shown in
Table Bl

Table [3] shows the electromagnetic torque and rotor
flux ripple values for three different steady-state speeds
(wy: =270, 300, 340 rad/s). For all scenarios, PTC obtained
a smaller value in both torque and flux ripple. Considering
w} = 300 rad/s in which PCC obtained the lowest ripple
value, PTC presents torque and flux ripple 36.48% and
18.80% lower than PCC, respectively.

TABLE 3. Torque and rotor flux ripple for PCC and PTC - simulation results.

Ripple PCC PTC
wy Te Ar Te Ar
270 12.38% | 2.73% | 721% | 2.17%
300 1220% | 2.66% | 7.75% | 2.16%
340 12.81% | 2.86% | 7.32% | 2.30%

As explained before, for results concerning harmonic
distortion, the THD values can be obtained in the conference
paper [26]. It is shown that PCC has a lower THD in all
scenarios with an average of 44% lower in stator current and
49% lower in rotor current compared to PTC.

Therefore, PCC presents better quality in both rotor and
stator currents when compared to PTC. And PTC, in turn,
presents a better result of rotor flux and electromagnetic
torque, with smaller ripples in relation to those observed
for PCC.

VIl. EXPERIMENTAL RESULTS

Experimental results for the DFIG-DC system are presented
comparing PCC and PTC methods. Fig. [5] shows the exper-
imental setup and Fig. [f] describes the experimental setup
scheme. The computer applies the program to the Digital
Signal Processor (DSP) TMS320F28335, which processes
and controls the system signals. The oscilloscope used was
Agilent, model DSO-X 3014A. In order to emulate a DC
microgrid, an autotransformer feeds the DC bus through a
diode bridge, keeping a constant voltage. Another autotrans-
former feeds a 550-W squirrel-cage induction motor (SCIM),
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which has the function of imposing the mechanical torque
of the system. The DFIG has its rotor and stator terminals
connected to their respective power converters, RSC and
SSR. There is also the DC bus, and a resistive load necessary
to dissipate the power generated by the DFIG-DC, as there
is no possibility of it being drained by the grid in this
experiment.

© Computer

FIGURE 5. Experimental bench.

SCIM DFIG

m SSR ~ DCBus
C f
1) Us23 __C k
' ile} R
RSC = Autotransformer
C ~

Autotransformer| . l ! |
3~ Lopos [ Diode
D123 Bridge

Digital Signal
Processor

FIGURE 6. Experimental scheme.

Experiments were carried out for steady state, speed
transients and parametric variations of the stator and rotor
resistance, and of the magnetizing inductance.

A. Steady-state results

The steady-state experimental results are illustrated in Figs.
[7 to 0] acquired by the DSP and the oscilloscope. Three
different experimental scenarios were carried out in order
to compare the performance of PCC and PTC. The DC-link
voltage was fixed at 250 V and the speed references were
270 rad/s (scenario 1), 300 rad/s (scenario 2) and 340 rad/s
(scenario 3), respectively. For all cases, the synchronous fre-
quency for PCC was fixed at 50 Hz, so that it was possible to
observe the subsynchronous and supersynchronous behavior
of the machine. Furthermore, the rotor flux for PTC was
fixed at its nominal value of 0.93 Whb.

1) Scenario 1
Figs.[7(a) and[7(b) show the steady-state rotor speed for PCC
and PTC, respectively. Both techniques manage to regulate
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FIGURE 7. Experimental results for steady-state predictive control for
w,=270rad/s (scenario 1). (a) PCC machine speed. (b) PTC machine
speed. (c) PCC torque. (d) PTC torque. (e) PCC rotor flux. (f) PTC rotor
flux. (g) PCC rotor phase current. (h) PTC rotor phase current. (i) PCC

stator phase voltage and phase current. (j) PTC stator phase voltage and
phase current.

Time (10 ms/div)

properly the rotor speed to the reference of 270 rad/s, making
the system operate below the synchronous speed in the
subsynchronous mode.

