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This paper presents a hybrid wind generation with a doubly-fed induction generator (DFIG) and a
permanent magnet synchronous machine (PMSM). The study analyzes the performances of the two wind
systems and assets the stability of the operating parameters in the presence of a grid fault. Both the
DFIG and PMSM Machine-Side Converter (MSC) nonlinear commands are built according to Lyapunov
conditions, while the Grid-Side Converter (GSC) command is based on a standard vector control. In the

first stage, the control of a 1.5 MW DFIG is presented. Then, the hybrid system including the two wind
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turbines is presented. Stability performances analysis is based on the verification of the standard operating
parameters. The simulation is carried under Matlab/Simulink.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Wind energy is currently one of the backbones of renewable
energy production. This is made possible by the advancement in
offshore and onshore wind technologies, in addition to the fact that
the price of produced MWH by wind turbines is becoming more
and more competitive.

Among the most widespread wind driven generators, the Per-
manent Magnet Synchronous Machine (PMSM) offers several ad-
vantages. Mainly, the direct drive without multiplier reduces
maintenance costs. But, the cost of full-scale converters, which
must have the same power as the generator, makes the cost of this
system less competitive, in comparison to the DFIG wind turbine.
A DFIG wind turbine generally requires a Gearbox to adapt the
turbine speed to the speed of the generator, this fact increases the
maintenance cost. But the converters are more competitive, since
they are partially loaded, being dimensioned according to the rotor
power (Rajendran and Jena, 2015).

The main purpose of the study is to examine the possibility
of connecting two different wind turbines in a common grid, by
assessing the global stability and system performances, before any
real connection in a physical plant. The control strategy is based

* Corresponding author.
E-mail addresses: bennoukanasse@yahoo.com (A. Bennouk), alinejmi@yahoo.fr
(A. Nejmi).

https://doi.org/10.1016/j.egyr.2017.10.001

upon Lyapunov functions to assure the system’s stability in the
presence of wind fluctuations and grid fault. In addition, a similar
real case is presented to validate results carried out by simulation.

We first present a large scale DFIG wind driven turbine (1.5
MW) control strategy, and explain the MSC and GSC commands.
Then, we present a hybrid system based on wind driven DFIG and
PMSM, connected to the main grid. The command strategy is based
on the flux oriented control according to the Lyapunov conditions,
in presence of wind speed fluctuations. The study permits the
assessment of the control strategy robustness.

The stability issue is examined according to the energy quality
parameters, namely the voltage balance, the harmonic distortion
rate (HDR) and the frequency stability at Point of Common Cou-
pling (PCC).

Finally, the results of a real grid fault at the wind plant level
are presented. Currents, voltage profiles, HDR, flicker and fre-
quency are examined in order to validate the case study under
Matlab/Simulink.

2. Modeling and simulation of a DFIG wind turbine
2.1. Wind speed model

The wind speed model is given by the following equation:

X(t) =f (x(0), t,u(t)) + w(t). (1)

2352-4847/© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
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The measured variables are:

y(@®)=h&x(@),u(),t)+et). (2)

The function f is non-linear, w is a zero mean Gaussian noise
with a spectral density R1(t) and e(t), the error, has a spectral
density R2(t) (Welch and Bish, 0000).

Wind speed and Gaussian noise are given by:

0 1 Y 0
1 pi+4p2 [v] + k ev (3)
pl*xp2 plxp2 pl*p2

(o))

v’ is the fictitious wind speed, which would be used to estimate
the wind speed. The values of p; and p, are given in order to
have a good estimate and to reduce the difference with the actual
speed (Welch and Bish, 0000).
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2.2. Power coefficient and MPPT strategy

In this section, we define a means to allow the turbine to
operate under normal conditions, while regulating the mechanical
angular velocity to damp and absorb fluctuations, in response to
high wind speed instability. In fact the power coefficient (Cp) must
be maintained at a maximum, which suppose a specific velocity
and a well-defined beta angle of the blades. The angle beta (8) is
exploited especially at high speed in order to limit the vibrations
at the level of the blades (Lee et al., 2011, 2012):

Al

Assuming that g is constant and equal to 0 for small wind speed
less than 12 m/s, G; are constant given by turbine manufacturer, the
C, derivative depends on A; equal to A (tip-speed ratio):

P (D) rac(2)e? —6=0
d}._ 1 )\'2 1%5 )\'3 6 — Y.

Hence, the optimal value of A is deduced:

3/C1.C2.C5 - C1.C2
=\ ®)

Substituting the new value of A in the power coefficient equa-
tion, we find the value of C, corresponding to the optimal power,
C; are constants given by turbine manufacturer.

