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Abstract: This study presents a novel hybrid operation strategy for a wind energy conversion system (WECS) with a
battery energy storage system (BESS). The proposed strategy is applied to support frequency regulation using
coordinated control of WECS and BESS operations in power system. The coordinated control of the WECS consists of
active power control and frequency support control based on permanent magnet synchronous generators for variable
wind speed conditions. Active power control is achieved using maximum power point tracking and deloaded operation
to ensure a certain power margin. In addition to this comprehensive control of the active power, frequency support
control based on kinetic energy discharge control is developed to regulate the short-term frequency response and to
ensure reliable operation of the power system. Concurrently, the output power command of the BESS is determined
according to the state of charge and frequency deviations. The effectiveness of the hybrid operation strategy is verified
by a numerical simulation in power system computer aided design/electro-magnetic transient direct current (PSCAD/
EMTDC), and the results show that the proposed approach can improve the frequency regulation capability of the

power system.

1 Introduction

Wind energy is one of the most rapidly growing renewable power
sources worldwide, and wind power penetration of the power grid
has been increasing [1]. In modern wind power systems, two of
the most promising types of wind turbine generators are the
doubly fed induction generator (DFIG) and the permanent magnet
synchronous generator (PMSG). The mechanical connection
between the wind turbine and the generator shaft in the DFIG is a
gearbox, which provides an extensive range of rated speed [2],
whereas a PMSG is connected directly to the wind turbine without
a gearbox, offering low-speed operation that does not require any
external excitation current. The PMSG is much less sensitive to
parameter variations and exhibits better controllability than the
DFIG [3, 4].

Since power systems are dynamic, the prevalence of large-scale
wind energy conversion systems (WECSs) has motivated research
on frequency control, which is necessary for reliable power system
operation. Most variable-speed wind turbines generally have no
inherent inertial response. The wind turbine has been decoupled
from the power system by electronic converters because of the
impacts of output stability and frequency variability on the power
system. The wind turbines always operate under maximum power
point tracking (MPPT) conditions without any power reserves;
thus, they cannot supply any spinning reserve in response to
frequency disturbances [5]. Accordingly, system operators request
that wind turbines provide an ancillary service to enhance the
frequency support capability using frequency control and active/
reactive power control. To maintain the stability and reliability of a
power system connected to a WECS, adequate frequency control
research is required to determine a method for providing additional
reserve.

Many researchers have studied the ability of frequency regulation
in wind turbine generation to supply additional reserve. For example,
frequency regulation can be implemented by inertial control, which
is a means of releasing energy from the rotating mass [6—8]. The
authors of [6] attempted to use an inertia contributing loop to
enhance the inertia support from the wind turbine. In particular,
the use of machine inertia to implement frequency control for

DFIG wind turbines was described [7], whereas the authors of [§8]
proposed to let a variable-speed wind turbine emulate inertia and
support primary frequency control. However, because inertial
control uses not the power margin but the stored kinetic energy
(KE) in the rotor and blade of the wind turbine, it would decrease
the power output necessary to recover the initial rotational speed
during system frequency regulation. In [9], the moving-average
method with K-deviation was introduced to preserve a certain
amount of wind power reserve. In another literature survey [10], a
deloaded (DL) control was also presented as a key solution to
supply a primary frequency regulation capability within very short
time spans in system containing wind turbines. In [11],
Keung et al. proposed the KE discharge control in which a wind
farm to actively provide primary reserve to support a frequency
disturbance using the stored KE in a rotor. However, if the energy
regain during acceleration is not controlled properly, it may cause
another frequency disturbance. Therefore, it is necessary to
optimise to the frequency control strategy to effectively use the
stored KE.

