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Abstract: The vanadium redox flow battery (VRB) is a large stationary energy storage system; which presents high-speed
response and overload capacity characteristics. The VRB produces a dc voltage between two terminals; so a power
conditioning system composed principally by a dc/ac flexible ac transmission system (FACTS), is required in order to connect
the battery to the power system. In this regard, this study proposes a new FACTS compensator for controlling the VRB based
on a 12-pulse thyristor converter with commutated capacitors on the ac side. This type of compensator offers a good transient
response with low-power converter losses. Simulations of the FACTS compensator employing Matlab/Simulink software
validate the proposal and show the good performance of the proposed device.
1 Introduction

Renewable power generation, such as wind and solar power,
is emerging as a new energy resource in power systems.
According to paper [1], wind power generation grew 22%
during the last year. As a result of this, the problems caused
by wind generation such as flickers or frequency
oscillations will increase. Energy storage systems (ESSs)
can be employed in order to mitigate the problems caused
by the random variations of the primary energy resource.
A promising large stationary advanced ESS for this
application is the vanadium redox flow battery (VRB),
which presents high-speed response and overload capacity
characteristics.
The power conditioning system (PCS) is the interface that

allows the effective connection of the VRB to the electric
power system [2, 3]. The PCS provides a power electronic
interface between the ac power system and the VRB,
aiming at achieving two major goals: one is to convert
electric power either from dc to ac or from ac to dc, and the
other is to charge/discharge efficiently the VRB device. The
progress in new technologies of PCS units, so-called
flexible ac transmission system (FACTS) controllers, is
presently leading the use of advanced energy storage
solutions in order to enhance the electrical grid
performance, providing enough flexibility to adapt to the
specific conditions of the power system [4].
The PCS for VRB applications is based on a distribution

static synchronous compensator (DSTATCOM) [2–4]. The
DSTATCOM is a fast response, solid-state power
compensator that belongs to advanced shunt-connected
FACTS devices and provides flexible voltage control
(regulation and support) at the point of common coupling
(PCC) to the utility system for power quality and stability
improvements. It can exchange both active and reactive
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powers with the power system by varying the amplitude
and phase angle of the PCS voltage with respect to the PCC
voltage. Fig. 1a depicts the typical PCS configuration [2–5].
This system consists mainly of a DSTATCOM, the VRB
and the interface between the DSTATCOM and the VRB,
represented by a bidirectional dc/dc converter. The
DSTATCOM consists mainly of a three-phase voltage
source converter (VSC) shunt-connected to the network by
means of a coupling transformer with line filter and the
corresponding control scheme. Usually, the VSC consists of
six insulated gate bipolar transistors (IGBTs) with
anti-parallel diodes. The integration of the VRB into the dc
bus of the DSTATCOM device requires a rapid and robust
bidirectional interface to adapt the range of variation in
voltage and current levels between both devices. To this
aim, manufacturers propose a two-quadrant dc/dc converter
topology according to the VRB unit employed in order to
obtain a suitable control performance of the overall system
[2–5].
However, the use of the DSTATCOM presents several

disadvantages: (i) a dc/dc converter is required between the
VRB and the VSC [2–5], (ii) the system complexity
increases and the efficiency of the PCS decreases [6–8] and
(iii) the high cost of IGBT switches increases the PCS
capital cost [9–11]. In this regard, this paper proposes a
new FACTS compensator based on a 12-pulse bidirectional
thyristor converter for controlling the exchange of active
power flow between the VRB and the grid. The thyristor
converter operates as a current source on the dc side,
therefore the dc/dc converter is avoided (Fig. 1b).
This paper is structured as follows: the VRB model is

developed in Section 2. Then, the models of the proposed
compensator and the corresponding control system are
developed in Section 3. Simulation tests are performed in
Section 4. Finally, the conclusions are presented in Section 5.
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2 Vanadium redox flow battery

2.1 General description of the VRB

The VRB is an electrical ESS that converts chemical energy
into electrical energy and vice versa [5]. The general
scheme of the VRB is shown in Fig. 2a. It consists of two
electrolyte tanks, containing sulphuric acid electrolyte with
active vanadium species in different oxidation states: V4/V5

Fig. 2 Vanadium redox flow battery

a General scheme
b Mathematical model

Fig. 1 PCS unit

a Typical configuration
b Proposed configuration
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redox couple (catholyte) and V2/V3 redox couple (anolyte).
These liquids circulate through the cell stack by pumps.
The stack consists of many cells, each of which contains
two half-cells that are separated by a proton exchange
membrane (PEM). In the half-cells, the electrochemical
reactions take place on inert carbon felt polymer composite
electrodes from which a dc current is used to charge or
discharge the battery.
The battery produces a nominal cell potential of ∼1.25 V,

depending on the concentration of the vanadium. The
terminal voltages are achieved by series connection of many
cells into a ‘stack’. The amount of power available is
related to the stack voltage and the current density
established through the cell, whereas the energy available
depends only on the supply of charged electrolyte to the
stack. Hence, the rated power and the energy stored can be
readily upgraded by increasing or decreasing the stack and
the electrolyte tank, respectively [5].

