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Abstract—High penetration of wind energy in the modern
power system exposes the need of smoothing the fluctuating
output power in an effective and conducive way. In this context,
this paper proposes two novel control strategies that utilize the
self-capability of permanent magnet synchronous generator based
wind turbine to realize power smoothing. The first strategy
pursues to offer power smoothing support via simultaneous
utilization of DC-link voltage control, rotor speed control and
pitch angle control. The second control strategy seeks to
coordinate the three concerned individual control schemes in a
hierarchical manner, where the power smoothing tasks are
allocated to individual control modules or their combinations
dynamically in line with WT’s operation status. Both two
strategies are able to provide power smoothing support by fully
exploiting wind turbine’s self-capability, whereas the second
strategy has the merits on 1) reducing the activation frequency of
pitch angle control, and 2) enhancing wind energy harvesting.
Case studies of the proposed control strategies are carried out to
compare and verify their effectiveness in achieving power

smoothing.
Index Terms-- Permanent magnet synchronous
generator(PMSG), power smoothing, simultaneous control,

hierarchical control.

I. INTRODUCTION

N the last decades, wind energy has exhibited a dramatic

increase due to energy crisis and environmental issues.
Though wind energy is a clean and efficient resource, high
penetration of wind power can lead to detriment of power
quality due to its uncertain and intermittent nature[1-3]. In
industry, the variable speed wind turbines (VSWTSs) are widely
utilized due to their high efficiency and low cost. However, the
nonsynchronous grid connection of VSWTs and their free-
running operation mode intensifies output power fluctuations
and thereby threaten the power system security. In particular,
fast fluctuation of wind power output can result in frequency
variation, system instability [4-6], variation of reactive power
loss and voltage flicker at the point of common coupling (PCC)
to the main grid [7]. In addition, wind power fluctuations lead
to other technical and economic issues. For example, wind
power fluctuations result in less operational efficiency of
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thermal units as discussed in[8]. Generally, power reserve
would be increased to counterbalance wind power fluctuations,
which consequently result in higher reservation cost[9].
Furthermore, high wind penetration may require high
transmission capacity, which in turn increases the transmission
losses[10]. It is straightforward that wind power fluctuations
bring about more operational challenges especially in the
islanded power systems, of which the inertia is low and the
system is weak. In this context, smoothing power fluctuations
can be quite beneficial to the islanded power systems.

In order to ensure system operation security and reliability,
smoothing the wind power fluctuation is desirable especially
for islanded systems which have limited power reverse. The
fluctuated power can seemingly be alleviated owing to the
intrinsic temporal and spatial coupling in one or more wind
farms. However, such aggregation effect is naturally flawed
with limited smoothing capability considering volatile wind
direction and fixed location of wind turbine (WT) installation
[11]. In this sense, it is still worthy of further investigation of
advanced control to exploit individual WTs full potential of
power smoothing. Thus far, this research direction has attracted
wide attention in both industry and academia over the last
decade, which can be categorized into two classes. The first
class is to utilize energy storage system (ESS) to store the
excessive energy and release back once needed. In [12], an
ultra-capacitor (UC) bank and a lithium-ion battery bank (LB)
are utilized to mitigate the short-term and long-term wind
power fluctuation, respectively. Other ESSs such as flywheel
and upper conducting magnetic energy storage (SMES) have
also been considered in [13-17]. Nevertheless, such approaches
inevitably involve additional investments. Distinguished from
the previous approaches that rely on additional ESS, the second
class is aimed to delve into the greatest potential of the WT
itself for power smoothing. This type of strategies is
advantageous over ESSs based ones owing to less investment
cost and maximum utilization of the existing resources of WT.
Such resources comprising of the following three aspects can
be synthesized as the self-capability of WTs for power
smoothing.

The first resource lies in the energy harvesting capability
through pitch angle adjusting. An effective pitch angle control
can directly affect the active power output of WTs. To achieve
such control objective, fuzzy logic pitch controllers are
reported in [18, 19] to smooth wind power fluctuations under
below-rated wind speed conditions. Those controllers are
reported to be robust and easy to be implemented. However, it
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is noted that the wind energy harvesting efficiency is low since
the curtailed wind power is directly discarded. In addition,
frequent activation of pitch angle adjustment will inevitably
increase mechanical stress and fatigue of WTs.

