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Abstract: The present paper aims to introduce an effective control system which enhances the
dynamics of a doubly fed induction generator (DFIG) operating at fixed and variable speeds. To
visualize the effectiveness of the formulated control algorithm, the performance of the DFIG is
evaluated using other control techniques as well. Each control algorithm is primarily described by
showing its operation principles and how it is adapted to manage the DFIG’s operation. The main
used control strategies are stator voltage-oriented control (SVOC), model predictive current control
(MPCC), model predictive direct torque control (MPDTC), and the formulated predictive voltage
control (PVC) algorithm. A detailed comparison is performed between the controllers’ performances,
through which the advantages and shortcomings of each method are outlined, and finally, the most
effective technique is identified amongst them. The obtained results reveal that the proposed PVC
approach possesses multiple advantages such as a faster dynamic response and simpler control
structure when compared with SVOC and a faster dynamic response, reduced ripples, and reduced
computational burdens when compared with the MPCC and MPDTC approaches. In addition,
the robustness of the proposed PVC scheme is confirmed by performing extensive performance
evaluation tests considering the parameters’ variation.

Keywords: DFIG; predictive control; field orientation; current control; torque control; ripples;
computation burden; dynamic response

1. Introduction

The escalating demand for clean energy sources in our lives forces developers to
think about new control techniques to achieve maximum power extraction from renewable
energy sources, such as wind, geothermal, solar, and wave energies [1,2]. There are various
topologies of the electric generators used with wind energy conversion systems, such
as synchronous generators (SGs), self-excited induction generators (SEIGs), and doubly
fed induction generators (DFIGs) [3-11]. The DFIG has commonly been used with wind
turbines during recent years and is still being used as it has many features; the most
attractive one is the ability to generate output voltages with constant amplitude and
frequency irrespective of the wind speed variations [12-15]. Another major feature of the
DFIG is the flexibility of the control, as it can be controlled either from the stator side or the
rotor side [16]. Controlling the DFIG from the rotor side leads to reducing the rating of the
power electronic devices used in the inverter as they only need to process the slip power,
which reduces the converter losses and, accordingly, the total cost [17-20].

Due to the several advantages of the DFIG as a generation unit, researchers have
made great efforts to develop various control techniques and then test them with the DFIG.
In [21-25], the vector orientation control (VOC) technique is performed, while in [26-28],
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the direct torque control (DTC) technique is used. The VOC technique has been performed
in various configurations according to the selected variable to be aligned with the direct
(d) axis of the rotating synchronous frame. For instance, in [21], the stator field was chosen to
rotate with a speed equal to that of the synchronous frame, while in [22], the stator voltage
was chosen to be aligned with the direct axis of the synchronous frame. In [23-25], the
rotor field was chosen to be oriented in the same direction as the direct axis of the rotating
frame. The VOC schemes have succeeded in improving the torque response and reducing
ripples; consequently, a smooth dynamic response for the DFIG is achieved. However, the
VOC schemes still have some defects, such as that they depend on the machine parameters
during the variables’ estimation, which can be influenced by environmental factors such as
temperature change. Furthermore, they require coordinate transformations and utilize PI
regulators, which affects the system simplicity and causes a delay in the dynamic response,
in addition to the need to use a modulation stage.

An attempt was made to overcome the complexity of the VOC structure by replacing
the PI regulators with hysteresis torque and rotor flux comparators, which formulated the
DTC of DFIGs [26-28]. DTC offers the advantage of a fast response, but the ripples issue
remains the main challenge [29]. Recently, researchers have tried to think about a new
control method which obviates the defects of VOC and DTC, so predictive control (PC)
came to light [30-35]. It uses a cost function, which replaces the PI regulators and current
control loops of VOC and the hysteresis comparators used by DTC. This has contributed
to achieving a quick dynamic response, producing a better steady-state performance, and
minimizing the complication and ripples as well. The adopted cost function has two
components of the absolute error of the variables that need to be controlled; it also has the
merit of flexibility and ability to handle different control objectives at the same time. Model
PC (MPC) is used in many applications; in [36], it is used to improve the performance of the
power system, and in [37], it is used with a microgrid system. PC has two topologies which
are usually adopted with a DFIG: finite control set predictive control (FCS PC), which
was adopted in [30,38], and continuous control set predictive control (CCS PC), which
was adopted in [32,39]. CCS PC has a fixed switching frequency as it requires a PWM
modulator so that the selected optimal voltages can be applied to the machine; meanwhile,
FCS PC does not need a modulator as it chooses the voltages from specific vectors (usually
eight vectors (six active and two null)), which reduces the system’s complexity, but on
the other hand, its switching frequency is variable. FCS PC reduces the switching actions
in comparison with CCS PC, resulting in a lower number of commutations. The control
structures of FCS PC and CCS PC are shown in Figures 1 and 2, respectively, clarifying the
difference between the two topologies. The vector u(k) refers to the controlled variable and
S(k) refers to the switching state, while d(k) refers to the duty ratio.

Power Converter
u(k
1} () 8-

Controller

5(k)

FCS MPC 0’

Figure 1. FCS PC structure.
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Figure 2. CCS PC structure.

To overcome some of the DTC defects such as increased ripples, model predictive
DTC (MPDTC), which adopted FCS PC, has been used. MPDTC aims to minimize the
error between the reference and predicted values of the torque and rotor flux. MPDTC,
unfortunately, suffers from some defects: firstly, the cost function requires a weighting

factor (w f) , which is necessary to achieve the equilibrium between the torque and rotor

flux. Furthermore, the ripples in the torque and rotor flux are exposed to increase due to
any inadequate selection of wy. Another defect facing MPDTC is that the components of
the cost function need to be estimated, so any mismatch or change in the model parameters
can influence the estimated variables. Moreover, the computational burden is considered
a dilemma for MPDTC, as it requires estimation and prediction of the rotor flux and
torque [20,40—44].

To overcome the shortages of MPDTC—especially the noticeable ripples—some mod-
ifications were made by implementing more than one vector within the same sampling
interval [45,46]. This action contributed effectively to reducing the flux and torque fluc-
tuations around their references; however, the computation time increased again. Other
researchers adopted an online adaptation of the weighting factor in order to achieve an
optimal balance between the flux and torque variations [47]. A good performance was
obtained using the online weighting update, but the system’s computational burden was
increased, which made this solution unfit for all applications in which the execution capac-
ity of the micro-processors is restricted. Other studies considered the insertion of adaptive
flux estimators so as to achieve smooth flux and torque variations [48,49]. Appropriate
results were obtained using the adaptive estimators; however, the system’s complexity was
negatively affected.

Another topology of PC is model predictive current control (MPCC), which tries to
overcome some of the defects of MPDTC; it has lower torque and flux ripples compared
with MPDTC. Furthermore, its cost function does not need a weighting factor scale, which
formulates the simplicity of this controller. MPCC agrees with MPDTC on disposing of the
PI regulators which are commonly adopted by the VOC technique [38,48]. Unfortunately,
the response of MPCC is slower than that of MPDTC, and it still suffers from high computa-
tional burden. Moreover, its cost function includes variables that need to be estimated using
the machine model, which can be easily influenced by the operating conditions [50,51].