Nowadays, an energy storage system (ESS) has been integrated
with renewable sources that are connected to the power grid to
maintain safe operation of the grid and to balance supply and
demand. The ESS can meet the requirement for increasing the
reserves to manage the uncertainty of wind generation. This can
increase the system operation efficiency, enhance power
absorption, and reduce carbon dioxide emissions. Among ESSs,
the battery ESS (BESS) is one of the most rapidly growing storage
technologies. The use of BESSs has focused attention on the
reduction of adverse effects involving frequency deviations [12].
Moreover, combining a BESS with a WECS will improve the
system availability and increase the amount of wind power that
can penetrate the power grid without endangering system
reliability. Previous work has explored the application of a BESS
within a WECS for frequency support in a power system. In [13],
Howlader et al presented a minimal-order-observer-based
frequency control approach for integrated small power system; in
this approach, a strategy for coordinating a wind turbine generator
and a BESS is applied. In [14], Khalid and Savkin proposed a
method that solves a frequency control problem to obtain efficient
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operation of a BESS using a predictive model. In [15], Serban ef al.
analysed the BESS to enhance the short-term frequency stability of
autonomous microgrids that include both classical- and
renewable-energy-source-based generators. In [16], Virulkar and
Aware presented a control methodology for battery charging under
constant current-constant voltage mode topology to regulate the
active and reactive energy flows in a distributed power system
network. In [17], Dali et al. performed a theoretical study,
experimental test, and assessment of operation of a grid-connected
hybrid photovoltaic (PV)-wind system that used a standalone
inverter capable of working in grid-connection mode, but also in
standalone mode as a micro-grid generator. In [18], the size of a
PV-wind integrated hybrid energy system with battery storage was
optimised under various loads and unit costs of auxiliary energy
sources. However, most of this research focuses on a BESS
control strategy for frequency regulation. Additional research is
needed to improve the efficiency of these methods, which is still
inadequate for practical applications. Furthermore, this research
does not take into account the active power reserved by
coordinated regulation of either rotor speed or active power control
in WECS, which contributes to frequency support control. Only a
few papers address operational approaches that include a frequency
control strategy for a WECS with respect to the storage capability
of a BESS. In this respect, to improve the frequency response in
the power system, it is necessary to develop a new strategy for
WECS and BESS operations. When system operators request that
a wind ESS participates in frequency regulation, this improved
operation strategy will provide information that enables more
secure system operation and improves the frequency response
compared with that of the previous approach.

This paper proposes a hybrid operation strategy for WECS and
BESS operations in a power system. The proposed approach
implements frequency control of the power system by coordinated
control of WECS and BESS operations. Coordinated control of the
WECS is applied using active power and frequency support control.
A machine-side converter (MSC) and grid-side converter (GSC) are
developed to achieve maximum power extraction, control the
DC-link voltage and reactive power, and provide grid voltage support
using standard vector control. The active power control attempts not
only to operate at the MPPT for various wind speeds, but also to
obtain the power margin to control DL operation. Next, frequency
support control based on KE discharge control attempts to create
frequency support capability for maintaining a stable wind turbine
system. In addition to this coordinated control, the output power
command of the BESS is determined according to the state of charge
(SOC), frequency deviations, and load variation in the power system.

The remainder of this paper is organised as follows. Section 2
describes the configuration of a WECS with a BESS. Section 3
presents the hybrid operation strategy for coordinated control of
WECS and BESS operations. Section 4 represents our simulation
results. Concluding remarks are given in Section 5.

2 PMSG wind turbine with BESS
2.1 Wind energy conversion system

The WECS consists of a wind turbine, a PMSG, a MSC, and a GSC
with an intermediate DC voltage link. The system converts the KE of
the wind to mechanical energy through the wind turbine’s rotor
blades. The generator converts the mechanical power to electrical
power [5]. The electrical power is fed to an electrical network
through back-to-back converters.

2.1.1 Wind turbine characteristics: The maximum power
extracted by a variable wind turbine from the wind is expressed as [1]

1 27173
P = 30TV Cy (B Aap) ()

where p is the air density (=1.225 kg/m?), R is the rotator radius, V is
the wind speed, Aqp is the optimal tip speed ratio (TSR), S is the
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pitch angle, and C, is the optimal power coefficient, which is a
function of the TSRand the pitch angle.

When the pitch angle S is set as zero during the MPPT operation,
the optimal power coefficient is given by Lin and Hong [19]

151 —184
Cp., (/\Opt> —0.73 (T - 13.2> exp (T) )

1 1

1 1 0.003
= )

A A —0.028 1+
The optimal TSR of the mechanical output is defined as
Wy o R
/\opt = Vp (4)

where @, o is the optimal mechanical rotational speed [radians/
seconds (rad/s)] for a given wind speed [metres/seconds (m/s)].
From (1) and (4), the maximum power value Py,,, can be obtained
as a function of the shaft speed

Pmax = wi\,opt X Kopt (5)
1 G

K ==pm| —==|R° 6

opt ZP ()\gpt) (6)

where K, is the coefficient of rotational speed for the maximum
power through CPopl at the wind generator.