Another resource that can be utilized to smooth out wind
power fluctuation is the kinetic energy (KE) stored in the
rotational rotor [20-22]. When the smoothing command is
received, the rotating mass releases or absorbs excessive
energy via rotor speed deceleration/acceleration. To establish
the relationship between smoothing command and rotor speed,
a fuzzy PID controller is proposed in [22] to replace the
conventional speed controller. In [21], the frequency deviation
is introduced to the controller by utilizing KE. Even though the
operating point of WT is shifted away from maximum power
point (MPP) when rotor speed control is adopted, it has an
advantage as compared to pitch angle control in energy
harvesting since a portion of the curtailed energy can be stored
in the rotational rotor as KE.

The last source can be exploited is the DC-link capacitor of
WT. It is observed that DC-link voltage can be temporarily
changed so as to release or absorb a part of energy. Based on
such control mechanism, A DC-link voltage control strategy is
proposed in [23, 24] to smooth out the high-frequency domain
power fluctuations, where the DC-link voltage reference is
determined by the ratio of output power fluctuations and DC-
link current. However, the performance of the control method
proposed in [23, 24] is significantly influenced when DC-link
voltage reaches its limits, at which DC-link current shall
become zero and thereby the voltage reference would go to
infinity. In comparing pitch angle and rotor speed controls,
taking advantage of capacitor energy becomes the most
preferable option as the introduced DC-link voltage control
never affect the maximum power point tracking (MPPT)
control. However, it is admitted that the usable energy is
relatively small.

The second class of the smoothing strategies is very
promising whereas current research in this particular area is
still at its infant stage. It is challenging to coordinate and
implement the control strategies of DC-link voltage, rotor
speed and pitch angle in an effective way. In the existing
literature, how to manage those concerned controls for power
smoothing has not been well analyzed. To fill in this gap, this
paper extensively investigates all existing control resources of
WTs and efficiently coordinate them to accommodate various
system operating conditions.

Motivated by the aforementioned analysis, this paper
proposes two power smoothing control schemes for PMSG-
based WT through the newly proposed DC-link voltage control,
rotor speed control and pitch angle control. The first scheme
pursues to smooth the power by simultaneously utilizing these
three control strategies. This control method requires frequent
activation of rotor speed control and pitch angle control in
response to power fluctuations. This simply forces the
operating point of WT constantly deviating from maximum
power point (MPP). It is straightforward that such controller
may suffer from a semi-optimal effect in considering WT
mechanical fatigue, energy harvesting rate and so forth. To
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overcome this drawback, the second strategy aims to utilize
these three resources in a hierarchical manner. Specifically, the
smoothing task is intelligently fed into each individual
controller based on a newly proposed rule-based algorithm.
Both the two proposed control schemes are verified through
extensive case studies. The performance exhibits that power
fluctuations can be effectively managed and reduced.

Il. MODELING OF PMSG-BASED WIND TURBINE

The system configuration of PMSG-based WT is depicted
in Fig. 1. The WT s directly connected with the permanent
magnet synchronous generator (PMSG), which is further
connected to the main grid through a full-capacity back-to-
back converter. The operation principle of the back-to-back
converter is to synchronize the current with variable amplitude
along with the frequency of the grid. MPPT control is achieved
by the generator side converter and the DC-link voltage is
regulated by the grid side inverter [25].

Generator side

converter Grid side innverter
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Fig. 1. System configuration of a PMSG-based wind turbine
The mechanical power extracted from the wind is defined as,
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where pis the air density, R is the rotor blade radius, vy is the
wind speed, A is the tip speed ratio, £ is the pitch angle, and C,
is the power coefficient. The power coefficient is a nonlinear
function between tip speed ratio and pitch angle. As reported in
[26], it can be formulated as,
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where o is the rotor speed. Fig. 2 shows the relationship
between the power coefficient Cp and tip speed ratio. Upon
certain wind speed, pitch angle control (i.e. =0 ) can lead to

considerable power curtailment, which is reflected as down
shift of curve in Fig. 2. As expressed in Eq (4), there exists a
unique WT rotor speed that corresponds to the maximum
power coefficient.
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Fig. 2 The C, — A characteristics