2.2 VRB model

The VRB model is composed of two parts: the stack model
(electrochemical model), and the mechanical model, as
shown in Fig. 2b [12]. In the stack model, the terminal
VRB current (IVRB) determines the stack current (Istack)
and, consequently, the terminal stack voltage (Ustack) and
the state of charge (SOC) of the electrolyte. In the
mechanical model, the external control system sets the
flowrate (Q) that produces a pressure drop in the hydraulic
system. The energy required to pump the electrolyte is
provided by two dc machines. Hence, the pump current
consumption (Ipump) is subtracted from the terminal current
IVRB in order to obtain the stack current Istack.

2.2.1 VRB stack model: The proposed electrochemical
model of the VRB calculates two gains in order to obtain
the stack voltage Ustack and the effective current Ief. These
parameters are the voltage and current gains (Kv, Kc) and
they are obtained by solving (1) and (2). Note that Kc and
Kv gains depend on the stack current, the experimental
efficiency curves (Fig. 3) [13, 14] and the operating
condition (charge or discharge)

Kc,charge Istack
( ) = hc Kc,disch Istack

( ) = hc

1+ hv

( )
1+ he

( ) (1)

Kv,charge Istack
( ) = Kv,disch(Istack)

hv
= 1+ hc

( )
1+ he

( ) (2)

Fig. 3 Voltage, coulombic and energy efficiencies of the VRB stack
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The effective stack current and the terminal stack voltage are
obtained with (3) and (4)

Ief = Kc Istack
( )

Istack (3)

Ustack = Kv Istack
( )

Ueq (4)

The equilibrium voltage (Ueq) can be calculated employing
the Nernst equation (5) [15–18]

Ueq = Ncell U0 +
2RT

F
ln

SOC

1− SOC

( )[ ]
(5)

where Ncell is the number of cells in series connection, U0 is
the internal cell voltage when the SOC is 0.5 pu, R is the gas
constant, T is the temperature and F is the Faraday constant.
The value of SOC depends on the initial conditions (SOC0),
the storage capacity (Emax) and the effective stack power (6)
[2, 19]. The schematic representation of the stack model is
shown in Fig. 4.

SOC = SOC0 +
∫−UeqIef

Emax
dt (6)

2.2.2 Mechanical model: The work presented in [12]
develops the mechanical model of the VRB system. This
model is composed of an analytical part that models the
pipes, bends, valves, tanks and pumps, and a numerical part
obtained from a finite element method that describes the
more complex stack hydraulic circuit. The mechanical
model calculates the total power consumption of the pumps
(P2pump) which is caused by the electrolyte flowrate. In
addition to the mechanical model, in this paper it is
suggested to incorporate the equivalent dc current

Fig. 4 Schematic representation of the VRB stack model based on
the efficiency curves
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consumption of the pumps (Ipump). Therefore the value of
Ipump represents the mechanical losses of the VRB system (7).

Ipump =
P2pumps

Ustack
(7)

3 New PCS unit for the VRB

In order to connect the VRB battery to the power system, it is
required a dc/ac bidirectional converter that acts as a current
source on the dc side. A thyristor-based converter circuit
has the potential of charging or discharging the VRB at
constant current, as required by the PEM. In this regard, a
12-pulse thyristor converter with commutated capacitors on
the ac side (TCCC) is proposed for controlling the active
power of the VRB. The TCCC operates as a current source,
so its function is to establish the charge or discharge
currents (Iconv) of the VRB. On the other hand, the voltage
at the dc bus (Vconv) is determined by the polarisation
voltage of the VRB stack. Therefore it is possible to
connect the VRB to the TCCC without a dc/dc converter.
Fig. 5 shows the proposed PCS unit for the VRB system.
The most important aspects of the proposed PCS are:

† Since a thyristor can only be turned on when there is a
positive voltage across it, the converter can only draw an
inductive current from the ac network.
† A valve cannot be turned off actively. Instead, the current
through one valve has to be brought to zero by turning on
another valve (a process known as commutation). The
converter has to be operated in such a way that the voltage
across the valve that has just turned off remains negative
for a sufficiently large time after the commutation.
† The additional voltage provided by the capacitors Ccon

greatly reduces the reactive power consumption of the
converter and the risk of commutation failures even in weak
ac systems.
† The ac current contains harmonics of order 12n ± 1, which
are smoothed with tuned filters. In addition, the filters provide
the reactive power required by the thyristor converter.

