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Control Strategy of Wind Turbine Based on
Permanent Magnet Synchronous Generator and
Energy Storage for Stand-Alone Systems

Fujin Deng'* Dong Liu*, Zhe Chen®, and Peng Su'

(1. Department of Electrical Engineering, Southeast University, Nanjing, 210096, China;
2. Department of Energy Technology, Aalborg University, Aalborg, 9220, Denmark)

Abstract: This paper investigates a variable speed wind turbine based on permanent magnet
synchronous generator and a full-scale power converter in a stand-alone system. An energy storage
system(ESS) including battery and fuel cell-electrolyzer combination is connected to the DC link of the
full-scale power converter through the power electronics interface. Wind is the primary power source of
the system, the battery and FC-electrolyzer combination is used as a backup and a long-term storage
system to provide or absorb power in the stand-alone system, respectively. In this paper, a control
strategy is proposed for the operation of this variable speed wind turbine in a stand-alone system, where
the generator-side converter and the ESS operate together to meet the demand of the loads. This control
strategy is competent for supporting the variation of the loads or wind speed and limiting the DC-link
voltage of the full-scale power converter in a small range. A simulation model of a variable speed wind
turbine in a stand-alone system is developed using the simulation tool of PSCAD/EMTDC. The
dynamic performance of the stand-alone wind turbine system and the proposed control strategy is
assessed and emphasized with the simulation results.

Keywords: Variable speed wind turbine (VSWT), permanent magnet synchronous generator
(PMSG), stand-alone system, energy storage system (ESS).

1 Introduction

Wind turbine technology has being undergoing a
dramatic develo[pment and is now the world’s fastest
growing energy!' ™. With large-scale exploration and
integration of wind sources, variable speed wind
turbine (VSWT) generator systems have become more
popular than that of fixed speed”’®. Recently, the
permanent magnet synchronous generator (PMSG)
has received much attention in wind-energy application.
The use of PM in the rotor of the PMSG makes it
unnecessary to supply magnetizing current. Hence, for
the same output, the PMSG will operate at a higher
power factor because of the absence of the magneti-
zing current and will be more efficient than other
machines. The multi-pole PMSG also improves
significantly the reliability of the variable speed wind
turbine by using a direct-drive train system instead of
the gearbox, which also results in low cost!”*!.

Recently, trends make PMSG with a full-scale
power converter structure more attractive for wind
turbine!”. VSWT with full-scale power converters
present the distinct advantage that the converter
decouples the generator from the grid. Hence, grid
disturbances have no direct effect on the generator,
which improves wind turbine performance!'”. Besides,
the full-scale power converter not only offers a high
degree of controllability over system variables, it is
also particularly suited to incorporation and control of
electrical energy storage capacity.

In normal grid-connected operation with the
aforementioned full-scale power converter structure,

* Corresponding Author, E-mail: fde@et.aau.dk.

when wind power is a relatively small portion of a
strong grid, the grid-side converter is used to regulate
the DC-link voltage while the generator-side converter
regulates the generator to achieve the desired power
transfer!''"'2. On the other hand, in the case of
operation in a weak grid, when wind power becomes a
significant portion of the power system or even the
sole energy source, the wind turbine is expected to
maintain the grid-side voltage and frequency. The
weak-grid condition can be a result of intentional
separation or islanding from the grid or grid faults. It
applies as well to the stand-alone operating mode. For
a stand-alone system, the output voltage of the
load-side converter has to be controlled in terms of
amplitude and frequency, while the DC-link voltage
would be controlled from the generator-side converter.
A hybrid adaptive control algorithm is proposed in [13]
and [14] that search for the optimal PMSG acceleration
to achieve the maximum wind generator power change
rate to match the load power variation. In [13] and
[14], the DC-link voltage is indirectly regulated by
controlling the PMSG speed variation to regulate the
captured power by generator. Nevertheless, there are
some drawbacks for this proposed algorithm. The
effectiveness of the control, measured by how fast the
captured wind power can be adjusted through the
PMG speed control to match the load power variation,
depends primarily on the characteristics of wind
power versus turbine/generator speed, the system
mechanical inertia, as well as the DC-link capacitor.
As a result, in case of the large variation of the load
power, there would be a large fluctuation for the
DC-link voltage, which may affect the performance
of the wind turbine and even damage the power
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electronics equipment. Reference [7-8] presented a
novel control strategy for a variable-speed wind
turbine with a PMSG in a stand-alone system, where
the load-side inverter is used to regulate the DC-link
voltage, output voltage, and frequency. The generator-
side converter is adopted to track the optimal energy
from the wind. Here, the excess power during fault or
over generation is dissipated by the dump-resistor and
stored by the energy storage system. It means that the
dump-resistor would continuously work in the stand-
alone system if the load power is less than the optimal
power and the energy storage system is full, which
may be not practical. The Takagi-Sugeno fuzzy
approach was applied to the VSWT in a stand-alone
system to improve system performance!'.