To avoid excessive rotor acceleration under high-speed
wind conditions, pitch angle control is activated to limit the
captured wind energy and keep the rotor speed at the reference
value omax. Fig. 3 shows the conventional pitch angle control
scheme. The error signal between wmax and the measured rotor
speed mmeas are sent to a PI controller, which produces the pitch
angle reference. The limitation of the pitch angle is within 0°-

90°, and the maximum changing rate of pitch angle is within [-
5°/s, 5°/s].
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Fig. 3. Conventional pitch angle control

I11. SIMULTANEOUS CONTROL STRATEGY FOR WIND POWER
SMOOTHING

In this approach, a smoothing command is generated via the
exponential moving average (EMA) algorithm. Meanwhile,
novel control schemes regarding DC-link voltage, rotor speed
and pitch angle are individually proposed. In introducing the
smoothing command towards each individual controller, they
are able to respond simultaneously to provide power smoothing
support.

A. Proposed Power Smoothing Command

In order to implement the smoothing control strategy, a
preferable power smoothing reference should be predefined for
WT to follow. There are many methods to obtain such a
smoothing command. A low pass filter introduced in [20, 23,
27]aims to generate a preferable power smoothing command,
of which the output is greatly dependent on the selected filter
time constant. A simple moving average method is employed
to produce a smoothing command in [28], and the smoothing
effect is dependent on the length of the selected time window.
System frequency can also be introduced to adjust the active
power [21, 29], in which the required output adjustment is
determined by the gain of the frequency deviation loop. In this
paper, the EMA algorithm is adopted considering its advantage
of the ease of calculation and implementation, though more
advanced smoothing algorithm deserves further investigations.
The smoothing command can be generated as,

Peom (t) =[(Peurrent = Prom (t =1) x K] + Peg (t =1) (5)
where Pcom is the smoothing command calculated by EMA,
Pcurrent i the real-time measured wind power output. k is the
weighting factor. For the period-based EMA, the weighting
factor k can be calculated as k=2/(N+1), where N is a specified
number of periods. For practical application, N can be specified
by the system operators. In general, the larger the N value is,
the smoother the obtained command will be.

B. DC-link Voltage Control

The voltage of DC-link capacitor reflects the power balance
between the power injected into the generator side converter
and the power transmitted to the grid side inverter. In
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Fig. 4. Control scheme of the proposed DC-link voltage control
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conventional control scheme, the DC-link voltage reference is
set as a constant (i.e. 1 p.u.) and the capacitor does not provide
power smoothing ability. The dynamics of DC-link voltage can
be written as follows in per unit form,

CaVuc dt = Pgsc - |Dgsi (6)
Cyc = CU(?CB /Sg (7)

where Py is the power injected into the generator side
converter, Pgsi is the power transmitted to the grid side inverter,
Cqc is the capacitance in p.u., Ugc is the DC-link voltage in p.u.,
C is the capacitance of DC-link capacitor, Uqe is the base
value of DC-link voltage, and Sg is the base value of nominal
capacity of WT.

In practice, the DC-link voltage varies within a small range
in the normal operation. According to [30], the controllable
region of DC-link voltage is dependent on the insulation
requirements, current ratings and PWM functionality. In our
work, the DC-link voltage deviation constraints are set between
10.14p.u. to avoid excess voltage volatility. It should be noted
that such settings can be tuned flexibly by the intrinsic
characteristic of power electronic devices. To this end, DC-link
capacitor can release/absorb extra energy during its
discharging/charging period by following the smoothing
command Pcom. In this process, the power delivered to grid Pgsi
can be replaced by the generated smoothing command. As a
result, a modified dynamic equation of DC-link voltage can be
rewritten as,

Cch dc % = Pgsc = Peom (8)

The stored/released energy can be
integrating Eq(8) over time,

t t
L Cdcudcdudc = J.t (Pgsc - Pcom)dt (9)

represented by

1 4
5 Cee W™ Ueo?) = [ (P~ Poom)lt (10)

where Ugeo and Uqcy denote the DC-link voltage of the previous
and current moment, respectively. As Uqc1 can be expressed in
terms of voltage deviation AU, ,  substituting

Ugg =V gotAUg. into Eq (10), one can obtain,
1 4
5 CacllUaeo + AUe)” ~Ueeo’1= [ (P~ Pom)elt (1)
0

1 I’
ECdC[ZU chAU dc t AU dcz] = Jtl (Pgsc - Pcom)dt (12)
0

In considering AU is set within 20.14 p.u. in this paper,

the quadratic term of voltage deviation AUZ. can be neglected.