To achieve a compromise between the suitable computational burden and reduced
ripples when considering predictive control, the design of a cost function and its terms
must be suitably performed [52-54]. For this reason, the current study presents a design for
predictive control that uses a cost function with similar terms. The components of the cost
function are the differences between the actual and reference values of the (d—q) components
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of the rotor voltage. The main factor that affects the operation of the designed PVC is the
generation of voltage commands. The d-g voltage references can be obtained using the
deadbeat principle. However, considering the deadbeat principle to generate the reference
voltages is not a perfect solution as it depends on utilizing the machine physical model,
liable to uncertainties, which can result in steady-state offset and oscillatory output [55-58].
This fact was determined by analyzing the mechanism by which deadbeat control works.
Deadbeat control is concerned with eliminating the system poles by making the nominator
of the controller equal to the denominator of the system; in practice, there is always a
modeling mistake or parameter perturbation that changes the actual system. Therefore, the
mathematical controller will not work properly. Thus, in the current study, the reference
voltages are developed using two designed proportional-integral regulators instead of
direct calculation using the machine model.

Furthermore, a fair comparison between different control topologies for the DFIG
must be presented to outline the most effective procedure in terms of dynamic response,
structure simplicity, ripples, and computational burdens. For these reasons, in the present
paper, different control topologies for the DFIG are explored, clarifying the base operation
principle of each. In addition, an effective PVC technique is formulated for managing the
operation of the DFIG. In addition, in order to visualize the features of each technique, a
comparison of the dynamic performance is performed between the formulated PVC and
three other control topologies: SVOC, MPCC, and MPDTC. The performance analysis
is carried out under two different operating conditions: in the first one, the reference
active power is kept constant while the driven speed is varied, whereas in the second
condition, the reference power is varied but the driven speed is kept constant. Eventually,
the features of each control technique will be outlined and the most appropriate technique
can be identified.

The contributions of the paper are as follows:

- The paper formulates an effective predictive voltage control (PVC) approach which
overcomes the shortages present in previous DFIG control schemes.

- The paper presents a comprehensive performance analysis for the DFIG using the for-
mulated PVC scheme and other control techniques under different operating conditions.

- The paper introduces a detailed description for the presented control algorithms in
order to visualize the base principle of each method, showing when it works properly
and when it fails.

- The obtained results reveal and confirm the superiority of the formulated PVC over the
other control schemes in terms of the fast dynamic response, simplicity, and reduced
ripples and computational burdens.

- Compared with recent control schemes that adopt an equivalent operating theory, the
proposed PVC proves its enhanced robustness against parameter variation.

- The designed PVC scheme can be used with other machine configurations after
considering the structure and operation theory of each type.

The article is arranged as follows. Firstly, the mathematical model of the DFIG is
presented, and then, the SVOC, MPCC, and MPDTC schemes and the formulated PVC
scheme are described in a systematic manner. The following section introduces the test
results and its related analysis, and lastly, the conclusions are presented.

2. Mathematical Model of DFIG

In the model of the DFIG shown in Figure 3, the stator voltage was chosen to be
aligned with the direct axis of the rotating synchronous frame, so the frame in which the
variables are expressed rotates with a speed equal to that of the stator voltage vector (wxg, ).

Here, the variables %%, @°, i, , i, , Yo ,and ¥,  are the stator voltage vector, rotor
Voltage vector, stator current vector, rotor current vector, stator flux vector, and rotor flux
vector, respectively; the superscript /*” means that all variables are defined in the stator

voltage frame which rotates with the synchronous speed (wgs); Rs, R, Lis, Ly, and Ly, are
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the stator resistance, rotor resistance, stator leakage inductance, rotor leakage inductance,
and mutual inductance respectively; and wy, is the rotor mechanical speed.

TSV TSV
Ig R Lis Ly, R, I
—2 —————
0 AN MWV=—
. +

ﬁ:v d‘T’Ssv L dq':v ﬁiv
dt " dt <§>

- -—+ - - te-—- -
——)- —0O—
jwﬁs,kqjssv ](wﬁs - wme)q"ﬁv

Figure 3. Equivalent circuit model of DFIG.

From Figure 1, and using a sampling time (T ), the voltage balance in the stator and
rotor can be expressed at instant (KTs) as follows:

rSU

— T k . J—
W = Ry + —% + jeon, Yo (1)
Wslipk

T N
uif;c = erif;c + d;’ +] (wﬁs,k - Cl)me,k) \Pf‘f;c (2)
Using the flux-current equations, the stator and rotor flux linkages can be expressed

by the following:

Fok = Ly + Lul ©
Fok = Ll + Ll )

where Ls and L, are the stator and rotor inductances, respectively, which can be defined as
Ls =Lis+ Ln )

Ly=L;,+Ln (6)

Using Equations (1) and (2), the dynamic model of the DFIG in this coordinate system
can be represented as follows:

dWS?} B . .
d:"‘ =75 — Rilay — jwisx ok @)
d?sv B B 4 L
T =% — Rl — jwmsip T (®)
dw k
dn;e, = ?(Tme,k — Tyx) )

where p and | are the number of pole pairs and inertia of the DFIG, respectively, and T,
and T are the mechanical torque applied to the shaft and the torque developed by the
DFIG, respectively.
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The torque developed by the DFIG can be defined by the following:

Taj = 1.5pLn (ifizr],kizzs],k - ierJ,kiZZ,k> (10)

After deriving the mathematical model of the DFIG, it can be used to construct the
control schemes as described in the following section.

3. Control Techniques of DFIG
3.1. SVOC Technique

VOC is a strategy that depends in its operation on decomposing the stator current into
two components: the torque component, which produces the torque, and the magnetizing
component, which produces the flux. Thereafter, the two components are decoupled and
individually controlled.

In [20], the SVOC principle is adopted, in which the stator voltage vector ;  is set in
the direction of the d-axis of the synchronous frame, which rotates with a speed of wy , as
shown in Figure 4, so there is no voltage along the g-axis. As noted in Figure 4, there are
three reference frames: the stationary reference frame («°* — °), the rotor reference frame
(d" — g"), and the synchronous rotating frame (d" — g%).

¢ F

. Stationary frame
. Rotor frame
. Synchronous frame

Figure 4. Relationships between reference frames.

Thus, by considering the orientations presented in Figure 4, the following relations
can be concluded under SVOC:

SO __ |75S0 SU —
Ugs e = |Usk and Upgf = (11)

Equation (1) can be represented in the d—7 axes as follows:

vy .
SV __ 1 iSU s, sv
Ugsk = Rslds,k + dr - wﬁs,k gs,k (12)
sv
dy ook

Ugek = Rsigop + +wag Yo (13)

dt

Using Equations (12) and (13), and taking into consideration that the stator voltage
drop on the resistance R; is very small compared with the other terms and can be neglected,
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it is found that dlg 2 0.0 under steady-state operation, and the following relationships

can be derived:

1uS?
ds,k (1 4)
wﬂs,k

SV Ao qsk
e o ~00and ¥io, ~ ¥ | ~

Using Equation (14), Equation (3) can be represented in the d—g axes as follows:

dsk = Lsigs e+ Lmigyy = 0.0 (15)
Us
¥, = Loilp o+ kSl 7w;, (16)

From Equations (15) and (16), the following can be concluded:

. L

ek = — ( LT) Lir k (17)
S — ‘P;zs)/k _ Lm - Lm u;z,k (18)
qs k— Lq L qr k — L qr k wﬁs,k Ls

Using Equations (11), (17) and (18), the active power (P ;) and reactive power (Q; ) of
the DFIG under SVOC can be calculated as follows:

Lm SV :SU

Pgp =15 (uffs’,kiif; + uzg,kiffé) = L5ugg yigs = —1.5— L, s kldrk (19)

2
L (u ka>
st - 15( qsklds_udsqus> - 15udsqus - 1.5[Lm Zzs]k qu+ : L

u;k S
Ly . ule k
— 1'5 SU SO ’
Furthermore, the developed torque T, can be reformulated by substituting from
Equations (17) and (18) into (10) as follows:

