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Nowadays, the generation of wind power combined with a battery energy storage system offers a viable solution for electricity
supply to isolated areas with no access to the grid. However, the speed of the wind is unpredictable and the inherent nonlinearities
of the wind turbine and generator system cause fluctuations in the voltage, power, and frequency. This paper proposes a new three-
layered control technique applied to a wind farm that uses doubly-fed induction generators (DFIGs) connected to a remote hybrid
microgrid. The first layer provides local control to each DFIG wind turbine based on a nonlinear and robust control strategy. The
second layer coordinates and controls the flow of power between the turbine and the storage system to make sure that load
demand is being satisfied and the desired limits of the state of charge are respected. Finally, and in the third layer, we implement a
supervisory controller that will be responsible for the generation of the references for the active power as per the load demand. The
proposed off-grid wind power system and battery storage and its three-layer hierarchical control scheme are simulated under
MATLAB/Simulink environment and tested under various load and speed profiles. Through the numerous test data obtained, it

has been shown that the control strategy under study is robust and effective.

1. Introduction

Many rural communities across the globe, especially in
developing countries, have limited access to the electricity
grid due to the high cost of grid extension and rough to-
pography. Solar and wind energy sources can offer a viable
alternative solution for electricity generation. Renewable
energy sources have many advantages like reduced envi-
ronmental impact, conservation of energy, and inexhaustible
sources [1, 2]. Standalone energy systems have turned out to
be the most promising ones for such remote areas [3-5].
Moreover, wind energy resource has proven to be more
adequate for sustainable power delivery with reduced
storage capacity [6, 7].

However, in a microgrid system, battery energy storage
system is inserted for a balance of energy demand, and an
energy management strategy is used not only to control the

charging state of the battery for a longer lifetime but also to
eliminate the power fluctuation for a better quality of power
to the load.

Several techniques have been used in the literature to
provide good power management, such as classical PI and
PID controllers [2, 5], and intelligent controllers using uzzy
logic [8-10].

The doubly-fed induction generator-based wind turbines
have, in recent years, become very popular due to their
numerous advantages such as operation with variable speed
and constant frequency, MPPT capability, and power control
decoupling [11]. Recently, to improve the quality of power of
wind energy systems, numerous control techniques in-
cluding vector control (VC) approaches have been proposed;
however, under parameter variations, model uncertainties,
and disturbance, the VC strategy leads to low and unrobust
performances [12].
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To bypass these problems, new robust techniques for the
control of the DFIG such as Sliding Mode Control (SMC),
intelligent and adaptive control [13-15], a new Sliding Mode
Control Based on High Order (HOSMC) [13-19], and
Backstepping [20-22] have been, recently, used.

SMC is an effective robust control approach for pa-
rameter variations; however, it has some drawbacks such as
the chattering phenomenon that may cause performance
degradation and may lead to excessive frequency oscillations
[23, 24]. To overcome these drawbacks, a modified SMC
[16, 25, 26] is based on an approximation of a saturation
function with high gain. In this research work, a technique
named Second-Order Sliding Mode Control (SOSMC) is
used due to its many advantages such as robustness, good
tracking under uncertainties, suppression of mechanical
stresses and chattering, and ease of implementation.

In this paper, we propose a three-layered power control
scheme for a DFIG-based Wind Farm, where each Wind
Turbine Generator (WTG) is equipped with a battery. In the
first layer and to attain maximum performance, SOSMC is
used.

In the second layer, we implemented a controller based on
Fuzzy Logic. This controller will not only manage and op-
timize the power flow for different modes but also maintain
the state of charge at an acceptable level for any islanded
community using a wind-battery standalone system.

In the third layer, the power references used in the
second layer are generated. Finally, some simulation tests are
carried out based on the MatLab environment to test the
usefulness of the proposed control strategy.

2. Description and Modeling of the Wind Energy
System and Battery

The system considered in this study as depicted in Figure 1
shows a block diagram of the system under consideration.
The hybrid power system consists of a wind farm, battery
bank, and Power Electronics converters connected to the
proposed controller.

2.1. Wind Turbine Model and MPPT Control. The power
contained in a mass of air crossing a surface area A, at a
wind speed V, is given by [27]
1 3
p, =EpA1VV, (1)
where p represents the density of air.
The power recovered by the wind turbine is as follows:

1 2v73
Pt = EPT[R VVCP’ (2)

where R represents the blades radius and C,, represents the
coefficient of power [16].
The speed ratio A is given by
RQ,

A= v (3)

v

where (), denotes the rotor angular speed.
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The rotor mechanical torque is expressed by

p T
T,=—=_—pRV'C,
t Qt ZAP v P (4)

2.2. MPPT System. Figure 2 shows the maximum power
efficiency of the wind turbine, where the optimal power
curve is obtained for the MPP of each power curve. The
control system will have to follow the tracking characteristic
curve of the wind turbine.

Direct speed controller (DSC) which is used as a speed
reference [13, 17] can be obtained from the optimal turbine
speed at different wind speed values. Thus, the turbine
rotational speed is controlled, and the mechanical power
reaches the maximum value for each operating point by the
regulator.