Derived from Eq (12), the required DC-link voltage reference
Ugci can be calculated according to,

t,
-[t ' (Pgsc - Pcom)dt
0

CacYaco

Finally, a novel DC-link voltage control scheme is designed
and introduced to the grid side inverter, as shown in Fig. 4,
where Pmess is the measured actual power output of WT, Ugcrer
is the generated reference value of the DC-link voltage. The
control mechanism is to establish the relationship between the
smoothing command and the new DC-link voltage reference. A
sample and hold routine is introduced to store the measured
DC-link voltage at the previous moment so that continuous
calculation of the subsequent reference values can be served.
The register model is a digital shifting register. With every
rising edge of the clock signal, the values are shifted by one,
then the input is read and stored. As a result, the
released/absorbed energy from time t, to t; is obtained based
on the sample and hold routine and a register routine. And then,
the required DC-link voltage is calculated based on Eq (13)
and is tracked as the new reference for the outer loop voltage
and inner loop current controls of the grid-side inverter.

Uger =Ugeo + (13)

C. Rotor Speed Control

The rotor speed dynamics is governed by the rotor motion
equation described as follows,
dw

ZHwE =Put = Pnpp

where Pmpp denotes the reference active power from the MPPT

algorithm, H denotes the inertia constant, which can be defined

as,

(14)

2
_ JOnom

2Py
where @, iS the nominal rotational speed, J is the inertia,

which can be calculated by,
J= ‘]tur + ‘]gen

H (15)

(16)

where Jur is the turbine inertia and Jgen is the generator inertia.
The core idea of rotor speed control is to utilize the energy
stored in the rotating rotor to smooth output power. The active
power reference of a PMSG can be adjusted to a new value
quickly. When the smoothing command is introduced, the Pmpp
in Eq(14) is replaced by Pcom, hence a modified rotor motion
equation can be obtained,
2Ha)c:j—i) =Pyt — Peom
By integrating (17) over time from to to t;, one can obtain,

17)
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2L0 Hodw = LO (P, — Poo)dlt (18)
4

H(@y” - @) = [ (Pu — Peom)elt (19)

where @, and @, denote the rotor speed of the previous and
current moments, respectively. @, can be expressed in terms
of rotor speed deviation Aw , defined as w =a,+Aw .
Substituting the above equation into Eq (19), it becomes,

Hi(@y +80) ~ 1= [ Ry~ Pt (20)

H[2opA0 + Aa?] = J':l (Put — Prom)dt (21)

For a short period of time, Aw?

(21), o, can be calculated as:

is vanishing. Based on Eq

t1
[ (Rut = Peom)et
o=+ ————
2Hawy,

Lastly, a new rotor speed control scheme is devised and
deployed to the generator side inverter, as shown in Fig. 5. The
core idea is to calculate the new rotor speed reference
according to Eq (22) with the purpose of providing smoothing
support. Similar with DC-link voltage control, a sample and
hold routine is introduced to store the measured rotor speed at
the previous moment. To avoid excessive acceleration or
deceleration, the upper limit «,,, is predefined as 1.22p.u. and

the lower limit o, is predefined as 0.7p.u. The torque

reference value is obtained based on the calculated rotor speed
reference value and the smoothing command. As a result, the
new active power reference is obtained to smooth out power
fluctuations through available KE and avoid excessive
deceleration of rotor speed in the meantime. Likewise, the
calculated active power is tracked as the reference of the outer
loop power and inner loop current controls of the generator-
side converter.
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Fig. 5. Control scheme of the proposed rotor speed control

D. Pitch Angle Control

To reduce power fluctuation when wind speed rises
dramatically, the smoothing command is introduced to the
conventional pitch angle control to guide and determine a new
pitch angle reference. The control scheme is illustrated in Fig.
6. It can be seen that the deviation between the captured wind
power Py and Pcom are sent to a PI controller and the reference
pitch angle is generated through the conventional pitch angle
control framework.
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situration
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Fig. 6. Control scheme of proposed pitch angle control



E. Further Discussion of Simultaneous Control

In the simultaneous control, the identical control reference
(i.e. smoothing command) is fed into all individual controllers
concurrently. The active power support provided by WT
comprises of three parts can be expressed as,

du do p;rR2 ' 3
Paupport = Pac + Protor + Ppitch =CUqc dtdc +2H“’H+ 2 (Cp *Cp)Vw (23)

where C'p is the new power coefficient when pitch angle

control is activated.

