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Abstract: A Wind Diesel Hybrid System (WDHS) is an isolated power system that combines Diesel
Generators (DGs) and Wind Turbines (WTGs). The WDHS has three operation modes: Diesel Only
(DO), Wind Diesel (WD) and Wind Only (WO). The latter mode is the only one resulting in substantial
savings, as the DG consumes fuel even with no load. Moreover, adding an energy storage system
(ESS) can significantly reduce the start/stop cycles in the DG. The FESS is robust, immune to deep
discharges and its state of charge (SOC) is simple to monitor. The WDHS considered in this article
uses a friction clutch to disengage the diesel engine (DE) from the synchronous generator (SG) in WO
mode. The AVR regulates the voltage amplitude and the frequency regulation results from balancing
the power produced by the DG and WT with the power consumed by the load and dump load along
with the FESS utilisation. The control algorithms of the different elements present in the WHDS are
explained, as well as the general control. The FESS always has priority over the DL for the maximum
harnessing of the wind power. Simulations assess the proposed solutions for the different operation
modes in the WDHS.

Keywords: isolated grid; flywheel energy storage; wind turbine; dump load; friction clutch

1. Introduction

A wind-diesel hybrid system (WDHS) is a combination of wind turbine generators
(WTG) with diesel generators (DGs) used to provide electricity in areas without connection
to the main grid. The WDHS can work in the following operation modes: Diesel Only
(DO), Wind Diesel (WD), and Wind Only (WO) [1]. The DO mode occurs when the wind
speed is insufficient and the DG provides the active and reactive power required by the
consumer load. In WD mode, the wind speed is sufficient and the WTG starts producing
power. This reduces the amount of power supplied by the DG and the WTGs can be
regarded as negative loads. In DO and WD modes, the speed governor of the diesel engine
(DE) regulates the system frequency and the automatic voltage regulator (AVR) of the
synchronous generator (SG) regulates the voltage amplitude.

The WD mode does not result in a substantial reduction in fuel consumption and
emissions. This happens because of the Willans curve, which shows that the DE consumes
fuel even with no load (up to 40%, [2]). Hence, the DE should be shut off so that the wind
resource achieves the highest contribution to the total produced power. In WO mode,
the WTGs can generate a surplus of active power during periods of high wind speed.
Consequently, additional components are needed to balance the generated and consumed
active power. Controllable loads are used to counteract the power excess, typically dump
loads (DL). The DL simply dumps the power excess into resistors; the resulting energy
dissipation is used for heating the DE itself. Moreover, the addition of an energy storage
system (ESS) allows reducing significantly the number of start/stop cycles in the DG. The
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ESS can store the wind power excess and can supply power during periods of low wind
speed [3] as long as it is fully discharged. The DL is always necessary for the case when the
ESS is fully charged and cannot store more energy.

There are many types of ESS such as batteries, superconducting magnetic energy
storage systems (SMESs), super-capacitors (SC), and flywheel energy storage systems
(FESSs) [4–6]. Many applications use batteries, in particular Li-ion, because of their high
energy density at a constantly reducing cost. The lifetime depends on ambient temperature
and the number of charge/discharge times [7]. Additionally, batteries have a limited
rapid charge/discharge rate and sometimes the depth of discharge (DOD) is limited at the
expense of longer lifetime [8].

Flywheel energy storage systems (FESSs) have been developed rapidly with the ad-
vance in power electronics, electrical machine technology, new materials, and magnetic
suspension technology in the last thirty years [9]. The FESS technology has significant
advantages such as: high reliability, high efficiency and fast dynamics [10,11]. FESSs allow
the exchange of high power in a short time and the state of charge (SOC) is accurately esti-
mated by just measuring the flywheel speed. FESSs are less affected by temperature when
compared to other ESSs. FESSs result in long service life with low maintenance cost [12]
and environmentally friendly disposal [5,13,14]. The FESSs are used in applications such as:
the fluctuation suppression of renewable-based generating systems, uninterruptible power
system (UPS), voltage and frequency control [6,15], energy recovery for railway applica-
tions [16–18] and isolated grids [19–21]. The rotor of the electrical machine is coupled to
the flywheel [22], which can act as a motor to accelerate or as a generator to decelerate [23].
Power electronic converters enable the bidirectional power flow between the isolated grid
and the FESS with a fast response.

