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Abstract

Several strategies have been suggested to optimize power extracted from the Standalone Variable Speed Wind Energy Conversion
System (SVSWECS) using a Squirrel Cage Induction Generator (SCIG). Where, many of them use the battery as a storage unit for future
use. However, the latter is assumed as an ideal component and that no maximum charging or critical limit. With the considered
strategy, the generated wind power can be managed using a fast and reliable fully rugged electrical control. Indeed, the use of
reliable Power Management and Control (PMC) algorithm where the battery current is well controlled. However, this solution allows
maintaining the system operation in two stable modes.

The considered system consists of an SCIG connected mechanically to the wind turbine through a gearbox, and electrically through
a PWM rectifier to the DC bus capacitor, the latter is connected to the load and the battery through a PWM inverter and buck-boost
converter respectively. In this paper, to approach the system to reality, a new PMC is proposed using a purely reliable electrical control.
The Direct Torque Control (DTC) is used. The latter is combined with the Maximum Power Point Tracking (MPPT) technique and
the State Of Charge (SOC) of battery. The important key of the proposed control strategy are the SOC and the sign of the difference
between the generated and the demanded powers. The obtained simulations results are assessed and carried out using MATLAB/
Simulink package and show the effectiveness and the performance of the proposed algorithm.
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1 Introduction

Electricity generation plants have become a daily environ-
mental issue, as they present a source of pollution. As a
result, resources that use green energy have a very strong
growth. Among renewable energies, wind energy is one of
the most used for the production of electrical energy [1—4].

The use of Squirrel Cage Induction Generator (SCIG),
Permanent Magnet Synchronous Generators (PMSG) and
Doubly-Fed Induction Generators (DFIG) is recently pre-
ferred in the Wind Energy Conversion System (WECS)
units. However, the PMSG suffers from high cost of
materials and manufacturing [5—7] and the DFIG require
an important maintenance costs mostly for offshore proj-
ects located in a saline medium [8—10].

Therefore, the SCIG has many advantages over other
generators, such as robustness, low installation and

maintenance costs which making it an ideal candidate
to be used in the WECS [11-15].

In the Variable Speed Wind Energy Conversion Systems
(VSWECS), the use of Maximum Power Point Tracking
(MPPT) algorithm has a great importance, to extract
the maximum power available in the wind [16—18].
So far, the MPPT algorithms researched can be classified
into three main control methods, namely Power Signal
Feedback (PSF) control, Hill-Climb Search (HCS) control
and Tip Speed Ratio (TSR) control which is used in this
paper. This technique is used to regulate the generator
speed, in order to maintain the TSR to an optimum value
at which power extracted is maximum [18].

In the VSWECS grid connection mode, all power
extracted using the MPPT algorithm will be injected into
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the grid [19]. Nevertheless, in the Stand-alone Variable
Speed Wind Energy Conversion System (SVSWECS)
mode, the MPPT is used to meet the load requirements and
the excess power will be stored in a storage unit for future
use [20-23]. In this context, several works carried out
in stand-alone VSWECS using the MPPT algorithm and
storage unit (batteries).

However, to approach the system to the reality, the bat-
teries have a maximum State Of Charge (SOC) which
must not exceed. Beyond this, the life of the batteries is
reduced, which leads to their deterioration.

Unfortunately, this assumption is not taken into account
in all the works carried out for the stand alone WECS
using the MPPT and batteries as storage unit. Therefore, in
this paper, a new Power Management and Control (PMC)
algorithm is proposed to ensure a reliable satisfaction of
the load requirement and to protect the batteries as follow.

At the beginning, The SVSWECS operates using
the MPPT mode to supply the load and to charge the bat-
teries, when batteries are fully charged, to protect them,
the PMC will disconnect them immediately, in this
moment, the power generated becomes greater than that
demanded by the load. So, this power difference can be
dangerous to power converters.

Therefore, to rebalance the generated and consumed
power, the PMC will deactivate the MPPT mode and acti-
vates the FREE mode.

For the FREE mode, the wind turbine will release
to generate a wind torque following the generator elec-
tromagnetic torque, which has its turn following the load
power. So, each variation in the load power will cause
an imbalance in DC bus level which gives a novel electro-
magnetic torque value. To rebalance the system, the wind
turbine will increase or decrease its rotational speed
to find a new operating point. So that, the SVSWECS will
only generates the power to supply the load.

The main important inputs of the proposed power man-
agement are the SOC of the batteries and the difference
between the provided and demanded powers. The stud-
ied system is modeled and tested using the MATLAB/
Simulink package. The control of global system and
the proposed power management are done for different
operating conditions, such as sudden load variation and
randomly fluctuations of the wind speed at the same time
to approach the system to the reality.