The simultaneous control pursues to provide smoothing
support via simultaneous utilization of DC-link capacitor
energy, KE, and power adjusting ability of pitch angle, which
makes full use of the existing resources of WT to support
power smoothing. It is obvious that the proposed simultaneous
control has greater smoothing capability than individual
control does.

IV. HIERARCHICAL CONTROL STRATEGY FOR WIND POWER
SMOOTHING

Though the simultaneous control is simple to implement, it
is not a cost-efficient strategy since no coordination exists
among these three individual controls. This leads to less
utilization efficiency of the DC-link capacitor and rotational
rotor on energy storage. In addition, a certain amount of energy
loss can never be avoided due to frequent activation of pitch
control.

To resolve the aforementioned problem, a hierarchical
control strategy is proposed to further exploit WT power
smoothing potential. This strategy aims at integrating the
advantages of the traditional simultaneous control and
cascading control in the following aspects: 1) The three
individual control schemes are adopted as per a predefined list.
Such list implies the utilization priority of the smoothing
resources; 2) The smoothing ability of each resource is real-
time evaluated so that all controllers can individually or
collectively operate in an effective way governed by an
intelligent rule-based algorithm. Toward this end, the
smoothing potential of the WT can be fully utilized.

The proposed hierarchical control consists of three steps.
Firstly, an activation priority is designed to be i) DC-link
voltage control, ii) rotor speed control, and iii) pitch angle
control. Secondly, the power smoothing abilities of these
control strategies are real-time evaluated. Thirdly, an
intelligent rule-based task allocation strategy is proposed to
optimally assign the smoothing task to each controller. In the
first step, the smoothing priority is determined by the existing
resources.

A. Smoothing Task Allocated to DC-link Voltage Control

The smoothing effect of DC-link voltage control is greatly
dependent on the released/stored energy of the DC-link
capacitor. And then the smoothing capability of DC-link
capacitor is defined in the following.

Definition 1: Taking the amount of the available energy in
the DC-link capacitor into consideration, the smoothing
capability of DC-link capacitor at time instance t is
proportional to the square of DC-link voltage, which is

expressed as:

max u 2c (t) -U 2cmax
ARJ™ S AP <0
APC (t) — dzc max (ic min (24)
max Udc (t) 7Udcmin
U -U

dc max dcmin

where APM™ is the maximum active power that can be provided

by DC-link capacitor, which can be determined by the
capacitance, Uqc(t) is the DC-link voltage at time instance t,
AP is the deviation between the smoothing command and
actual power output.

Since AP.(t) should be continuously updated, the control

variable AR(t) fed into DC-link voltage controller is given as
follows,
AP, |AP|<|AR(t)|

(25)
AP,(t), |AP|>|AP, ()|

AR (1) ={

Eq (25) indicates that when the power deviation AP is within

the smoothing ability of DC-link capacitor, the smoothing task
AR(t) is directly set as AP , Otherwise, AR,(t) is set as its

maximum smoothing capability at the time instance t.

B. Smoothing Task Allocated to Rotor Speed Control

Similar to DC-link voltage control, the smoothing ability of
rotor speed control counts on the available energy that can be
released/stored by the rotational rotor. The smoothing
capability of rotational rotor is defined in the following.

Definition 2: Taking the amount of the available kinetic
energy in the rotational rotor into consideration, the smoothing
capability of rotational rotor at time instance t is proportional
to the square of rotor speed, which is expressed as:

2 2

D)~ O z(t) —“nex AP <0

Drmax ~ B

AP
AR (1) =
AR

(26)

where AP™ is the maximum active power that can be
released/absorbed by rotational rotor, which can be determined
by the rotor inertia, w(t) is the rotor speed at time instance

t, w. . is the rotor speed at MPP status. The reason that we set

opt
@, is to avoid excessive rotor speed deceleration, which may

cause WT trip off.
Given that AP,(t) should be continuously updated, the

control variable AR(t) fed into rotor speed controller is
calculated as follows,
0,|AP | <|AP. (1))
AP, (t) =4 AP — AP, (t), |AP. (t)| <|AP | <| AP, (t)| + | AP (t)|
AP (t),|AP | > AP, (t)] + | AP, (t)|

(27)

Eq (27) indicates that the rotor speed control will be activated
only if Ap exceeds the smoothing ability of DC-link voltage
control. And when the surplus power deviation is within the
smoothing ability of rotational rotor, the surplus power
deviation is directly allocated to rotor speed control module.
Otherwise, AR, (t) is set as its maximum smoothing capability



at the time instance t.

