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Abstract

The penetration of wind generation into AC micro-grids (MGs) has been increasing in
recent years. Wind generation is uncontrollable, variable in nature, and uncertain. If the
penetration level is high, the random variations of the wind power generation could
cause problems for MGs to maintain the nominal system frequency. A typical solution is
to employ energy storage systems (ESS) into the MG in order to compensate the wind
power fluctuations. In this chapter, the use of a vanadium redox flow battery (VRFB)
coupled with a power conditioning system (PCS) is suggested to enhance the frequency
stability of a MG with high wind power penetration. A new control system is developed
for the PCS/VREFB. The control system performs the load leveling of the wind generation
and carries out the primary and secondary frequency control of the MG. Dynamic
simulations of the proposed device are performed and demonstrate that the new control
system improves the transient responses of the PCS/VRFB and the MG, during minor
and/or severe disturbances.

Keywords: wind generation, AC micro-grids, energy storage, vanadium redox flow
battery, power conditioning system, control system, frequency stability

1. Introduction

Wind generation is one of the most used renewable energy resources in AC micro-grids (MGs).
Last year, wind power generation grew by 17% [1]. The incorporation of wind farms into the
power system introduces new challenges to the operation, control, and planning of MGs, both
for short-term intervals (seconds to minutes) and long-term intervals (minutes to hours). This
is produced by the random variations of the wind resource. As a result, wind farms cannot be
dispatched in the traditional sense. Conventional power plants struggle to meet variable
demand, while wind turbines not. This leads to more problems into the MG. These problems
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increase when the penetration level is high, compromising the operation security and reliabil-
ity of MGs [2, 3]. The traditional solution is to increase the reserve generation of conventional
power plants, what causes a noneconomic dispatch. Other solutions are provided by the
manufacturers of wind turbines, employing both the speed and the pitch control systems as
methods of supplying power reserve for frequency support and power generation smoothing
on variable-speed wind turbines [4-6]. However, these solutions depend on the operating
point of the wind turbine and are less efficient than that provided by an energy storage system
(ESS). The output power of wind generators is reduced in order to gain controllability, but
sacrificing a part of the free wind energy and consequently increasing the more expensive
output power of conventional generators to cover the same power demand.

ESS can be employed in order to improve the frequency stability of MGs with high wind power
penetration. In this sense, several previous works focus on the problems caused by wind gener-
ation and how an ESS can effectively solve them [7-11]. However, these solutions are limited
according to the amount of energy stored by the used ESS. Nowadays, a promising low-cost,
large stationary advanced ESS for these applications is the vanadium redox flow battery (VRFB),
which presents high-speed response and overload capacity characteristics [12-14].

The incorporation of the VRFB into MGs requires a power conditioning system (PCS) and
appropriate control strategy to manage the power flow between the VRFB and the utility
system [12, 13]. Many solutions using PCS for long-term ESS have been proposed and listed
in Ref. [15], a bidirectional single-phase inverter with a DC/AC converter connects a battery
energy storage system (BESS) to the AC grid. Additionally, an integrated nonlinear control
strategy is proposed both to control converters and to manage the power flow direction
between the BESS and a stiff grid. In Ref. [16], a DC-DC converter system is presented based
on an input-series/output-parallel dual active bridge structure, in a full modular design. The
proposed converter is dedicated to interface a DC voltage network with a battery-based
energy storage device. In Ref. [17], a non-isolated online uninterruptible power supply (UPS)
is presented. The proposed system consists of bridgeless boost rectifier, battery charger/dis-
charger, and an inverter. For the inverter, a new control method is developed, which regulates
the output voltage for both linear and nonlinear loads. In Ref. [18], a grid-connected hybrid
PV-wind-battery system with a bidirectional DC/DC chopper is presented. The control strat-
egy manages the power flow from different sources, provides generation reserve to the grid,
charges the battery, and satisfies the load demand. The work presented in Ref. [19] proposes a
PCS for zinc-bromine (Zn-Br) flow battery-based energy storage system. The PCS consists of
four DC-DC converters, one DC-AC inverter, and a battery management system. The battery
control strategy including the PCS and the stripping operation is described to perform the
charging and the discharging of the flow battery in steady state.