Ty = 15pLy |10, [ — L Uik ) o (L)
ek : m | “drk L Lgre — wr, L qr.k L drk

L dSk 5U S 5D L 5
=15 <—Lm1dr Kark = g ik + gy plgr | = —1P -0 ”ds Klar k

1 (20)

(21)

Equations (19)—(21) show that the active power and developed torque can be controlled
by adjusting the torque current component i3, while the reactive power can be controlled
by adjusting the excitation current component i°% ok

Using Equations (19) and (20), the reference values of the rotor current i3, and i;r,k
can be calculated as follows:

. L
Z;klr,k 1 5Lmud B P;k (22)
S,
. Ls ”3@ k
l* * '/ 23
U T Qo Wi, L @)
Equation (4) can be represented in the d—g axes as follows:
ark = Lrigyx + Ligs (24)

q?;k - L" qu + Lmlqs k (25)



Processes 2022, 10, 456 8 of 70

Using Equation (17), Equation (24) can be represented as follows:

. L LsL, — L2 ,
Wit = Loy L~ 3200 ) = T = oL 2s)
where ((7 Ll Ly _ ) is the leakage factor.
= T LL, L T g

Equation (26) can be reformulated in a general case as the following:

SO Lm

drk = T, ds e T OLrig) (27)

Using Equation (18), Equation (25) can be represented as follows:

SU
qurk Lm 50 > _ Lm SV + Ler Lzm sv _ Lm‘{fs k+0-Lr qu (28)

sU  __ SO _ — —_—
ark = Lrigri & L ( Ls Ls frk ) = Ly 1k Ls frk = L
Equation (2) can be represented in the d—g axes as follows:

sU

dr k
7 tr — Wstipk Yok (29)

SO _ *STU
Ug e = Relgy,

sv
qr k = Ryiy; qr kTt d‘i + Wslip, der k (30)

751)
sk~

Using Equations (26) and (28), and being < =0. O> under-steady state operation,

Equations (29) and (30) can be reformulated as follows:

disv o Ly, o
udrk — erd}’k + O-Ly dt wsllp, L qs, k + O-Lqur k (31)
u"inszctiveterm Aujl‘; —Compensationterm
sv sv
L, d¥se . dl
sv m qs,
wo, =Rl + — + oL + w oL,
qrk — rl k L dt T g dt slip,kV “r drk
v
qr k . (32)
= Reig/ + 0Ly 4 Tt Wstip kT Lyl i
————
u;r,k:Activeterm AuZﬁk:Compensationterm

Equations (31) and (32) formulate the base operation of SVOC, as the reference d—g
rotor voltage components are obtained by summing the active voltage terms provided
by the PI current controllers and the compensating terms calculated in terms of motor
variables.

Figure 5 provides a schematic for SVOC, in which the reference components of the
rotor current can be calculated using the reference values of the active and reactive powers;
then, they are compared with their actual components. After that, the errors are fed to the
PI current regulators to generate the active terms of rotor voltage uy, , and u, g then, a
phase-locked loop (PLL) is used to evaluate the stator voltage angle (65, ) which is required
for the coordinates” transformation and further used in calculating the slip frequency,
which is needed for calculating the compensatlon voltage components Auy’, and Aug ppe
Finally, the rotor voltage components 3, and u; p »x can be easily obtained after adding the

compensation terms to the active terms as stated in Equations (31) and (32).
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2 |7 |4
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SV T, (s &ips)
frame 4 “Bs NI

Transformer

Grid
Figure 5. SVOC technique for the DFIG.

3.2. MPCC Technique

MPCC utilizes a simple cost function consisting of two similar terms, which are the
errors between the actual and reference values of the rotor current, so it does not need a
weighting factor. The actual rotor current components i’ | and zZ‘r’ r4+1 can be predicted
using Taylor expansion, while the reference values of the rotor current iy, ., and i} grk+1
can be directly obtained using the reference values of the active and reactive powers.

The scheme of MPCC can be constructed as shown in Figure 6. First, the stator voltage,
stator current, and rotor current are measured and then sampled. The rotor speed (w,, k) is
measured and then integrated to find the rotor position (6, ). The rotor position can be

estimated at instant (k 4 1)T; using the following formulation:

Qme k— 6me,k—l > T.
s

9me,k+1 = gme,k + < - AT (33)

In the same manner, the stator voltage angle (GHS k) can be evaluated using a phase-

locked loop (PLL) and then estimated at instant (k + 1)T; using the following formulation:

-
9ﬁs,k+l = Gﬁs,k + ( Yok ATMS,k71 ) TS (34:)
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——=3| ofrotor current
Py
y x
Qi it Calculation of d-q | Iqr k+1 > Minimization of
= reference » - lmmflja 101 0
Ug k1 components i » cost function
Wy of rotor current |—dr<T1 > Eq.(41)
sk+1
—

Figure 6. MPCC technique for the DFIG.

Prediction of the actual values of the rotor current can be implemented using Taylor
expansion as follows:

digy
grke1 = Gark ( = >Ts (35)
disv
qr.k
qr k+1 Zz;k + ( dt ) Ts (36)

The derivatives of the rotor current components can be found using Equations (31)
and (32), as introduced in [56-58], as follows:

dig), L2, 4+ L,L L L
drk t )
ok Dt Roitst s (Y~ L) |~ o (1 Refaren, ) @)
2
dl‘SU 2
qrk Ly, +LyLy L . L
At - mLZLtV ;z‘r)k Ryigy Lark — L; Wslipk (Tzsiz,k - Ltltsizs],k) - Lrnit ( gs,k = Rsizg Lgsk — wﬁs,k‘PZzs},k) (38)
T

— 2 2 . . .
where (Lt = %}L’” =Ls;— LL—’;’ = O'Ls) is the stator transient inductance. The stator flux

components ‘Pfizk and ‘I’;zk can be calculated using Equations (15) and (16). Equations (37)
and (38) prove that the cost function of MPCC depends on the machine parameters as it
includes estimated variables.

Equations (22) and (23) can be reformulated to evaluate the reference values of the
rotor current at instant (k + 1) Ts as follows:

Ls

_Pp* 39
15Lm”dsk+1 sk )

-k
ldr,k-i—l
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Ls

i k+1 — 7Q*k 1~
qrk+1 — Sv s,k+ _
L5Lmugg i q Wiy Lm

us?
ds,k+1 ( 40)

Finally, the actual and reference rotor current components are fed to the cost function,
which can be expressed by the following:

i
. S50
Larj+1— lqr,k+1 (41)

‘ i
1 __ +k ST
I = |ig g1 _Zdr,kJrl‘ +

where the superscript ! denotes the sectors (0, ... ., 7).
The cost function (41) represents the core of the MPCC, based upon which the optimal
voltage vectors are selected.

3.3. MPDTC Technique

MPDTC depends in its operation on regulating the torque and rotor flux [55], which
can be accomplished by eliminating the difference between the reference and predicted

actual torque signals (Te*k 4 and Te,k+1) and between the reference and predicted actual

rotor flux signals (?jk 11and ?iz;( +1>? thus, the cost function can be expressed as follows:

i

A= (42)

i
* ok TrSU
Toks1 — Te,k+1’ + H‘Yr,kﬂ‘ - ’Tr,kﬂ

Equation (42) includes variables that need to be evaluated using the machine parame-
ters; it also requires current calculation, which is used for estimating and predicting the
torque and rotor flux, and all of this increases the computation time. Furthermore, the
function needs a weighting value that is required for ensuring the equilibrium between
the torque and rotor flux. If the weighting factor is inappropriately selected, the torque
and rotor flux ripples are negatively affected. As mentioned in [55], there is a procedure
which tried to choose the optimal weighting factor in an online manner, which reduced the
deviations in the torque and rotor flux, but unfortunately, the computational burden was
affected. Hence, the weighting factor is still a major obstacle to MPDTC.