In [24], the study of a wind-diesel system using superconducting magnetic energy
storage is presented. The proposed system uses multiple WTGs, two DGs, and two SGs,
which increases the system cost. Moreover, the active and reactive power controllers for
the system are based on fuzzy logic, representing greater complexity due to the multiple
machines that must be controlled. The dynamics of a small autonomous wind-diesel
system are investigated in [25]. It defines the factors involving the system behaviour
such as the speed governor and pitch controller. The system operates without an energy
storage system, leading to difficulties in achieving a balance between the supplied and
demanded power. In reference [26], the analysis of a hybrid power system consisting of
wind turbines, diesel generators, a water pump as a secondary load, and a local load is
presented. The proposed system does not include an energy storage system which implies
the disadvantages mentioned above. The reference [27] presents a comparison between
a constant speed flywheel, a variable speed one based on a power electronic converter,
and a variable speed flywheel with hydrostatic transmission. In [28], a flywheel energy
storage system is connected to a wind turbine and a constant voltage source. The main
aim of this investigation is to regulate the system frequency. The wind turbine features
are not clearly described and the power electronics converters are not described in detail.
Research has also been carried out combining flywheels with other types of generation
sources. In [29], a system combining a PV system and a diesel generator is presented which
includes a flywheel-based energy storage system. For the simulation results, it is assumed
that the PV array can constantly provide power to supply an average demand load. The
system does not incorporate a clutch to disengage the diesel generator.

This paper presents the design and simulation of a WDHS, which is conformed by a
DG, WTG, FESS, DL, and a consumer load as illustrated in Figure 1. The proposed system
can operate in all the three operation modes of a WDHS: DO, WD and WO. The operation
modes are determined by the wind availability and can be enabled/disabled via a friction
clutch. The FESS and the DL are used as controllable loads to store/consume the excess
power. The FESS is used as a controllable source to offset the power deficit. An appropriate
controller for power sharing between the FESS and DL is developed. The controller takes
into account the SOC (flywheel speed) of the FESS. In the case of high wind speed, the
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FESS consumes excess active power if the SOC is below 95%. It is considered that the FESS
can no longer store energy when the SOC reaches 95% and the DL consumes the active
power excess. During periods of low wind speed, the WT can not supply the active power
required by the consumer load and the FESS supplies the stored energy to the consumer
load. If the low wind persists and the FESS energy is exhausted, the friction clutch activates
the DG to supply active power to the consumer load.
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Figure 1. Wind-Diesel Power System.

This paper is organised as follows: Section 1 presents the modelling of the different
elements in the WDHS. Section 2 explains the control of the WDHS control for the three
operation modes. Section 3 presents the simulation results for different study cases. Finally,
the conclusions of the paper are described in Section 4.

2. Wind Diesel Power System

The components conforming to the WDPS are shown in Figure 1. The consumption or
generation of active power can be controlled or not depending on each element. The WTB
supplies uncontrollable active power because of the dependence on wind speed, which is
random in nature. The consumer load absorbs is uncontrollable and depends on the habits
of the dwellers. The DG provides active power controlled by the speed regulator. The
DL absorbs active power in a controlled manner by varying a binary sequence of resistor
connections. The FESS is a mechanical battery which can absorb or supply controlled active
power at will as ordered by the appropriate controller. Both, the DL and FESS are working
as secondary loads. The reactive power is controlled in the DG through the automatic
voltage regulator (AVR); the reactive power consumed by the WT is compensated by using
a capacitor bank.

The Diesel Engine (DE) is connected to a synchronous machine (SM) by using a friction
clutch as shown in Figure 1. The clutch is used to engage and disengage the DE to the SM so
that the DG supplies active power when the clutch is engaged. The switch IWT is closed for
WD and WO modes and is opened for DO mode. Therefore, wind availability determines
the operation states of the clutch and the IWT switch, which defines the operation modes of
the WDPS.

When the clutch is disengaged, the SM operates with no prime mover as a syn-
chronous condenser and provides the voltage waveform in the WDPS at all operation
modes. Therefore, the switch IG next to the SM is permanently closed (IG = ON).

The DO operation mode occurs when the clutch is engaged (CL = ON) and the switch
IWT is open (IWT = OFF). The full active power is provided by the DG with no wind
power involved. With the clutch engaged and as soon as the cut-in speed is reached, the
switch IT is closed (IT = ON) and the WT starts producing power leading to the WD
mode operation. In WO operation mode, there is sufficient wind power to supply the
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load, the clutch is disengaged (CL = OFF) so that no power is provided by the DE. For
this case, the SM still provides the voltage waveform and the reactive power working as a
synchronous condenser.