As long as the wind speed is less than the nominal speed, fixed
at 12 m/s (fora 1.5 MW or 2 MW turbine of our study), the reference
of the angle B is zero. The angle g is regulated between 0 and
20° in order to reduce and set the extracted power to its maximum
value (Bennouk et al., 2016).

The computing of the generator speed and the MPPT strategy is
based on the table given by the manufacturer for a 1.5 MW turbine
(see Table 1).

The block diagram of the speed reference control is given in
Fig. 1.

In order to extract the maximum Kkinetic power of the wind,
the reference of the mechanical speed is regulated according to the
variations of the wind speed between the cut-in and cut-out speed,
as shown in the wind turbine power curve above (Poitiers, 2003;
Gaillard, 2010).

C
=G (*2 -G — C4,36> e 5 — Coh. (4)

2.3. Machine side converter

The MSC controls the reactive power exchange between the
stator and the grid, in addition to controlling the generator torque.

Table 1

Power curve of a wind turbine based on DFIG.
Wind speed (m/s) Power (KW)
0-3 0
4 150
5 200
6 300
7 500
8 700
9 1000
10 1200
11 1400
12 1500
12-25 1500

The DFIG is connected to the grid, hence the voltage is assumed
to be constant. The equations describing the system are presented
below (Bui et al., 2015):

P Pp

T = —
¢ Q [N

The direct and quadrature stator flux components are given by:

= P(‘/’sdirq - Qosqird)~ (6)

Vsg — Rsigg

— ¢ 5 7
Dsd s . ( )
O = Usqg — Rslsg

wSs

irq and iyq are the direct and quadrature components of the rotor
current, vsq and vgq are the direct and quadrature components of
the stator voltage.

It is assumed that the stator voltage is oriented along the
quadrature axis to simplify the equations:

Q= _Usqisd- (8)

The new system inputs are respectively the rotor current direct
and quadrature components, and the stator reactive power:

dircl 1 Ry, . LsLy — M2
= —Ud— g+l | ——

dt L L LL,
de )
dtrq = Vg — Ryig — 0oy
dirg 1 N M2 ; Mo, Rr
— = ——V — - — Uy — —
dt L \LL )™ LLes @ Ir ™
dQ; digg
= 2. 9
dt 0 dt ©)

Avariables change is made to introduce the Lyapunov function:

yi=Q —-Q
Y2 = irdref — g
V3 = irgref — irq- (10)
The Lyapunov function is chosen as follows:
Vi =y (1)
2

v . Rsl. Ly dirg Ws
= = v —_—— —_——— ——
1 Yivi A Ls sd Ls dt Ls Psq
The Lyapunov function derivative is strictly negative, if the
quantity in parentheses is equal to 0.
The i;aref s given by the following relation:

R;. Lin dirg Wg

i =——fyg— —— — — Qg+
rdref L sd L, dr L, Psq rd

V2 = irarer — ira — Ky2 + K>
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Fig. 1. Wind turbine power curve.

and
V3= irq‘ref - ii:q — Kys + Kys

V, and V3 are defined respectively by:

1 1
V, = Eyﬁ and V3 = Eyg. (12)

The V4 Lyapunov function is defined by:

Vy

1
5 03 +¥3+v3) (13)

V4 = —Ky3 — Ky} — KY3 + 2 (irares — ira + Ky2)
+ V3(irdres — ira + Ky2).

To fulfill the Lyapunov conditions:
A1 = V2 (irares — ira +Ky2) = 0 (14)
and
Az = Y3(irarer — ira + Ky2) = 0.

Below are the direct and quadrature rotor voltages:

MZ
v = —KLys — Ryiyg + ay (Ler - —) irg (15)
LsLr
M?w, . Mwr .
Urg = —I(LTY3 + sts — Lrwr Irg + mvgq + errq.

2.4. Grid-side converter control

The main task of the GSC is the frequency and reactive power
regulation. The interconnection to the grid requires that the gen-
erator must operate in a frequency between 47 and 52 Hz, and an
unbalance not exceeding 2% in the nominal voltage (Mitra and
Chatterjee, 0000).

The equations of the system are defined as below (Licari, 2013;
Bennouk et al., 2016):

dird . .

Uy = —L? — Riyg + wlirq 4 vy (16)
dig ,

Ug = —L—— — Riyg — wliyg + vq

dt

Cavdc =g =i — i
U4, Uq are direct and quadrature components of the converter
voltage. vq and vq are direct and quadrature components of the
transmission grid voltage.