The reference used for the rotational speed is given by

o = o) (5)
R
Thus,
O, =GQ;. (6)

The reference for the active power is defined as

Ps_ref = Ccem_reme' (7)

2.3. Modeling of the Doubly-Fed Induction Generator (DFIG).
The use of the DFIG is preferred as it may work in both sub
and super synchronous modes. Using Park transformation,
the electrical model of the machine may be obtained by the
following equations [13, 14, 16]:

d¢
— s
Vqs - Rqus + dt - ws¢ds’

d¢,
Vds = RsIds + TS - ws(/)qs’

1 (8)

g,
Vdr = RsIdr + Fr - ws¢qr’

dg,y
Vqr = Rqur + d—: - ws(/)dr'

2.4. Modeling of the Battery. The battery model may be
represented as an equivalent circuit of the open circuit
source voltage V with a series an internal resistance R as
shown in Figure 3.

Then, the battery output voltage may be given as follows:

Vbat =V- Ibat’ (9)

where V', and Iy, depend on various parameters such as
the variations of temperature and internal resistance.
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FIGURE 3: Model of the battery.

The SOC, during the charge and discharge process, can
be defined in terms of time (t) as

Hen
SOC(t—-At)+ P At,
( ) batCanc

SOC(t) = (10)

1
SOC(t — At) + Py ——— At
tndiscnvdc

in which At represents the time step. Py, is the power of the
battery. C, is the nominal value of the battery capacity. 7,
and r4; are the efficiencies of the battery when the process of
charge and discharge occurs. And V. is the nominal value
of the DC bus voltage.

3. Power Management and Control of the Wind
Energy System

In this paper, we propose a power control technique based
on three layers scheme as shown in Figure 4 and may be
described as follows:

(i) Wind farm supervisory control which generates the
references for the active power component based on
power demand

(ii) Wind turbine control which provides the local
control for each DFIG wind turbine based on a
nonlinear and robust control strategy

(iii) Power management which will coordinate and
control the flow of power between the turbine and
the storage system to make sure that load demand is
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being satisfied and the desired limits of the state of =~ Reactive) for each of the wind turbines, based on the power
charge are respected for both directions [2, 7, 28]. This is shown in Figure 5.

3.1. Supervisory Control Scheme of the Wind Farm System.  3.2. Control Scheme of the Wind Turbine. The control
The objective of the wind farm supervisory controller  scheme of the wind turbine that will use the generated
(WESC) is to generate the power references (Active and  references of the power obtained from the supervisory
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controller will be analyzed according to the model shown in
. SP:eP+CP epdt,
Figure 6.
The PID controllers although very popular and widely (11)

used in industry exhibit poor tracking performance
under parameter variations and load disturbance.
Although sliding mode is a viable nonlinear control scheme,
its main drawback lies in the phenomenon of chattering
which overheats and triggers high-frequency dynamics
(15, 29].

SOSMC is another viable scheme [18] and is based on the
sliding mode control approach with higher-order time de-
rivatives. It will not only decrease the chattering phenom-
enon and avoid powerful mechanical efforts but will also
maintain the good features of the sliding mode control
[15, 18, 30].

The switching functions are defined as follows:

Sqg=eqtcq J eqdt.

The constant and positive terms cp and c(, are used to
eliminate the steady-state errors [15, 19]. The voltage applied
is given by the following equation:

{ Vdr = Vdreq + Vdm’

(12)
Ver = Vareg * Varn:

qreq

The switching control Vi, and V,, will allow the
system to reach the sliding surface whereas the equivalent
control terms V.., and V4., are used to force the system to
accelerate the response and move along the sliding manifold
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with reduced steady-state errors [20]. The equivalent control
terms are derived by letting

Sp=Sq=0. (13)
LL,o
Vqreq = _M—Vs
LL.o
Vireq = MV,
Thus,
1

Van=y1+ Bllepﬁsign(eQ) ¥y, = stign(eQ),
(15)
1
Vo = Y2 = B3|ep|231gn(ep) y, = —Bysign (ep),

where the values B;, B,, B3 and B, are just constants.

3.3. Battery Power Management Strategy. Since the nature of
renewable resources is intermittent, storage systems have
become necessary in the hybrid system. Usually, batteries are
used to store the excess generated power and later, if

(Ps,ref +cp (ps,ref - Ps)) + RrIqr - gwergldr -9 L =

The applied rotor voltages are given as follows:

MV

S

(14)

(Qs_ref T¢p (Qs_ref - Qs)) + erdr - gwerUIqr'

necessary, use it to supply the load [6, 31]. Moreover, a
power electronic bidirectional converter is always needed for
the process of charging and discharging the battery in case of
power deficit or surplus [2, 7].

A controller based on fuzzy logic (FL) is implemented for
the battery charge/discharge and described in this paper. The
FL controller will generate for each fuzzy set in the mem-
bership function a degree of membership after obtaining the
inputs, and then it will evaluate the fuzzy set memberships
and decide which rules would be used before being con-
verted into a signal as an output control [32, 33].

