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Abstract- This paper describes modeling and control strategies of Permanent Magnet Synchronous Generators (PMSG)
connected to lithium-ion battery pack to compensate intermittent energy from wind farm. Two PMSG and battery are
connected to electrical grid through a back-to-back converter, and buck-boost converter in battery’s side. Full system is
connected to AC grid with phase to phase RMS voltage of 20kV. Proposed control strategies are focused on Maximum Power
Point Tracking (MPPT) for PMSG speed control, active / reactive power, DC-bus voltage management and battery’s power
control. To show the control strategies performances, some simulation are done using Matlab / Simulink software.
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1. Introduction

The industry of the wind generators has done a
spectacular growth during these last years. Before, the wind
generators power does not reach the order of megawatts. For
this reason, the major part of the first models is based on
Permanent Magnet Synchronous Generators or classical
asynchronous generators.  Conventional asynchronous
generators are usually connected to turbine through a gear
box. Permanent magnet synchronous generator (PMSG) can
be coupled to turbine via a gear box or directly (without a
gear box) if the generator has a high number of poles [1], [2].

Due to power increase in order of megawatts, until 10
MW today, PMSG configuration necessitates an increasing
of the size and the weight of the converters. Compared to
classical asynchronous generators, the permanent magnet
synchronous generators have the advantages of being robust
in construction, very compact in size, not requiring an
additional power supply for magnetic field excitation, and
requiring less maintenance. A variable speed wind energy
conversion system including a PMSG offers advantages over
the constant speed approach, such as maximum power point
tracking capability and reduced acoustic noise at lower wind
speeds [3-4]. An integration of energy storage devices in

wind turbines applications aims to answer the following
problematic: - excess energy storage of the production
compared to demand; - the supply of energy for the shortfall
because of the intermittent behavior of wind.

In this paper, used energy storage device is based on

lithium-ion battery which is considered to evaluate the
proposed control strategies without any consideration for
cost optimizing. In other terms, it is possible to use lower
cost energy storage devices such as lead-acid battery,
supercapacitors or flywheel with the same energy
management strategies.
The contribution of this paper is focused on modeling and
control strategies for wind farm production injection in
electrical grid. System configuration is illustrated in Fig.1,
where two generators are linked to electrical grid through a
controlled converter which includes two three-phase
rectifiers, a buck-boost converter, an intermediate DC-bus,
and three-phase inverter, [5]. Full system is connected to AC
grid of 20kV phase to phase RMS voltage.

Proposed control strategies include: Maximum Power
Point Tracking (MPPT) for PMSG speed control,
active/reactive power control, lithium-battery’s power
control and DC-bus voltage management.
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Fig.1. Wind farm configuration connected to lithium-battery.

To show the control strategies performances, some simulations
are done using Matlab/Simulink software.

2. Wind Farm System Modeling
2.1. Wind turbine modeling

Theoretical power from a wind turbine is given in (1),
where p is the density of air; S is the circular area swept by
the turbine; S presents pitch angle, Vwiwe is the wind speed in
[m/s], [6]. The ratio between the tip speed of the turbine and
wind speed is expressed in (2), where Qn is the rotational
speed of the turbine; R is the wind turbine radius.
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The power coefficient Cp presents an aerodynamic output of
the turbine limited to 0.593. This coefficient can be estimated
using (3), [7]. Wind turbine mechanical torque Cy obtained
from mechanical power is expressed in (4).
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The system dynamic equation can be expressed as presented
in (5), where J; and Jn present respectively the inertia
moments of the turbine and the generator; f, is the coefficient
due to viscous rubbings of the generator; Qn is the generator
rotational speed.

(‘Jt+‘Jm)'%(Qm)+ fv'Qm:Cm_Cem (5)
J :(‘]t +‘]m)

2.2. PMSG modeling

PMSG dynamic model in dg axis can be writing as
presented in (6), where Rs is the stator resistance, Lq and Lq
are the inductances in stator, Isq and lsq present the currents in
the stator; ¢ is the flux due to permanent magnet, p is the pair

of poles, [8].
_& p-Q,-L, Vy
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In this paper, the smoothed poles permanent magnet
synchronous generator is considered for system simulations
which enables to write Lg =L¢= Ls.