A variables change is made to introduce the Lyapunov func-
tion (Muyeen et al., 2010):

Y1 = Vdee — Vdc 17)
Y2 = irde — Vgc

Y3 = irqc - irq-

We introduce the Lyapunov function as follows:

15
Vi = 53’1 (18)

. dvdc _ 1(i i)
=YiY1 =M dt =W c rd) ) -

The derivative of the Lyapunov function is strictly negative if
the i4 reference is set to:

v

—_

irdref = C(ip + y1). (19)

We then deduce the direct and quadrature voltage components
at the GSC:

. . dird ud R, .
Vao=y02 =2 el b i U vd ). (20)

To fulfill the Lyapunov conditions, the direct component of the
voltage at the DC side is given by:

1
Ugq = —Riyg + Loirg + Ivd — Y. (21)
And:
. . dirq
V3 =y3y3 =3 T (22)

. . 1
Ug = —Riyg + Lwig + qu —y3.

2.5. Simulation and results

In this section, the control strategy results are presented with
respect to a wind speed with Gaussian noise of zero mean. The sta-
bility of the system is analyzed by the verification of the operating
parameters at the injection point.

We present in Figs. 2 and 3 the power coefficient and the wind
speed graphs including white noise.

The power coefficient reflects very good performances despite
the speed variation including white noise. The extracted power is
always kept to its maximum thanks to the MPPT strategy based
on the continuous calculation of the optimal generator speed as a
function of the wind speed.

The turbine speed is shown in Fig. 4. We examine its conver-
gence to the speed reference calculated according to the wind
speed and the active power (see Fig. 5).

The turbine speed follows perfectly the wind speed profile; this
makes it possible to keep an extracted power permanently equal
to the maximum power. This can be seen from the active power
profile which changes according to the variation of the wind speed.

The stability of the adopted control strategy can be illustrated
by checking the grid parameters, namely the frequency, the HDR,
the voltage at the injection point and the active and reactive power
profiles. We present various parameters in Figs. 6-8.

From the simulation, we observe that active power profile fol-
lows the wind speed variation, while the voltage at the injection
point has a stable and balanced profile. The HDR remains below
the threshold fixed at 5% in the transmission grid.
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3. Modeling and simulation of an hybrid system

This section presents a hybrid production, composed of two
wind turbines connected to the grid. The stability of the system is
evaluated by the creation of an electrical fault at the connection
point (Bisoyi et al., 0000; Jadhav and Roy, 0000). The control
strategies used in our study are similar to those presented in
Sections 2.3 and 2.4.

A common method is the parameterization and modeling of
transmission lines with passive components. The passive compo-
nents used in this modeling are resistors, capacitors and inductors.
The quantity of these parameters depends mainly on the con-
ductors used in the lines. The lines themselves will have certain
characteristics such as longitudinal resistance and reactance, in
addition to transversal parameters. There exists also a coupling
inductance between lines (Craciu, 2010; Ackermann, 2005).

3.1. Simulation scheme and parameters

In this section, the simulations and results are presented with
respect to a wind speed with Gaussian noise of zero mean. The sta-
bility of the system is analyzed by the verification of the operating
parameters at the injection point. The plant is based on two wind
turbines, driven by a DIFG and PMSM and connected to the grid
(Fig. 9).

We present in Fig. 10 the results of the simulations for a variable
wind speed and a single phase fault.

The estimation of the wind speed is necessary in order to
estimate the reference of the turbine speed. The anemometer is
disturbed by the wind distribution, with this estimate, it is possible
to reduce the error of this effect and consequently increase the
maximum power extracted from the turbine.
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Fig. 11. DFIG and PMSM power coefficients Cps.

To assess the performance of the two turbines, the DFIG and
PMSM (, are presented in Fig. 11.

The error between the estimated and actual speed is close to
0.5%, which validates the Kalman filter as a reliable means of mea-
suring and estimating wind speed. The PMSM power coefficient
performances are better than those of the DFIG C,, in terms of
variation and response time (Zou et al., 2013)

To validate the stability of the system, a fault is introduced at
the level of the phase-a (Figs. 12 and 13).

The DFIG currents at the injection point show a distortion of
phase-a, the phase affected by the electrical fault. Yet at the level of
the PMSM, we notice that the fault effect was less perceived and the
currents resumed their normal balance, after the fault elimination.
Here in Figs. 14 and 15 the distortion of the currents.
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From the figures below, we notice that during a single-phase
fault in phase-a, the two wind turbines present a current unbal-
ance, and a high HDR (0.4%), especially at the DFIG driven wind
turbine proximity. A distortion which affects the currents injected
into the grid. The PMSM HDR records a low rate, thus respecting
the operating parameters standards.