2 The studied system
The global system studied in this paper consists of a wind
turbine, SCIG, a PWM rectifier, a PWM inverter, a buck-
Boost converter and battery. In the SVSWECS, the regu-
lation of the DC bus voltage is ensured by Generator Side
Converter (GSC), and the regulation of the load three phase
voltage and frequency is ensured by the Load Side Converter
(LSC) as a secondary regulation of the load voltage.
Because the wind and the load are variable, a storage
system is added at the dc voltage level through a buck-
boost converter to ensure the production/consumption bal-
ance. The proposed PMC is used to ensure the charging
and discharging of the batteries, the connection and dis-
connection them (full charging or critical discharging
level), and determines the operating mode of the wind tur-
bine with or without MPPT. The system studied is then
simplified as shown in Fig. 1.

2.1 Turbine modeling

The wind turbine converts part of the kinetic energy of the
wind into a useful mechanical energy. The power extracted
from the wind can be expressed in Eq. (1) as follows:

P, =%anp(l)sz3, ()

where p is the air density, Cp is the power coefficient,
which is a function of 1 the TSR, R is the radius of
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Fig. 1 Schematic diagram of the system studied



the turbine and v is the wind speed. The TSR and the
power coefficient are given respectively by Eq. (2) and
Eq. (3) respectively as follows:
QR

v
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where Q is the angular speed of turbine, neglecting
the friction forces, the dynamic equation of the wind tur-
bine is given by:

o (r,-1,), @

da J
where Q_is the angular speed of the generator, J is
the moment of inertia of the generator and the turbine,
T is the torque developed by the wind turbine brought
back to the generator side and 7 is the generator electro-
magnetic torque.

The functional diagram of the turbine model is estab-
lished in Fig 2. It shows that the turbine speed is con-
trolled by action on the electromagnetic torque. The lat-
ter depends on the operating mode (FREE or MPPT
mode). In the MPPT mode operation, the electromagnetic
torque depends on the optimum parameters of the tur-
bine 4 and Cp,_ . as the wind speed is randomly vari-
able and considered as a disturbing input, the generator
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the batteries can be charged more than 100 %, but they
heat up and degrade over time, to protect it, the SOC
is set at 90 %, beyond this value the batteries must be
disconnected, so its current is equal to zero. However, in
the FREE mode operation, the electromagnetic torque is
depend on the generator stator currents and flux, the latter
is kept constant at the rated value using the Direct Torque
Control (DTC) and the stator currents depend on the load
currents via the DC bus capacitor, so any increasing of
the load current will increase the call of the stator cur-
rents and increases the generator electromagnetic torque.
In this case, the operating point will move to rebalance
the dynamic equation of the turbine.

In this paper, the choice of operating mode of the tur-
bine (FREE or MPPT mode) is decided by the proposed
PMC algorithm taken into account the battery SOC and
the difference power between the generator and the load.

2.2 Battery modeling
The battery is connected to the DC bus through a buck-
boost converter as shown in Fig. 1. The equivalent circuit
of the battery is depicted in Fig. 3.

The mathematical model of the battery voltages is writ-
ten in Egs. (5) and (6).

The SOC of the battery is the fraction of the current
capacity of the battery at each time instant, divided by its
nominal capacity; it is written in the Eq. (7):

speed must be adjusted continuously to that of the wind Vi =E+RI,, Q)
for ensure maximum collection of wind energy. the bat-
tery current is positive during the charging mode and E=E,-K 0 + 4B a) 6)
negative during the discharging mode, as it is known that Ol -t
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Fig. 2 The functional block diagram of the turbine model
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where E is the nonlinear voltage (V), E is the battery
constant voltage (V), K is the polarization voltage (V),
0 is the battery capacity (Ah), 4 is the exponential zone
amplitude (V), B is the exponential zone time constant
inverse (Ah)™, ¥, is the battery voltage (V), r is the inter-
nal resistance and /, , is the battery current (A).

2.3 Generator modeling

The mathematical model of the generator is the basis of
the control implementation. The true modeling of SCIG
leads to a precision and reliability of the applied con-
trol strategy. The generator is modeled in a—f using the
Concordia transformation.

The a—f model of the SCIG provides a powerful phy-
sical interpretation of the interactions of currents and flux
of such fate to produce voltages and torques, more impor-
tantly it leads to an easy adaptation with the proposed
control strategies.