2.1.2 PMSG modelling: The mathematical model of a PMSG in
the d—q reference frame is traditionally defined as [4]

d/,
V= —Rd; —L, dft’S + WL (7
dl,
Vqs = _Rs[qs - Ls dr - weLsIds + we\Pf (8)

where Vy and V, are the stator voltages on the d and g axes,
respectively; Ls and R, represent the inductance and the resistance
of the PMSG winding, respectively; W¢ is the magnetic flux; I
and [, are the direct and quadrature components of the stator
currents, respectively; and w. represents the electrical rotational
speed.

The electromagnetic torque 7, is given by Chinchilla ez al. [3] and
Tan and Islam [20]

T, = % pn[(Ld - Lq>ldslqs + Iqs\Pf] )

where L, and L, are the machine inductances on the 4 and g axes,
respectively, and p,, is the number of pole pairs.

In surface-mounted PMSGs, L;=L,=Ls therefore, the
electromagnetic torque is expressed as

3
Te = zpnlqsq’f (10)

The electrical angular speed . and the mechanical angular speed of
the generator rotor w,, are related as [21]

0, = o, p. (11)

2.1.3 Converter control: To achieve optimum power efficiency
despite wind speed variations, the MSC is used to control the wind
turbine shaft speed [22]. Control of the MSC allows the generator to
regulate the rotational speed according to the wind variation. To
understand the control concept, the dynamic equation of the wind
turbine is given as [23]
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Fig. 1 MSC controller loop

d
J%:Tm—Te—me (12)
where B is the friction coefficient of the generator, J is the moment of
inertia (kg/m?), and T}, is the mechanical torque.
The mechanical rotational speed of the PMSG rotor is given by
Wy = thr (13)
where ; is the rotational speed of the turbine and G, is the gear ratio.
Among existing wind generators, for gearless, PMSG-based wind
turbines, G, = 1.
Fig. 1 shows the controller loop of the MSC which contains two
cascaded loops. In the inner loop, current controllers regulate the

d—qg-axis stator current to follow a reference, whereas a speed
controller in the outer loop regulates the wind turbine speed such
that it follows the reference value ., .r and produces the g-axis
current reference I s..r. The stator current components cannot be
controlled independently by the stator voltage components because
of cross-coupling effects. These effects can be cancelled using the
feed-forward compensation. The stator voltage components are
decided by proportional—integral (PI) controllers and feed-forward
compensation. Additionally, the d-axis reference current Iy e is
set to zero to minimise the current and resistive losses for the
given torque [3]. Then, we use pulse-width modulation to produce
a switching signal for MSC control.

The GSC is normally controlled to achieve the following goals: (i)
to maintain the reactive power exchange to the grid, which
guarantees a desirable power factor or voltage during PMSG
operation and (ii) to maintain the DC-link capacitor voltage at a
set value, which ensures active power exchange from the PMSG to
the grid [24]. Fig. 2 shows the controller loop of the GSC. The
GSC consists of a power converter with two closed loops. The
inner loops regulate the grid currents, whereas the outer loops
control the DC voltage and reactive power delivered to the power
system. The GSC control loops on the d—g-axis include a rotating
reference frame and signal PI controllers. The active power
reference P.r is used to maintain a constant output voltage and
QOrer 1s determined by the power factor. Using a phase-locked loop,
the three-phase current is converted to the d—¢g frame.

The dynamic model voltage equations of the grid connection in
the d—q reference frame rotating synchronously are represented as
follows [23]

V=V, —RJI, —L,~—%+wlL,l 14
dg = Ved T fglag T Tq T Pglelye (14)
V.=V, —RI,—L —2&+wlL,1I (15)
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Fig. 3 DC-link controller loop

where V;, and V,, are the grid voltage components in the d—g frame;
Ly and R, are the grid inductance and resistance, respectively; o, is
the angular speed of the grid; V., and V, are the converter voltage
components; and /,, and /,, are the d-axis current and g-axis current
of the electric grid, respectively.

