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The paper aims at introducing an efficient control algorithm which enhances the dynamic
performance of a standalone doubly fed induction generator (DFIG) operating at variable speeds. To
illustrate the effectiveness of the proposed controller, the performance of the DFIG is also evaluated
using other control strategies. The control approaches which are used for the comparison purpose
are the stator voltage-oriented control (SVOC) and the model predictive direct torque control
(MPDTC). At first, the performance of the DFIG under each control technique is analyzed in
details, showing the principle of operation of each strategy; then, a comprehensive dynamic
performance comparison is performed among the three controllers; through which the merits and
defects of each technique are clarified. The results confirm the validation and superiority of the
proposed predictive voltage control (PVC) strategy over the other control techniques. This is
illustrated through the faster dynamics, the simplicity, the reduced computational efforts and
reduced ripples content. Moreover, the numerical results are showing a reduction in the total
harmonic distortion (THD) with a percentage of 1.72% compared to MPDTC, and also showing a
faster dynamic response in the power and torque profiles with percentage of 0.98% and 0.7%

compared to SVOC; and with percentage of 0.1% and 0.52% compared to MPDTC, respectively.

1. Introduction

As the availability of the non-renewable energy resources is
decreasing day by day, there is a severe need for finding new
control approaches which can extract maximum power from
renewable energy resources, such as wind, solar, hydropower,
biomass and geothermal energies [1]. Doubly fed Induction
Generators (DFIGs) have been widely utilized with renewable
energy sources especially wind energy, which known as wind
energy conversion system (WECS) [2]. There are two categories
of wind turbines which used in WECS: fixed speed wind
turbines and variable speed wind turbines [3]. In fixed speed
wind turbines, synchronous generator can be used where the
speed control can be performed with the aid of gear ratio of the
gear box in between the turbine and the generator’s shaft; but
this type has a substantial defect: the mechanical losses are very
high which leads to reducing the efficiency of the energy
conversion process [4, 5]. On the other hand, variable speed
wind turbines use DFIG with back to back converter in between
stator and rotor windings which eliminates the need to gear ratio
control [6].

The ability of the DFIG to generate constant output voltages
with constant frequency during variable wind speeds, is
considered as the main motive to be used with wind turbines [7].
In addition, the DFIG can be either controlled from the rotor side
or the stator side, which makes its control simple and flexible [8,
9]. Usually, the DFIG is controlled from the rotor side to be able
to minimize the power rating of the power electronic switches
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used in the converters, as the rating is selected based on the slip
power instead of the stator power, this leads to minimizing the
cost and losses of the used converters [10].

The designers' efforts are still directed towards developing
control methods and finding the best method capable of
achieving optimal dynamic performance for the DFIG [11, 12].
The vector orientation control (VOC) is adopted in [13, 14],
which has managed to minimize the ripples’ content and
enhance the response of the torque, on the other hand the VOC
still suffers from its dependence on the model parameters and
requiring coordinate transformations [15]. Furthermore, the
system is complex and suffers from a delay in its dynamic
response as it uses Pl regulators [16]. In [17, 18], the direct
torque control (DTC) approach is utilized, which utilizes
hysteresis torque and rotor flux comparator instead of PI
regulators, thus, it has succeeded in overcoming the VOC’s
complexity and getting a fast-dynamic response [19]. Finally,
the predictive control (PC) strategy came to overcoming the
defects which face the VOC and DTC [20]. It utilizes a cost
function instead of the current control loops and Pl regulators
which are used in VOC and the hysteresis comparators which
are adopted by DTC [21]. The PC managed to getting a fast-
dynamic response, reducing the complexity and minimizing the
ripples’ content [22].

The contributions of the presented study can be summarized
as follows:
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The article introduces a detailed design for an efficient
PVC scheme which succeeded in avoiding the defects
of the previous control techniques.

The article provides a comprehensive dynamic
performance analysis for the DFIG with the proposed
PVC approach and the other control strategies under
different operating speeds; also, the operating principle
of each strategy is clarified in details.

The present article is arranged as following: At first, the
mathematical model of the DFIG is introduced, then, the base
principle of the adopted controllers and the performance of the
DFIG with each controller are described. Subsequently, the test
results are presented for each strategy with related analysis, and
finally, the conclusions are summarized.