2.3. Lithium-battery modeling

They are many electrical models in literature available to
describe the electrochemical processes and dynamic behavior
of the battery, such as the presented models in [9], [10], [11].
Used model in this paper is presented in Fig.2. This model
includes an open circuit voltage Epar Which depends to State
of Charge (SoC), internal resistances, a parallel RC circuit
which describes the charge transfer and the diffusion process
between the electrode and the electrolyte [12-13]. The
analytical model of the lithium-battery pack is presented in
(7), where Rp and Rc are respectively series and polarization
resistances, C. presents the parallel circuit capacitance, Ns
and N, are respectively the cells number in series and
parallel.

N
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2.4. DC/DC converter modeling for battery pack

To develop the bidirectional converter model, the buck
and boost operations must be analyzed, [14], [15], [16].
During buck converter mode, K1 semiconductor is switched
ON, while K2 is OFF. Contrary to this mode, K2 is switched
ON, while K1 became OFF. For this study, lpa: and lpus-bat are
supposed negative during the battery’s charge operations
(buck converter mode), and they are positive during the
battery discharge (boost converter mode). Average model of
the converter presented in Fig.3 is given in (8), where, k and
o can have the following values:

Ibal

Fig.2. Lithium-battery model.
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Fig.3. Lithium-battery connection configuration.

] In boost converter mode: k =1 and a =7-a1, Where og
is the boost converter duty cycle average value.
] In buck converter mode: k =-1 and a =ay, where a: is

the buck converter duty cycle average value.
This model has a nonlinear behavior because of crosses
between the control variables (o1, a2) and the state variables
(loat @nd Vc) . The Ve and lua Variables are likely to disturb
the control, they must be measured and used in the control
loop to ensure a dynamic control.

Viga = Lbal'%(Ibal):k'(vbat_a'vdc) (8)

Iredwl + Iredwz = Iond + Icon + k ’ Ibus—bat
2.5. AC/DC and DC/AC converters modelling

This section presents the analytical model of the
controlled three phase’s converters (rectifier and inverter).
Based on Fig.1, the DC-bus currents enable to write the
analytical model of rectifier presented in (9), where DC-bus
capacitor C is assumed not charged. In this equation, long
presents the inverter input current; lsiwiwz, lsowiwe and lsawzwe
correspond to  rectifiers input currents; lpus-bar presents
battery’s contribution in DC-bus; Sa, Sp and S¢ present the
three phase pulse with modulation (PWM) signals applied to
rectifiers.

Iredw.l:sa' Islwl_'_sb ) I52Wl+SC ) Is3w1

d ©)
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The three phase inverter output voltages can be estimated
as expressed in (10), where Vq is the DC-bus voltage, wa, ws
and ws present the three phase pulse with modulation (PWM)
signals applied to inverter.
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Fig.4. Model of electrical grid.

2.6. Electrical grid modeling

The main goal of this section consists to establish an ideal
model of electrical grid. To establish this model, the
balanced three phase system is considered. Considered model
in this paper is presented in Fig.4, where Viest, Vres2 and Vress
voltage are connected to three phase inverter (Vsabc) through
a transformer with a ratio of m. Analytical model of electrical
grid is presented in (11), where e1, e» and es present the
conventional three phase emf with phase to phase RMS
voltage of 20kV.

d
Vi =€ =Riee  legg + Lpes - — (I
resl 1 res resl res d t ( resl)
d (11)
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res2 2 res res2 res dt ( resZ)
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res3 3 res res3 res dt res3

3. Offshore Wind Energy System Control Strategies

The control strategies of the system include [17]: - The
PMSG speed control based on Maximum Power Point
Tracking (MPPT) technique. - The active and the reactive
powers control using an inverter connected to grid. - DC-bus
voltage control through two rectifiers connected to two
permanent magnet synchronous generators.