2.1. Diesel Generator

The DE converts the fuel energy into mechanical power PMEC at the shaft through the
combustion process. In turn, the SM converts the mechanical power into electrical power.
The rated power and inertia constant of the SM are 300 kVA and 1 s, respectively. The SM
speed governor located in the DG regulates the system frequency, which is the SM speed
times the number of pole pairs. The speed regulator uses a PID controller where the input
is the speed error and the output is the fuel rate. The AVR regulates the voltage amplitude
in the isolated network. The AVR varies the excitation current in the SM so that the voltage
amplitude is within the prescribed limits.

The utilisation of a clutch allows using a single SM as a generator and a synchronous
condenser. The clutch disengages the DE from the SM during the WO operation mode. In
the overall controller, the state of the clutch is determined by a binary input signal. As long
as the input signal is high, the clutch applies a normal force through a pressure actuator.
The static friction prevents the surfaces from slipping and torque transmission is possible.
When the binary signal is zero, the pressure actuator is released, the clutch surfaces are
separated and no torque is applied to the SM. The clutch modelling using the Simscape
library of Matlab/Simulink is shown in Figure 2.

T
m T

e

Engaged

Output

Viscous

Friction

Friction

Clutch

Viscous

Friction

Inertia InertiaTorque

Source
Torque

Source

Input

Figure 2. Clutch.

2.2. Wind Turbine

The fixed-speed wind turbine is rated 275 KVA and is connected to a Squirrel-Cage
Induction Generator (SCIG) through a gearbox. The WT transforms the wind power
into mechanical power at the shaft. In turn, the SCIG is directly coupled to the grid and
transforms the mechanical power into electrical power. To correct the power factor, a
25 kVA capacitor bank is placed at the WTG-SCIG terminals as shown in Figure 1.

The fixed-pitch WT uses a lookup table that relates the WT shaft speed ωt with the
mechanical power at the shaft PT−MEC. The SCIG presents only small variations in the
speed constant speed generator between 1 and 1.02 per unit [30]. Thus, this type of turbine
does not allow variations in the rotational speed in order to maximise wind power capture.
For isolated systems, the fixed-pitch WT-SCIG represents an appropriate option because of
its robust construction and simple maintenance. Moreover, the WTG-SCIG can provide
additional damping to the system frequency since the wind power is proportional to the
slip [31].

2.3. Dump Load

The DL is a secondary load consuming the active power excess produced by the WTG
to balance the overall WDPS active power. Moreover, the DL is also a safety element
necessary to prevent the reverse power in the DG in operation mode WD. With reverse
power, the DG is consuming power instead of producing it; this represents a potentially
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dangerous situation. Hence, the WDPS must order to connect the dumping load so that the
DG always supplies a minimum load.

The DL consists of three-phase binary resistors connected in parallel.

R,
R
2

,
R
22 ,

R
23 . . .

R
27 (1)

The resistors are connected to the grid using a zero-crossing thyristor with no harmonic
injection. The largest resistor R consumes the following power P0:

P0 =
V2

s
R

(2)

where Vs is the rated voltage of the system. The rated power of the resistors can be
calculated as a binary sequence multiplied by P0, as follows:

20P0, 21P0, 22P0, 23P0 . . . 27P0 (3)

When considering the connection of the different binary resistors, the total power
consumed by the DL, PDL, is calculated as:

PDL = (20 · S0 + 21 · S1 + . . . + 27 · S7) · P0 (4)

where Sn is the switch state with n = 0 . . . 7 for the three phases. The PDL value can be
varied in discrete steps from 0 to 255P0. The base power P0 for the DL is selected to be
1.75 kW and the maximum power PD−NOM corresponds to 446.25 kW ( 1.75 kW ×255).

2.4. Model for the Flywheel Energy Storage System

A flywheel stores energy mechanically in the form of kinetic energy. The kinetic
energy is converted into electrical energy using an electrical machine, which can operate as
a generator/motor. The kinetic energy stored is given by:

Ek =
1
2

I(ω2
r−max − ω2

r−min) [J] (5)

where I is the moment of inertia and the ωr−max and ωr−min are the maximum and mini-
mum angular velocity, respectively. The moment of inertia is determined by the mass and
geometry of the flywheel and is defined as:

I =
∫

d2dmd [kg · m2] (6)

where d is the distance from the axis of rotation to the differential mass dmd.
The development of high-strength composite materials (carbon fibres combined with

epoxy resin) allows the construction of high-speed flywheels. The material is very light
but because the energy stored in the flywheel depends on the rotation speed, they result in
flywheels with elevated energy density. The utilisation of magnetic bearings and vacuum
containment minimises friction losses. On the other hand, inexpensive and reliable steel
flywheels allow achieving an elevated moment of inertia due to the high density with
medium rotation speeds.