2. Mathematical Model of DFIG

As shown in Figure 1, the model of the DFIG is
constructed. As the SVOC is adopted here, so, all variables
are expressed in a frame which revolves with a speed
analogous to the stator voltage vector’s speed (wﬁs'k).
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Figure 1: Equivalent circuit of DFIG
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The state variables of Figure 1, are represented in
discrete form at instant KTy; where T,is the sampling time;
the dynamics of the DFIG can be represented by the
following equations:
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The d-q components of the stator flux linkage can be obtained
using equations (1) and (2), while the rotor current d-q
components can be evaluated using equations (3) and (4).

The stator and rotor flux linkages can be expressed in the d-q
axes as following:

Wask = Lsiggr + Lmiark ()
ask = Lsigs e + Linigix (6)
Yark = Lrigre + Linigek (7)
ark = Lrigrx + Lmigek (8)
The mechanical equation of the DFIG can be formulated as:
% = (Tmee = Ta) ©)

The torque developed by the DFIG can be represented as follows:

Taje = 1.5P Lo (310580 — 5715 (10)
The superscript "' denotes that all variables are represented in
the stator voltage frame which revolves with the synchronous
angular speed (wﬁs); Wme and wg;, refer to the rotor angular
speed and slip speed, respectively. The parameters R, R, are
referring to the stator and rotor resistances; meanwhile
Ls, L., Ly and L, are the stator, rotor, mutual and transient
inductances respectively. p, J, and T,,, denote the number of
pole pairs, moment of inertia and applied mechanical torque
respectively.

3. Control Techniques of DFIG

3.1. SVOC Technique

The SVOC approach is introduced clearly in [10, 23]. The
reference frames are shown in Figure 2, in which the stator
voltage vector i, is oriented with the d-axis of the synchronous
frame.
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Figure 2: Reference frames

Thus, under SVOC, we can conclude that:

Uger = |ﬁj‘§{| and Uger =0 (11)
sv sv Uk
Yisk = 0.0 and gk X T (12)

Dug

So, the stator current components can be expressed in terms
of rotor current components as follows:

SV Lm SV
lisk = I Lirk
s
sv
ds,k

sv
v = ask (L_m) T (L_m) v u
qs,k LS LS qr.k Ls qr.k w LS

ﬁs,k

(13)

(14)

As stated in [10], the rotor voltage balance equations can be
represented as
follows:

u&r’k = Active Term

iS‘U
. dr,k
N4 N4 2
Ugrk = Rylgry + 0Ly

dt

AU = Compensation Term

(15)

P G XL
slip,k L qs,k riqr.k
S

u;r’k = Active Term

disv
sV _ SV ar.k
Ugrk = erqr,k + oL, dr

Augy y = compensation term

—_—
+ We1ip kTLyigy 1 (16)

The schematic diagram of the SVOC is shown in Figure 3, in
which the reference rotor current components are obtained using
the errors of the load active power and load voltage with the aid
of two PI regulators to provide the required load power and
maintain a constant load voltage all time which is considered as
an important requirement for standalone systems. Also, it’s
necessary to keep the frequency of the load voltage constant, so,
the reference frequency is utilized to calculate the synchronous
angular speed (wz, ) and the stator voltage angle (6y,).
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Figure 3: Scheme of SVOC strategy

3.2. MPDTC Technique

The MPDTC strategy is presented in a detailed manner in [10,
19]. The adopted cost function can be formulated as:

(17)

. ; _ _ i
C'=1Toks1 — Te,k+1|l + wy ||W:,k+1| - |lprs,11]<+1||

Where the sectors (0, ...., 7) are denoted by the superscript !

As noted, equation (17) contains variables which depends in
its evaluation on the machine parameters which can be affected
by the operating conditions, also, it requires a weighting factor
(wf) . Furthermore, the torque and rotor flux values are
evaluated and predicted to be utilized in the cost function, which
leads to increase the computational burden.

The scheme of the MPDTC is introduced in Figure 4. As
mentioned previously, the stator voltage angle (Gﬁs) is obtained
using the reference frequency, then (@ ) can be calculated
using the following formulation:

0n.,—0u
-0 us = s
Ogjers = Ongy + ( AT )Ts

Usk+1

(18)

The rotor position (Opme,x+1) can be evaluated as follows:

eme,k_‘gme,k—l) T
N

9me,k+1 = Qme,k + ( AT (19)

The actual predicted components of the rotor current can be
found utilizing Taylor expansion as following:

i .

+ SV — SV T,

larksr = lare + ( ” )Ts (20)
dai>?