Batteries are the most popular storage system. As
far as their application range is concerned, battery
energy storage systems (BESS) show almost no
restrictions. While the BESS possesses higher energy
capacity than several other energy storage media, and
hence, is suitable for the long-term load-tracking
operation!'®'", BESS is also shown to be cost-effective
for use in power system!'®'’!. Fuel cells (FCs) also
show great potential to be green power sources of the
future because of the many merits they have, such as
high efficiency, zero or low emission of pollutant
gases, and flexible modular structure!*’’.

This paper incorporated ESS including BESS and
FCs with a VSWT based on PMSG, full-scale power
converter in a stand-alone system. The generator is
indirectly connected to the load through the full-scale
power converter, which is composed of a generator-
side AC/DC converter, DC-link capacitor, and grid-side
DC/AC inverter. The ESS is connected to the DC link
of the power converter. In this paper, an efficient
control strategy for a stand-alone VSWT conversion
system is developed, where the wind turbine system is
able to fast supply the load and wind speed variation,
and keep the load-side voltage amplitude and frequency.
The fluctuation of the voltage on the DC-link
capacitor could be limited in a small range.

This paper is organized as below. Section 2
investigates the basic design issues, such as system
configuration, wind turbine size, ESS power and the
storage capacity needed to support the intermittent
power output and so on. Section 3 introduces the
model of the VSWT system. In Section 4, a control
strategy is proposed for this wind turbine in a
stand-alone system, which is able to fast regulate the
captured wind power to match the loads variation. The
fluctuation of the DC-link voltage because of the wind
speed change or load variation could be limited in a
small range. Section 5 validates the proposed control
with simulation. A model for variable speed direct-
drive PMSG wind energy conversion and ESS in a
stand-alone generation system is simulated and carried
out with the PSCAD/EMTDC.

2 System configuration and sizing
2.1 System configuration

Fig.1 shows the stand-alone system configuration,

where the renewable wind power is taken as the
primary source while the ESS is used as a backup and
storage system. A direct-drive PMSG is used as a
wind turbine generator, whose capacity is discussed
later. The PMSG is connected to the variable loads
through the electric power converter and a step-up
transformer. The electric power converter is composed
of AC-DC-AC converter/inverter, which could make the
PMSG operate at variable speed by the generator- side
AC/DC converter, and also supply the constant
frequency output to the power system through the
load-side DC/AC inverter. The ESS is used to address
the intermittent behavior of renewable energy sources
in this stand-alone system, which is integrated with
the full-scale power converter and connected at the
DC-link bus through bi-directional DC/DC converter
interfacing circuits.

2.2 Wind turbine and energy storage system

Fig.1 shows the use of ESS to compensate for the
intermittent power output of the wind turbine in a
stand-alone system. To illustrate the performance, the
actual load profile and wind power production in an
area in Denmark, reported in [21], are considered,
which are shown in Fig.2.
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Fig.1 Block diagram of a VSWT based on direct-drive
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A few kinds of wind turbine with different sizes
are considered. Fig.3 shows the energy required for
these different wind turbines. Assuming that the ESS
is ideal, i.e., it can store this required energy without
power capacity limit, this figure indicates that the
required energy peak value appears in December
because of the low wind power production in
December as shown in Fig.2, which is almost a few
times higher than the required energy in the other
months.

In this article a fuel-cell-battery hybrid is adopted
as the ESS shown in Fig.1. Owing to the main weak
points of FC such as its slow dynamics dominated by
temperature and fuel-delivery system, the fast load or
wind power production variations may cause a high
voltage fluctuation. Hence, a system powered solely
by FC is not economical. The battery is used here
together with a FC to construct a fuel-cell-battery
hybrid power source, which can improve the perfor-
mance of the wind turbine system!'*?).

In this study, a small capacity battery energy
storage system and a big capacity FC are adopted. The
small energy intermittence during the first eleven
months could be compensated by a small capacity
battery, which has high energy efficiency as 80%. The
combination of FC and BESS could provide the huge
energy deficit in the last month. As well, more energy
could be collected by the big capacity FC-electrolyzer
combination all the year round and transformed to
hydrogen, which could be supported to the customers
in normal life.