The grid-side active and reactive powers can be expressed as
follows

3

Pg = E Vdgldg (16)
3

Oy =3 Vielys (17)

Equations (16) and (17) show that the active and reactive powers are
regulated to achieve the desired voltage by adjusting the respective
current of the d—g-axis. To transfer all of the active power
generated in the wind turbine, the DC-link voltage V4. should be
maintained at a constant value using the current control of the
d-axis. The DC-link controller can be expressed as the following
constraint

dVdc_i Pg

B Vdc

1
ar v, (1%

C

where C is the capacitance of the DC-link capacitor and P; and P,
are the power of the wind turbine and the grid, respectively.

The DC-link controller controls the DC-link voltage by the DC
voltage reference Vg rer, as shown in Fig. 3. The measured error in
the DC-link voltage is used to determine the generator power
set-point via the PI controller. The voltage is maintained at a
constant value by adjusting the reactive power. To improve the
efficiency of operation for WECS, this control strategy is changed
to operate with fixed unit power factor.

Compensation

+ Vdc, ref

2.2 Battery energy storage system

Among ESSs, the BESS has recently emerged as one of the most
rapidly growing technologies for short-term energy storage owing
to its advantages, which include cost efficiency and flexibility
[25]. The aggregated BESS in a wind farm based on PMSGs is
used to study the proposed strategy. The combined BESS and
WECS can regulate the frequency by supplying an additional
energy as well as the electric power delivered to the electrical
network.

2.2.1 Aggregated BESS: With the flexible charging/discharging
characteristics, BESS is considered as effective device to improve
controllability not only of a wind farm, but also of the entire
power system. The control and operation strategy of the BESS
could be designed for different application purpose. Several
aspects must be taken into account when integrating a BESS
within a WECS such as technological capability, operation size,
and interaction with other systems. The BESS integrated into the
WECS can be configured either as an aggregated unit serving the
entire wind farm or as distributed unit installed in each wind
turbine generator. Owing to the smoothing effect of the spatial
distribution of WECS, the fluctuation of the total wind farm power
is lower than power output of every single wind turbine generator.
Hence, an aggregated BESS outperforms a distributed BESS under
the same capacity [26]. In this paper, these BESS configurations
have been used to clarify the proposed hybrid operation strategy
due to the above following reasons. Fig. 4 shows the configuration
of wind ESS for the proposed hybrid operation strategy. Here, the
symbols Pggss, Pwind> and Py, are the output power of the BESS,
the output power of the wind farm, and the combined power of the
WECS and BESS, respectively. The aggregated BESS is charged/
discharged through a power converter and is connected to the grid
at the point of common coupling.

Fig. 4 Configuration of wind ESS
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2.2.2 BESS control: The main purpose of BESS control is not
only to stabilise the power balance, but also to realise suitable
management of energy storage so that the BESS does not become
overloaded or run out of charge. Fig. 5 shows the block diagram
of a controller for the BESS. In the BESS controller, Py is the
output power command of the BESS, which is limited by the
capacity. The SOC is calculated by integrating the power output of
the BESS Pggss, Tggpss 1S a time constant, and Wpggss is the
energy level of the BESS. Our study focused on relatively simple
control considering the charge/discharge process and the SOC of
the battery, without addressing the lifetime of the BESS. The basic
controller design is used to keep the SOC of the battery in the
proper range for reliable operation. Therefore, the SOC is
maintained near 60% by the charge/discharge controller in this

paper.
3 Proposed hybrid operation strategy

3.1 DL operation for optimal operating point

To participate in frequency regulation, it is necessary that the WECS
should have sufficient power margin available at any instant. Thus,

the PMSG wind generator needs to implement the DL operation to
ensure a power margin. The DL control is dependent on the

application of the overspeeding technique at the right suboptimal
curve. The DL power reference can be calculated as

Py = KgeiP,

max

(19)

where

%,
Ko = (1 - lg;;) (20)

To utilise the proposed DL control method, the power margin Ppargin
can be calculated as