SV T qr.k

s = G50+ (2, 1)

The derivative components of the rotor current can be
calculated using equations (3) and (4). The stator current
predicted components ig; ., and igs .., can be evaluated in the
same manner. The actual predicted value of the torque can be
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calculated utilizing equation (10), while the rotor flux can be The air-gap energy (E,,,) and its derivative (dEZ.;tm) can be

evaluated as following: formulated as:

__ 2
Pl = i) + (#2) @)
Exy1 = 1.5p—— (lpd k1 Par e
The reference components of the stator current can be oL L S, T,
evaluatecf using equations (13) and (14), then the reference YT Y ;]k+1) (27)
torque T, ., can be calculated as follows:
dEe k+1 _
* . % .k -k .k S
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The cost function adopted in the proposed PVC approach is

expressed by: Equation (24) can be reformulated as:

. . i ATe k41 L
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. . , e, +1
very simple, as its components doesn’t d'eper'ld on the model it —K'ul = KiTe 1 — K,
parameters, moreover, it doesn’t need a weighting scale because
it consists of two analogous terms, which are the differences K KT 3 ATy j41 3
between the reference and predicted values of the rotor voltage. Uarje = ~F1lek+1 dt 2
The predicted components of the rotor voltage (u$%.,.,) and
. . . ’ sv K, 1 dTe,k+1
(ug¥)41) are obtained utilizing the switching states of the Uarje = ~ e lek+1 ~ 17 g¢
voltage source inverter (VSI), while the reference rotor voltage Ul a1 = Active term
components (uj; .+1) and (u}, ,+,) can be calculated using the K, 21
errors of the torque and air-gap energy with the aid of two PI - E G
regulators, which are designed as following: AuSy, 4, = Compensation term
As mentioned in [19], the torque derivative (T,;4,) can be o __K _ 1dTe s (32)
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dE
1.2kus oy = 2;‘“ + 1.44K, — 2.88K;
) 1 dEe k+1
Yarkt = 0k dt
qr,k_+1 = Active term
+ 125545 (33)
Tk Tk
Auqr k+1 = Compensation term
’ 1 dEe,k+1
Ugrk+1 = — 1.2k dt (34)

By applying Laplace transform to equations (32) and (34),
assuming the initial torque and air gap energy to be zero.

K,
udr,k+1(s) = “x Ter+1(s) — i’ [STe k+1(8) — ek+1(0)]
_Kl —S

udrk+1(5) ek+1(s)< K’ )

T, s K, —s

,e,k+1( ) — ( 1 : ) (35)
Ugr 41 (S) K

In the same manner, we can obtain: M = 12k (36)
uqr,k+1(s)

The transfer functions of the of the PI regulators can be
expressed as:

d—current error

(kp + %) [ Tors1(s) — ek+1(5)]

qr k+1(s) (kp + %) [E;,k+1(5) - Ee,k+1(5)]

q—current error

Ugr k+1(S) = (37)

(38)

By dividing both sides of equations (37) and (38) on T ;.1 (s)
and E, ;. (s), respectively, it results:

u:ir,k+1(5) _ (k pS T k; ) [ ek+1(5) 1] (39)
Te,k+1(s) S e,k+1(5)
u&r,k+1(5) _ (kpS + ki) [E;,k+1(s) _ 1] (40)
Ee,k+1(5) S Ee,k+1(s)
By substituting the term {u},. .,(s)} from (35) into (39), we can
obtain:
Tek+1(5) (5 + K1) _ (k pS + ki ) [ Tox+1(5) 1]
Te,k+1(s) —-K’ S e,k+1(5)
s+K1_(ks+k)[ek+1(s) k,s +k;
K’ s MNom®] ™ s
k,s +k; [ k+1(s)] kys+k; s+K;
S e,k+1(5) S K'
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Tors1(s)  (K'kys + K'ki—s®> — Kys s
= *
Te+1(5) K's kys + k;
ok+1(8)  K'kps + K'ki—s?* — Kis
Teie1(s)  K'kps+K'k;
Tek+1(s) _ K'kps+K'k;
Tg k+1(5) T —s2+(K'kp—K1)s+K'k; (41)
In the same manner, we get:
Eerrn(s)  12(kkys +k;) “2)
E;yi1(s)  —s?+ 1.2kky,s + 1.2kk;

The denominator of both (41) and (42) controls the dynamics of
the PI controllers, so it is known as the characteristic equation,
its roots must be negative and real to make the system stable,
then the following must be achieved:

—s?+ (K'k,—Ky)s+K'k; =0 (43)
By multiplying (41) by (—1), we obtain:
s+ (K,—K'ky)s —K'k; = 0 (44)

For second order system, the characteristic equation is expressed
by:

s?4+2Dw,s + wZ =0 (45)

Lastly, to evaluate the parameters k, and k; of the Pl torque
regulator, we must perform a comparison between the terms of
(44) and (45), which results in:

K1—-2Dwy,

= and

k, = (46)
By performing the same previous steps for the denominator of
(42), we can find the parameters k, and k; of the PI air-gap

energy regulator, as follows:

—2Dwp

ko= — 2R
1.2K t

ky, = and oK 47
Where (w,,) is the natural frequency of the system and (D) is the

damping factor.

Figure 5, presents a schematic diagram for the proposed PVC
approach, in which the actual rotor current components can be
predicted utilizing equations (3), (4), (20) and (21); also, the
predicted stator current components can be found in the same
manner. Then, the actual values of the torque and the air-gap
energy can be evaluated using (10) and (27), respectively. As
stated previously, the reference rotor current components are
obtained using Pl load power regulator and Pl load voltage
regulator, respectively. After that, the reference torque can be
calculated using (22), meanwhile, the reference air-gap energy
can be formulated as:
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E¢k+1 = 1.5p ﬁ (l‘U;s,k+ll‘Ud*r,k+1
SsHTr

+ qj;s,k+1qj;r,k+1) (48)

Now, the torque and gap energy errors are fed to the designed
Pl torque and air-gap energy regulators, respectively to obtain
the active voltage components ug, j.q and ug, .1, and then
added to the compensation components Augy. 41 and Augy 1
to find the reference rotor voltage components ug, .., and
Ugyk+1, Which are fed with the actual rotor voltage components
to the cost function.
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Figure 5: Scheme of proposed PVC strategy
4. Test results

The tests are performed for the three control approaches
(SVOC, MPDTC and proposed PVC), using the MATLAB
simulation (Simulink), through varying the reference active
power (Psfk) and driving the DFIG by different operating wind
speeds (super-synchronous and sub-synchronous), as shown in
Figure 6. The reference power and operating speed are varied to
evaluate the ability and robustness of each strategy during
various operating regimes. The parameters of the DFIG and the
model are introduced in Table Al, in Appendix A. The DFIG
feeds an isolated load, which is a three-phase induction motor,
and its parameters are presented in Table A2, in Appendix A.

—
]
g @320 Sub-synchf‘onous
= E operation
- N~
e h
‘é =310
Super-synchronous |
o 8 operation
= N
= 7500 ‘ |
0 1 5

2 3
Time (s)
Figure 6: Prime mover operating speeds (rad/s)

4.1. Testing with SVOC technique

We performed the tests for the DFIG under SVOC principle
to study its performance under the stated operating conditions.
The obtained results are presented in Figures 7-16, which show

200

that the actual values follow their reference values smoothly. As
known, the VOC is performed by independently controlling the
torque current component (i5%,) and the field current
component (ié’;,k ; which is obvious through Figures 13 and 14,
which confirm that the decoupling between the active and
reactive current components has been achieved correctly.
Furthermore, the active current component follows the active
power and torque changes, while the reactive current component
follows the reactive power and rotor flux changes. As noticed
from the obtained results, the SVOC is ripple free which
considered as the main merit of the SVOC. On the other hand, it
suffers from system complexity, also, its dynamic response is
slow due to using the PI current regulators.
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Figure 7: Active power under SVOC (Watt)
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Figure 9: Torque developed under SVOC (Nm)
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4.2. Testing with MPDTC technique

Tests for the DFIG’s performance was performed under the
MPDTC approach and the obtained results are shown in Figures
17-26, which illustrate that the actual values follow their
reference values. Figures 23 and 24, show that the decoupling
has been achieved between the current components. Furthermore,
the torque component (i;’;‘,{) tracks the active power and torque
changes, while the field component (i, ) tracks the reactive
power and rotor flux changes. The results reveal that the
dynamic response of the MPDTC is faster than that of SVOC,
but it has more ripples compared to SVOC.
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Figure 17: Active power under MPDTC (Watt)
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Figure 18: Reactive power under MPDTC (Var)
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Figure 26: Load frequency under MPDTC (Hz)