The integration of an appropriate wind turbine
and the related ESS could minimize the overall costs
in the stand-alone system. Consequently, the design of
this stand-alone system is to determine the wind
turbine capacity, the ESS capacity and power based on
a cost-benefit analysis.

The total investment cost of this stand-alone
system is a combination of the wind turbine cost and
ESS cost. Normally, the wind turbine cost is around 1
k€/kW. The ESS cost contains initial installation cost
and the corresponding maintenance and operational
cost. The cost of the ESS (Battery and FC) is
primarily determined by the storage capacity and the
power conversion system’s nominal power, which
may be calculated below!**!.
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8 90 1.5 MVV wind turbing
g —— 2MVV wind turbine
5~ 80 2.5 MVV wind turbin ﬂ
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Fig.3 Energy required for ideal energy storage system

C =1C +MOC = (¢ Egg + ¢, Ny )1 +m) @9)]

where Cg, is the total cost of the ESS. IC, is the initial
installation cost. MOC,, is the maintenance and
operation cost. ¢, and c, are the specific power cost
coefficient related to the storage capacity and the
nominal power of the conversion. Ny is the nominal
power of the conversion. m is the ratio of the
maintenance and operation in the initial capital
investment. Eg is the practical storage capacity, which
may be estimated by the following relationship!*!:

Ep ideal
Ess pE :—Dobe; 2
Ty
Exc igeal
Egs re :_7771 = 3)
fc

where FEp jgest and FEfrc igesr are the required ideal
capacity of battery and FC respectively. DOD is the
maximum depth of discharge of battery. 7, and 74 are
energy efficiency of battery and fuel cell respectively.
These parameters are given in the Appendix, which is
derived from!**!,

Fig.2 shows the peak load demand as 0.51 MW
during the first eleven months. Hence, the size of
BESS should be more than or equal to 0.6 MW, with
the power efficiency of the battery as 85%. The peak
load demand in the last month is shown as 0.55 MW
in Fig.2. Thus, the nominal power of the FC-
electrolyzer combination should be more than or equal
to 0.79 MW, with the power efficiency as 70%. In this
study, the maximum input power and the nominal
output power of the ESS is assumed to be the same.

Normally, the energy capacity of the ESS is
limited by its power capacity during operation. With
the different power capacity of BESS, the required
energy for the same wind turbine may be different.
Based on the data of the energy consumption and
wind power production in Fig.2 and the ESS cost
demonstrated by (1)~(3), the optimal ESS power and
energy capacity for different wind turbine sizes are
obtained to minimize the costs, which are listed in Table
1. The total costs for the different wind turbine sizes is
also given and listed in Table 1. It is clear that the
4MW wind turbine system is selected because of the
minimal cost, where the battery and FC are 16.7MWh
and 100MWh respectively.

This paper’s interest is focused on the
operational principle of the VSWT in a stand-alone
system, where the BESS is used to supply transient
power under the variation of loads or wind power
production, so as to keep the DC-link voltage
fluctuation in a small range. The basic components of
the wind turbine system, the operational principle, the
realization of the simulation and the validated results
will be presented in the following sections.

3 Wind turbine model

The VSWT system in Fig.l is a complex
electromechanical system. The model of the system is
developed in the dedicated power system analysis tool
PSCAD/EMTDC.
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Table 1 Characteristic of wind turbine and energy storage system

BESS FC Cost
WT/ Power/ Ideal Capacity power Ideal Capacity
MW (MWh) capacity Ess ge/(MWh) (MW) capacity Ess rc/(MWh) WT/ BESS/ FC/ Total/

efficiency Egr_ideal/ DOD (65%) & efficiency Erc_ideal/ efficiency (k€) (k€) (k€) (k€)
(85%) (MWh) efficiency (80%) (70%) (MWh) (45%)
1.0 0.65 78.7 151.3 0.79 6.5 16.0 1000 31867 269 33136
1.5 0.67 36.3 69.8 0.79 41.8 103.2 1500 14744 443 16687
2.0 0.6 22.1 42.5 0.79 49.2 121.5 2000 9009 480 11489
2.5 0.6 17.2 33.1 0.79 47.5 117.3 2500 7030 472 10002
3.0 0.6 14.2 27.3 0.79 44.9 110.9 3000 5819 459 9277
3.5 0.6 11.2 21.5 0.79 43.0 106.2 3500 4607 449 8556
4.0 0.6 8.7 16.7 0.79 40.5 100.0 4000 3598 437 8035
4.5 0.6 7.6 14.6 0.79 37.0 91.4 4500 3153 420 8073
5.0 0.6 7.2 13.8 0.79 33.7 83.2 5000 2992 403 8395
Wind turbine