C. Smoothing Task Allocated to Pitch Angle Control

To compliment the deficit smoothing support, pitch angle
control shall be activated, which however is at the lowest
priority. The smoothing task allocated to pitch angle control is
expressed as,

AP() = {O,AP <|AP. ()] +| AP (1)]

AP — | AP, (t)] —| AP, (t)|, AP > | AP, (t)| + | AP, (t)|

(28)

As the strategy being governed by Eq (28), it is ensured that
pitch angle control will not be activated when DC-link
capacitor and rotational rotor are capable of storing the
excessive power. On the contrary, the surplus power deviation
will be managed by pitch angle control.

Fig. 7 illustrates the proposed rule-based algorithm
mentioned above for hierarchical smoothing control.
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Fig. 7. Flowchart of the proposed hierarchical control

D. Further Discussion of Hierarchical Control

Admittedly, all the existing resources in the WT system that
can be used to smoothen power output include DC-link
capacitor, kinetic energy in the rotational system and power
curtailment capability through pitching control. In the proposed
hierarchical control and simultaneous control, all the existing
resources are utilized to trace the power command.
Theoretically, it can be well justified that the proposed
smoothing-task-allocation priority is superior as compared to
individual controls and simultaneous control. In the proposed
hierarchical control strategy, firstly, DC-link capacitor should
preferably be utilized owing to its fast-responding capability
for charging/discharging certain yet limited amount of energy.
Secondly, to complement the limitation of DC-link capacitor,
rotational system can store/release more in form of Kinetic
energy. Thirdly, pitch angle control is lastly activated if
significant power curtailment is needed. In this sense, well
coordination of these three resources by following this control
priority is able to smooth wind power output with high energy
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utilization efficiency. On the other hand, additional benefits
can be obtained including 1) DC-link capacitor over
charging/discharging can be well avoided (refer to Eq(24)); 2)
excessive acceleration/deceleration of rotor speed can be
avoided, which is bounded within [ @, ,®,., ] (refer to Eq(26));

3) actuation time of pitch angle control would be reduced so as
to mitigate operational wear; and 4) excessive energy can be
readily stored in DC-link capacitor and WT rotational system
to reduce wind energy harvesting loss. Based on the discussion
above, the proposed hierarchical strategy can achieve better
energy utilization efficiency in smoothing wind power as
compared to the simultaneous control strategy.

The proposed hierarchical control can also be applicable to
the wind farm. On the level of wind farm (without considering
wake effect), the smoothing task is delivered to each control
module of WT based on the predefined priority and the
smoothing capability calculation module. In this sense, all WTs
operate in a distributed way to enhance total wind energy
harvesting and reduce the activation frequency of pitch angle
control in satisfying the smoothing command.

V. CASE STUDIES

A. Simulation Model and Parameter Setup

To verify the effectiveness of the proposed control strategies,
a test system (as shown in Fig. 8) comprising of a synchronous
generator (SG), a PMSG-based WT, and a local load is built up
on the simulation platform DIgSILENT/PowerFactory. The
nominal capacity of SG is set as 4.9MVA, the rated power
factor is 0.8; and the droop parameter of its governor is 4%.
For the PMSG-based WT, its rated power is 1.5MW, and other
parameters are referred to Appendix. A fixed load model is set
as PL+QL=3MW+0.2MVAR. In practice, the selection of N for
the EMA algorithm is dependent on the practical requirements
of the trade-off between power smoothing performance and
total wind energy harvesting capability. In the case studies, N
is equal to 80 per second as an example case to demonstrate the
overall smoothing performance of different control strategies,
and k is equal to 2/(80+1).
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Fig. 8. Diagram of the test system
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Fig. 9. Wind speed time series used in case study