The proposals mentioned above offer practical solutions to connect the VRFB to the AC
network. However, much less has been done particularly on the utilization of the VRFB in
emerging grid-interactive AC MGs, although major benefits apply [20]. Moreover, none of the
aforementioned work has discussed strategies to stabilize the active power flow of wind farms
employing long-term ESS and to contribute to the frequency control when faults occur in the
electrical system.
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Based on the previous discussion, this work employs the PCS presented by the same authors in
Ref. [21] and develops a new control strategy, which performs the load leveling of the wind
farm and the frequency regulation of the MG. The PCS consists of a 12-pulse thyristor con-
verter with commutated capacitors (TCCC). A TCCC is a fast-response, solid-state power
compensator that provides active power control at the point of connection to the MG for power
quality improvements. This characteristic enables the TCCC/VRFB (1) to mitigate short-term
and mid-term power fluctuations of wind turbines, (2) to correct frequency fluctuations
of the MG, and (3) to provide the reserve generation required during minor and severe
disturbances.

With the aim of demonstrating the validity of the three statements of the preceding paragraph,
a model of a TCCC/VRFB device is presented with all its components represented in detail.
Moreover, a new control design for this device is developed; this is the main contribution of
this work. The control system implements a new approach based on multilevel control tech-
nique. To mitigate wind power fluctuations, the control includes a load-leveling compensator
block. In addition, the control system incorporates a frequency regulator, which performs the
primary and secondary frequency control of the MG (PFC and SFC, respectively). Validation of
models and control schemes is carried out through simulations by using SimPowerSystems of
Simulink/MATLAB™.

Considering the aspects mentioned above, this work is organized as follows: the VRFB and the
proposed compensator are presented in Section 2. The new control system of the TCCC/VRFB
is developed in Section 3. The model of the MG is presented in Section 4. Simulation tests are
performed in Section 5. Finally, the conclusions are presented in Section 6.

2. The TCCC/VRFB compensator

The TCCC/VRFB compensator is composed of the vanadium redox flow battery and the
thyristor converter with commutated capacitors; both of them are explained below.

2.1. Vanadium redox flow battery

The VREFB is an electrochemical ESS which consists of two electrolytes stored in two separate
tanks. The electrolytes are formed by sulfuric acid with active vanadium species in different
oxidation states: V4/V5 redox couple (catholyte) and V2/V3 redox couple (anolyte). These
liquids circulate through the cell stack by pumps. The stack consists of several cells, each of
which contains two half-cells that are separated by a proton exchange membrane (PEM). The
electrochemical reactions take place in the half-cells, and then inert carbon felt polymer com-
posite electrodes are employed in order to charge or discharge the battery through an external
DC current. The general scheme of the VRFB is represented in Figure 1(a).

The half-cell of the VRFB performs two simultaneous chemical reactions; these reactions occur
on both sides of the membrane as shown in Figure 1(b). During the charge process, the
positive electrolyte (catholyte) delivers electrons to the negative electrolyte (anolyte) through
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Figure 1. Vanadium redox flow battery: (a) general scheme and (b) chemical reactions.

the external circuit. Therefore, the oxidation occurs in the catholyte, and the reduction occurs
in the anolyte. During the discharge process, the flow of electrons is reversed; the oxidation
takes place in the anolyte and the reduction in the catholyte.

The battery produces a nominal cell potential of approximately 1.25 V. By connecting many
cells into a “stack,” the terminal voltage is obtained. The current density through the cell
and the stack voltage establish the power available, while the supply of charged electrolyte
to the stack establishes the energy available. So, the rated power and the energy stored can
be upgraded by increasing or decreasing the stack and the electrolyte tank, respectively
[22-24].
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2.2. Model of the VRFB

The VRFB model is composed by the stack model and the mechanical model, as shown in
Figure 2. The complete model of the VRFB was developed in Ref. [22]. The stack model
calculates the state of charge (SOC) of the electrolyte and the terminal stack voltage (Usack)-
These values depend on the initial SOC and the stack current (Iy,q). On the other hand, the
mechanical model calculates the hydraulic losses caused by the electrolyte flow rate (Q). This
flow rate is produced by two DC machines that drive the pumps. Therefore, the stack current
is calculated from the difference between the terminal VRFB current (Iygrg) and the pump
current consumption (L)