The electromagnetic torque of both methods presents
similar behavior with an average of -2 N.m, as shown in
Fig.[/(c), for PCC, and Fig. [7(d), for PTC. The rotor flux is
shown in Figs. [7(e) and [/(f) for PCC and PTC, respectively.

Eletrénica de Poténcia, Rio de Janeiro, v. 30, 6202530, 2025.


https://creativecommons.org/licenses/by/4.0/

Special Issue

Note that rotor flux was properly regulated with PTC, also
presenting lower ripple compared to PCC.

Concerning the rotor currents, it is noticeable that their
frequencies are different between PCC, Fig. [/(g), and PTC,
Fig. [7(h), because the value of the synchronous speed varies
depending on the operation point for PTC, while it is
constant for PCC. Also, Figs. [7(i) and [7(j) show the stator
current and voltage for PCC and PTC, respectively. It is
possible to see that operation with unity power factor was
assured.

2) Scenario 2

In this scenario, the machine operates at 300 rad/s for PCC
and PTC, as shown in Figs. [8(a) and [§[b), respectively.
It is noted that the speed is regulated adequately for both
methods.

The electromagnetic torque is shown in Figs. [§[c) and [8[d)
for PCC and PTC, respectively. The average value is close
to -2 N.m. The rotor flux is shown in Figs. [8e) and [§[f)
for PCC and PTC, respectively. It can be seen that the flux
control for PTC follows the reference and presents lower
ripple compared to PCC.

The rotor currents, shown in Figs. @g), for PCC, and Ekh),
for PTC, present smaller distortions in the former in relation
to the latter. Furthermore, it can be seen that the frequency
of the rotor current in PCC is much lower when compared to
the previous scenario due to the fact that the machine speed
is closer to synchronous speed, but still in subsynchronous
mode. The frequency of this current in PTC is approximately
the same as the previous one. However, the sequence of
the phases is different, which proves that it has switched to
supersynchronous mode. As for stator current and voltage,
in both cases, they present a 180° phase difference between
them, with the PCC presenting better current quality. The
result of these variables for PCC can be seen in Fig. [8fi)
and for PTC in Fig. [§[j).

3) Scenario 3

Figs.[%(a) and 0[b) show the machine speed and its reference
for 340 rad/s for PCC and PTC, respectively. Both adjust
the rotor speed properly. The electromagnetic torque can
be visualized in Figs. P[c) and [9(d) for PCC and PTC,
respectively. The rotor flux is shown in Figs. Pfe) and O[f)
for PCC and PTC, respectively. PTC continues to present
lower ripple than PCC.

Through the rotor currents, shown in Figs. [Ofg) and [Ofh)
for PCC and PTC, respectively, it is possible to state that the
machine is operating in supersynchronous mode, due to the
change in the phase sequence when compared to scenario 1.
In addition, it is observed that the frequency of the currents
in PTC is very high, as it has moved even further away from
the synchronous speed. The stator voltage and current can
be seen in Fig. Pfi), for PCC, and in Fig. [0fj), for PTC.
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FIGURE 8. Experimental results for steady-state predictive control for
w,=300rad/s (scenario 2). (a) PCC machine speed. (b) PTC machine
speed. (c) PCC torque. (d) PTC torque. (e) PCC rotor flux. (f) PTC rotor
flux. (g) PCC rotor phase current. (h) PTC rotor phase current. (i) PCC

stator phase voltage and phase current. (j) PTC stator phase voltage and
phase current.

Time (10 ms/div)

As in previous scenarios, unity power factor is guaranteed.
The results of this scenario are also compatible with the
simulation shown in the conference paper [26].

For the analysis of the torque and rotor flux ripple, an extra
steady-state experiment was performed with more sample
points (1000 points) in a shorter period of time (total of 0.1
seconds). Table [] reports these values for PCC and PTC. It
can be seen that PTC presents lower values of both torque
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FIGURE 9. Experimental results for steady-state predictive control for
w,=340rad/s (scenario 3). (a) PCC machine speed. (b) PTC machine
speed. (c) PCC torque. (d) PTC torque. (e) PCC rotor flux. (f) PTC rotor
flux. (g) PCC rotor phase current. (h) PTC rotor phase current. (i) PCC
stator phase voltage and phase current. (j) PTC stator phase voltage and
phase current.

and flux ripple in all scenarios, confirming the simulation
results.