P

margin — Pmax - Pdel (21)
Fig. 6 shows the DL optimal operating power point curve for a
PMSG in high, medium, and low wind speed regions. To provide
a power margin, the PMSG should operate along the 10% DL
suboptimal curve. For a rated wind speed of V=11 m/s, the
PMSG should not operate at the maximum power point C, but
instead at the point O, so that the system can obtain a 10%
available power margin. If the frequency of the power system
decreases, P4, becomes a new output reference, Prefpew- 1he
operating point is immediately moved from point O to point 4
using the KE reserve of the DL control. Then, the output is
maintained during operation. At this time, the rotational speed
should be continuously decreased because of the mismatch
between the wind turbine output and the mechanical input. When
point B is reached, the rotational speed and output are also
decreased, following the MPPT curve. The rotational speed is
stabilised at point C (the equilibrium point), which has equal
mechanical output and the maximum possible power for the given
rotational speed. This means that the system provides the
maximum possible power until the frequency of the power system
is stabilised. If the maximum possible power is higher than the
output reference from the increased wind speed at 12 m/s, point C
moves onto point 4" to verify output reference, and then point 4’
moves to point B’ to increase the rotational speed. The proposed
DL operation is used to dynamically control the g-axis current of
the MSC, as shown in Fig. 7. Here, fiysem 1S the frequency of the
power system, fomina 18 the nominal frequency (60 Hz), and o, is
the speed adjustment rate. In our paper, the DL operation consists
of two modes: 90 and 95% of the suboptimal power curve.

3.2 Pitch angle control

Wind turbine systems typically operate at a wind speed ranging from
3 to 25 m/s, and the rated power can be extracted at a wind speed
ranging from 12 to 16 m/s. The pitch angle controller is used to
restrict the rotational speed to below the maximum speed. Fig. 8
shows the pitch angle controller used to regulate the rotational
speed. When the generator power (or speed) is below the rated
power (or the maximum speed), the pitch angle is set to zero to
obtain maximum power. If the generated power is higher than the

Sub Optimal
P Power Curve W 5
w ( Pruax* 95%) Sotoct P ,
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Fig. 7 Configuration of DL controller
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rated value, the pitch angle is adjusted to limit the power to the
maximum rated value [27, 28]. This paper focuses on the @, jimit
of 1.2 pu to consider the reliable operation range of the PMSG
based on the current control of the MSC. The operating rotational
speed should be limited between 0.7 and 1.2 pu. This controller
adjusts the pitch angle on the basis of a comparison with @, and
the reference pitch angle B¢ is defined by the PI controller.

3.3 Frequency support control

KE discharge control uses the characteristic of the full converter of
the PMSG, which makes output control possible over a large
operating range. When frequency control is required, it is also
possible to receive additional power output from the KE, which is
stored in the wind turbine and rotor [11]. However, excessive KE
discharge control may rapidly decrease the rotational speed and
cause instability in the PMSG. To solve this issue, the proposed
frequency support control based on KE discharge control uses
active power control to maintain system stability. It attempts to
provide a larger contribution to the short-term frequency regulation
by drawing from the KE reserve, which can be calculated as

KE,, =7 (a)ﬁel — o ) 22)

Tes 2 m,opt

where J is the moment of inertia of the wind turbine.

The KE reserve is sufficiently large that it can contribute
significantly to frequency control. It can also improve the stable
frequency recovery capability of the power system. Fig. 9 shows a
schematic diagram of frequency support control. Under normal
operating conditions, the PMSG attempts to control the output
within the power margin in DL operation mode. If the frequency
decreases because of disturbances in the power system, DL
operation mode switches to KE discharge mode.

This change immediately increases the output Py of the PMSG
by the power increment APyg, and maintains its output by
participating in frequency control during a support time Tgppor. In
other words, P, is increased by APyxg and the rotational speed
decreases because of KE discharge. The relationship between the
mechanical output P, and the rotational speed w, of the KE

P

A

| KE discharge mode

Prl:,f.i”‘:

| Tsu pport _J

[ 1 >
T(s)

Fig. 9 Schematic diagram of frequency support control
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discharge control is defined as

do
med—tm = Pm - (Pref + APKE) (23)
When the output of the PMSG is equal to the maximum possible
power, KE discharge mode operation must cease. After the PMSG
has returned to normal operating conditions, the output can be
recovered via the DL mode. Fig. 10 shows the modified rotor
current control of the g-axis that performs the frequency support
control. The trigger signal for changing to the KE discharge mode
is determined according to the deviation of the frequency in the
power system. The PMSG system operates as a KE discharge
mode through the trigger signal when the critical frequency nadir
is identified by the trigger module. Fig. 11 shows the frequency
detection and trigger signal scheme; f.r is the reference frequency.
The event detector measures the power system frequency and the
rate of change of frequency (ROCOF). It generates a trigger signal
by continuous comparison of the predefined threshold value and
the measured system frequency value. The ROCOF of the power
system at the initial frequency event is determined as

df;yslem _ ZHSystem
dt AP]()SS . fr}ominal

@4

where Hgyseem is the equivalent inertia of the entire power system and
AP\ is the lacked active power under a grid fault. Equation (24)
indicates that the amount of lacked active power can be calculated
using the ROCOF of the power system and it represents the
security index of the grid fault.