The reference value of rotor flux ’?:k 11 ’ can be evaluated as follows:

’?:,k-&—l‘ = \/ (‘.F;r,k—&-l)z + (T;r,k-&-l)z (43)

where ¥, ; and ‘Y;r,k 41 can be calculated as follows:
Yarki1 = Lridp g + Linfgs g (44)
;‘,/kﬂ = Lri;r,kﬂ + Lmi;‘s,k+1 (45)

where iy and i;r,k .1 are directly computed using Equations (39) and (40), while i3,
and i;‘s k1 can be expressed as follows:

i* _ PS,k+1
ds,k+1 151/[‘51151 e

(46)

. Qs k+1
P = ek (47)
s,k+1 _ sv
T L5ug ki

The reference value of the torque at instant (k + 1) Ts can be represented as follows:

L
Toer1 = *1-571#

SvU +%
— U kr1ldr k1 (48)
Us k41
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The actual value of the rotor flux "Yf;;,k " ‘ can be predicted and calculated at instant
(k +1)Ts in the following manner:

T = (¥ + (v)’ )

where ‘I’ZIZ Kl and ‘I’f;r’ ka1 Can be formulated as follows:

sU _ SV SV
Farki1 = Lrigrgesr + Lintg ey (50)
Yorier = Leigryein + Linfgs e (51)
where the rotor current components 73/, , | and i;zr’/k 1 canbe predicted using Equations (35)-(38),

and the stator current components iy, ; and 1375’ y41 can be predicted in the same manner.
The actual predicted value of the torque T,y can be expressed by the following:

_ SO SO 1SU SV
Tepr1 = 1.5pLm (ldr,k+11qs,k+1 - ’qr,k+1lds,k+1> (52)

The scheme of MPDTC is illustrated in Figure 7, in which the stator voltage, stator
current, and rotor current are measured and then sampled. The rotor speed (w,,x) is
measured and then integrated to find the rotor position (6, ), and then, the rotor position
can be estimated at instant (k + 1) T as stated in Equation (33). The stator voltage angle

(Ggslk) can be estimated at instant (k + 1)T; as stated in Equation (34). The actual values of

the stator and rotor currents are predicted using Taylor expansion, and these components
are then used to calculate the actual values of the torque and rotor flux. The reference
values of the stator and rotor currents are calculated using the reference active and reactive
powers; after that, these components are used to compute the reference values of the torque
and rotor flux. Finally, the reference and actual predicted values of the torque and rotor
flux are fed to the cost function in Equation (42).

3.4. Proposed PVC Technique

The proposed PVC utilizes a very simple cost function which has two similar terms,
which are the errors between the reference and actual values of the rotor voltage. The actual
rotor voltage components ), , | and uf;r’,k 41 can be easily obtained using the switching
states of the voltage source inverter (VSI), while the reference values of the rotor voltage
U, pyq and ”;r,k 41 are obtained using two PI current regulators, which are designed as
follows.

In order to design the PI rotor current regulators, the transfer function between the
inputs, which are the rotor currents, and the outputs, which are the rotor voltages, must be
formulated, and this can be performed under the SVOC principle and by reformulating
Equations (31) and (32) to be represented at instant (k 4 1)Ts as follows:

dis? L

sV _ 50 drk+1 ) M \grsv SV

Uiy 1 = Relgy g + 0Ly dr Wslipk+1 (LS‘Fqs,kH + oLy 1qr,k+1> (53)
u:ir,k+1 =Activeterm Auf{;’kﬂ =Compensationterm
sv SO
Ly @Y5 ki1 iyl i
sv __ P S0 m qsk+ qrk+ SO
uqr,k+1 = R”qu,kJrl + fs dt L, dt + wSliP,k+1ULfldr,k+1

dil ki (54)

ST SV
= erqr,kﬂ + oL, +  Wslipk+10Lrigy g

Aus?

k1 =Compensationterm

, B ,
Ugr ks =Activeterm
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The actual values of the rotor current i37, ., and i;’;",k 1 are predicted using Equations (35)-
(38). In the same manner, zfizs’ ki1 Can be predicted, which will then be utilized to evaluate
‘-I’;Z k.1 using Equation (16) after being reformulated at instant (k + 1)Ts.

U Co-ordinates ui=o,...7
dc transformation

Prime mover HH —r Delay =r  Rotor \/

— Urk Urkt1
@ A\ @r - VSI |« : E('—frame SV < >
}/ \,\\ﬁﬁ B 0 0 frame /\4
S . k-1 A
Sampling 3 mek f me k71 =
& S » | dt > Z Eq. ‘ D @ ¢
Holdin ) O, I Voltage
g PLL ; Tl selection
<5V |=sv |ssv Transformer =& s
ls,k us,k lr,k v l rk+1
Grid Flux calculation A
—1 —— > d/dt > Wy
P S N sV | {gsv ’ D
rk| sk
0.
- sSV Ug k-
uﬁ\;{ Y V YY * Tarke1 . T | 1| s k-1 .
? Prediction of d-q if]‘; ki1 "| Calculation of actual ek+1 3(_:'
Usk [actual components isvl »| values of the torque and > (34)
. dsk+1 ) ! wsv
Wpe | of stator and rotor is‘f > mt_or ﬂli!& |‘Pr,k +1|
— currents gsk+1 | Eq. (49), (50), S1)& (52) >
| i ka1 Minimization
- Calculation of d-q [ q * > .
Qs,k +1 reference a Igrk+1 | Calculation of reference Te,k+1 R of cost function
ﬁ:\;( W components i i1 7| values of the‘e torque and |¢:k+1 | Eq.(42)
u)_’ﬁ of stator and rotor rotor ﬂux_ >
Dokt ents | ask+1 | Eq. (43), (44), (45)& (48)

Figure 7. MPDTC technique for the DFIG.

The disturbances can be suppressed with the help of the compensation terms, while
the active terms are used to achieve the desired change in the rotor current and drive the
transfer function, which determines the response of the rotor voltage to any change in the
rotor current. Then, the Laplace transform is applied to the active terms, assuming the
initial current to be zero, resulting in the following:

Wi (8) = Reff 1 () + 0Ly [sif 1 () = 851 (0)]

”r,;lr,k+l(s) = Ryigy py1(8) +oLysiz) 4 (s)
u:ir,k+l (s) = i3 k41(8)[Rr + oLys]

T i (8) _ 1 (55)
up () Re+oLys

In the same manner, the following formulation can be obtained:

el 1

= 56
Won(s) Rt oL (56)
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The transfer function of the PI rotor current regulators can also be represented by the

following:
PI - d—currenterror
kKi\T. )
virar($) = (b + %) i () = 1000 &7
ki\ T, )
i )= (ko + ) [ ) = a1 @
PI q—currenterror

In Equations (55)—(58), the transfer function of both PI rotor current regulators is
similar, which can be derived as follows.