2.2.1. VRFB stack model

The proposed electrochemical model of the VRFB calculates two gains in order to obtain the
stack voltage Us,« and the effective current I+ These parameters are the voltage and current
gains (K, K.), and they are obtained by solving (Egs. (1) and (2)). Note that K. and K, gains
depend on the stack current, the experimental efficiency curves (Figure 3) [23, 24], and the
operating condition (charge or discharge):
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Figure 2. Mathematic model of the VRFB.
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Figure 3. Voltage, coulombic, and energy efficiencies of the VRFB stack.

The effective stack current and the terminal stack voltage are obtained with (Egs. (3) and (4)):
Ief = Kelstack (3)

Ustack = Ky ueq (4)

The equilibrium voltage (U,,) can be calculated employing the Nernst equation (Eq. (5)) [25-28]:

2RT 50C
ueq = Nea |:u0 =+ = 11’1(1 — SOC>:| (5)

where U is the internal cell voltage when the SOC is 0.5 pu, N, is the number of cells in series
connection, F is the Faraday constant, T is the absolute temperature, and R is the gas constant.
The value of SOC depends on the effective stack power, the storage capacity (E,.y), and the
initial conditions (SOCy) (Eq. (6)) [29]:
—Ugl,
SOC = SOC, + JEieqfdt ©6)

max

2.2.2. Mechanical model

The mechanical model of the VRFB system is developed in Ref. [30]. This model consists of an
analytical part and a numerical part. The analytical part models the pipes, bends, valves, tanks,
and pumps. The numerical part describes the more complex stack hydraulic circuit. In addi-
tion to the mechanical model, in this work it is suggested to incorporate the equivalent DC
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current consumption of the pumps (I,,,,,,,p). Therefore, the value of I, represents the mechan-
ical losses of the VRFB system (Eq. (7)):

P 2pumps
[ Popump 7
P Ustuck ( )

2.3. Thyristor converter with commutated capacitors

A DC/AC bidirectional converter is required in order to connect the VRFB to the MG. In this
regard, a 12-pulse thyristor converter with commutated capacitors on the AC side (TCCC) is
proposed for controlling the active power flow of the VRFB [21]. The TCCC operates as a
current source. Therefore, the polarization voltage of the VRFB stack determines the voltage at
the DC bus (Vo). As a result, the connection between the VRFB and the TCCC does not
require a DC/DC chopper. Figure 4 shows the proposed PCS unit for the VRFB system.

The most important aspects of the proposed PCS are:
¢ The converter can only draw an inductive current from the MG.

e A valve cannot be turned off actively. Instead, the current through one valve has to be
brought to zero by turning on another valve.

* The reactive power consumption of the converter decreased by the additional voltage
provided by the capacitors C,,,. This leads to a reduction of the risk of commutation failures.

The TCCC contains tuned filters to smooth the AC current harmonics of order 12n + 1.
Additionally, the reactive power required by the thyristor converter is provided by these
filters. From Figures 2 and 4, the following equalities are obtained:
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Coupling I \ N )é/
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Figure 4. The proposed PCS unit (TCCC).
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Ivrr = Istack + Ipump = Leonw (8)

Vconv = ustack (9)

Eq. (8) shows that the VRFB terminal current is imposed by the converter current, whereas
(Eq. (9)) demonstrates that the TCCC terminal voltage is the polarization voltage of the VRFB.
The calculation of the TCCC current at the DC bus is obtained from Ref. [31]:

3 3
Veeono = b; \/Evi, RMS COS ¥ — % (xt T xc)Iconv (10)

where x; and x, are the transformer and capacitor (C,) reactance, respectively; V; rps is the
RMS voltage of the TCCC at the AC bus; a is the firing angle of the converter; and b is a sign
factor which determines the operation mode of the converter: +1 for rectifier operation mode (0
<a <m/2) and —1 for inverter operation mode (71/2 < a < ). The DC current at VRFB terminals
is obtained solving (Egs. (8))-(10)):

b

Tt
X — xc) (\/Evi, RMS COS &X — g ustack) (11)

Ivrrg =
(

Considering constant values of V; gy and Uk, Ivrps decreases when a increases, while in
rectifier operation mode, and Iyrrp increases when a increases during inverter operation mode.