In an EES for an isolated hybrid wind-diesel system, space requirements are not
stringent, the amount of energy required for a substantial reduction in the number of
start/stop cycles is in the order of minutes of the average load and the round trip efficiency
does not have a substantial impact [32]. Hence, a steel flywheel is selected due to cost and
easy maintenance considerations [33].

The selected machine for driving the flywheel is a permanent magnet synchronous
machine (PMSM) because of its high efficiency. For interfacing the FESS with the isolated
grid, a two-level back-to-back three-phase converter is used as illustrated in Figure 3.
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Figure 3. Power Converters in a FESS.

In Figure 3, the grid-side converter regulates the DC voltage, which determines the
active power exchanged by the FESS. The reactive power reference in the grid-side converter
is set to zero for the unity power factor leading to maximum efficiency. The inductor Lg is
used to limit the harmonic content injected into the grid due to the PWM commutations.
The controller implementation for the grid-side converter is as shown in Figure 4. It uses
voltage-oriented control synchronised to the grid by using a phase-locked loop (PLL) with
inner current loops. There is a feed-forward component in the DC-voltage control with the
power reference for faster dynamic response.
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Figure 4. Grid-side controller.

Field-Oriented Control (FOC) is a well-known technique to control the PMSM. FOC
allows having control capacity over the full speed with current protection. In speed control
mode, the motor controller generates the torque reference necessary so that the speed
reference is followed. The torque reference is proportional to the dq-currents that are
limited by the motor controller. The stator currents are transformed from the stationary
reference frame (α − β) to the rotor flux reference frame (d-q). The flux equations for the
PMSM are as follows:

ψd = Ldid + ψp (7)

ψq = Lqiq (8)

where ψd and ψq are the flux linkage of the direct and quadrature axis of the PMSM,
respectively. Ld and Lq are the direct and quadrature inductance, id and iq are the direct
and quadrature currents and ψp is the permanent magnet flux linkage. The equation for
torque calculation is:

T = p(ψpiq + (Ld − Lq)iqid) (9)

where p is the number of pole pairs. In Equation (9), a factor of 3/2 must be considered,
since the power of the three-phase system is represented in a two-axes orthogonal sys-
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tem. For the PMSM with surface mount magnets Ld = Lq and the Equation (9) can be
rewritten as:

T =
3
2

p(ψpiq) (10)

Neglecting the losses in the stator iron and stator and rotor resistance, the PMSM active
power exchanged is the product of the electromagnetic torque Te and the PMSM rotor speed
ωm. In addition, if the FESS back-to-back converter losses are neglected, the active power
exchanged between the FESS and the isolated grid Pf s is approximately calculated as:

Pf s = Teωm (11)

Considering the electrical dynamics, the speed ωr is approximately constant because
the flywheel has high inertia. Therefore, the iq regulates the FESS exchanged power
using a required reference value. In this paper, the flywheel speed range is between
ωr−min = 1500 rpm and ωr−max = 3300 rpm, and the FESS rated power (PS−NOM) is
150 kW. The FESS-rated power should be supplied during 2 min [12], the period where the
wind turbulence is located in the power spectrum.

The PMSM-rated power is 300 kW, 60 Hz, with 2 pole pairs so that it can provide
the FESS-rated power at half speed. The PMSM model uses a block included in the
SimPowerSystems library of Matlab/Simulink. The controller for the grid-side converter is
shown in Figure 4 whereas that of the machine-side converter is as shown in Figure 5.
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dq

abc

Three-phase

VSC

Machine-side

ω
Speed rotor

v’
d

v’
q

PID

PID
Flux

Weakening

abc
i
a

i
b

i
c

dq

V
DC_REF

P
REF

P
REF

P
fb

ff

1

3/2(λ*pp*ω)

∫

Figure 5. Machine-side controller.