3.1 Aerodynamic model

The mechanical power extracted from the wind

can be expressed as follows**,

P, = % prR*V’C, (0, 4) (4)

where P, is extracted power from the wind, p is the

air density (kg/m®), R is the blade radius (m), v is the

wind speed(m/s) and C, is the power coefficient

which is a function of the pitch angle of rotor blades

6 (deg) and of the tip speed ratio 4. The term A is

defined as A= wyR/v, with w,, the wind turbine speed.
The power coefficient may be calculated as

151 o
C, =0.73[/1i—0.586—0.00262-14—13.2J.e 844 (5)
with
1 _ 1 0003
A A-0.020 @ +1

(6)

Based on (1)~(3), the relation between the
optimal power and the wind turbine speed can be
obtained below.

C
P, _ max =_p7tR5 L 'CO3 (7)

In the variable speed wind turbine operation, the
generated active power depends on the power
coefficient C,, which is related to the portion of power
extracted from the wind. For each wind speed, there
exists a specific point in the wind turbine output
power versus rotating-speed characteristic where the
output active power is maximized. During the period
of high wind speed, the variable-pitch control system
would act to make the wind turbine operate at the
rated power!?>**). In this paper, the pitch angle control
system could be modeled referring to [29-30], which
is not detailed here.

3.2 Mechanical drive train

According to [31-32], under a comparative study
of wind turbine generator system using different drive
train models, it has been shown that the two-mass
model in Fig.4 is suitable for transient stability
analysis. The mode of two-mass drive train is described
below!' %,

Generator

Fig.4 Block diagram of the two-mass model.

dw,

Jy dtw =T, - Kb, —D(o, — ;)
(®)
do
Jy dtr =Ky, + D(o, —o,) T,

where J, and J, are the equivalent wind turbine inertia
and generator inertia respectively. Torque Ty, and 7,
represent the aerodynamic torque of the wind turbine
and the generator loading torque, respectively. w,, and
w, are the wind turbine and generator rotor speed
respectively. 0, is the angle between the turbine rotor
and the generator rotor. K is the elastic characteristic
of the shaft. D is the mutual damping between the two
masses.

3.3 Full-scale power converter

A PMSG model available in the software package
PSCAD/EMTDOC is used here, which is controlled by
the full-scale power converter. This power converter
is composed of the generator-side AC/DC converter,
DC-link capacitor, and the load-side DC/AC inverter.
Each of converter/inverter is a standard 3-phase two-
level unit, composed of six IGBTs and antiparallel
diodes.

3.4 Battery energy storage system

The schematic diagram of BESS is shown in
Fig.5(a), which is composed of a DC-DC buck/boost
converter and a battery model. The battery is considered
to be connected to the DC link of the full-scale power
converter through the DC/DC converter as the ESS. In
this study, a third-order equivalent battery circuit
model developed by Ceraolo™>% is considered for
accurate representation of battery charge/discharge
characteristics and estimating the SOC of the battery.
The model has been reproduced in Fig.5(b). In this
model, the main branch including E,, R, Ci, and R,



F. Deng et al.: Control Strategy of Wind Turbine Based on Permanent Magnet Synchronous Generator and Energy Storage for... 55

DC link of

Sql 1% ower
IEtery Voar _‘(% « COFI)’IVCI‘ICI”

DC/DC buck/boost converter
(a) BESS

(b) Third-order battery model
Fig.5 Block diagram

approximates the battery charge/discharge dynamics.
The PN parasitic branch accounts for the self-discharge,
and R, approximates the overcharge resistance. As the
figure indicates, the resistive and capacitive elements
are nonlinear and current-dependent, which can be
determined empirically**~¢!.

4 Principle of operation

In this stand-alone wind generation system, which
is composed of PMSG, BESS and full-scale power
converter, the DC-link voltage of power converter is
kept constant by BESS. The amplitude and frequency
of the load-side voltage are controlled by the load-
side converter. The generator-side converter is used to
supply the demanded power. The detailed operational
principles of the wind turbine system are depicted
below.

4.1 Control of energy storage system

The ESS here is only considered as BESS which
has the bi-directional power control ability. It is used
to keep the DC-link voltage V4. of the power
converter constant as 2.5 kV. The BESS has the ability
to provide or absorb power in the DC link of the
full-scale power converter. If the DC-link voltage Vg
is over the reference value Vy. ., the BESS would
absorb energy from the DC link and reduce the
voltage Vy. to Vg rr. Here, the battery is charged.
Once the DC-link voltage is less than the reference
value, the energy would be injected into the DC link
so as to increase the voltage Vg to Vi rer by
discharging the battery.