3.1. PMSG speed control strategy

Speed references for two wind turbines are expressed in
(12), where vwiwe present the wind speed profiles for two
wind turbines. These references are obtained from MPPT
technique. The control strategy of the two PMSG speeds is
illustrated in Fig.5.
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Fig.5. PMSG speed control loop for each wind turbine.
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The PI controller coefficients obtained from closed loop
analysis are shown in (13), where wng presents the dynamics
of the system, and tsq is the control loop time constant, [18].

K, =v2-@,4-(3,+3,) 538 (13)
K, = o}y '(Jt +‘]m) h £

d

3.2. Active and reactive power control

Active and reactive powers injected in electrical grid is
expressed in (14), where (Vdres, Vires) and (lares,lgres) are
respectively the voltage and current in dq axis.

ow :Vdres ! Idres +Vqres ' Iqres (14)
wa :Vqres ' Idres _Vdres ' Iqres
The active and reactive power control strategies are

presented in Fig.6. Pl controllers coefficients used in inner
and outer loops are respectively presented in (15).
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t

3.3. Battery’s power control strategy

Battery’s power reference is estimated from difference
between the available power Pgis and required power for
electrical grid Prer, as expressed in (16). If Ppawer > 0 the boost
converter is used, else if the buck converter is switched.

Pbatref = I:)dis - Pref (16)

Battery’s power control strategy is presented in Fig.7,
where bidirectional behavior of the buck-boost converter is
due to sign of Ppawer. The parameters of Pl controller are
presented in (17), where wnp and Lpa are respectively the
dynamics of the system, and smoothing inductance of
battery’s current.
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Fig.6. Active and reactive power control loops.
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3.4. DC-bus voltage control method

DC-bus voltage control strategy is illustrated in Fig.8,
where the reference current in q axis lger iS Obtained from
DC-bus voltage control loop. lqrer is fixed to zero to obtain a
power factor of 1. Like to PMSG speed control, PI controller
is used for DC-bus voltage management. The coefficients of
this controller are expressed in (18), where wn and tsc are
respectively the dynamics of the system, and system time
constant.
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Fig.8. DC-bus voltage control strategy.
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4. Simulation Results

For system simulations, the wind speed averages values
are fixed to 11.4m/s, and used parameters are presented in
Appendix section. DC-bus voltage reference is respectively
fixed to 5kV and 6kV to show the performances of the
control.

The active power profile requested by electrical grid
manager [19] Prs and available power from the wind farm
Puis are plotted in Fig.9. These curves are not same. To obtain
the requested power profile by electrical grid manager using
energy storage device is necessary. Fig.9 shows two main
areas:

- The first situation is obtained if available power from
wind farm Py is greater than requested Prer. The difference
between these ones must be assigned to energy storage
device (battery).

- The second situation appear if available power from
wind farm Py;s is less than requested power Pr. In this case,
the difference between these last ones must be supplied by
energy storage device (battery).

Fig.10 shows the wind speed profiles for two wind
turbines, the minimum and maximum values are respectively
10.75m / s and 12.5 m/s. These speeds are in the same
direction but shifted of 73s, which correspond to ratio of
distance between two turbines and average wind speed
(11.4m/s). Used distance between two wind turbines is
estimated as seven times of the turbine diameter
(7x120=840m). The wind turbines speeds control results are
presented in Fig.11 and Fig.12. These curves show that, the
proposed control strategy is satisfactory, i.e. the controlled
speeds are close to references estimated from (12).

The reference of active power is fixed by electrical grid
manager which corresponds to Prr. That of reactive power
Qrer is estimated using the active power reference as
expressed in (19), where tg(yp) is respectively fixed to 0.327;
0 and -0.327. These conditions are fixed from electrical “grid
code” described in [20].

tg(p)=0.327 > Q,, >0
Qur = P -19(@) {tg() =0 > Q,,, =0 (19)
tg(p)=-0.327 > Q,; <0
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Fig.9. Requested power by electrical grid manager.
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Fig.10. Wind speed profiles for two wind turbines.
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Fig.12. PMSG Speed control result for second wind turbine.