3.4 BESS operation

The main objectives of operating the active power charge/discharge
using the BESS are to stabilise WECS operation and create suitable
management of energy storage, thereby maintaining a balance
between the wind power and load demand. Reliable BESS
operation is required such that the battery should be neither
completely discharged nor overcharged. Thus, the BESS must be
kept within the proper SOC levels to ensure the battery lifetime
[29]. According to the load profiles, BESS operation can be
divided into discharging, charging, and float modes. If the
generated power is larger than the load demand, the extra energy
is stored in the battery for future use. On the other hand, when the
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Y

'4’-—“!:“ " 4 .
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Fig. 11 Frequency detection and trigger signal scheme
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generated power is smaller than the load demand, the battery
discharges the stored energy to the power system. Float mode is
defined as that in which the generated power is equal to the load
demand. Under the three-mode operation, the BESS can improve
the reliability and stability of the wind power system and level the
output of the wind generator against frequency fluctuation. The
active power applied to the BESS is determined as

Pbess = Pload —P (25)

wind
where Pjo.q 1s the load demand and Py,q is the generated power
output of the wind farm.

Another important issue regarding the BESS can easily be
depleted or overcharged if the battery does not take SOC of limits.
The SOC of the battery should be kept within proper limits (i.e.
between 30 and 90%) and needs to be determined accurately for
the BESS operation. The operation of BESS is subject to the
following limitations

P glérsév[ < Pypss(t) < P gliaségax (26)
socMin < S0C(r) < SOCM™ 27

where PSECM™ and PDEY™ represent the maximum allowable
charge and discharge powers for the BESS, and SOCM™ and
SOCM™* are the minimum and maximum limits of SOC of the
BESS, respectively.

SOC(¢) and the energy charging process of the BESS are
calculated as

E
soc( = Loess® (28)
rated, BESS

Eggss(t + 1) = Egges(1) + At - Pypeg (1) — |Ppggs (0] - m, - At
— Egpss(t) - my - At (29)

where Epgss is the energy stored in the BESS, E .4 BEss 1S the rated
energy capacity of the BESS, and 7. and n, are the charge loss (%)
and leakage loss factors (%/month) of the BESS, respectively. The
SOC should always be maintained in the proper range for stable
operation.

3.5 Strategy procedure

As shown in Fig. 12, the proposed operation strategy is implemented
in a sequential manner.

Step 1: If the BESS reaches the maximum SOC limits, the WECS
enters the DL operation to maintain the power margin. In addition,
when the wind speed is greater than the rated wind speed, the
pitch angle controller controls the output of the WECS within
the rated power. Then, the WECS provides wind power to meet
the load demand of the electrical network.

Step 2: If the SOC of the BESS is not at its maximum limit, the wind
turbine extracts the maximum power according to wind speed
variation. The WECS supplies the wind power to the load, and the
BESS is charged by the wind power.

Step 3: 1f a frequency disturbance occurs, frequency support control
exploits the additional power output from KE stored in the wind
turbine and rotor. The WECS can also contribute to frequency
control by using the power margin of DL operation. Discharging
of the BESS is changed to satisfy the load demand.

Step 4. 1f the power system becomes stable through compensation by
the operation strategy, then the system return to starting point.
Otherwise, it goes to step 3. The wind power is used to charge the
discharged BESS according to MPPT operation.

4 Simulation results

To verify the performance of the hybrid operation strategy of a
WECS with a BESS, the following cases are considered
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Fig. 13  Configuration in Case 1
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Case 1: Response of a single 2 MW PMSG connected to an infinite
bus.

Case 2: Performance of hybrid operation strategy according to the
load condition.

These cases were studied to simulate the model for several wind
speed variations. In this simulation, the performance of the
controller was evaluated using PSCAD/EMTDC. The relevant
parameters for the simulations are presented in the Appendix.