Table [5| shows the average switching frequency (fs.), and
the stator and rotor currents THD for each scenario and each
strategy. It is noted that PCC obtained a lower THD in all
scenarios for both rotor and stator currents in relation to PTC.
This demonstrates that current control has the advantage of
generating better current quality. For the average switching

TABLE 4. Torque and rotor flux ripple from PCC and PTC - experimental

results.
Ripple PCC PTC
Scenario T. Ar T. Ar
1 27.17% | 8.36% | 24.99% | 2.27%
2 31.15% | 6.28% | 25.32% | 3.13%
3 3735% | 9.20% | 27.72% | 3.67%

TABLE 5. Average switching frequency and stator and rotor currents THD
for PCC and PTC - experimental results.

PCC PTC
Scenario THD Fsw THD fsw
Is I kHz Is I kHz
35.1% 20.7% 2.14 | 40.1% 29.4% 2.02
36.4% 203% 2.08 | 40.6% 304% 194
3 433% 23.0% 2.14 | 442% 273% 1.99

frequencies, it can be seen that there is no significant change
between each scenario, nor between the strategies.

Therefore, it is concluded, regarding the experimental
results in steady state, that PCC obtained better performance
in terms of quality of rotor and stator currents, while PTC
presented better results in terms of torque and flux ripple.
Both strategies managed to control the speed of the machine
in all scenarios, whether configured in subsynchronous or
supersynchronous mode, in addition to obtaining unity power
factor. The results of experimental scenarios 1 and 3 are
compatible with the simulations shown in the conference
paper [26], and those of scenario 2 are in full accordance
with the simulation results presented in Fig. {]

B. Transient-state results

The system was also evaluated under speed transients, chang-
ing the reference speed from 270 rad/s to 340 rad/s and, a
few seconds later, to 300 rad/s. The bus voltage used was
250V, PTC reference rotor flux was set at 0.93 Wb, PCC
synchronous frequency was 50 Hz.

Fig. [10] shows the results for the case in which the system
is submitted to speed step variations, acquired by the DSP
and the oscilloscope. Initially the reference speed is 270 rad/s
until eight seconds. At this point it is changed to 340 rad/s
and, in eleven seconds, changed to 300 rad/s, as can be seen
in Fig. [T0(a) and [T0(b) for PCC and PTC, respectively. It is
noted that both techniques present a quick response to speed
variations. The high undershoot in the PCC at the instant of
speed reduction is noteworthy.

The electromagnetic torque, at times of speed variation,
presents different behaviors as can be seen in Figs. [I0[c)
and [I0(d) for PCC and PTC, respectively. When the speed
increases, the torque tends to be positive. However, the
control limits it to zero to ensure energy generation until
the reference speed is reached. At the moment of changing
the speed reference to a lower value, the torque presents a
high negative peak. PTC has a lower value, around -7.5 N.m,
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FIGURE 10. Experimental results of predictive control during speed
transient. (a) PCC machine speed. (b) PTC machine speed. (c) PCC
torque. (d) PTC torque. (e) PCC rotor flux. (f) PTC rotor flux. (g) PCC rotor
and stator phase current. (h) PTC rotor and stator phase current.

while PCC has twice the value, around -15 N.m. This fact
shows the good functioning of the torque control.

Another fact that can be noted is that there is a difference
in the average value of the torque during the steady state
of the three speeds. This occurred because, during this
experiment, there was no change in the voltage imposed on
the primary machine, and thus, there was no regulation of the
mechanical torque, unlike the steady state results, in which
this voltage was modified to adjust the electromagnetic
torque to -2 N.m.