Such a BESS is built with lead-acid batteries, by
taking the individual units in series and parallel to get
the desired voltage and energy rating. In this study,
the BESS energy and power capacity is 16.7MWh and
0.6MW respectively, and the voltage V,, is selected as
2kV. As the battery cell rated voltage is 2.135V and
capacity Cjy is S00Ah, one BESS branch is to consist
of 937 cells, connected in series. 17 of these series
strings are in parallel to obtain the desired energy and
power rating. The battery parameters are given in the
Appendix, which were taken from [34].

As for the battery, one important issue is the state
of the charge (SOC). The BESS model in Fig.5 is used
to estimate the SOC by using the procedure proposed
in [34]. As it is not desired to deplete or overcharge
the battery, the SOC of the battery should be kept
within proper limit (i.e., between 35% and 100% in
this paper) and needs to be determined accurately for
the controller operation. When the SOC is measured
less than 35% or more than 100%, the battery will
stop discharging or charging controlled by power
electronics interface.

Based on the above analysis, a simple control
block for the BESS has been developed, as shown in
Fig.6, where a DC-link voltage controller is used here
to regulate the DC-link voltage of the full-scale power
converter. The boost converter and buck converter
with 1kHz switching frequency are controlled by two
current controller branches in discharging and charging
situations, respectively. The two converters could not
conduct simultaneously. The logic table is described in
Fig.6, where the switch signals between the two
converters is not only based on the DC-link voltage Vy,
but also the measured battery current i, as shown in
Fig.5.

4.2 Control of generator-side converter

The generator-side converter connected to the
stator of the PMSG effectively decouples the generator
from the load, which is used to continuously deliver
the energy from the generator to the DC link. The
generator output power P, should meet the power
demand P,,, which is the summation of the load
power requirement Pj,,q and the battery power
requirement Py.. It can be directly achieved through
the regulation of the generator-side converter.

Considering the wind turbine characteristic in the
Appendix and the maximum power point tracking
(MPPT) method®®, the rotor speed versus power
characteristic that leads to optimal energy capture is
developed shown as Fig.7. Here, for the MPPT
operation, rotor speed is used as a controller input
instead of wind speed, because the rotor speed can be
measured more precisely and more easily than the
wind speed. In order to avoid large power fluctuations
when rotor speed changes near the minimum rotor
speed, a control characteristic similar to that leads to
optimal energy capture are adopted””). The control
characteristic is depicted by the curves AB in Fig.7.

Sig_l
o—r»i”sl
Boost :0 : £
——> converter (]
T
|

Vdc ref %C,eff DC-Tink Tpat_ref
= voltage =
= controller

I/;LIC

Current
controller,

driver

0
Buck 0
——>f converter]|

driver _-{_ 4

Se

Current
lcontroller|

B AT B [Sells
11

0 1 1

{E—»A 0 0 0

0 1 0 0

Fig.6 Schematic diagram of the control structure
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Power set point(pu)

Rotor speed(pu)

Fig.7 Optimal rotor speed versus power characteristic

For a given power demand P, in Fig.7, there
would be two possible operation points (e.g. £} and E)
for the generator operation (the power converter loss
is neglected). Based on the torque versus rotor speed
characteristic, the point £, is the steady operation
point. Actually, in this operational principle, the wind
turbine steady operation points are located at the right
side of the optimal power curve (including the optimal
power curve). For a power versus rotor speed
characteristic corresponding to a given wind speed,
there may be four operation parts including I, II, III
and IV, for the stand-alone wind turbine system.

Part I: power demand is below Py, where the
rotor speed w, reaches the upper limit in this situation,
as shown in Fig.7. In this area, the variable-pitch
control is active to change the characteristic curve
from solid line to dash line to limit the rotor speed w,.
When the power demand drops from P, to P, the
generator would instantaneously supply the demanded
power through the regulation of the generator-side
converter. The PMSG works from point £, to G, and
then straightly to G,.

Part II: power demand is between Pj, and the
maximum power P.,.. When the demanded power
stepped from P, to P,, the generator power would
immediately jump from point E, to F; to meet the
requirement. At last, the wind turbine works steadily
at point F,.

Part III: power demand is between P, and the
rated power. When the demanded power is increased
from power Py to P;, the generator power is controlled
by the generator-side converter to point A, and then
goes straight towards to point H,. Afterwards, the
wind turbine operates along with the optimal power
curve, to the maximum power point M.