4.1 Case 1

In this case, a single 2 MW PMSG was used to examine active power
control of the WECS for the desired power references. Fig. 13 shows
the configuration in Case 1, which includes a wind turbine model and
an integrated controller. Fig. 14 shows the experimental results of the

744

250 300 350 400

Time (s)

g

WECS. This simulation was conducted by applying a series of
ascending and descending speed steps to the wind speed, as shown
in Fig. 14a.

Figs. 14b and ¢ show the active power and rotational speed
responses during wind speed variation. The wind turbine operated
at its maximum power coefficient and the pitch angle was kept at
its optimal value. The measured active power loop accurately
followed the desired reference. This result confirmed that the
simulation was able to reach the maximum power point. Figs. 14d
and e show the power coefficient and TSR, which are close to its
maximum value during the wind speed profile. The efficiency of
the maximum power extraction can be clearly observed as the
power coefficient is fixed at the optimal value, C,=0.4412 and
A=6.9. Figs. 14f and g show the resulting reactive power and
DC-link voltage of the generator. The WECS operated at zero
reactive power (unity power factor) during the entire simulation.
The reactive power at the MSC was controlled to minimise the
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a Active power
b Rotational speed
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power loss of the generator and to keep a constant voltage. The
DC-link voltage controller tried to maintain the constant value
over the simulation period so that the DC-link voltage had an
almost constant value of 1 pu.

To evaluate the capability of the DL control, the WECS was
controlled by the DL operation mode to obtain the power margin
during 400 s. Fig. 16 shows the responses of the WECS in DL
operation mode. Figs. 15a and b show the active power and
rotational speed of WECS. The WECS was expected to operate at
5% initial DL operation. The rotational speed increased rapidly,
while the active power decreased. It is noted that the additional
KE reserve can be obtained from the rotating mass. Fig. 15¢
shows the performance of the pitch angle. When the PMSG wind
turbines operated at DL operation mode near the rated wind speed,

IET Gener. Transm. Distrib., 2016, Vol. 10, Iss. 3, pp. 736-749

c

the rotational speed was limited to the maximum rotational speed
of 1.2 pu using pitch angle control. It was confirmed that the
rotational speed was properly controlled within the allowable
range (0.7-1.2 pu). The rotational speed loop follows the optimal
speed within a limitation that is regulated by the pitch angle
controller.

4.2 Case 2

To verify the performance of the hybrid operation strategy for a
WECS with a BESS, the wind ESS in this case consists of a wind
farm based on PMSG wind turbines and the aggregated equivalent
of the BESS connected to the power system at the point of
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common coupling, as shown in Fig. 4. The wind farm is composed
of five PMSGs; the rated power of all the PMSGs is 2 MW. The
capacity of the BESS was determined by the fluctuation amplitude
of the wind power. It is assumed that the capacity was set to 3
MW/1.5 MWh according to the 30% fluctuation amplitude of a 10
MW wind farm.

The proposed hybrid operation strategy was tested under a
variable wind speed, as shown in Fig. 16a. Fig. 16b shows the
measured active power from the wind farm based on the PMSG
wind turbines, where the load demand is set to 4.7 MW. When the
wind speed changed, the power output of the wind farm was
sometimes lower than the load demand. However, this shortage of
power was compensated for BESS operation in both charging and
discharging modes, as depicted in Fig. 16c. Fig. 16d shows the
SOC of the battery. The SOC was varied to satisfy the load
demand. The initial charge of the battery was assumed to be 60%
owing to the short simulation time. The simulated results show
that wind ESS performed well, enabling the desired operation of
the wind farm with a BESS.

A simulation test was also conducted in which the power system
experienced a disturbance, as shown in Fig. 17. The proposed
strategy was implemented using the three-mode operation:

Mode 1: The generated power of the wind farm is almost equal to the
load demand, and it is confirmed that the BESS is not operated
during this phase.

Mode 2: The generated power of the wind farm is greater than the
load demand. The power gap in this range is balanced by the
BESS. If the BESS is fully charged, the wind farm is operated in
DL operation mode to obtain the power margin.

Mode 3: The generated power of the wind farm is less than the load
demand. However, the KE reserve and BESS compensate for the
power imbalance between the wind power and the load demand.