3. Control system of the TCCC

In this section a new multilevel control system has been developed for the TCCC unit; this
control system has its own control objectives for each hierarchical control level [9]. The pro-
posed multilevel control system is shown in Figure 5, which is composed of three parts: a low-
level control system, a mid-level control system, and a high-level control system.

The low-level and mid-level control systems are fully developed in Ref. [21], whereas the high-
level control system (left side of Figure 5) is presented below which represents the main
contribution of this work.

High-Level Control System Tripy, Mid-Level Control System Low-Level Control System
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| » (TJ+1) 4 @2
“Tp
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w
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Figure 5. New control system of the TCCC.
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3.1. High-level control system

The high-level control system is responsible for determining the active power exchange
between the TCCC and the utility system. The goal of the control algorithm is to perform the
load leveling of the wind generation and to provide the generation reserve required for
frequency regulation. This controller is composed of three parallel control loops: the load-
leveling controller, the PFC regulator, and the SFC regulator. The aim of the load-leveling
controller is to eliminate the turbulent component of the wind power (P,,). So, a first-order
filter with a cutoff frequency at one cycle/hour is employed in order to obtain the diurnal and
synoptic component of the wind power (P,4s) [32, 33]. The difference between P, and P, is
the compensation power P;; that must be supplied or absorbed by the TCCC/VRFB unit. The
load-leveling controller is always active, thus allowing for improvement in the power quality
of the electric utility grid with wind generators.

On the contrary, the PFC and SFC regulators are only active when significant frequency
deviations arise, contributing to recover the rated system frequency and thus improving the
grid security. These controllers are in charge of minimizing the magnitude and duration of
system disturbances by damping power oscillations. The purpose of this is to keep the system
frequency between minimum and maximum levels during the transient dynamics. This is
accomplished by measuring the frequency error Af, which is proportional to the rate of change
of the generator angle d6/dt involved and consequently directly represents the power oscilla-
tion of the system. The value of Af enters to proportional and proportional-integral (PI) control
schemes, in order to calculate the generation reserve required to perform the PFC and SFC
(Pprc, Pskc), respectively. In the PFC regulator, a dead-band block is incorporated within the
control loop with the purpose of managing the participation of the TCCC/VRFB in the fre-
quency control of the utility system. The low-pass filters are employed to eliminate the noise
signal. Finally, the three components are added together to obtain the converter reference
power p conv,ref*

3.2. Mid-level and low-level control system

The mid-level control and the low-level control systems operate the TCCC as a controlled
current source. The control algorithm is shown in Figure 5. The mid-level control system
calculates the DC reference current (I.onorf) by comparing the reference power Py, er With
the converter power (P,,,,). The nonlinearity of the converter at low current is eliminated by a
dead zone block. In the low-level control system, the reference firing angle (a,,;) for the
thyristors is calculated from the reference current I, .r and the converter current (I,,.). Then,
the value of «,,; enters to a 12-pulse generator in order to produce the firing pulses for the
TCCC [31, 34].

4. Micro-grid model

A typical MG model shown in Figure 6 is used for simulation studies; the SimPowerSystems®
package of the MATLAB/Simulink software is employed to carry out the simulations. This
model system is composed of a 132-kV-bulk power system (represented as an infinite AC bus)
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connected to a 13.2 kV MG through a 160 km transmission line. The MG is composed of a 10
MVA steam turbine, a constant load, a 12 MW wind farm composed of eight double-fed
induction generator (DFIG) wind turbines, and a 1.5 MW TCCC/VREB unit. The energy and
power ratings of the TCCC/VRFB unit are determined according to Refs. [35, 36] and proved
through the simulations presented in Section V. The mathematical models of the TCCC and the
steam turbine are detailed in the Appendix, and the wind farm model is developed in Refs.
[37, 38].