Part IV: power demand is above the rated power.
When the demanded power is stepped up from P, to a
high value which is over the rated power, the wind
turbine would jump from E, to /, and then operate
toward to the maximum power point M along with the
optimal power curve.

Based on above analysis, the proposed control
strategy for the generator-side converter has been
developed in this paper, as shown in Fig.8. As to the
given wind turbine speed w,, if its corresponding
optimal power P, is more than or equal to the
demanded power Pg,,, the generator power reference

max Popt
Vdc lim Goals) Pcomp = Pym r——— 1|
- 7V - {*'% |—|_/I : 0 | P g ref
min : | a
; Pload ‘Dop[ { |
Ve [l S
P Power
load lfP;umS Popt Sianal switch
Signal=0 1gna
Popt else
Signal=1

Fig.8 Block diagram of the proposed control strategy for
the generator-side converter

is set as the power Py, which is the sum of the load
power Pj,,q and the power compensation component
Peomp- Here, the compensation Pgop, is used to charge
the battery. On the other hand, when the demanded
power is more than the optimal power, the PMSG is
operated following the optimal power Pgy,.

The power storage regulation could be realized
through a voltage regulator Gy4.(s) with the upper
limit as 0.6MW, which is the nominal power of the
BESS. Normally, in order to capture the maximum
energy for BESS, the compensation Peomp is given as
0.6MW, which is the maximum power capacity of
BESS. It means that the BESS may lose functionality
to reduce the DC-link voltage if the overvoltage
appears in the DC link, because the BESS can not
absorb more energy. Here, the voltage regulator Gy4.(s)
starts to reduce the compensation P.,m, to keep the
DC-link voltage if the Vy. is over Vy. 1im, Which is set
as 1.1 per unit.

The power regulation by the generator-side
converter can be realized through the control structure
shown in Fig.9. The controller is based on the
dynamic model of the PMSG in the synchronous
rotating frame (9), with the d-axis is aligned with the
rotor flux!",

d;
Uy = Riigo + L d—‘f—an)riqS
di ©)
Uy = RsiqS +Lq §+derids + oy,
where uys and wus, igs and iy, Ly and L, are the d- and
g-components of the stator voltage, of the stator
current and of the stator inductance, respectively. R,
v, and o, stand for stator resistance, permanent
magnet flux and rotor speed, respectively.

i{ic
1d Udcom }F{ }—{

iy ref =04 u
d_ref =U + & Gals) T & abe sy
P, N [ ) PWM f‘> o
g ref fq_ref u. | Generator|
g Gap(s) g Ggi(s) b dg \—
Pq iq Ugeom
iy <— \abc

fa,lp, lc
Udcom=—Lqmigs

Ig«— dg

l’qcom:derids_ oY

- [ Rotor positio
or measurement

PMSG

Fig.9 Block diagram of the control structure for
generator-side converter
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As the converter is directly connected to the
PMSGQG, its g-axis current is proportional to the active
power. The d-axis stator current is proportional to the
reactive power. The reactive power reference is set to
zero to perform unity power factor operation.

In Fig.9, the control block for the generator-side
converter adopts double control loops. A power
controller Gg,(s) is used in the outside loop to regulate
the generator power P,, and produces corresponding
g-axis current command i, .r. In inside loop, the
current controllers are adopted to regulate d- and
g-axis stator current to track the command value.

4.3 Control of load-side inverter

The objective of the load-side inverter is to
regulate the output voltage, which has to be controlled
in terms of amplitude and frequency as no grid exists
in a stand-alone system. Vector control technique has
been developed for the load side inverter as shown in
Fig.10. The controllers are based on the dynamic model
of the voltage source converter in the synchronous
rotating frame (10) with the rotating frequency as
50 Hz, where uy, u,, iy, i, are the load-side voltages
and currents in d, g reference frame. The double
control loop structure is adopted here. The inside loop
is used to control the load-side current. The outside
loop is used to maintain the output voltage amplitude.

di
uy =uy +Reiy + L %—a)Lfiq
(10)

di

u, =uy + Rei, + Ly L+ oL,
dr

where L;, R and o are filter inductance, resistance

and angular speed, respectively.