The load power, which is initially set to 4.7 MW, is presented in
Fig. 17a. After =320 s, the power output of the load demand was
suddenly increased to 11.2 MW by a system disturbance. Fig. 17b
shows the active power of the wind farm using the coordinated
control (DL 5 and 10%). When the battery storage reached its full
capacity, the wind farm operated at 5 or 10% of the initial DL
operation according to the wind speed at 300 s. The active power
was reduced using the available overspeeding technique on the
right suboptimal curve. At r=320s, the DL operation mode
changed to the KE discharge mode because of a sudden increase
in the load demand, thus releasing additional KE. It can be seen
that the wind farm not only provides additional output to
contribute to frequency control during a support time, but also
operates in an MPPT control mode after the KE reserve is
exhausted. Fig. 17¢ shows the output power of the BESS. The
BESS was charged and discharged according to the power
demand. Its power was increased to compensate for the difference
between the wind farm output and the load demand. This means
that the load demand is met by the BESS power supply, even
under a lower wind speed. When the BESS is fully charged, the
excess low-frequency power component should be absorbed by the
dump load. Fig. 17d shows the DC-link voltage under load
condition. It can be seen that the DC-link voltage is regulated near
1.0 pu with DC-link voltage controller and then has a very small
variation. During the frequency support process, the DC-link
voltage was well controlled.

Fig. 17e shows the grid frequency responses for the load increase.
For comparative evaluation of the proposed strategy, two frequency
regulation strategies were simulated. One is the well-known inertial
control approach [8] and the other strategy used for comparison is
based on proportional control [6]. When frequency drops because
of the load increase, the minimum frequency responses of inertial
control and proportional control were 59.65 and 59.68 Hz. Then,
the grid minimum frequency with the proposed strategy DL
operation 5 and 10% are improved from 59.55 to 59.76 and 59.82
Hz, respectively. These results indicate that the proposed approach
can provide greater support in improving the minimum grid
frequency than other controls. The proposed strategy managed to

inject much more KE compared with the other approaches. It can
be observed that the proposed strategy had greater efficiency, a
better transient response and more stability than other approaches.
It could also help to increase system robustness by reducing
frequency fluctuation under load demand. The BESS operation
was an important factor for the effectiveness and feasibility of the
proposed strategy. The hybrid control strategy can potentially be
beneficial to system frequency response. Consequently, the
proposed approach can not only supply more power to slightly
improve the system frequency response, but also further develop
the frequency support capability of a wind ESS.

5 Conclusion

This paper proposed the hybrid operation strategy for a WECS with
BESS to support frequency control. The WECS was designed to
have a PMSG model and integrated converter control. The
aggregated BESS is connected to the WECS. Active power control
focused on achieving MPPT and using DL operation to obtain a
power margin. Frequency support control based on KE discharge
control was used to enhance the frequency support capability. The
output power command of the BESS was determined by three
factors: the SOC, frequency deviation, and load variation. The
effectiveness of the proposed approach was verified by simulation
results. In the hybrid operation strategy, coordinated control of the
WECS not only provided a power margin reserve by the DL
suboptimal extraction curve, but obtained a KE reserve that is
stored in the rotor. The good performance of the BESS provided a
charge/discharge mode to maintain the power balance between the
generation and load demand. The proposed hybrid operation
strategy can also reduce the frequency deviations in a power
system and achieve flexible, stable operation of the WECS and
BESS. Consequently, the proposed operation strategy can
significantly improve the initial and low-frequency response, and it
makes a superior contribution to short-term frequency regulation.
In the future, we will study an optimization method to greatly
improve the frequency support capability of the WECS with BESS.
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Table 1 Wind turbine model parameters
Parameter Notation Value
blade radius R 39m
air density p 1.225 kg/m?
maximum Co .t 0.4412
rated wind speed Viamod 12 m/s
Table 2 PMSG generator model parameters
Parameter Notation Value
rated generator power Pr rated 2 MW
rated RMS line-to-line voltage Vi rated 0.69 kV
rated machine speed O, rated 376.99 rad/s
pole pairs P 11
generator and turbine inertia const. H 5.7267 s
PM flux s 136 Wb
stator d-axis inductance Lg 0.334H
stator g-axis inductance Lmg 0.217H
stator leakage inductance Lg; 0.0334H
stator resistance Rs 0.08 Q
8 Appendix
See Tables 1 and 2.
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