We also evaluate the GSC control performances by analyzing
the DFIG and PMSM DC voltages. We present in Fig. 16 the DC bus
compensation during the fault created between 0 and 100s.

At the DFIG level, it is noted that during the fault, the voltage
reaches three times the reference fixed at 690 V. In order to

Fig. 15. PMSM currents HDR (%).

compensate the crushing of the phase-a voltage, the DC voltage
fluctuates around its reference. While the PMSM DC bus has shown
good performances, since the voltage recover its initial value after
fault clearance.

In Fig. 17, the voltage and frequency at the 120KV transmission
grid injection point.

The voltage at the injection point is stable without signaling any
unbalance exceeding 1%. The frequency also shows a decreasing
profile from the time of the fault and remains in the 47-52 Hz
margin. The active and reactive powers generated at the 120 KV
connection point are presented in Fig. 18.

We notice that the compensation of the PMSM enabled the
production of an active power which follows the speed profile.
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The reactive power is particularly constant and follows slightly the
speed variations.

The PMSM DC voltage profile shows better performances than
in the DFIG system. This reflects the stability of the GSC control.
The completion of the MPPT was translated by the C, profile. In the
case of PMSM, we notice a dynamic and variable power coefficient,
while the DFIG G, presents a constant profile. We can conclude that
the dynamic response of the PMSM wind turbine is faster and more
efficient than the DFIG wind turbine.

The adopted GSCs and MSCs controls, in both DFIG and PMSM,
have shown good performances in a grid single-phase fault. Lya-
punov based control has kept the electromagnetic torque around
the reference. The DC bus voltage fluctuates during the fault to
compensate the current peak. This is clearly shown in the active
power curve, which remains stable during the simulation time.

257 L L L L ) L . L L
0 50 100 150 200 250 300 350 400 450

(b) Reactive Power (W).

500

Fig. 18. Active and reactive power at 120kV transmission line.

4. Stability of a wind farm against a single-phase fault in the
transmission line

Following a real ground fault in the transmission line, as re-
ported in Fig. 19, the voltage and current profiles during a grid
faultin an onshore wind farm located in Morocco. This case study is
presented to compare results carried out by simulation with those
of areal case, and to see to what extend the simulated systems are
similar to a real case study.
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We notice, from the beginning of the fault, a crushing of the
voltage going from 157 KV to 0 in phase 2. The current of the faulted
line tends to increase and reached 1200 A in order to compensate
this voltage collapse. Hence, the currents unbalance generates a
residual earth current.

The different operating parameters are presented, namely HDR,
frequency, voltage unbalance and flickers during the fault (Fig. 20).

As presented in the real case, we notice during the grid fault,
an overcurrent in the faulted phase, in addition to a distortion in
the transmission grid in term of THD and Upajance, Which reached
the chaos threshold. However, the frequency remained in the 47-
52 Hz tolerance.

Concerning the simulated case, we conclude that wind turbine
driven by PMSM has recorded similar profiles. In fact, we notice
also an overcurrent and a distortion in Ug. voltage to compensate
the overcurrent and keep a stable active power in the coupling
point to the transmission grid. As a result of this comparison, we
conclude that turbine driven by PMSM presents a normal profile
during the simulated fault.

5. Conclusion

This paper presents a hybrid production composed of two tur-
bines based on a DFIG and a PMSM, in order to evaluate their
dynamic responses and the stability of the GSC and the MSC for
both generators.

In this study, we took as input a real wind speed including a
ramp and a Gaussian noise of zero mean, since the anemometer
is generally perturbed by the wake effect generated by the blades
rotation. We introduced Kalman filter to estimate the value of the

speed and then compare it to the actual measurement. The results
show a small error between the actual and the estimated speed.

The electrical speed estimation in the simulation was carried
out by using a PLL block. The stator and rotor fluxes were calculated
on the basis of the currents and according to Eq. (7). The completion
of the MPPT as illustrated through the C, profile for both systems,
especially for the PMSM, has a response time and a profile that
follows the wind speed variations.

The PMSM shows better performances in terms of stability with
respect to a short-circuit fault. The DFIG currents HDR reached
0.45% versus 0.17% for the PMSM, a threshold that clearly affects
the current profile in the transmission grid, despite the PMSM com-
pensation. The performances of the PMSM are better in terms of
completion of the MPPT strategy. While the DFIG power coefficient
presents a dynamic profile that does not comply with the wind
speed variations.
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