B. Control Performance of Individual Strategy

The simulation result is shown in this subsection to test the
effectiveness of individual control strategy using DC-link
voltage, rotor speed, and pitch angle respectively. Fig. 9 gives




the time-varying wind speed used in simulations. The power
smoothing results with different control strategies as well as
the behavior of the rotor speed, DC-link voltage and pitch
angle are discussed as follows.
1) DC-link voltage control

The power smoothing effect of DC-link voltage control can
be verified via comparing the WT output profiles of the
proposed control and the conventional MPPT control. As
shown in Fig. 10(a), the power fluctuation is slightly reduced
through DC-link voltage control. However, the smoothing
effect is non-significant due to the capacity limitation of DC-
link capacitor. Once DC-link voltage reaches its upper/lower
limit, DC-link capacitor cannot assist in power smoothing
anymore and the output power is determined by the MPPT
control again. Fig. 10(c) shows that the DC-link voltage varies
within the acceptable range when the DC-link voltage control
is implemented. Since DC-link voltage control does not affect
the MPPT control, the rotor speed and pitch angle remain the
same with the conventional MPPT control, as shown in Fig.
10(d, e).
2) Rotor Speed Control
The smoothed power output of PMSG-based WT using rotor
speed control is shown in Fig. 10(a). The rotor speed variation
is shown in Fig. 10(d). Visually, given the same smoothing
command, the rotor speed control outperforms DC- link
voltage control since WT rotational system contains larger
power capacity. On the other hand, the rotor speed control
causes significant speed variations as compared to the
conventional MPPT control since additional acceleration or
deceleration of the rotor is used to smooth power fluctuations.
The control performance is relatively better when output power
needs decrease compared with the situation when output power
should increase. For example, during the period from 350s to
500s, the smoothing command is larger than MPPT point and
the control command requests rotor to decelerate to release

more power to match the smoothing command. In this situation,

the energy released from the rotating rotor is marginal as
compared with the energy loss caused by non-MPP operation
state. Therefore, we set the lower bound of rotor speed
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Fig. 10. Simulation results for individual control strategy (a). Output power of
PMSG-based WT, (b). Output power of PMSG-based WT, (c). DC-link
voltage, (d). Rotor speed, (e). Pitch angle, (f) System frequency

deceleration (i.e. @,, ) when allocating smoothing task to the

rotor speed control in this work.
3) Pitch Angle Control

The output power of PMSG-based WT using pitch angle
control is presented in Fig. 10(b), where power fluctuation is
effectively reduced. Fig. 10(e) indicates that the activation of
pitch angle becomes more frequent as compared to other
control strategies. It should be noted that the smoothing
command cannot be tracked rapidly and precisely through
pitch angle control. Occasionally, there exists instances that
pitch angle control brings about counterproductive effect in
power smoothing. For example, during the periods from 227s
to 235s and from 250s to 264s, more power is supposed to be
generated according to smoothing command, however, the
pitch angle fails to retain zero as exhibited in Fig. 10(b). The
reason is that pitch angle control is generally slow-responding
due to its mechanical characteristics.



C. Combination of DC-link Voltage Control and Rotor Speed
Control

Simulation results of case studies taking the combination of
DC-link voltage control and rotor speed control into
consideration are shown in Fig. 11. It can be seen from Fig.
11(b-c) that when N=80, the smoothing capabilities of DC-link
capacitor and rotational rotor are both exploited adequately to
follow the smoothing command no matter with simultaneous
control and hierarchical control. To further demonstrate the
advantage of hierarchical control on rationally utilizing
existing resource to provide smoothing support and reducing
energy loss, the scenario when N=10 is also considered. It can
be seen from Fig. 12(b) that the DC-link capacitor always has a
high priority to utilize when smoothing deviation is detected,
and then more energy can be released back when more wind
power is expected. By comparison, it can be found that when
N=10, the smoothing deviation ' is 0.0244 with the
simultaneous control. In the case that hierarchical control is
adopted, the smoothing deviation is reduced to 0.0133. The
total captured wind energy is 147.364k-h via the simultaneous

control and the captured wind energy increases to
150.024kW:-h via the hierarchical control. In the case N=80, the

smoothing deviation is 0.0941 and the captured wind energy is
139.239kW:h when the simultaneous control is implemented.

While when hierarchical control is utilized, the smoothing
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deviation decreases to 0.0855 and the captured wind energy
increases to 144.515 kW h.