The controller comprises two inputs, namely, the dif-
ference between the required load power and the generated
wind power (dP) as well as the SOC and one output related
to the reference of battery power.
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Thus, the controller will generate the desired value for (ii) Mode 2.1fdP <0and SOC,, > SOC,,,,, the battery
the reference of the power of the battery and will manage the will be used for the power balance between gen-
power flow into four (04) operating modes as follows: eration and consumption

(i) Mode 1. If dP >0 and SOC,,, < SOC,,,., surplus (iii) Mode 3. When the battery charge reaches its

power will be charging the battery maximum SOCy,; >8OC,,,, and dP >0, the wind
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turbine power will be reduced to meet only the load
demanded power

(iv) Mode 4.1f dP <0 and the battery charge reaches its
minimum SOC,, < SOC,,,, the controller will
disconnect the load and the battery will be charged

Figure 7 shows the flow chart used in this work.
Figures 8-10 show the membership functions used for
the input data. Table 1 gives the corresponding rules.

4. Simulation Results

To demonstrate the effectiveness of the proposed control
strategy, various sets of simulation case studies under var-
ious scenarios have been done and reported below.

4.1. Control of Individual DFIG Wind Turbine. Figure 11
shows the wind speed profile response.

Figure 12 shows the stator active power and its reference
profile using PI and SOMC, whereas Figure 13 shows the
stator reactive power and its reference profile using PI and
SOMC.

It can be seen from Figures 11, 12, and 13 that the
proposed SOSMC controller has a quicker response than the
traditional PI controller and tracks almost perfectly the
references. Furthermore, we observe that the dynamic
performance of the powers under the SOMC control is fast

and robust. It has also smooth control signals leading to a
quasi elimination of the chattering phenomenon.

The simulation results indicate that the SOSMC forces
the system states to converge to their desired values instantly
which make it appealing for wind energy for stability and
power quality at varying wind speeds.

Moreover, the reactive power is kept to zero which may
allow the power factor to be close to unity.

4.2. Power Management Strategy. To evaluate the designed
power management, Figure 14 is included to show the wind
speed changes.

Wind turbine power tracks the MPPT reference and
provides power to satisfy the load, whereas the backup
storage is used for power balance and the battery converter
will monitor the direction of flow.

In Figure 15, the power-sharing of the wind turbine and
the battery bank are shown.

The battery storage system will be used to synchronize
the power flow between the turbine power and the load.
Thus, from the results shown, we can see that the proposed
strategy successfully manages the control of the output
power at a constant value.

Usually, the wind speed may change quickly leading to
oscillations that may affect the load; fortunately with the
proposed method along with the battery bank, the change of
wind power is effectively compensated.
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Figure 15 shows the effective battery response to the
decline of wind power with slow wind speed. This may prove
that the proposed method is capable of quickly and precisely
controlling the battery to balance the power.

Figure 16 demonstrates again the effectiveness of the
power balance under different generation scenarios and
external variations.

4.3. Wind Farm Supervisory Control. Figure 17 shows the
wind speed profiles of three wind turbines composed of 15
turbines. It shows that the wind speeds vary around their
mean values at a range of £0.4m/s.

Figure 18 shows the reference of the wind power gen-
erated by the supervisory system according to the power
demand. The energy storage system keeps the system stable
for any undesired conditions. These responses show the
effectiveness of the battery model in terms of smoothing the
fluctuating output power of the aggregated wind farm as
shown in Figure 19

Figure 19 shows that it effectively follows the pattern of
wind speed since any change in wind power may cause an
undesirable frequency change in the system.

Figure 20 shows the necessity of the battery for the power
tracking capabilities of the standalone system for active
power generation.

It can be observed that when the wind power generated is
greater than the power needed by the load, the excess will be
transferred to the storage system. However, when the
generated power cannot satisfy the needed load power, then
the battery will be sought to deliver the required power via
the DC bidirectional converter. It can also be seen that the
power of the battery changes to maintain the stability of the
system.

Finally, Figure 21 is reported to show the power dis-
tribution curve where it is noticeable that maximum power
can be extracted even in the presence of internal and external
uncertainties.

5. Conclusion

In this paper, a coordinated control strategy for hybrid
microgrid is proposed. At the local level, a second-order
sliding mode control scheme to improve the dynamic
performance of a wind turbine has been proposed, which
provided a better dynamic response, more robust control,
accurate speed adjustment, and less steady-state error. At the
system level, since the wind source is not reliable in terms of
power quality and sustainability, a power management
system is required to ensure a continuous power flow to the
load. In this paper, a smart power management system was
developed to handle the change effects of the wind speed and
amount of the power load.

The proposed power management not only provided the
stability of the complete system but also allowed to control
effectively the charging and discharging process of the
battery leading to its high performance and longevity.

The simulation results reported in this paper have
proved that the proposed control technique is efficient in
controlling the power flow for all operating sequences and
may manage accurately the whole system under different
scenarios of power generation while maintaining the state of
charge of the battery at an acceptable level.

Data Availability

The data used to support the findings of this study are
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