The grid-side converter uses voltage vector-oriented control, which is analogous to
field-oriented control. Using a PLL, the d-axis is aligned to the grid voltage vector. The
inner control loops correspond to the dq-current. The outer control loop corresponds to
the DC-link voltage and sets the d-current reference. The q-current reference is set to zero
for achieving the unity power factor. There is a feed-forward component in the d-current
reference corresponding to the power exchanged as expressed in (11). The machine-
side converter used field-oriented control; the d-reference is set to zero for achieving the
maximum torque per stator current. The q-reference also has the previous feed-forward
component as expressed in (11) for setting the power exchanged between the FESS and
AC grid. In order to correct steady-state errors, there is a closed-loop component resulting
from integrating the error between the power reference and power exchanged between the
FESS and the grid.

3. Control of the WDPS

An appropriate control for the clutch must be designed since it is a crucial element
when selecting a required operation mode. The locking of the frictional clutch results in
the engagement of the DE and SM for the DO and WD operation modes, causing the DE
speed governor to control the system frequency. The frequency regulation is achieved by
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balancing the produced and consumed active power in the isolated system. The power
equation of the SM during WD operation mode is as follows:

PDE + PWTG − PCL −PFESS − PDL︸ ︷︷ ︸
Controllable Loads

= Jω
dω

dt
(12)

where PDE is the active power supplied by the DE, PWTG is the power supplied by the
WTG, PCL is the power consumed by the load, PFESS is the power supplied or absorbed by
the FESS, PDL is the power consumed by the DL, J is the SM inertia and ω the SM shaft
speed. The active power of PDE and PWTG are considered positive when generating and
the active power of PDL and PFESS are considered positive when consuming. In a steady
state and with proper regulation, the derivative of (12) is zero with the frequency constant
and equal to the rated value.

For achieving a proper speed regulation, the diesel speed governor must be capable to
order the required power PDE to match with the resulting balance of active power expressed
in Equation (12).

Assuming that FESS and DL are not operating, Equation (12) is as follows:

PDE + PWTG − PCL = 0 (13)

Thus, PDE is:
PDE = PCL − PWTG (14)

From (14), if the power of the WTG (PWTG) is higher than the power consumed by the
consumer (PCL), the power of the DE is negative and the DG is no longer capable to achieve
frequency control and for this reasons, controllable loads are necessary. The power PDE
becomes positive when FESS absorbs active power and DL consumes active power so that
the speed governor can regulate the frequency. If PCL − PWTG persists in increasing beyond
the capacity of the controllable load, the WTG should be disconnected by opening the IWT
switch. For WDHS with high penetration, the system control must order disconnect the SG
from the DE by disengaging the clutch in order to change to WO operation mode. In WO
operation mode, the WTG is capable of supplying all the necessary power to the consumers
and this mode results in substantial savings in fuel consumption.

4. Control for Wind-Only Mode

In the WO operation mode, the WTP is the only power source present as the SM is
disengaged from the DE. The powers PCL and PWTG are random depending on consumer
habits and wind speed, respectively. Hence, the FESS and the DL are necessary to carry
out the active power balance so that speed regulation is possible in the SG working as a
synchronous condenser.

In WO mode, the SOC of the FESS is an important variable since it determines the
capability to supply or absorb active power. Measuring the SOC of the FESS is very simple,
unlike the case of the batteries, as it just requires measuring the flywheel speed. In order to
use all the energy storage capability, a power-sharing algorithm between the FESS and DL
is used taking into account the SOC of the FESS.

In Figure 6, the SOC of the FESS operates at a maximum of 95% and a minimum of 45%.
The battery is considered completely charged when SOC > 95% and can not absorb wind
power excess, but it can provide active power to the consumer load. The mechanical battery
is considered discharged when SOC < 45%; it can not provide power to the consumer load,
but it can consume the wind power excess. The mechanical battery can exchange the rated
power for both directions (±PFESS_nom) when 45% < SOC < 95%.
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Figure 6. Maximum and minimum controllable power according to the Flywheel SOC.

A PI controller is used to regulate the frequency in WO mode. Figure 7 shows the
transfer function relating to the controllable power PC (PFESS and/or PDL) and the SM
speed ω. This figure considers (12) with PDE = 0 (WO mode).
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Figure 7. Frequency control with the synchronous condenser.

In Figure 7, the closed-loop control cancels the power PWTG since it is considered a
disturbance. The speed error is the input for the PI controller and the output of the PI
controller is the power that the DL and/or the FESS takes as a reference.

The power PC is not established instantaneously but takes a delay Td determined by
the voltage zero-crossing needed to connect the binary resistors or dynamic response of the
current loop in the power converter. This delay is much shorter for the FESS case because it
uses a pulse-width modulation (PWM) power converter.