In the generator-side converter and the load-side
converter, the triangular carrier signal is used as the
carrier wave of PWM operation. The carrier frequencies
are both selected as 1kHz. In addition, these controllers
in the BESS, generator-side converter and load-side
inverter are all simple proportional-integral (PI)
controllers. Combining the parameters in the Appendix,
these PI controllers have been designed with the
frequency-response design method referring to [38],

and the results are given in the Appendix.
Vie
B

| —
PWM Voltage
—>  source

> inverter

modulator]|

. . Tay Tps
Ugeom= Ut @Lily lq< abe e
. iq<«—
Ugeom™= Ug— OLgig 1 } Le
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—X| @ [/ K
2n i
—X
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Fig.10 Block diagram of the voltage and frequency
control for load-side converter

5 Simulation based verification

A 4MW VSWT in a stand-alone system is
modeled as shown in Fig.1, which is built with the
models in section III. The initial SOC of the BESS is
set as 60%. The system parameters are given in the
Appendix. The proposed operational principle for the
wind turbine system is tested with different loads, as
well as the variable wind speed. In the first case, the
performance of the wind turbine is verified at the
fixed wind speed under different loads. In the second
case, the performance of the wind turbine is tested at
constant loads under the variable wind speed. In the
third case, the stand-alone system capability is
demonstrated at variable wind speed and loads.

5.1 The first case

In the first case, a constant wind speed as 10 m/s
is adopted. Fig.11 shows the response of the system
for a step change of load power from 0.47 per unit to
0.75 per unit at 40s, and then to 0.3 per unit at 100s.

Initially, the PMSG is operated along with Pgyp,
which is less than P,,. The BESS absorbed the energy
with the maximum power as 0.6 MW shown in
Fig.11(f). When loads power stepped up at 40s,
generator torque increased quickly to make that the
generator power track the load power change, which
results in that the optimal power in Fig.11(h)
decreases along with the reduction of the wind turbine
speed. Meanwhile, the dashed line optimal power P,y
is less than the sum power Pg,,. Based on Fig.8, the
generator power is switched to track the optimal
power. Here, the generator power is not enough to
support the loads. The BESS starts to provide the
loads together with the generator shown in Fig.11(f),
and keep the DC-link voltage constant. Owing to
energy release, the SOC of the battery is reduced as
shown in Fig.11(g).

Since 100s, the sum power Py, is stepped down
and less than power P, because of the decrease of the
loads. The generator starts to work along with Py,
again, and the BESS absorb the maximum power as
0.6 MW from the wind turbine shown in Fig.11(f).
Along with the charge, the SOC is increased again as
shown in Fig.11(g). During the sudden decrease of
loads, the BESS could not absorb the power fast
enough, which results in the DC link overvoltage. In
order to keep the DC link voltage, the compensation
Peomp is reduced at 100s shown in Fig.11(h) so as to
reduce the generator power. Here, the fluctuation of
DC-link voltage is only 0.11p.u., shown in Fig.11(e).
Owing to the decrease of the generator power, the
wind turbine speed is increased as shown in Fig.11(b),
which causes the action of the pitch angle control
system, shown in Fig.11(c).

5.2 The second case

The second case shows the performance of the
system for a step change of wind speed from 10m/s to
8m/s at 40s, and then to 11.5m/s at 100s. Here, the
loads power is constant as 0.47 per unit.
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When wind speed is stepped down at 40s, the
wind turbine torque is decreased, and the optimal
power P, is reduced along with the decrease of the
wind turbine speed. Until 47s, the power P, is less
than the sum power Py, the generator operation
follows the optimal power P,,. Here, the generator
could not support the loads in this wind speed as 8 m/s.
In order to keep the DC-link voltage constant, the
BESS releases its power to provide the loads, which
result in the decrease of SOC shown in Fig.12(g).

At 100s, the wind speed is stepped up to 11.5 m/s,
when the wind turbine speed is increased by the
increase of the wind turbine torque. Until 106.5 s, the
optimal power P,y is over the power Py,,. Here, the
PMSG is operated following the power P, again.
The BESS starts to absorb the generator power, which
causes the increase of SOC shown in Fig.12(g).
During operation, the pitch angle control is active
to limit the wind turbine speed in Fig.12(c). As well,
the DC-link voltage Vy. is nearly kept constant as
illustrated in Fig.12(e).
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5.3 The third case

The performance of the stand-alone wind turbine
system is tested in the third case, with the variable
wind speed and loads in Fig.13(a) and (g). The
DC-link voltage is kept almost constant in Fig.13(d),
which ensures the normal operation of the wind turbine.