By dividing both sides of Equations (57) and (58) on i;ﬁlk 1 (s) and %Y

qr,k+1 (S ) , respec-

tively, we obtain

uzlir,k+1(s) _ (kPS + ki) i2r,k+1(s) 1 (59)
s (8) s et (8)
gy 1 (5) (kps + k1> ark+1(5) _q (60)
ra® U s ) |n®

Then, by substituting the voltage component {uiir,k “ (s)} from Equation (55) into
Equation (59), it results in the following:

Z'SU s k k
‘dr,k—&-l( )(R,+0Lrs) _ ( pS+ z)

Z'1>§;',k+1 (S) . 1]

G k1 (5) s i (5)
k S + k 1* S k S + k
R, +0L;s = P ! ,l:;’k_‘_l( ) _ZF !
§ T4 (5) s
kps +k; | i s kps + ki
p i 'Z;,k+1( ) =R, +0L,s+ KpS T Ki
s i k1 (5) s
in,k+1 (S) _ Rys + ULrSZ + kpS + k; . S
Fen ) ; b
ark1(8) _ kps + k; .
Bk (8)  oLys? + (Rr +kp)s +k;
In the same manner, we can obtain
i;?,kJrl (s) kps +k; @)

) "~ oLs?+ (R4 kp)s +k;

The denominator of both Equations (61) and (62) is considered as the characteristic
equation which controls the dynamics of the PI current regulators, and this equation
should have negative real roots to achieve system stability; then, the following must be
accomplished:

oLys* + (Ry +kp)s+k; =0 (63)

By dividing both sides of Equation (63) by (¢L,), we obtain

S

2 (Re+kp) ki
A 4 = 4
+ oL, s+ oL, 0 (64)
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Then, to calculate the parameters k, and k; of the PI rotor current regulators, we
must compare the terms of Equation (64) with that of the characteristic equation of the
second-order system, which is represented by

% + 2Dwys + w% =0 (65)

Finally, by comparing Equations (64) and (65), the parameters of the PI current regula-
tors can be calculated as follows:

kp =2DwyoL, — R, and k; = oLyw? (66)

where (D) is the damping factor and (wy,) is the natural frequency of the system.

After completing the design of the PI current regulators, the reference components of
the rotor voltage uj, ,  ; and ”:;r,k 41 can be obtained and then utilized by the cost function.
Figure 8 presents the scheme of the designed PVC, which starts with measuring the stator
voltage and stator current and then sampling these signals. As mentioned previously,
Taylor expansion is used to predict the actual components of the stator and rotor current,

as stated in Equations (35)-(38). The actual rotor current components i%,k 4 and if;r”k 4 are

1» which

*
qrk+
can be evaluated using Equations (39) and (40), respectively. After that, the errors of the

rotor current components are fed to the two designed PI current regulators to obtain the

active term components of the rotor voltage u(,ir,k 4 and ”;r,k 41, Which are then added to
S0

qrk+1
components of the rotor voltage ”;r,k 4 and u;r,k 41 as stated in Equations (53) and (54),

then compared with the reference d-q rotor current components i, ; and i

the compensation voltage components Aug’, ., and Au to obtain the reference d-q
respectively. As mentioned earlier, the actual components of the rotor voltage v,  ; and
u‘;’; 1 are directly obtained using the switching states of the inverter. Finally, the actual
and reference rotor voltage components are utilized by the cost function, which can be
expressed by

. i i
i |,* sV * sv
C = udr,k+1 - udr,kJrl ’ + ‘uqr,kJrl - uqr,k+1 (67)

In Equation (67), there is no need for a weighting factor, which leads to avoiding the
wrong selection, which may occur with MPDTC. Furthermore, it does not involve any
estimated variables that depend on the machine parameters as in MPCC and MPDTC. All
of these modifications make PVC more robust and more suitable to be utilized.
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U Co-ordinates u®i=0,..7
) ) de transformation
Prime mover HH . Delay 1 [Ror
& . Urk n llr,k+1 P R
s VSI [« E(—frame SV [€— |¢ »
¥ frame /\
Sampling [&7000 :: Wme k . j it Ome k ;Z_leme,k—; g A
& [ — J3) Qo - l"
. - ! < 2 Yolt
Holding : HFlux calculation 5 orage
| 5 > '; | selection
— Transformer > _
A T Tk sV [ipsv sv + Upkst
- rk|Tsk qs,k+1 7
Grid Fru\— )
—TT > Compensation (l)s]ip'kﬂ
- - voltage calculation |« d/dt ——f\—dD
» Eq.(53)& (54
v LY Y V¥ VsV > (& 59 > d/dt [ Oxg &
—rk I Prediction of d-q | ask+tl 4 | [ > )
Wy isv = = 05 X
usk | actual components |1dqr k+1 ) 9_’2 ,9,% sk-1 E
Wpek | of stator and rotor [jSV P = | | > Eq. | Memory
—) qrk+1 o 1 ¥ F 3| (34)
currents ﬁs k =y - P uSV
| , p{pLL}—> . Uirki1
— ] i y ' U v Y
Q;k +1_| Calculation of d-q drk+1 = Ugrk+1, /- | Pdrk+l ——— ki
—Ty ; \J + » Minimization of
> reference l* v 1 u* ¢ functi
Sk components kil A~ - Ugrk+1 A drk+l COSE un6c710n
Wsks1 | of rotor current "\ T\ 4 q. (67)

Figure 8. Proposed PVC technique for the DFIG.

4. Test Results

Tests were carried out using MATLAB simulation (Simulink) for the four control
techniques (SVOC, MPCC, MPDTC, and proposed PVC) under two different operating
conditions. In the first one, the active and reactive power reference values (Ps*  and Q;‘,k)
were kept constant and set to 50 kW and 0.0 var, respectively, while the DFIG was driven
by various wind-driven operating speeds (sub-synchronous = —30% of wyg, ,; synchronous
= wy,,; super-synchronous = +30% ofwy,, ), as shown in Figure 9. The DFIG was driven
by different operating speeds to ensure the control’s ability to maintain the desired power
ratings regardless of the speed variations. Meanwhile, in the second condition, the reference
power was initially set to 25 kW and then changed to 50 kW while maintaining the reactive
power at 0.0 var. Regarding the wind-driven speed, it was kept constant and set to a

synchronous speed (wﬁsrk =314 rad/ s) . The parameters of DFIG are presented in Table A1

in Appendix A.
s
£ 2wl ‘
e = 400" Sub-synchronous Super-synchronous
- = operatim — — operation
- R -0%below  e==4 " +30% above synchronous
= 3001 synchronous speed
E g speed Synchronous
= operation
~ R e ‘
= 0 1 2., 3 5
Time (5)

Figure 9. Prime mover operating speeds (rad/s).
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4.1. Testing with SVOC Technique

The DFIG’s performance was tested with the SVOC technique for two different oper-
ating regimes: the first under speed variation as shown in Figure 9 and the other under
a fixed speed of 314 rad/s. The results obtained for both conditions, which are shown
in Figures 10-15 for the variable speed and constant active power and in Figures 16-20
for the fixed speed and variable active power profile, demonstrate that the active power,
reactive power, developed torque, and rotor flux smoothly follow their reference values.
In addition, the stator and rotor currents track the power change as shown in Figures 21
and 22. It can be concluded that the SVOC is ripple-free, and the estimated values of the
powers, torque, and rotor flux are tracking their references in a good manner. The main
shortages are the control system complexity and the delayed dynamic response caused by
the current regulators.

4
1 x10
g 10 ‘ —Estimated
™) —Reference
~ A L -
> 2
> d
2 < [T
< 0 1 2 3 4 5

Time (5)

Figure 10. Active power under SVOC (Watt).

x10°

—Estimated
\—Reference

o W

Reactive power
(Var)

Figure 11. Reactive power under SVOC (var).