The wind farm protection system is represented in Figure 7, which illustrates the voltage and
frequency capability curves in Figure 7(a) and (b), respectively. The protection system discon-
nects the wind farm when the terminal voltage is less than 0.2 pu during 0.5 s. On the other
hand, frequency oscillations can also trip the wind farm. If the frequency of the MG is in the
49-48 or 51-52 Hz range during 15 s at least, the wind farm is switched off. If the frequency is
lower than 48 Hz or higher than 52 Hz, the wind farm is instantaneously disconnected. The
wind farm operates normally when the frequency of the MG is in the range of 49-51 Hz.

5. Simulation results

The frequency stability of the proposed MG is evaluated through simple events that impose
high demands on dynamic response of the steam turbine and the TCCC/VREFB unit. In this
regard, two case studies are considered. Case 1 evaluates the post-fault frequency stability of
the MG when it is transmitting electric power to the 132 kV network. Case 2 examines the post-
fault frequency stability of the MG when it is importing electric power from the bulk power
system. In addition to the frequency stability analysis, Case 3 evaluates the quality power
supply during the isolated operation of the MG. The under-frequency load shedding system,
which could help in maintaining the frequency drop after contingencies within acceptable
values, is not considered in all the cases aiming at highlighting the benefits of the proposed
solution.

5.1. Case 1: unexpected disconnection of the MG during energy exportation

In this case, the frequency stability of the system is analyzed when an unexpected single-phase
fault occurs at Line 1. In consequence, switch B1 opens 0.1 s after the occurrence of the event,
causing the isolated operation mode of the MG. When the fault occurs at t = 150 s, the steam
turbine and the wind farm are generating 9.5 and 3 MW, respectively. The load is 11 MW, so
the power imbalance is 1.5 MW approximately.

Figure 8(a) shows the frequency deviation of the MG. Since the power generation is higher
than the load, the frequency increases after the fault. When the control strategy developed in
Ref. [21] is employed (previous control strategy), the frequency reaches the value of 52 Hz at t =
152.9 s; at this instant the wind farm switches off due to over-frequency. After that, the load is
higher than the power generation, hence the system frequency decreases. The steam turbine
switches off at t = 158.8 s due to under-frequency. Therefore, the MG collapses due to the lack
of generation. A similar situation occurs when the new control strategy is applied and the
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rated power of the TCCC/VREB is 1.0 MW. If the rated power of the TCCC/VRFB is 1.5 MW at
least and the new control strategy is activated, the frequency reaches the value of 50.89 Hz at
t =153.4 s; after that the MG recovers the nominal value of the frequency (50 Hz).

Owing to the proportional characteristic of the PFC controller, the system frequency presents a
steady-state error after the fault. In order to eliminate this error, the SFC controller participates
in the frequency regulation. The steam turbine and the TCCC/VRFB compensator operate
under this control scheme. These units restore the frequency after 70 s (Figure 8(a)).

The dynamic performance of the MG is represented in Figure 8(b)-(d). After the fault at t = 150
s, the short-term reserve generation is activated in order to compensate the power unbalance of
the MG. Since the power generation is higher than the load, the active power outputs of the
steam turbine and the TCCC/VRFB unit decrease according to Figure 8(b) and (d), respec-
tively. According to Figure 8(d), when the 1.0 MW TCCC/VREB is operating in the saturation
region, there is no frequency control. Hence, the wind farm and the steam turbine switch off at
t=169 and 175 s, respectively. The incorporation of the 1.5 MW TCCC/VRFB compensator and
the proposed control strategy avoid the collapse of the MG, in accordance with Figure 8(a).

5.2. Case 2: unexpected disconnection of the MG during energy importation

In this simulation, the frequency stability of the power system is analyzed when a fault occurs
at line 1, whereas the MG is importing energy from the bulk power system. An unexpected
single-phase fault occurs at t = 150 s; in a consequence switch B1 opens 0.1 s after the occur-
rence of the fault, causing the MG to operate in isolated mode. When the fault occurs, the