Under certain usual assumptions, the SCIG model can
be written in the stator reference frame a—f [18, 24] as
follows (Eq. (8)):

ii :L{—Ri +ﬂ¢ +% Q +v}
dr O-Ls srtas Li or Lr P pr ds
iiﬂ =L[— g +%go M ®,, +Vv }
dr P O'LS srips Li Br Lr ' Par gs (8)
d MR . R
E(Par = L_rlas —L—r%r — 0,0,
d MR . :
E(D[sr = L_rlﬁx _L_rqppr +0,0,,
with
R, :£RS +R, M—zzj, c :(1— M J; ©)
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where R and R are the stator and rotor resistances, L, and
L are the stator and rotor cyclical inductances respectively,
M is the mutual cyclical inductance, Q _is the mechanical

speed of the machine which is measured continuously,
the rotor pulsations is expressed by Eq. (10):

o, =PQ,. (10)

r

3 Generator control methodology

The objective of the proposed control is to control the DC
bus voltage from its desired value. It is possible to express
the reference power by Eq. (11):

Py =Vid s (11)
where 7, is the output current of the generator side con-

verter. By neglecting the generator losses, we obtain the ref-
erence electromagnetic torque expression in Eq. (12):

e
T =g (12)

»

The control of V, voltage can be carried out through
the electromagnetic torque. In the present work, the DTC
control is used. This control technique allows obtaining
a fast and precise torque dynamics. The principle of this
control is to directly control the torque and the stator flux
of the SCIG. In this context, two hysteresis comparators
are used which allow compare the estimated stator flux
and electromagnetic torque with those of references, then
we directly order the PWM converter states through a pre-
defined commutation table (Table 1).

The amplitude of the stator flux is estimated from its
components along the axes a and £ [24].

g P _ V.. +Ri,.
¢’ (13)
Bs .
d i Vs + Ry,

b =8+, (14)

The electromagnetic torque is then obtained by Eq. (15):
7:3m = P(¢a5iﬂs _¢ﬂ5ias ) (15)

Table 1 The commutation table

N 1 2 3 4 5 6
C=1 T
Cu=1  C,=0 venoono NN
Cp="1 v n B v VK
Cp=1 A
Cn=0  C,=0 T O (T (N (R ¢
Cp=1 KK o n v Y

where ¥, =[000]; ¥, = [100]; ¥, = [110]; ¥, = [010]; ¥, = [011]; ¥, = [001];
V. =[101]; ¥, = [111]



The vectors ¥, and V, are chosen alternately so as to
minimize the number of switching.

The purpose of the flux corrector is to keep the vector
in a circular band around the reference value. The torque
corrector performs the same function for the latter.

The commutation table (Table 1) is constructed as a
function of the state of the variables of the flux corrector
C, and of the torque corrector C, and of the area N of the
position of ¢ .

The Fig. 4 resumes the global system control and
the relationship between different parts.

4 The proposed PMC description

The studied system using the proposed power manage-
ment strategy has the advantage of being able to operate
in two operating modes, the operation with or without
the MPPT technique, the Fig. 5 explains and illustrates
the dynamic behavior of the studied system in both oper-
ating zones as following.

Zone I In this zone, the system operates with the MPPT
mode, when the power generated by the SVSWECS is suf-
ficient to satisfy the needs of the load, so the power dif-
ference is positive, this difference is invested to charge
the batteries as long as they are not fully charged
(SOC < SOC,_ ), or in the case where the power dif-
ference is negative i.e. the power demand by the load is
greater than that generated, this power difference will
be compiled by the stored power in the batteries as long
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as they are not completely discharged (SOC > SOC ).
In this case, the Cp and 1 are maintained at the maximum
and optimum values respectively, Cp = Cp_ and 2 = im.
Zone II: In this zone, the system operates with the
FREE mode, at the batteries disconnection time (fully
charged), the produced power comes then greater than that
demanded. So, the MPPT technique is disabled by the pro-
posed PMC. Therefore, the wind turbine operates with a
power coefficient and a tip speed ratio below and above the
maximum and the optimum values respectively Cp <Cp
and 4 > /lopt. At this moment the turbine speed increase
to reduce the generated torque which makes a displace-
ment of the operating point according to the load power.
The dynamics of charging and discharging of batter-
ies is much faster, so it can effectively cover the fluctua-
tions of wind energy due to the random nature of the wind,
given the importance of batteries in the global system.
The net power of the system is calculated as the difference
between the generated and demanded powers as follows:

R =P,-P,. (16)

The Fig. 6 represents the proposed logical diagram.