800 —Estimated

~600 —Refcrcnch

E

40 r r

200 ' ' .
0 1 2 3 4 B

Time (5)

Torque

Figure 12. Developed torque under SVOC (Nm).
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Figure 13. Rotor flux under SVOC (Vs).
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Figure 14. Stator currents under SVOC (A).
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Figure 15. Rotor currents under SVOC (A).
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Figure 19.
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Figure 17. Active power under SVOC (Watt).
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Figure 18. Reactive power under SVOC (var).
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Figure 21. Stator currents under SVOC (A).
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Figure 22. Rotor currents under SVOC (A).

4.2. Testing with MPCC Technique

The DFIG’s performance was tested with the MPCC technique for the same operating
conditions presented in Section 4.1. The results are shown in Figures 23-29 for variable
speed operation and in Figures 30-36 for fixed speed operation. The captured results
indicate that the actual values of the active and reactive powers, torque, and rotor flux
follow their references with a dynamic response faster than that of the SVOC principle;
however, its ripples are remarkable in comparison with the SVOC technique.

2 5 ‘

° % 4007 Sub-synchronous Super-synchronous

- & [ operation — operation

- = S0%below  c==J  +30% above synchronous

e = 300 synchronous speed

o ¥ speed Synchronous

: %200 » - \ operation |

_ 0 1 2. 3 5
Time (5)

Figure 23. Prime mover operating speeds (rad/s).

x10°

Active power
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—Reference

2 3 4
Time (s)

tn

Figure 24. Active power under MPCC (Watt).
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Figure 25. Reactive power under MPCC (var).
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Figure 26. Developed torque under MPCC (Nm).
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Figure 27. Rotor flux under MPCC (Vs).
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Figure 28. Stator currents under MPCC (A).
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Figure 29. Rotor currents under MPCC (A).
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Figure 30. Prime mover operating speed (rad/s).
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Figure 31. Active power under MPCC (Watt).
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Figure 32. Reactive power under MPCC (var).
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Figure 33. Developed torque under MPCC (Nm).
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Figure 34. Rotor flux under MPCC (Vs).
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Figure 35. Stator currents under MPCC (A).
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Figure 36. Rotor currents under MPCC (A).
4.3. Testing with MPDTC Technique

The DFIG’s performance was tested with the MPDTC technique, and the results for
both operating conditions are respectively shown in Figures 37-50, which illustrate that the
actual values of the powers, torque, and rotor flux follow their references with a dynamic
response faster than that of the MPCC and SVOC principles, but unfortunately, it has more

ripples than the MPCC and SVOC techniques.
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Figure 38. Active power under MPDTC (Watt).
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Figure 39. Reactive power under MPDTC (var).
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Figure 40. Torque under MPDTC (Nm).
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Figure 41. Rotor flux under MPDTC (Vs).
7 /] T
= 40 '"" ‘x\ —Ias
o x x i % X x —Ibs
S Ics
~200
3 < L 245 25
S
S "
% 200[ L e e
0 1 ) 3 5
Tlme ()
Figure 42. Stator currents under MPDTC (A).
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Figure 46. Reactive power under MPDTC (var).
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Figure 48. Rotor flux under MPDTC (Vs).
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Figure 49. Stator currents under MPDTC (A).
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Figure 50. Rotor currents under MPDTC (A).

4.4. Testing with Proposed PVC

The DFIG’s performance was tested with the proposed PVC technique, and the results
are shown in Figures 51-57 for the variable speed operation and Figures 58-64 for the
fixed speed operation. These results prove and confirm that the proposed PVC control
system has successfully achieved its targets, as the actual estimated values of the powers,
torque, and rotor flux follow their references with high precision in the two conditions.
Furthermore, the ripples’ content is effectively suppressed compared to the values under
MPDTC and MPCC. In addition, the dynamic response of PVC is the fastest in comparison
with that of the MPDTC, MPCC, and SVOC techniques.

: % | ‘ ‘

0 = 4007 Sub-synchronous Super-synchronous
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Figure 51. Prime mover operating speeds (rad/s).
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Figure 52. Active power under PVC (Watt).
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Figure 53. Reactive power under PVC (var).
1500 — Estimated
—Reference

Time (5)

Figure 54. Developed torque under PVC (Nm).
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Figure 55. Rotor flux under PVC (Vs).
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Figure 59. Active power under PVC (Watt).
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Figure 62. Rotor flux under PVC (Vs).
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Figure 63. Stator currents under PVC (A).
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Figure 64. Rotor currents under PVC (A).

4.5. Testing under Proposed PV C with Parameter Variation

In this section, a robustness test for the proposed PVC and another control scheme
recently introduced in [55-58] which adopts a similar operation mechanism is introduced.
The purpose of this is to visualize the superiority of the proposed PVC in terms of system
robustness.

4.5.1. Testing under Proposed PVC with 20% Variation of R

In order to visualize the performance of the designed PVC under parameter mismatch,
the following tests were performed. For the variable speed operation shown in Figure 65, a
mismatch in stator resistance of 20% was applied at time t = 4 s (Figure 66). The obtained
results reveal that the designed PVC succeeded in maintaining the proper operation under
the resistance variation. This was confirmed by the maintained actual values of active
and reactive powers, torque and rotor flux (Figures 67-70) for variable speed operation.
The same robust behavior is also maintained for fixed speed operation (Figure 71) under a
resistance variation of 20% applied at time t = 2.5 s (Figure 72). The obtained results for
active and reactive powers (Figures 73 and 74) and for torque, and rotor flux (Figures 75
and 76) are confirming the robust dynamic behavior of the DFIG.
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Figure 65. Prime mover operating speeds (rad/s).
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Figure 66. Variation of R (Q2).
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Figure 68. Reactive power under PVC (var).
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Figure 69. Developed torque under PVC (Nm).
1.5
o
: - ———=
= -~
i § 1 ]
g ~ —Without variation
&~ —With variation
0.5 . ‘ —Reference
0 1 2 3 4 S

Time (s)

Figure 70. Rotor flux under PVC (Vs).
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Figure 71. Prime mover operating speeds (rad/s).

a 0.09 x ‘ : .
St L
S 0.085
E gos
= N’
= 0.075 - 1
z
> 0.07 : : 1 1
0 2 3 5
Time (s)
Figure 72. Variation of Rs (Q2).
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Figure 73. Active power under PVC (Watt).
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Figure 74. Reactive power under PVC (var).



Processes 2022, 10, 456

34 0f 70

1500 [} T T T
—Without variation
500 —With variation
1000 - —Reference

Torque
(Nm)

Figure 75. Developed torque under PVC (Nm).
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Figure 76. Rotor flux under PVC (Vs).

4.5.2. Testing under Proposed PVC with 20% Variation of R,

The second parameter variation was made with the rotor resistance value with an
increase of 20%. The values of active and reactive powers, torque and rotor flux for variable
wind speed shown in Figure 77 with Rs variation (Figure 78) are presented in Figures 79—
82, respectively. Similarly, for the fixed speed operation (Figure 83) with Ry variation
(Figure 84), the results are illustrated for the same variables in Figures 85-88, respectively.
The obtained results present an adequate performance under the resistance variation, which
again confirms the robustness of the designed PVC scheme.
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Figure 77. Prime mover operating speeds (rad/s).
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Figure 79. Active power under PVC (Watt).
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Figure 80. Reactive power under PVC (var).
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Figure 81. Developed torque under PVC (Nm).



Processes 2022, 10, 456

36 of 70

l .5 T T T
w4
é »a — e
S > 1 ]
§ -~ — Without variation
=7 —With variation
0.5 —Reference
0 1 2 3 4 5
Time (s)
Figure 82. Rotor flux under PVC (Vs).
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Figure 85. Active power under PVC (Watt).
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Figure 86. Reactive power under PVC (var).
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Figure 87. Developed torque under PVC (Nm).
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Figure 88. Rotor flux under PVC (Vs).