D. Simultaneous Control Strategy

Simultaneous control integrates all controllers mentioned
above whereas they concurrently tract the identical smoothing
command and less coordinated. Fig. 13 shows the power
smoothing results and exhibits that simultaneous control has
better performance than individual control strategies and the
smoothing command can be tracked rapidly in case active
power should be reduced. In contrast, when more active power
is demanded, the smoothing result is however less satisfactory.
This is because the frequent actuation of pitch angle control
inevitably leads to energy loss. Compared with individual
control, activation frequency and the fluctuating magnitude of
DC-link voltage, the rotor speed and the pitch angle are
considerably reduced by deploying simultaneous control,
which are shown in Fig. 13(b-d).

E. Hierarchical Control Strategy

The effectiveness of the proposed hierarchical control is
demonstrated through Fig. 13. Via comparison, it is worth
noting that the proposed hierarchical control outperforms
simultaneous control especially when overloading is needed.
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For example, as shown in the shadow areas marked in Fig. 13
(@), the difference of wind energy harvesting between the
hierarchical control and simultaneous control is calculated to
be 4.492kW-h. It can be hereby concluded that the proposed

hierarchical control can supply more wind power support on
overloading conditions. As the DC-link voltage and rotor speed
are both adjusted in the acceptable range, this would lead to no
additional cost in producing more power. Using the proposed
hierarchical control strategy, the smoothing task is properly
allocated to available resources and smoothing abilities of DC-
link capacitor and rotational rotor are utilized to the greatest
extent. As a result, the pitch angle control activates less
frequently in hierarchical control, as shown in Fig. 13(d). Due
to better performance of the hierarchical control, the frequency
deviation is well mitigated as compared to simultaneous
control and conventional MPPT control, as shown in Fig. 13(f).
To make a quantitative comparison, the standard deviation of
system frequency throughout 600s is calculated respectively
with the sampling time of 1s. The standard deviation of
frequency is 0.206 via conventional MPPT control. In the case
that the simultaneous control is implemented, the frequency
deviation decreases to 0.141. When the hierarchical control is
utilized, the frequency deviation is reduced to 0.139.
Consequently, the output power fluctuation of SG is
significantly alleviated, which reduces the tear and wear and
maintenance costs. From Figs 13, the deviation between the
actual power output and the smoothing command through
simultaneous control strategy and hierarchical control strategy,
the actuation time of pitch angle and total captured wind
energy are quantified and listed in Table I. It is obvious that the
proposed hierarchical control outperforms the simultaneous
control method in terms of 1) smaller smoothing deviation; 2)
less WT mechanical fatigue; and 3) more harvested wind
energy.

TABLE | COMPARISON OF DIFFERENT CONTROL STRATEGIES

MPPT Simultaneous Hierarchical
control control control
Smoothing 0.1483 0.0721 0.0558
deviation
Actuation time of | 61s 187s 120s
pitch angle
Total captured 151.988 132.306 137.681
wind energy kW h kW h kW h

VI. CONCLUSION

This paper comprehensively investigates two novel control
strategies for wind power smoothing. The first one utilizes the
DC-link voltage control, rotor speed control and pitch angle
control simultaneously to tract the identical smoothing
command. To pursue a better smoothing performance, the
proposed hierarchical control seeks to coordinate these three
controllers in an optimal manner. The simulation results
exhibit that the proposed hierarchical control can effectively
mitigate wind power fluctuations and harvest more energy as
compared to simultaneous control. Further work is underway
to investigate smoothing strategy from the perspective of wind



farms by considering wind speed correction with respect to
time and space.

VII. APPENDIX
TABLE A Parameters of PMSG-based Wind Turbine

Symbol ltem Value
Vrated Rated wind speed 14m/s
Ty Time constant of the pitch serve 05s
Jur Turbine inertia 6100000kgm?
R Rotor blade radius 30m
Prated Rated power 1.5 MW
Ug Terminal Voltage 3.3kVv
Jaen Generator inertia 130kgm?
C Capacitance of DC-link capacitor 0.075F
Udcrated Rated DC-link voltage 7.1kV
AP Maximum active power support 0.1p.u.

Cmax provided by DC-link capacitor
AR Maximum active power support 0.2p.u.

provided by rotational rotor
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