Active power control result is presented in Fig.13, where the
required power for electrical grid Prs is same to injected
ones. Fig.14 shows the reactive power control result, the
positive power corresponds to supplied power, and negative
power for consumed power. These results allow concluding,
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the proposed control strategies are satisfactory, and
controlled powers are close to references ones.

The battery power control result is shown in Fig.15,
where the reference is close to controlled power. In this
figure, the positive power corresponds to the discharging
operations and negative power corresponds to energy storage
operations. This bidirectional operation allows compensate
the wind energy fluctuations to obtain the required power for
electrical grid. DC-bus voltage control result is presented in
Fig.16. This curve shows that the DC-bus voltage follows the
reference ones, which enables to conclude that the proposed
control is adapted, except during initial conditions where
DC-bus voltage control loop has not enough time to react.

Battery and wind farm contributions in DC-bus are
presented in Fig.17. These curves show that, the injected
current in inverter long corresponds to sum of currents from
two generators lreqwitlreawz and that of the battery lpys-pat,
because DC-bus capacitor is charged during first operation.
The positive parts of the current from battery pack
correspond to energy supply operations and the negative
parts correspond to energy storage operations.
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Fig.13. Active power control result.
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Fig.14. Reactive power control result.
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Fig.15. Battery’s power control result.
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1800

1600
1400
1200

1000

Ired

600 F lond i
Ibus-bat

Ired,lond, lcond, Ibus-bat [A]
[==]
s

-400 1 1
0 20 40 60 80 100
t[s]
Fi.17. Contributions of wind generators and battery in DC-
bus.

391



INTERNATIONAL JOURNAL of RENEWABLE ENERGY
M.S. Camara et al., Vol.5, No.2, 2015

30 T T T T T T
20
2 10
o
&
>
g 01
o~
o
(]
2
= -10f
20+
730 1 L L 1 1 1 1
5 5005 50 5.015 502 5025 503 5035 504
t[s]
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Measured voltage on electrical grid in point of coupling
is presented Fig.18, where the RMS voltage is not affected by
injected reactive power due to performances of control.

5. Conclusion

In this paper, the authors present the modeling and
control strategies of the wind farm based on Permanent
Magnet Synchronous Generators connected to electrical grid
and battery. Proposed control strategies are focused on
generator’s speeds control, DC-bus voltage management, the
active-reactive power control, and battery’s power
management. The active/reactive power control strategy
takes into account the required power profile for electrical
grid due to battery’s contribution.

The simulation results show that, the proposed control
strategies are satisfactory and the controlled variables are
very close to references ones. Based on these simulations

results, the PMSG and lithium-batteries seem to be

interesting for offshore wind energy applications.

Appendix

Table 1. Permanent Magnet Synchronous Generator (PMSG)

parameters
Parameters Symbol Values
PMSG rated power Pn 5 MW
RMS voltage in stator Usef 3300 V
Resistance in stator Rs 50 mQ
Inductance in stator Ls 7.5mH
Number of pair of poles P 60
PMSG inertia moment Im 2x10° kg.m?
Induced magnetic flux 0] 28.6Whb
Table 2. Wind turbine parameters

Parameters Symbol Values
Wind turbine radius Rt 60 m
Air density p 1.225 kg/m3
Optimal tip-speed ratio Aopt 9.7
Inertia moment of turbine Ji 30x10° kg.m2
Maximum power Comax 0.53
coefficient

Table 3. DC-bus and electrical grid parameters

Parameters Symbol Values
DC-bus voltage reference Vcret 6kV and 5kV
DC-bus capacitor C 30mF
Electrical grid resistance Rres 60 Q
Electrical grid inductance Lres 0.06H
Phase to phase RMS voltage for Ures 20 kV
electrical grid
Table 4. Lithium-battery parameters [21]

Parameters Symbol Values
Battery’s cell rated capacity 65Ahr
Open circuit voltage for one cell Ebpat 19.2v
One cell series resistance Re 0.00942 Q
One cell polarization resistance Rc 0.0736 Q
Rated capacitance for one cell Cc 4581F
Cells number in series Ns 163
Cells number in parallel Np 56
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