4.5.3. Testing under Proposed PVC with 15% Variation of Ly

The performance of the DFIG under PVC was also tested for the variable speed
operation (Figure 89) while considering a mismatch of 15% in the stator inductance (L)
value (Figure 90). The obtained results for the active and reactive powers, torque and rotor
flux are presented in Figures 91-94. A similar test is applied under the fixed speed operation
(Figure 95) with a L variation (Figure 96), and the results are presented in Figures 97-100,
respectively. The obtained results reveal that the DFIG maintains an appropriate operation
even under the inductance variation.
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Figure 91. Active power under PVC (Watt).
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Figure 92. Reactive power under PVC (var).
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Figure 93. Developed torque under PVC (Nm).
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Figure 94. Rotor flux under PVC (Vs).
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Figure 95. Prime mover operating speeds (rad/s).
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Figure 96. Variation of Ls (H).
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Figure 97. Active power under PVC (Watt).
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Figure 98. Reactive power under PVC (var).
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Figure 99. Developed torque under PVC (Nm).
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Figure 100. Rotor flux under PVC (Vs).

4.5.4. Testing under Proposed PVC with 15% Variation of L,

The performance of the DFIG under PVC was also tested for the variable speed
operation (Figure 101) while considering a mismatch of 15% in the stator inductance (L;)
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value (Figure 102). The obtained results for the active and reactive powers, torque and
rotor flux are presented in Figures 103-106. A similar test is applied under the fixed speed
operation (Figure 107) with a L, variation (Figure 108), and the results are presented in
Figures 109-112, respectively. The captured figures confirm the ability of the designed PVC
to keep the actual values within their predefined references.
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Figure 101. Prime mover operating speeds (rad/s).
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Figure 102. Variation of L, (H).
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Figure 103. Active power under PVC (Watt).
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Figure 104. Reactive power under PVC (var).
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Figure 106. Rotor flux under PVC (Vs).
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Figure 108. Variation of L, (H).
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Figure 110. Reactive power under PVC (var).
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Figure 111. Developed torque under PVC (Nm).
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Figure 112. Rotor flux under PVC (Vs).

4.5.5. Testing under Proposed PVC with 15% Variation of Ly,

The last performance test of the DFIG for the variable speed operation (Figure 113)
while considering a mismatch of 15% in the magnetizing inductance (L) value (Figure 114).
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The obtained results for the active and reactive powers, torque and rotor flux are presented
in Figures 115-118. A similar test is applied under the fixed speed operation (Figure 119)
with a Ly, variation (Figure 120), and the results are presented in Figures 121-124, respec-
tively. The results reveal that the actual variables still stayed within their relevant reference
ranges, which validates the effectiveness of the designed PVC.

Figure 113. Prime mover operating speeds (rad/s).
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Figure 114. Variation of Ly, (H).
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Figure 115. Active power under PVC (Watt).
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Figure 116. Reactive power under PVC (var).
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Figure 117. Developed torque under PVC (Nm).
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Figure 120. Variation of Ly, (H).
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Figure 121. Active power under PVC (Watt).
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Figure 122. Reactive power under PVC (var).
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Figure 123. Developed torque under PVC (Nm).
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Figure 124. Rotor flux under PVC (Vs).

4.6. Testing Using Deadbeat Based Predictive Control (DBPC) Scheme with Parameter Variation
4.6.1. Testing the DBPC Scheme with 20% Variation of R¢

In order to visualize the performance of the DFIG under the PVC technique, which
uses the deadbeat principle [55-58] for generating the reference voltages under param-
eter mismatch, the following tests were performed. Section 4.6.1 presents the dynamic
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performance of the DFIG for variable speed operation (Figure 125) when a mismatch in
stator resistance of 20% was applied at time t = 4 s (Figure 126). The obtained results reveal
that this scheme of PVC failed in maintaining the proper operation under the resistance
variation. This fact can be confirmed by following up the deviation of the actual values of
active and reactive powers, torque and rotor flux (Figures 127-130, respectively). A similar
test under fixed speed operation (Figure 131) is applied with a resistance variation at time
t =2.5 s (Figure 132). The obtained results in Figures 133-136 reveal the obvious deviation
of the actual values from their references. As a result, it is confirmed that the validity and
robustness of our designed PVC against parameter change compared with this scheme is

ensured.
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Figure 125. Prime mover operating speeds (rad/s).
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Figure 127. Active power under PVC (Watt).
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Figure 128. Reactive power under PVC (var).
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Figure 131. Prime mover operating speeds (rad/s).
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Figure 134. Reactive power under PVC (var).
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Figure 135. Developed torque under PVC (Nm).
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Figure 136. Rotor flux under PVC (Vs).

4.6.2. Testing the DBPC Scheme with 20% Variation of R,

The dynamic performance of the DFIG for variable speed operation (Figure 137) when
a mismatch in rotor resistance of 20% was applied (Figure 138). The obtained results reveal
that DBPC scheme failed in maintaining the proper operation under the resistance variation.
This fact can be confirmed by following up the deviation of the actual values of active and
reactive powers, torque and rotor flux (Figures 139-142, respectively). A similar test under
fixed speed operation (Figure 143) is applied with a resistance variation at time t =2.5 s
(Figure 144). The obtained results in Figures 145-148 reveal the obvious deviation of the
actual values from their references.
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Figure 137. Prime mover operating speeds (rad/s).
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Figure 138. Variation of R, ().
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Figure 139. Active power under PVC (Watt).

4

. 15 x10 . -
g — Without variation
o 10 —With variation
e —Reference
SR
2 p
B e
® 0 N —
[}
- 5

0 5

2 3
Time (s)

Figure 140. Reactive power under PVC (var).

1500

—Without variation 5,
—With variation 400
300

g A0 —Reference
£ 7
A
0
0 2 3 5
Time (s)
Figure 141. Developed torque under PVC (Nm).
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Figure 142. Rotor flux under PVC (Vs).
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Figure 145. Active power under PVC (Watt).
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Figure 146. Reactive power under PVC (var).
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Figure 147. Developed torque under PVC (Nm).
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Figure 148. Rotor flux under PVC (Vs).

4.6.3. Testing the DBPC Scheme with 15% Variation of Ly

The performance of the DFIG under the DBPC scheme was also tested while consider-
ing a mismatch of 15% in the stator inductance (L) value. For the variable speed operation
(Figure 149) when a mismatch in L of 15% was applied (Figure 150). The obtained results
reveal that DBPC scheme failed in maintaining the proper operation under the inductance
variation. This fact can be confirmed by following up the deviation of the actual values of
active and reactive powers, torque and rotor flux (Figures 151-154, respectively). A similar
test under fixed speed operation (Figure 155) is applied with an inductance variation at
time t = 2.5 s (Figure 156). The test results in Figures 157-160 prove the effectiveness
and robustness of our designed PVC against parameter change compared with the DBPC

scheme.
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Figure 149. Prime mover operating speeds (rad/s).
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Figure 151. Active power under PVC (Watt).
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Figure 152. Reactive power under PVC (var).
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Figure 153. Developed torque under PVC (Nm).
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Figure 154. Rotor flux under PVC (Vs).
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Figure 156. Variation of Ls (H).
x10°

Active power
(Watt)

x10*
5 m
4
26 TR )

—Without variation
——With variation
—Reference

2 3
Time (s)

Figure 157. Active power under PVC (Watt).
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Figure 160. Rotor flux under PVC (Vs).