The frequency is not calculated from the SM speed sensor but estimated from the
three-phase grid voltage by using a PLL. This is analogous to sensorless speed estimation
in motor control [34] and simulations show that the dynamic response is sufficiently fast
because of the large SG inertia. The output limits of the PI controller for anti-windup
consider the power limits of the DL and FESS (as long as its availability is based on the
SOC) as per Figure 8.
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+
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abc
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0

PLL

PID
e
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Figure 8. PI regulator for frequency control.

The plant of the frequency control follows (12) and is a simple integrator. A proper PI
tuning procedure for this plant is a symmetrical optimum criterion [35]. The proportional
gain and the integration time should be adjusted as follows:

Kp =
ωn J
aTd

(15a)
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Ti = a2Td (15b)

with a = 3 for triple-pole response [36] and ωn the rated frequency in radians per second.
The output power reference of the PI controller, shown in Figure 8 is shared between the
DL and the FESS. The delay Td considered in the PI tuning corresponds to the binary
resistors. It consists of the period required to connect the three-phase binary resistors in the
zero-crossing, which accounts for a half cycle. However, simulations resulted in oscillations
for this value because of the relatively small inertia constant and three times this value was
used for properly damped waveforms.

In the power-sharing algorithm shown in Figure 9, the FESS has priority over the DL in
order to store the maximum energy in the periods of wind power surplus. The load-sharing
algorithm considers the discrete nature of the binary resistors (with steps of 1.75 kW for
this case). The reference power to the DL is rounded in order to obtain multiples of the
power step with the fractional part being directed to the FESS reference power.

P
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+
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-
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P
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P
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Ceil P
D_REF

P
FESS_REF

P
DL_REFBit ABC

0_7

Power Control FESS

Power Control Dump Load

Figure 9. Power-Sharing control algorithm between the FESS and the DL.

When the SOC reaches 95%, the DL starts consuming the power excess that the FESS
can no longer store. The frequency regulation presents no stability issues because the PI
gains were selected for the DL case. When the SOC becomes lower than 45%, the FESS is
considered to be discharged (as it could not provide full power). Thus, the frequency will
decrease and the complete control should command the DG to begin providing power to
avoid the system collapse by changing to the WD operation mode.

5. Simulations Results

Simulations of the WDHS represented in Figure 1 were carried out in order to demon-
strate the validity of the proposals with different case studies being considered. The
parameters used for simulations are as follow: the SM power is 300 kVA, 275 kVA WT, a
150 kW FESS and a 446.25 kW DL (255 steps of 1.75 kW each).

The first case study evaluates the WDHS only in WO operation mode. In this case, the
DG is not operative and the WT provides the required active power to the consumer load.
The surplus of active power produced by the WT is stored by FESS and/or dissipated by
the DL, with the FESS having the maximum priority and taking into account the SOC. The
second case study simulates the WDHS initially operating in WO mode with a decrease in
wind speed that leads to a change in the operation mode to DO. During the period of low
wind speed, the DG provides the active power needed by the consumer load. Finally, the
third case study considers an initial low wind speed with the DG generating the required
active power. Later, the wind speed increases and the system must change to WO operation
mode by disengaging the DG.

5.1. Case Study 1

In this case, the WDHS operates in WO mode, the WT provides the active power
required by the consumer load and the active power excess is consumed by the secondary
loads, FESS and DL. The SOC is at 50% so that the FESS can store the power when required.
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Figure 10 shows the active power generated by the WTG for different wind speeds.
The WTG generates 340 kW for a wind speed of 12 m/s, 260 kW for 11 m/s and 200 kW
for 10 m/s. The consumer load is initially 85 kW, decreases to 35 kW for a period, and
increases again to 85 kW.

0 5 10 15 20 25

0

200

400

Powers Wind Turbine and Consumer Load

t

kW
P

WT
PLOAD

340 kW

2s

7s 17s

12s
22s

275 kW

85 kW
35 kW

85 kW

200 kW
275 kW

Figure 10. Power wind and consumer load for case study 1.

In the period from t = 0 s to t = 2 s, as illustrated in Figure 10, the PWTG supplies
342 kW and the load consumes 85 kW, meaning that there is a surplus of active power.
The FESS absorbs 150 kW (its full rated power) of the active power excess as can be seen
in Figure 11. Because the FESS cannot absorb all the excess active power, the DL must
consume the rest of the active power excess as shown in Figure 12 corresponding to 104 kW.
Consequently, the active power consumed by the load, stored in the FESS, or dissipated
by the DL and additional losses is matched with the active power generated by the WTG
during this period.