Figs. [I0[e) and [TI0[f) show the rotor flux of PCC and PTC
during the transient, respectively. A peak can be noted at the
time of the speed decrease (in eleven seconds) that is quite
high for PCC, around 1.8 Wb, and much lower for PTC,
around 1.1 Wb.

Finally, the rotor and stator currents, during the transition,
can be visualized in Figs. [I0fg) and [I0(h), together with
the zoom in the second transition, for PCC and PTC, in
that order. As for the rotor currents, it can be seen that the
variation in speed caused their frequency to change for each
steady state operation point. In PCC, as the synchronous
speed is fixed in 314 rad/s, when the system operates in
subsynchronous mode (first and third operation point) there
is a sequence of current phases that differs from the sequence
in supersynchronous mode (second operation point). This
phenomenon becomes more noticeable when observing the
zoom at the moment of the transition from 340 rad/s to
300 rad/s. Furthermore, the closer to synchronous speed, the
lower the frequency, as can be seen for 300 rad/s.

In PTC, a frequency variation in rotor currents also occurs.
Looking more closely, it can be seen that the first operation
point presents a different sequence of phases than the other
two. This indicates that the synchronous speed under these
conditions is between 270 rad/s and 300 rad/s. Furthermore,
a difference in the amplitude of the rotor currents is noted,
which is due to the variation of the electromagnetic torque.

As for the stator current, PCC has the same frequency
(50 Hz) for any speed value and its amplitude has a linear
relationship with the torque, and thus, with the generated
power. In PTC, the stator current varies slightly in frequency
in each operation point. And as for amplitude, it is also
linearly modified by the torque, as in PCC. It is worth to
point out that there is a difference in the scale of the rotor
current in Figure [I0(g) and [I0(h) which causes a visual
difference between them.

C. Parametric variations

The machine’s parameters are obtained by experimental tests
designed for this purpose. However, these parameters may
vary depending on the operation point and temperature.
Therefore, it is important to verify the robustness of control
techniques in case there are errors or variations in the ma-
chine estimated parameters. In this way, the system was also
experimented for parametric variations of stator resistance
(rs), rotor resistance (r,.) and magnetizing inductance (I,,),

Eletrénica de Poténcia, Rio de Janeiro, v. 30, e202530, 2025. 9
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FIGURE 11. Experimental results by varying r. (a) Variation r,. (b) PCC
machine speed. (c) PTC machine speed. (d) PCC torque. (e) PTC torque.

where the parameter values used in the control algorithms
were modified linearly with the purpose of verifying the
behavior of the methods when the parameters had different
values from the real ones present in the machine. The DC
bus voltage used in these experiments was 250 V and the
speed was 300 rad/s. PTC reference rotor flux was set at
0.93 Wb, PCC synchronous frequency was 50 Hz.

1) Stator resistance
The behavior of the system for the variation in stator
resistance can be seen in Fig. [[T} After the system reaches
steady state, at the time of 12 seconds the value of the
parameter begins to be altered in the control algorithm, as
seen in Fig. [TTfa).

It is noted that when PCC is employed, despite the
increase of torque amplitude with high values of stator
resistance, Fig. [[I[d), the system in general does not lose
speed control for the considered parametric variation band, as
illustrated in Fig. [[T(b). However, for PTC, the system loses
control when the stator resistance reaches values above 682
(350% above the estimated value), as can be seen in Fig.
[[Tfc), although the torque remains controlled, Fig. [[Tfe).
With this, it can be stated that PTC was robust up to 350%
of the estimated stator resistance value, and that PCC can
reach greater levels of variation without losing control of
the system.
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(f) PCC rotor phase current. (g) PTC rotor phase current.

2) Rotor resistance

The system’s response to variation in rotor resistance can be
seen in Fig. [I2] Similarly to the previous case, the value of
the parameter begins to be altered in the control algorithm
at the time of 12 seconds, as shown in Figs. [[2]a).

It can be seen that the increase in rotor resistance from
6.22 Q to 143 Q (increase of 2300%) did not change the
speed and torque provided by PCC, as shown in Figs. [I2|b)
and [12(d) respectively. The same is attested for PTC, as
shown in Figs. [T2{c) and [I2{e).