The ESS provides and absorbs the power in the
wind turbine system, which could be shown from the
power and energy change shown in Fig.13(e) and (f).
The generator power P,, loads power Pjy,q, optimal
power P,y and Pg, are shown in Fig.13(g), which

complies with the proposed operational principle.
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turbine system
6 Conclusion

A stand-alone variable speed wind turbine based
on PMSG, full-scale power converter and ESS has
been presented in this paper. A novel control strategy
for this stand-alone wind turbine system is proposed.
The load-side converter is controlled using vector-
control scheme to maintain the amplitude and frequency
of the converter output voltage. The ESS has the
bidirectional power control ability, which is used
to keep the DC-link voltage of the full-scale power
converter constant. At the same time, the generator-
side converter operates together with the ESS to
support the loads. The variable speed wind turbine
with the proposed control strategy is suitable for a
small-scale stand-alone generation system installation
for remote-area power supply. A 4MW generation
system based on the presented variable speed wind
turbine is developed using PSCAD/EMTDC. The
simulation results show that its ability to meet the
operational needs of a variable speed wind turbine in
a stand-alone system. It is feasible to meet the demand
of the loads and wind speed variation. As well, it is
capably of limiting the DC-link voltage of the
full-scale power converter in a small rang so as to
ensure the normal operation of the power electronics.
Finally, it is concluded that the presented variable
speed wind turbine and the proposed control strategy
can be an effective solution to achieve power supply
in a small-scale stand-alone generation system.

Appendix I

Table 2 Wind turbine and generator characteristic

Parameters Value
Wind turbine rated power/MW 4
Rotor diameter/m 110
Rotating speed/ (r/m) 6.7~15
Nominal wind speed/ (m/s) 11.4
Generator rated power/MW 4
Stator rated line voltage /kV 1
Rated frequency/Hz 20
Number of pole pairs 88
Stator winding resistance (p.u.) 0.008
Windings leakage reactance X; (p.u.) 0.06
d-axis reactance Xy (p.u.) 0.8
q-axis reactance Xq (p.u.) 0.5
Magnetic strength (p.u.) 1.2
Generator inertia/s 0.8
Equivalent wind turbine inertia/s 5.5
Shaft stiffness K (p.u.) 2.7
Shaft damping D (p.u.) 0.019
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Table 3 Power converter and ECS characteristic

Parameters Value
Capacitor C /F 0.08
Induction Ls /H 0.0001

Resistance Ry /Q 0.0003
Induction Ly/H 0.001

Table 4 Control design parameters

Controller K, T;

BESS Voltage controller 10 0.05
Current controller 10 0.0025

Voltage controller 1 0.02

Generator side Power controller 0.05 0.008

Current controller 0.2 0.2

Power controller 10 0.002

Load sid

oad side Current controller 0.06 0.16

Appendix II

Table 5 Characteristics of energy storage system

Specific Special

Storage system energy cost power cost 1}2 ‘(%/())
co/(kE/MWh)  ¢,/(k€/MWh) °
Lead acid battery 210 140 1
FC 10 300 1

Appendix IIT

Fig.5 shows the battery model, which is detailed
illustrated in?*. Only the main parts are introduced briefly
in this appendix. The SOC and DOC of the battery are
defined as

SOC=1-—
o (A.1)
DOC=f-— L
KCC(Ian’Q)
with
0.(1) = J;—im (t)dr (A.2)

K.C.(1-0/0,)

_ et T A3
1+(K, —1)I/1T")° (A-3)

C(1,0)

The electrolyte temperature 6 is determined by the
following differential equation

0 6-9

c,=p- a (A.4)
dr R,
with
P =13 (Ry+Ry) (A.5)

After SOC, DOC and 6 are obtained, the battery
parameters E,, Ry, R, R,, C) and parasitic branch current /;
can be determined by

E, =E,,-K;(273+6)(1-SOC)
Ry =Ry [1+ 4,(1-SOC)]
R, =R, In(DOC)
exp[ 45, (1-SO0)] (A.6)
P14 eXP(Azzlm/]*)
C =1/R
Iy =VoxGrg exp| Vi [Vyo + 4, (1-0/6;) |

where Eq, Kg, Roo, Ay, Rig, Ra9, A2 and A5, are constants

R, =-R

for the specific battery and could be obtained by experimental
method.

Appendix IV

The parametric values of each battery cell P*

follows:

I*=49A, Cy+=261.9Ah, K=1.18, 6;=40°C, &=1.29,
0=1.4, 1=5000s, E,(=2.135 V, Kg=0.00058V/C, Ryy=2mQ,
Ri0=0.7mQ, R,,=15mQ, A;=-0.3, A4,;=-8, A,,=-8.45,
E, =195V, Vy=0.1V, Gy=2ps, 4,=2, Co=15Wh/C,
RGZO.ZOC/W.
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