0 5 10 15 20 25

0

100

200

Power FESS

t

kW

P
FESS

150 kW

110 kW

150 kW

17s 22s

Figure 11. Power absorbed by the FESS for case study 1.

In the same Figure 10, the load consumption decreases to 35 kW at t = 7 s and the
WTG supplies only 275 kW because the wind speed decreased; the active power excess
persists but in a lesser amount. In this case, the FESS still absorbs the full power of 150 kW,
but the DL consumption decreases to 87 kW for matching the wind power production.

It can be seen that the power-sharing algorithm gives priority to the FESS over the DL
when dealing with the wind power excess in WO mode. Figure 11 shows a reduction in
the power absorbed by the FESS down to 110 kW, from t = 17 s to t = 22 s, because of a
decrement in the wind power excess when the wind speed decreases and the consumer
load increases. In the same period, as Figure 12 shows, the DL stops consuming active
power because there is no longer sufficient wind power excess and only the FESS deals
with the surplus.

0 5 10 15 20 25

0

100

200
Power Dump Load

t

kW

P
DL

102 kW

37 kW

87 kW

12 kW
0 kW

37 kW
2s

7s
12s 17s 22s

Figure 12. Power in the DL for case study 1.
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The SG is working as a synchronous condenser with no power generation; it consumes
a minimum active power, which corresponds to the mechanical losses, as can be seen in
Figure 13.

0 5 10 15 20 25

-100

0

100
Power Diesel Generator

t

kW

P
DG

-3 kW -3 kW

2s
7s

17s12s
22s

Figure 13. Power in the DG for case study 1.

Figure 14 shows the system frequency variations in the per unit system. These varia-
tions are appropriately damped when changes in the wind speed and the consumer loads
take place.

Frequency

Frequency

2s 7s 17s12s 22s

Figure 14. System frequency in per unit for case study 1.

The AVR regulates the system voltage for all the operation modes; Figure 15 shows the
RMS voltage transients in the per unit system associated with the reactive power variations
because of the changes in the wind power and loads.

0 5 10 15 20 25

0.9

1

1.1
Vrms

t

p
u

Vrms

2s
7s

17s12s 22s

Figure 15. RMS voltage in per unit for case study 1.

5.2. Case Study 2

In this case study, the transition from WO mode to DO mode is shown. The power
balance can be analysed as in the previous study case 1. In Figure 16, initially, the wind
speed is high and the WTG provides an active power of 340 kW and 265 kW for a wind
speed of 12 m/s and 11 m/s, respectively. In the period from t = 15 s to t = 25 s, there is
no wind power production so the WDHS controller must promptly order engage the DG to
the SM in order to produce the active power required by the consumer load.

The FESS and the DL are not absorbing active power, as shown in Figures 17 and 18,
respectively, because there is no surplus of active power. The DG supplies the active power
to the consumer load for low wind speed in DO mode, as illustrated in Figure 19. The DG
generates the 85 kW required by the consumer load and after the consumer load changes
to 35 kW, the DG also supplies that 35 kW properly.
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Figure 16. Power wind and load for case study 2.
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Figure 17. Power absorbed by the FESS for case study 2.
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Figure 18. Power in the DL for case study 2.
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Figure 19. Power in the DG for case study 2.

The active power consumed by the DL is shown in Figure 18. As can be observed in
this figure, the DL tries to consume a little active power in approximately 26 s. It is during
this time, there is still excess active power and the FESS has reached its rated power and
cannot store more power. This attempt to consume power lasts a short time (approx. 0.5 s)
because once a transient has passed, the FESS still has the capacity to store active power.
After that, in 35 s, an increase in active power produced by the wind turbine occurs, so after
35.5 s, once the FESS reaches its rated power, the DL starts to consume the active power
excess because the FESS is fully charged during this time. The active power produced by
the DG is shown in Figure 19.

At t = 25 s, the wind turbine starts producing power again sufficient to feed the
consumer load, and a surplus of active power occurs. Therefore, the WDHS control must
order to disengage the DG from the SM and change to WO mode. The power excess is
absorbed by the FESS and the DL as shown in Figures 17 and 18, respectively. Moreover,
in Figure 19, after t = 25 s, the SG stops producing active power because it works as a
synchronous condenser and only consumes 3 kW corresponding to the mechanical losses.
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Figure 20 shows the system frequency per unit for case study 2. Similar to case study 1,
the frequency contains transients due to applied changes to wind speed and consumer load.
As can be seen in this figure, the controller damps these frequency variations adequately.

