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1. Introduction

For the recent expansion of renewable energy applications, wind energy generation is
receiving much interest all over the world. Many large wind farms have been installed so far
and recently huge offshore wind farms have also been installed. However, the frequency
variation of power system due to wind generator output fluctuations is a serious problem. If
installations of wind farms continue to increase, frequency control of power system by the
main sources, that is, hydraulic and thermal power stations, will be difficult in the near
future, especially in an isolated power system like a small island which has weak capability
of power regulation. In such a case, the installation may be restricted even though it is a
small wind farm. Though there is such a difficulty, an introduction of the wind energy
utilization is much effective in an isolated power system, because main power plant in a
small island is mostly a diesel engine driven generating plant and it has no good effect on
the environment. Hence, some strategies are necessary to improve the stability of wind farm
output. According to such situations, an application of battery system for the output power
smoothing has been investigated so far, and some experimental studies using practical
facilities are being performed. The battery system is suitable for power compensation with
relatively long period like load leveling. However, since rapid response is necessary to
compensate power variations in an isolated power system, the battery system may not be
appropriate because charging or discharging speed of the battery is not so fast due to its
chemical process. Moreover, the same capacity of electronic power converter as that of the
battery power rating is required. In addition life time of battery is, in general, not so long
and thus frequent replacement of battery cell will be needed. These characteristics cause cost
increase. On the other hand, the application of Flywheel Energy Storage System (called
'FESS' hereinafter) for power compensation is very effective. This system has characteristics
of large energy storage capacity, long life, and rapid response of power control. It has a
heavy weight rotating mass connected to an adjustable speed generator. This chapter adopts
an adjustable speed generator with secondary AC excitation as a driving machine of rotating
mass, because this type of generator has already been put into practice in pumped storage
hydro power plants in Japan [1]. There are also some practical applications of FESS to
improve power system stability [2]. The adjustable speed generators with secondary AC
excitation can control not only active power output but also reactive power output rapidly
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and independently. Thus smoothing of both output power and grid voltage fluctuations in
wind farm is possible by installing FESS with the adjustable speed generator. In addition,
since only small capacity of electronic power converter is needed in this system, the total
cost can be decreased. Therefore, the FESS can be effective on smoothing of wind farm
output fluctuation, resulting in the frequency stabilization of the power system.

With these points as background, this chapter proposes a control strategy of FESS to reduce
the frequency variation in an isolated power system including a wind farm. The main
features are as follows: 1) Cooperation with the main power plant, i.e., output of the main
power plant is adjusted in co-operation with the FESS depending on its energy charge level;
2) Direct frequency control. In the case of large power system, generally, smoothing of rapid
change of wind farm output in short period is performed by energy storage system, while
slow change in long term is absorbed by other power plants for frequency control. However
in the isolated power system, single or a few main source generators can hardly regulate
slow power fluctuation. Therefore direct frequency control by energy storage system is
desirable. In order to evaluate the effectiveness of the proposed method, computer
simulation analyses are performed by using PSCAD/EMTDC [3].

2. Example of model system

Overview of FESS operation

Fig. 1 shows an overview of FESS operation proposed in this chapter. The isolated power
system consists of main power supply, a consumer load and a wind farm. FESS is installed
near the wind farm. FESS detects the network frequency and stabilizes it by supplying or
absorbing active power to/from the network. FESS also sends a command to the main
power supply to adjust its output so as to keep suitable stored energy level of FESS.

Wind farm Load .

(Consumer) e

Brl_
_
Frequency

detection i~ -~ TTTTTT7T Isolated power system
‘/
=]

» Main power
_.=*" supply

Extend governing

FESS

Power compensation

Fig. 1. Overview of FESS operation
Brief configuration of power system

Fig. 2 shows the power system model used in this chapter. A Wind Farm (WF) is modeled
by a single induction generator with a wind turbine operating almost at constant speed. The
FESS is installed to the grid point of wind farm. A Synchronous Generator (SG) as a main
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source generator which is driven by a diesel engine is connected to the grid point through a
transmission line, and resistive loads are connected to the both ends of the line.

WEF Diesel Power Plant
N Synchronous Generator
)C 30MVA, 6.6kV, H=2.5s
D | e o
i connection

Induction G t
o N (=

0.05 +j0.3
FESS (30MVA base)
¥
o AAN,— Y
6.6kV e J
ACDCAC - |L Resistive L
Doubly-Fed Induction Machine Load
7MVA, 6.6kV, 422.5M](max)  135MW 15MW

Fig. 2. Model system of an isolated power system
Configuration of FESS

Fig. 3 shows a model configuration of FESS. The FESS consists of the adjustable speed
generator, the flywheel mass for kinetic energy storage, and secondary excitation circuit for
adjustable speed control [4]. The adjustable speed generator has basically the same
construction as that of a wound rotor induction machine. The secondary excitation power is
supplied from the terminal of FESS, and converted to DC power by the converter, then
again converted to low frequency AC power by the inverter and supplied to the rotor. Thus,
the rotor can rotate at asynchronous speed. The inverter controls active and reactive power
output (Pr and Qr) of the generator, and the converter controls DC link voltage Epc and
reactive power Q flowing into the secondary excitation circuit. These electronic power
converters are modeled as 6 force-commutated power switches connected in a bridge
configuration as shown in Fig. 4. A sinusoidal PWM operation is carried out and switching
signals are generated by applying triangular carrier wave comparison. Conventional PI
controllers are used for the inverter and the converter control as shown in Fig. 5 and 6
respectively. Parameters of the FESS generator are shown in Table II.