4.6.4. Testing the DBPC Scheme with 15% Variation of L,

For the variable speed operation (Figure 161), a mismatch in L; of 15% was applied
(Figure 162). The obtained results reveal that DBPC scheme failed in maintaining the proper
operation under the inductance variation. This fact is illustrated via checking the deviation
of the actual values of active and reactive powers, torque and rotor flux (Figures 163-166,
respectively). A similar test under fixed speed operation (Figure 167) is applied with a L,
variation at time t = 2.5 s (Figure 168). The results in Figures 169172 reveal the deficiency
of the DBPC in handling the system uncertainties.
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Figure 172. Rotor flux under PVC (Vs).

4.6.5. Testing the DBPC Scheme with 15% Variation of Ly,

The last performance test of the DFIG for the variable speed operation (Figure 173)
while considering a mismatch of 15% in the magnetizing inductance (Ly,) value (Figure 174).
The obtained results for the active and reactive powers, torque and rotor flux are presented
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in Figures 175-178. A similar test is applied under the fixed speed operation (Figure 179)
with a Ly, variation (Figure 180), and the results are presented in Figures 181-184, respec-
tively. The results reveal that the actual variables are still deviated from their relevant
reference ranges under the mutual inductance variation, which validates the robustness
and superiority of our proposed PVC.
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Figure 173. Prime mover operating speeds (rad/s).
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Figure 174. Variation of Ly, (H).
2 x10°
—Without variation e '
—With variation 5
—Reference 4

Active power
(Watt)

2 3
Time (s)

Figure 175. Active power under PVC (Watt).
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Figure 176. Reactive power under PVC (var).
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Figure 184. Rotor flux under PVC (Vs).

4.7. Comparison Study

Finally, a comparison was performed to study the dynamic performance of the DFIG
under the four control techniques to enable the selection of the most appropriate technique
to be used with the DFIG. The control effectiveness was measured in terms of ripples
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content, dynamic response time, and computational burden. The results are shown in
Figures 185-189, which outline the active power, reactive power, developed torque, and
rotor flux magnitude for the variable speed operation, and illustrated in Figures 190-194
the fixed speed operation, respectively. Table 1 introduces a comparison of the response
time for each technique to clarify, with the aid of the results, which technique has a shorter
response time and consequently possesses the fastest dynamic response. As noted in
Table 1, the actual values under the proposed PVC technique show a shorter response time
in comparison with the other control approaches, as the controlled variables in PVC are
the voltage vectors, which are the nearest electrical value applied to the machine windings.
Table 2 presents a comparison of the ripples content in the four principles and proves, with
the help of the results, that the ripples content of the PVC technique is lower than that
of the MPCC approach. It can thus be concluded that the proposed PVC technique is the
most appropriate control scheme to be used with the DFIG for the following reasons: it
achieves system simplicity; its dynamic response is the fastest compared to that of the
MPCC, MPDTC, and SVOC principles; and its ripples content is lower than that of the
MPCC and MPDTC approaches.
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Figure 185. Prime mover operating speeds (rad/s).
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Figure 187. Comparison between reactive powers of four techniques (var).
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Figure 191. Comparison between active powers of four techniques (Watt).
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Figure 194. Comparison between rotor fluxes of four techniques (Vs).

The computation time for predictive control schemes is a critical issue, as it is known
that model predictive controllers are time-consuming. For this reason, a comparison
was also made between the three presented predictive controllers (MPDTC, MPCC, and
designed PVC) in terms of number of performed commutations during the code execution.
As we know, the switching states of the inverter switches are changed as the voltage index
(i) is varied, so we could identify the number of commutations using the voltage index as
follows. In the beginning, for each of the three inverter legs (a, b, and c), we calculated
the binary variance between each logical state and its previous one; then, we took the
summation of the different resultant terms. Finally, we could easily estimate the number of
performed commutations in each predictive control technique and performed a comparison
between them, as illustrated in Table 3. From these analytics, it was revealed that the
designed PVC has the lowest number of performed commutations and thus has a shorter
computation time compared with the MPDTC and MPCC approaches, which reduces the
switching losses of the inverter. The used embedded code for calculating the number of
performed commutations is presented in Figure 195.
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S_a=5_a_old;
S5 b=5_b_old;
5 ¢=5 c_old;
i_oldl=i_old:

i-=1i oldl;
i
1(5 a=0; 5 b=0; 5 c=0)
I
v
8(5 a=1;S8 b=1:58 c=1)

abs (5 _a-5 a old)+ abs (S b
5 b _old)+abs (S_c-5 ¢ _old);

i oldl=i;

i oldl=i;

5 a=S_a old;

5 b=5 b old:

5 ¢=5 ¢ old;
=abs(S_a-5_a_old)+abs(5_b-

S b _old)+abs(S_c-5 ¢ _old):

Figure 195. Embedded code for calculating the number of commutations for predictive controllers.

Table 1. Response time taken by the actual values to reach to their references values in 2nd condition

Technique 'I:ime Taken by. Time Taken .by Time Taken by Rotor
Active Power Profile Torque Profile Flux Profile
SvOoC 0.55 ms 0.65 ms 6.5 ms
MPCC 0.16065 ms 0.156 ms 24 ms
MPDTC 0.1604 ms 0.151 ms 0.14 ms
PVC 0.14 ms 0.135 ms 0.057 ms
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Table 2. Ripples content of the actual values above their references values.

Ripples of Ripples of Ripples of Developed Ripples of
Active Power (Watt) Reactive Power (var) Torque (Nm) Rotor Flux (Vs)
Technique

Case Case Case Case Case Case Case Case

1 2 1 2 1 2 1 2
SvOC 740 670 274 281 9.2 9.9 0.012 0.013
MPCC 7040 7580 7865 7673 171.1 183.4 0.023 0.02
MPDTC 7890 8140 10080 9846 193.3 185 0.024 0.022
PVC 2980 3070 4043 3804 85 104.1 0.016 0.014

Table 3. Comparison in terms of performed commutations by the predictive controllers.

Technique Variable Speed Operation Fixed Speed Operation
MPCC 8830 3732
MPDTC 8588 2461
PVC 7057 1409

5. Conclusions

The paper has presented a comprehensive dynamic performance analysis for a doubly
fed induction generator using different control algorithms under different operating speeds.
The control algorithms used are stator voltage-oriented control (SVOC), model predictive
current control (MPCC), and model predictive direct torque control (MPDTC) as classic
types and a newly formulated predictive voltage control (PVC) approach as an enhanced
type. Compared with the classic predictive controllers, the cost function of the formulated
PVC is very simple as it does not contain a weighting factor, in addition to not containing
any variables that need to be estimated. This leads to limiting the ripples and minimizing
the computation time under PVC. The finite control set (FCS) is used with the designed PVC
to select the optimal voltages from a specified set of vectors, which leads to stopping the use
of a PWM, thus making the system configuration simpler. The comparison results between
the four controllers revealed that the proposed PVC approach succeeded in attaining
the control targets and obviating the defects faced by the other control approaches. The
designed PVC system improves the dynamic performance of the DFIG through presenting
the fastest dynamic response, reducing the ripples content, and minimizing the number of
commutations, which results in reducing the computation time. The designed PVC scheme
also has a confirmed high robustness against parameter mismatch, which was illustrated
through performing extensive performance evaluation tests.
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Appendix A

Table A1. DFIG and control system parameters.

Parameters Value Parameters Value
Rated power 55 kW Pole pairs (p) 3
R, 70 mO) Usn (nominal stator 380V
voltage)
R, 87 mQ Kp and 3 and 100
Kj (rotor current regulators)
Ls 16.25 mH Operating frequency 50 Hz
Lr 16.3 mH Inertia of the DFIG 0.1 kg-m?
Lm 16 mH Sampling time 107*s
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