Frequency

Frequency

8s 30s20s 25s
15s

35s

Figure 20. System frequency in per unit for case study 2.

The RMS voltage represented in the per unit system is shown in Figure 21. Similar to
case 1, the voltage variations correspond to reactive power variations due to the changes
applied in the WDHS and load. These variations are properly mitigated by the AVR.

0 5 10 15 20 25 30 35 40

0.9
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p
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8s 30s20s 25s15s 35s

Figure 21. RMS voltage in per unit for case study 2.

5.3. Case Study 3

For this case study, the WDHS operates in DO mode at the beginning of the simulation
and later the transition to WO operation mode is carried out. Figure 22 shows that, because
there is no wind power, the WTG does not generate active power from t = 0 s to t = 5 s.
Consequently, the DG supplies the active power needed by the consumer load in this period.
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200

400

Powers Wind and Load

t
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P
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P
LOAD

0 kW

142 kW
200 kW

35 kW
85 kW85 kW

265 kW
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25s

5s

21s

17s

13s 29s

Figure 22. Power wind and load for case study 3.

Figures 23 and 24 show, respectively, that neither the FES nor the DL consumes active
power since the wind turbine is not generating power. On the other hand, the DG supplies
the total active power demanded by the consumer load, as can be seen in Figure 25. In
Figure 22, the transition from DO to WO mode occurs at t = 5 s because the WTG starts
to produce active power sufficient to feed the consumer load and the WDHS controller
disengages the DG from the SM changing to WO. In this mode, the FESS consumes an
active power of 54 kW from t = 5 s to t = 13 s, as shown in Figure 23, and in the same
period, as shown in Figure 24, the DL does not consume power because the active power
excess is lower than to full rating of the FESS.
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Figure 23. Power absorbed by the FESS for case study 3.
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Figure 24. Power in the DL for case study 3.

The condition for the transition in the operation modes from WO to WD results from a
frequency drop down to 59.4 Hz as a consequence of the wind power being lower than the
consumer load. The condition for the transition from WD to WO is the result of a frequency
increase up to 60.6 Hz as a consequence of power generation excess or in the case where
the DG produces the minimum power recommended and dump loads are being actuated.

Because the power generated by the WTG continues increasing after t = 5 s, the FESS
and the DL consumes the surplus of active power as shown in Figure 22. Specifically in the
period from t = 22 s to t = 25 s, the WTG is generating 265 kW, the load consumption is
35 kW so that the power excess is 230 kW, which is consumed as follows: the FESS absorbs
150 kW, the DL consumes 77 kW and the DG consumes 3 kW accounting for the mechanical
losses. For that period, these magnitudes can be seen in that period in Figures 23–25.

10 1550 20 25 30 35

-100

0

100

Power Diesel Generator

t

kW

P
DG85 kW

-3 kW -3 kW

5s

17s 21s 29s13s

Figure 25. Power in the DG for case study 3.

Figures 26 and 27 show the system frequency and the RMS voltage in the per unit
system, respectively, for case study 3. Similar to the previous cases studied, the varia-
tions are the results of changes applied to the system, and the controllers damp these
variations properly.

25s5s 21s17s13s 29s

Figure 26. System frequency in per unit for case study 3.
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Figure 27. RMS voltage in per unit for case study 3.

6. Conclusions

Complete transitions of an HWDS were modelled and simulated in Matlab/Simulink.
Each component along with its respective controller was described in detail, as well as the
overall control of the HWDS. The FESS uses two three-phase full-bridge converters in a
back-to-back configuration; the grid-side converter works as an interface between the FESS
and the grid; the machine-side converter regulates the electrical torque in the FESS shaft.
The FESS absorbs the wind power excess by accelerating the flywheel in periods of high
wind speed. Conversely, the FESS supplies power to the consumer loads by decelerating
the flywheel when the wind speed is low. The WDHS considered in this article uses a
friction clutch to disengage the DE to the SG in WO mode. In WO operation mode, the
synchronous generator works as a synchronous condenser. A PI controller properly tuned
is used to control the system frequency by providing the power reference to the DL and the
FESS. The proposed controller gives priority to the FESS over the DL in order to harness
the wind resource. Simulation results show the correct function of the HP-WDPS during
the different operation models with the proposed controllers maintaining the frequency
and voltage within the proper limits for wind speed and load variations.
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