4.3. Testing with proposed PVC technique

The DFIG was tested under the proposed PVC strategy to
evaluate its performance. The results are presented in Figures
27-30, which clarify that the actual values of the active power,
reactive power, developed torque and rotor flux keep track of
their reference values. Furthermore, the stator and rotor currents
follow the power change, as shown in Figures 31 and 32. The
decoupling has been achieved correctly between the active and
reactive current components as shown in Figures 13 and 14.
Moreover, the direct current component follows the active power
and torque changes, while the quadrature current component
follows the reactive power and rotor flux changes. In addition,
Figures 35 and 36, verify the ability of the control system to
ensure a load voltage with constant amplitude and frequency
irrespective of the power and speed changes. The results
illustrate and prove the effectiveness of the formulated technique,
as, it has the fastest dynamic response compared to MPDTC and
SVOC techniques, moreover, its ripples’ content is lower
compared with that of MPDTC algorithm.



Figures 37-40, introduce the obtained results related to the
load (IM), which are the motor torque, motor speed, motor stator
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flux and motor iso stator flux.
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4.4. Comparison study

Lastly, we perform a comprehensive comparison between the
proposed PVC control scheme which designed in details in our
paper and the classic control approaches (SVOC and MPDTC)
to confirm the validation and effectiveness of our proposed
scheme. The techniques’ effectiveness was evaluated in terms of
dynamic response time, ripples’ content and total harmonic
distortion (THD). The obtained results are shown in Figures 41-
44, which visualize a comprehensive comparison among the
three methodologies. Table 1, presents a comparison of the
dynamic response time for each algorithm to determine which

technique takes shorter time to response to the power and speed
changes, and therefore easily determine the fastest strategy in
dynamic response. The results of Table 1, illustrate and confirm
that the designed PVC scheme is the fastest dynamic response
compared to other adopted controllers, as it takes the shortest
response time. Table 2, introduces a detailed comparison for the
three utilized controllers in terms of the ripples’ content, and the
results reveal that the content of ripples of PVC is lower than
that of MPDTC algorithm.
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Table 1: Dynamic response time taken by the actual values to track = 80 .
their references 3] 2
ju
=~ 060"
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Figure 47: Spectrum of Phase “c” of stator current under MPDTC
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The FFT analysis for the stator current components under the
MPDTC and proposed PVC are presented in Figures 45-50,
which clarifies and proves the superiority of the designed PVC
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Figure 48: Spectrum of Phase “a” of stator current under PVC
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Figure 46: Spectrum of Phase “b” of stator current under MPDTC

The present article has managed to introduce a detailed
analysis for the dynamic performance of the DFIG utilizing
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various control approaches under varying the operating speeds
and perform a comprehensive comparison for the performance
of the DFIG under the utilized controllers. The control schemes
which adopted in this paper, are stator voltage-oriented control
(SVOC), model predictive direct torque control (MPDTC) as
conventional controllers and a newly designed predictive voltage
control (PVC) scheme as an improved type. The formulated
PVC approach has presented better dynamic performance
compared to other controllers; as, its cost function is very simple
compared to MPDTC because it doesn’t require a weighting
scale, also, the variables utilized in the cost function don’t
depend on the machine parameters. Furthermore, the comparison
results reveal and prove that, the proposed PVC scheme has
lower ripples compared to MPDTC, and its dynamic response is
faster than that of MPDTC and SVCO techniques. Moreover, the
proposed PVC scheme introduces a lower THD than that of
MPDTC, which means that, the formulated PVC scheme is the
most appropriate control method to be adopted with the DFIG.
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Appendix A
Table Al: Data specification
Parameter Value Parameter Value
R 0.07Q Rated power 55 Kw
Rr 0.087 Q Stator rated voltage 380 V
Ls 0.01625 H Operating frequency 50 Hz
Lr 0.0163 H Sampling time 100 ps
Lm 0.016 H DC link voltage (Uqc) 570 v
Pole pairs (p) 3 K, and K; (Active 0.0001 and
power regulator) -0.1
Inertia 0.1 kg.m? K, and K; (Stator 0.01 and -
voltage regulator) 20
Table A2: Parameters of IM
Parameter Value Parameter Value
Rs 15Q Lm 0.17447 H
Rr 0.85Q Rated power 3 Kw
Ls 0.1785H Pole pairs (p) 1
Lr 0.18451 H Inertia 0.06 kg.m?
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