A method of frequency stabilization by using FESS

The main purpose of this study is to reduce the network frequency variation by using FESS.
The configuration of the control system for the frequency stabilization is shown in Fig. 7.

Reference of active power output of FESS, Pr.f), is determined according to the deviation of
network frequency, which is detected by PLL at the terminal of FESS. When the frequency is
decreased, FESS supplies active power to the network. When the frequency is increased,
FESS absorbs active power from the network. These control schemes correspond to block
(A) in Fig. 7. At the same time, Pref) is modified to prevent a shortage or an excess of the
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Doubly-Fed Induction Machine (7MVA, 6.6kV, H=50.0)
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AC DC |
DC voltage 3 j0.08pu  0.005+0.1pu 7"
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Rotor speed W ress *1 : Stored energy (]J) is the ratedpower of the machine (W) x 0.02 (s).

Fig. 3. FESS circuit configuration

stored energy of FESS. In this study, the maximum and the minimum rotor speeds of FESS
are specified 130% (1.3pu) and 70% (0.7pu) of the rated speed respectively. Considering
these boundary speeds, the value of Prep is modified to a lower (or a higher) value when
the rotor speed is under (or over) 1.044pu, at which the stored energy becomes a half of the
maximum storage energy. These control schemes correspond to block (B) in Fig. 7. Fig. 7
also includes a rule of FESS control to avoid operating under 0.7pu or over 1.3pu rotor speed
as shown in Table L.

———————
4%?—1@—1@

—

—HK T & 4@13 4% 7

Fig. 4. Model of power converter

Frequency < 50 Frequency > 50
WR _rEss >1.3 1 0
13> WR_rEss >0.7 1 1
0.7 > WR_FEss 0 1

Table I. Rule of FESS control
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Fig. 5. Output power controller of FESS
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Fig. 7. Reference signal controller for frequency stabilization
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Wind farm model

The wind farm consists of an induction generator and a wind turbine. An aerodynamic
characteristic of the turbine blade expressed by egs.( 2) and ( 3) is adopted [5]. The captured
power is expressed by eq.( 1). Since the induction generator is operated at almost constant
speed (approx. 1.0 to 1.01 pu), the output power changes widely with respect to wind speed
variations. Generally, a wind turbine is equipped with a pitch angle controller. The
conventional pitch controller shown in Fig. 8, that maintains the output of the generator to
be the rated power when the wind speed is over the rated speed, is also considered in this
study. Parameters of the wind generator (IG) are shown in Table II.

1
Py =5 PC, ()R W] M)
2 -0.17
C,(2)=05("'-0.0.25* -5.6)e *'" )
- _R 3600 o
A 1609
Active Power 1 1 Pitch
- 100 + - g 7~L Anglep
0.01s 1+5s _
- PI Pitch Rate limiter
1.0 controller actuator (Max £10/ sec)

Fig. 8. Pitch angle controller of wind turbine

IG FESS

Stator resistance (pu) 0.01 0.02

Stator leakage reactance (pu) 0.07 0.08
Magnetizing reactance (pu) 4.1 3.5
Rotor resistance (pu) 0.007 0.02

Rotor leakage reactance (pu) 0.07 0.08

Table II. Parameters of induction machines.
Synchronous generator model

A Synchronous Generator (SG) is considered as a main power supply unit in the network in
this study, which is assumed to be a diesel engine driven power plant. The characteristics of
the diesel engine and its governor system in [6] are considered. The governor controls fuel
supply to maintain the engine speed at the synchronous speed. Its block diagram is shown
in Fig. 9, and its parameters are shown in Table III.
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If FESS regulates the network frequency by its power compensation, the output of SG may
not change, because the network frequency is controlled to be constant. Consequently, there
is a possibility that FESS performs all of the network frequency control instead of SG. In
such case, when the stored energy in FESS becomes full or empty, the power balance of the
network cannot be maintained and thus the network frequency can deviate significantly. To
avoid such situation, the output of SG also needs to be regulated according to the stored
energy of FESS. In this chapter, a cooperative control is proposed, in which the output of SG
is increased (or decreased) when the rotor speed of FESS is below (or over) 1.044pu which
corresponds to a half of the maximum storage energy of FESS. But if the additional
command to the main source generator changes fast, its output will also vary widely, and
then it suffers large mechanical stress. Therefore a control gain is set for the additional
command to change slowly as shown in Fig. 10. The governor of SG in this study has been
designed to control only engine speed, and thus the output of SG can be changed by
modifying a monitored signal of the engine speed to the governor. These control systems
are shown in Fig. 10. In addition, a simple AVR model shown in Fig. 11 is used in SG model.
Parameters of the synchronous generator (SG) are shown in Table IV.