Finally, the curves of the rotor currents were inserted
exclusively in this scenario, Figs. [[2f) and [12]g) for PCC
and PTC respectively, in order to prove that the system
remains controlled, even with a high change in the parameter
r.. However, it can be seen that the modification in the
value of the rotor resistance increases the frequency of the
rotor currents in PTC. This implies that the synchronous
speed changes as a function of this variation. Therefore,
it is concluded that the two control methods are robust
to the parametric variation of the rotor resistance for the
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TABLE 6. Comparison between PCC and PTC.

Feature PCC PTC
Stator and rotor THD Lower Higher
Flux ripple Higher Lower
Torque ripple Higher Lower
Dynamic response Fast Fast
Robustness to variation in 7 Higher Lower
Robustness to variation in 7, Higher Medium
Robustness to variation in I, Lower Higher
Voltage sensors Not necessary | Necessary
Synchronous speed Fixed Variable
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FIGURE 13. Experimental results by varying ,,,. (a) Variation [,,, PCC. (b)
Variation [,,, PTC. (c) PCC machine speed. (d) PTC machine speed. (e)
PCC torque. (f) PTC torque.

implemented system, but PCC presents the advantage that
there is no change in any other parameter.

3) Magnetizing inductance

Fig. [I3] shows the results for the variation of the system’s
magnetizing inductance for PCC and PTC. At the time of
12 seconds the value of the parameter begins to be altered
in the control algorithm, as seen in Fig. [I3(a) and [I3(b) for
PCC and PTC, respectively. Unlike the previous cases, in
this test the parameter grows in different proportions in each
strategy. The reason for this is that the two methods diverge
at different times, and to illustrate this, this modification was
necessary.

For PCC, with approximately 50% of [,,, variation above
the estimated value, the system diverges as can be seen
in Fig. [I3|c) and [I3]e), for the speed and electromagnetic
torque, respectively. For PTC, the system diverges, as shown
in Fig. [I3(d) and [T3|f), for the speed and electromagnetic
torque, respectively, with an increase of [,,, of 300%, proving
to be more robust when compared to PCC. Therefore, it is
concluded that PTC is more robust as it can keep the system
stable for higher magnetizing inductance parametric errors
than PCC.

Table 6] summarizes the comparison between PCC and
PTC performed across the paper.

VIIl. CONCLUSIONS

A comparison between the predictive current control and
predictive flux and torque control methods implemented in
the DFIG-DC system was provided in this paper. Addition-
ally, the operation and equations of PCC and PTC utilized in
this system were explained in detail, also covering the speed
control, and the selection of the switching states.

Considering the steady-state results obtained from sim-
ulations and experiments, the two control methods showed
similar performance for different scenarios. The most notable
differences in the simulation and experiment results were
that PCC shows better current quality in both the rotor and
stator, while PTC shows better results in rotor flux and
electromagnetic torque, with lower ripple.

For speed transient analysis, both control methods demon-
strate a good dynamic response. The most significant differ-
ences between them are observed in the lower variations
in electromagnetic torque and rotor flux of PTC when the
system is submitted to speed steps. Regarding the parametric
variation of stator resistance, PCC is more robust compared
to PTC. For rotor resistance, both methods maintain stability
even with variations up to 2300% above the measured value.
However, since PTC exhibits variations in rotor current
frequency throughout the test, PCC is more robust in this
situation. The variation in magnetizing inductance, on the
other hand, causes the system to lose control with both
strategies. Nevertheless, PTC proves to be more robust as it
maintains control under larger variations compared to PCC.

Finally, PCC proves to be more advantageous than PTC
mainly because it does not require voltage sensors, which
reduces the cost of the system and presents a well-defined
frequency and synchronous speed, making it simpler to
determine the operating mode between subsynchronous and
supersynchronous.

As future work, studies must be carried out to evaluate
the robustness of DFIG-DC with FCS-MPC methods under
open-phase and open-switch faults.
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