% 52 4 “""“""J,"“""“"“""’ ‘J,""‘"""'"""“"", “.""('i“"‘"'"‘"", "f“"' "'"“"’1., “f“""‘""""“"‘J,"“""'""'"‘"‘"
= § i ‘Wind Farm over-frequency 1mlt  Frequency
= 50 A"“““ “"“‘J: """""""""""" E """"""""""" : ”"““"““““““f”"‘v_\"“"““‘ﬂ """""""""""" e, rmna— (a)
2 Previous : : New Control Strategly New Control Stratégy
3 48| Control Strptegy -\ frassniiig i (VREB: 1MW) (MREB:- LS MW -
= 140 150 160 170 180 190 200 210 220
&' R  ——— s r—— T Ermerm—— 3
21 :
]
2
=
170 180 190 200 210 220

& 5
E ! l New! Control Stratelgy (VRFB: I.S;[MW) o O ] [
IE Previ(?)us Control || New Contrdil Strategy Wind %Farm Power | (c)
2 | Strategy ' (VRFB: | MW) 1 | |
&

?40 150 160 170 180 190 200 210 220
— 1 -
; ??{(rzr\frl’(r]rl.!rsﬁ(;r(?%:{?lr S'tratcgy\g\_* ' /_14— I\}:ew Control Stx{ategy (VRFB: I1 MW) l
8 4 R,,,,,,,,,,,,,,,,,,,,;\,\,,,,,(5,:1!1,1!:@1,i9jr1,::L:g,i,o,ln ,,,,,,,,, ‘/,,,N?,"Y,Q‘,’I‘Fé’,‘,,SF{?F?SY,(Y$FB,5,,!:,5, MW)TCCC/VRFBPOWC O
z N—— . : : =~ :
& 2 | | i i i | |

140 150 160 170 180 190 200 210 220

Time [s]

Figure 8. Dynamic response of the MG in Case 1: (a) frequency deviation, (b) steam turbine power, (c) wind farm active
power, and (d) TCCC/VREFB active power.
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Figure 9. Dynamic response of the MG in Case 2: (a) frequency deviation, (b) steam turbine power, (c) wind farm active
power, and (d) TCCC/VRFB active power.

steam turbine and the wind farm are generating 9.5 and 3 MW, respectively. The load is 14
MW, so the power unbalance is —1.5 MW approximately.

The frequency deviation of the MG is shown in Figure 9(a). In this case, the load is higher than
the power generation, so the frequency decreases after the fault. When the previous control
strategy is employed, the frequency reaches the value of 48 Hz at t = 155.6 s; at this instant the
wind farm switches off due to under-frequency. In a consequence, the system collapses owing
to the lack of generation at t = 156 s. If the new control strategy is activated and the rated power
of the TCCC/VRFB is at least 1.5 MW, the frequency reaches the value of 49.15 Hz at t = 155.4 s;
after that the frequency asymptotically recovers its nominal value.

The dynamic response of the MG is shown in Figure 9(b)-(d). Because the load is higher than
the power generation, the short-term generation reserve is activated in order to compensate the
power unbalance. Therefore, the steam turbine and the TCCC/VRFB increase the power output
according to Figure 9(b) and (d), respectively. Similarly in the previous case, when the 1.0 MW
TCCC/VREFB is operating in the saturation region, there is no frequency control. Hence, the
wind farm and the steam turbine switch off at t = 256.2 s. The incorporation of the 1.5 MW
TCCC/VRFB unit and the proposed control strategy avoid the collapse of the MG as in the
previous case (Figure 9(a)).

5.3. Case 3: isolated operation of the MG

Maintaining the voltage and frequency within certain limits in a MG is a basic operational
requirement as many loads may be very sensitive to voltage and frequency deviations. Increas-
ing wind penetration in the MG may lead to stability problems or produce unwanted voltage
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and frequency oscillation in isolated systems [2—4]. Bearing these aspects in mind, the dynamic
performance of the MG is evaluated during the isolated operation. The operation conditions
are as follows: the steam turbine is generating 4 MW (minimum operating power), the average
wind farm active power is 3 MW, and the constant load is 7 MW. Therefore, the wind
penetration is approximately 43%.

Figure 10(a) shows the frequency of the MG by considering two cases: with and without
energy storage. When the TCCC/VRFB unit is not employed, the steam turbine presents
problems in establishing the nominal value of the frequency as a result of random variations
in wind power. When the TCCC/VREB is used, the frequency deviations are less than 0.01 Hz
approximately, enhancing the power quality supply of the MG.