5 Simulation results

The nominal parameters of the SCIG, the wind turbine
and the battery are written in the appendix. The battery
is assumed initially charged at 50 %. The value of the DC
bus voltage reference is put equal to 650 V, the reference
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Fig. 5 Schematic explanation of operating modes

stator flux is set equal to its rated value 0.7 Wb. The volt-
age of three phase LSC converter output is regulated at its
reference value V" = 220+/3/50 Hz. The load is assumed
balanced and purely resistive which is initially taken equal
to 3 kW. At =2 s, the batteries are inserted, at time 1= 20 s,
the load power is increased to 4.5 kW, then it reduced to its
initial value at time 7= 40 s, the wind speed varies randomly
around the nominal speed (v = 8 m/s) as shown in Fig. 7.

For this test, the wind speed profile and the load sudden
variations are intentionally chosen to highlight the advan-
tage of the developed control strategy to swing between
the both operating modes.

As shown in Fig. 8 and Fig. 9, the studied system can
operate in two operating zones, with or without using
of MPPT strategy. In the MPPT mode, the power coef-
ficient is equal to 0.4 which the maximum value (Fig. 9)
with an optimum rotation speed (Fig. 8). It is clearly seen
in this operating mode that the generator speed varies
proportionally with the load power variations. However,
in the FREE mode, the generator speed varies over a
wide speed range which can be almost twice the nomi-
nal speed (Fig. 8) with decrease in the power coefficient
(Fig. 9). In this mode, the generator speed varies inversely
proportional with the load power variations. So, the oper-
ating point varies and stabilizes according to the power
demanded by the load.

Note that the speed variation is a slow process because
it is determined by the inertia of system, in order to clearly
see the variation of the Cp versus 4 a long test time, the 3D
illustration is shown in Fig. 10.

It can be seen from Fig. 11 that the DC bus voltage is well
regulated and is insensitive to the load variations. An over-
run is not exceeded by 5 % due to the disconnection of bat-
teries which support the robustness of the DTC control.

The Fig. 12 shows that the stator flux is well controlled
and it is insensitive to the variation of the load and the con-
nection and disconnection of batteries. The stator currents
are shown in Fig. 13, and the electromagnetic torque is
shown in Fig. 14. It is well seen form these figures that
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Fig. 6 Logical block diagram
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the stator currents and the electromagnetic torque are
depend on the variation of the load power, the rotational
speed of the rotor and the current of batteries.

The SOC_ presents the key of choose the operating
mode. In the FREE mode, the SOC is no change which
translates the no charging or discharging of the batteries
as show the Fig. 15.

The battery current is positive during the charging
mode and negative during the discharging mode. In order
to protect the batteries, the SOC__ is set at 90 %, beyond
this value the batteries must be disconnected (FREE
mode), so its current is equal to zero as shown in Fig. 16.

The different powers are represented in Fig. 17, we can
see that the system generates an optimal power using
MPPT mode, but at time ¢ = 13 s where the batteries are
disconnected, the system swing to operate in FREE mode
to generate only the requested power. A transient regime
has appeared, this is because of the mechanical response
due to total inertia of the rotor shaft and turbine.

At time ¢ = 27 s, the power generated is insufficient
to satisfy the needs of the load, this lack of power is
compensated by the stored power in the batteries using
the MPPT mode. It can be seen too that the proposed
control strategy plays a very important role to protect
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the global system and to supply the load sufficiently
in acceptable operating conditions. The Fig. 18 shows
the load current and voltage, it can be clearly seen that
the load current depends just of the load variations.
The load voltage is well controlled and established to its
reference value. In order to obtain a constant load voltage
value, a principally voltage control is done by regulating
the DC bus voltage, and a secondary regulation is done
through the LSC by imposing another voltage reference.

In addition, this technique allows to create a new
level voltage which different to the DC bus voltage
value. So, the load voltage is insensitive to the variation
of the wind speed and disconnection of batteries, its fre-
quency is fixed to S0Hz whatever the variation speed of
the turbine, we can to say the term, Variable Speed System
and Constant Frequency (VSSCF).

6 Conclusion

In this paper, a real power management and control
for the SVSWECS with storage battery based on SCIG
was proposed, an analytical model of the SCIG in the
o—f frame has been presented to extract the control laws
using the DTC control, this strategy allows to maintain
the DC bus voltage at a constant value however the speed
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Fig. 18 Load voltage and 20 % load currents curve



of the wind and the sudden load variations. This control
makes it possible to adjust the stator flux and the electro-
magnetic torque by generating a corresponding voltage
vector to make them to follow theirs references.

In addition, to protect the storage batteries and the power
converters, a PMC has been proposed to determine the use
limits of the MPPT technique.
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