Controller
Wref

(Synchronous speed) » K,

~ X Actulator Dead time of Engine
! I
(v ) - —* o ,-sT .
_ \_/ s 1+T,s € \

T Output tc;rque
w (Rotor speed) wex (Additional signal for output adjustment)

Y

Fig. 9. Governor model of the diesel engine

N 0.02
0.03 [ - Wex
-0.02 To SG governor
1.2s
30s+1

Fig. 10. Additional signal controller for output adjustment of the diesel engine
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filter regulator 5
1 - |10 * /7 .
Terminal | 0.1s+1 v+ [0.1s+1 ; ]
Voltage -5
Field voltage
V1o (Reference) Etq0 (Initial value) E¢q
Fig. 11. AVR model of the synchronous generator
Proportional Gain of Kp 8.0
Integral Gain K 2.0
Pilot servo time constant Ta 02s
Dead time of engine T 0.25s
Table III. Parameters of the diesel engine governor
Armature resistance (pu) 0.0025
Stator leakage reactance (pu) 0.14
Field resistance (pu) 0.0004
Field leakage reactance (pu) 0.2
D-axis Q-axis
Magnetizing reactance (pu) 1.66 0.91
Damper resistance (pu) 0.005 0.0084
Damper leakage reactance (pu) 0.044 0.106

Table IV. Parameters of synchronous generator.
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3. Simulation example
A. Condition

A determination of the energy storage capacity is very important for designing energy
storage system. In this chapter, the energy storage capacity of FESS is determined from a
point of view of adequate frequency control ability but reducing it as small as possible. The
power rating of FESS is decided as 70% of that of the wind farm since instantaneous output
change of the wind farm can hardly reach its power rating in normal operation.
Comparative study between the proposed frequency control method (shown in Fig. 7 and
Table I) and a power smoothing method (shown in Fig. 12 and Table V) which is
generally considered in a wind farm connected to large power system, is performed in the
simulation analysis here. In conventional power smoothing method, an energy storage
system only smoothes wind farm output fluctuations, and slow change of wind farm
output is absorbed by several thermal and hydraulic power plants installed as main
generators in large power system. However, since the total power rating and the number
of main power generators are limited in the case of an isolated power system, power
regulation may become difficult even when wind farm output fluctuation is small.
Moreover, the output of main power generators should be adjusted also to maintain the
amount of residual energy of storage system. If the stored energy is not regulated
suitably, power balance of the isolated power system cannot be kept when the stored
energy reaches full or empty level. Therefore, it can be said that the frequency
stabilization in the case of an isolated power system cannot be achieved only by the
conventional power smoothing scheme.

Reference of
Output of 1 + Pr(prim) FESS output
wind generator 1+T,s =U g power

Low Pass Filter (l-order delay)

Fig. 12. Reference signal regulator of the FESS for power smoothing control

Pref < 0 Pref > 0
WR_FESS >1.3 1 0
1.3> WR_rESs > 0.7 1 1
0.7 > WR_FESs 0 1

Table V. Rule of FESS control for power smoothing
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Fig. 13. System response under the frequency control method and power smoothing method
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In the comparative study, simulations by the conventional output power smoothing method
have also been performed, in which the reference output from the WF to the grid is
determined by inputting the net WF output into a first order delay transfer function and
FESS supply the difference between the reference power and the net output to follow the
WF-to-grid output to the reference value as shown in Fig. 12. Therefore block A in Fig. 7 is
replaced by Fig. 12 and the rule of FESS control shown in Table I is also replaced by Table
V. In the conventional method, the cooperation control with the main power plant is
impossible. The power rating of FESS is chosen to be 7MVA, same as that in the frequency
control method, and the time constant of the first order delay is set to 30s.

B. Results

Fig. 13 shows system responses under the proposed frequency control method and the
conventional power smoothing method. The frequency deviation reaches about 0.3Hz at the
maximum in the case of the power smoothing method, but it is regulated within about
0.05Hz in the case of the frequency control method. The stored energy of FESS is remained
well between the maximum and the minimum levels, from which there may be a possibility
that the energy storage capacity of FESS can be reduced. Responses of the prime mover
output (diesel engine output) are almost the same in both methods.

4. Summary

This chapter has proposed a new method of network frequency regulation by using
Flywheel Energy Storage System (FESS) for an isolated power system including a wind
farm, and the validity of the proposed method has been evaluated by computer simulations.
From the comparative study between the proposed method and the conventional output
smoothing control of wind farm, it has been shown that the proposed method is very
effective on the stabilization of network frequency in an isolated small power system.

The proposed method can be applied basically not only to a FESS system but also other
types of energy storage system. Therefore the proposed method can contribute to expand
wind energy utilization into isolated power systems like a small island.
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