Figure 10(b) shows the power output of the steam turbine and the wind farm. When the
TCCC/VREFB unit is not employed, the steam turbine operates below the minimum operating
power (4 MW) during several intervals. This situation is avoided when the TCCC/VRFB
performs the load leveling of the wind power generation (Figure 10(c)), causing a reduction
of the mechanical stress of the steam turbine. Figure 10(d) demonstrates that the steam turbine
and the wind farm can control effectively the voltage of buses 2 and 3, respectively.

These simulations show that the TCCC/VRFB unit and the new control system enhance the
dynamic response of MGs which incorporate wind generation, by performing the load leveling
of wind turbines and carrying out the frequency regulation of the MG. It is important to notice
that the DFIG wind farm and the TCCC/VRFB unit complement each other; the reactive power
fluctuations generated by the TCCC are compensated by the wind farm, whereas the fluctua-
tions of the wind power generation are smoothed by the TCCC/VRFB unit.
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Figure 10. Dynamic response of the MG in Case 3: (a) frequency deviation, (b) steam turbine/wind farm power, (c) TCCC/
VREB active power, and (d) bus voltage.
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6. Conclusions

This work proposes a new control strategy for the TCCC/VRFB unit for enhancing the tran-
sient response of a MG with high wind power penetration. The control strategy has been
implemented with a multilevel control topology. The high-level control system, which is the
core of the contribution, sets the power that exchanges the TCCC/VRFB with the MG. The aims
of this power flow are (1) to smooth the active power generated by a DFIG wind farm and (2)
to provide the generation reserve required for PFC and SFC. The model aspects of the VRFB
and the TCCC unit are also presented.

From the results obtained, it can be concluded that the developed control algorithms work
satisfactorily. The TCCC/VRFB unit, with the operation of the load-leveling controller, effec-
tively compensates the active power fluctuations from a wind farm. The complete system
(wind farm plus TCCC/VRFB) generates a smoother power response than that of the system
without the TCCC/VRFB. Moreover, the complete control system, now with the operation of
the PFC and SFC controllers, also contributes to the recovery of the frequency when severe
disturbances occur in the MG. Therefore, the incorporation of the TCCC/VRFB compensator
and its new control system improves the integration of wind turbines into AC MGs.
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Appendix

TCCC model

The TCCC is composed of two bidirectional Graetz bridges, a coupling transformer with three
windings, harmonic filters, and passive elements, as shown in Figure 4. The model of the
thyristor is composed of an inductor Ly, a resistor Ry,,, and a DC voltage source that represents
the forward voltage V. These components are connected in series. A logical signal that depends
on the gate signal g, the current I 4x, and the voltage V,x controls the switch. A series Ry;,5-Csnup
snubber circuit is connected in parallel with the thyristor model. Figure 11(b) shows the static
VI characteristic of the model. The thyristor and TCCC parameters are shown in Tables 1 and 2.

Steam turbine model

According to Figure 12, the steam turbine model is composed of a four-stage steam turbine, a
shaft with up to four masses, a speed governing system, and an automatic generation control
(AGC) system. The speed governing system is composed of a servomotor that regulates the
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Figure 11. (a) Thyristor model and (b) static VI characteristic of the thyristor.
Rtyr (mQ) Ltyr (mH) Vﬁ (V) Csnuh (nF) Rsnub (Q)
1 0 2 100 2000
Table 1. Thyristor parameters.
Harmonic Harmonic filters Converter
Lﬁlt (mH) Rfilt (Q) Cﬁlt (HF) Ccon (mF) Lconv (mH)
11th 117.52 4.06 712.4 30 7
13th 84.14 3.43 712.4 - -
23-25th 24.68 558.46 712.4 - -
Table 2. TCCC parameters.
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Figure 12. Steam turbine model.
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turbine valve, a proportional regulator, and a speed relay. A PI regulator performs the secondary
frequency control at the AGC subsystem. In this work, the load variations of the steam turbine are
less than 4%; therefore, the boiler pressure is assumed constant during the simulation time [39].
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