3.1 PCS model

The proposed PCS is composed of two bidirectional Graetz
bridges, a coupling transformer with three windings,
Fig. 5 Proposed PCS unit
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harmonic filters and passive elements (resistances,
inductances, capacitors), as shown in Fig. 5. The thyristor is
modelled as a resistor Rtyr, an inductor Ltyr and a dc voltage
source representing the forward voltage Vft, connected in
series with a switch (Fig. 6a). The switch is controlled by a
logical signal depending on the voltage VAK, the current
IAK, and the gate signal g. The thyristor model also
contains a series Rsnub–Csnub snubber circuit, which is
connected in parallel with the thyristor device. The static VI
characteristic of this model is shown in Fig. 6b.

Fig. 6 Thyristor model and its static VI characteristics

a Thyristor model
b Static VI characteristic of the thyristor
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3.2 Control system of the PCS

This paper proposes a multi-level control system for the
proposed PCS unit; this control system has its own control
objectives for each hierarchical control level. Thus a
complex control system is divided into several hierarchical
levels, which are simpler to design. Owing to each control
level is independent of the others and all variables are
locally measured, it is possible to adapt advanced control
schemes [20]. The proposed multi-level control system is
shown in Fig. 7, which is composed of three parts: a
low-level control system, a mid-level control system and a
high-level control system.

3.2.1 High-level control system: The high-level control
system sets the power reference (Pconv,ref) for the TCCC
(Fig. 7). In this case, the goal of the control algorithm is to
perform the load levelling of a wind generator. This is
accomplished by eliminating the turbulent component of the
wind power (Pw). Therefore a first-order filter with a cutoff
frequency at 1 cycle/h is employed in order to obtain the
diurnal and synoptic component of the wind power (Pwds)
[21–25]. The difference between Pwds and Pw is the
compensation power Pconv,ref that must be supplied or
absorbed by the PCS/VRB unit.

3.2.2 Mid-level control system and low-level control
system: Basically, the mid-level control system and the
low-level control system operate the TCCC as a controlled
current source. Thus, the converter sets a controllable dc
current at the VRB terminals, both for charging or
discharging. Fig. 7 shows the control algorithm employed.
In the mid-level control system, the converter power (Pconv)
is compared with the compensation power Pconv,ref; the
error signal enters to a proportional-integral (PI) controller
in order to obtain the dc reference current (Iconv,ref). A dead
zone block is employed because of the non-linearity of the
converter at low current. In the low-level control system,
Fig. 8 Model power system

Fig. 7 Control system of the PCS unit
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the converter current (Iconv) is compared with the reference
current Iconv,ref, the error signal enters to a PI controller in
order to obtain the firing angle (αord) for the thyristors.
Finally, a 12-pulse generator measures the value of αord,
detects the zero-crossings of the voltage waveforms (Vi) and
generates the firing pulses for the TCCC [26, 27]. The
mid-level and low-level control systems employ two
low-pass filters in order to eliminate the noise signal.

4 Simulation studies

4.1 Model power system

A typical model power system shown in Fig. 8 is used for
simulation studies by use of SimPowerSystems® package of
the Matlab/Simulink software. This model system is

Fig. 9 Power system modelling

a Steam turbine model
b DFIG model
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composed of a 132 kV bulk power system (represented as
an infinite ac bus) connected to a 13.2 kV network through
a 160 km transmission line. The 13.2 kV sub-system is
comprised of a 10 MVA steam turbine, a constant load, a
1.5 MW double-fed induction generator (DFIG) wind
turbine and a 500 kW PCS/VRB unit. The mathematical
models employed in simulations are presented in what
follows.

4.1.1 Steam turbine model: The steam turbine model
implements a complete tandem-compound steam prime
mover, including a speed governing system, an automatic
generation control system (AGC), a four-stage steam turbine
and a shaft with up to four masses (Fig. 9a). The speed
governing system consists of a proportional regulator, a
speed relay and a servomotor controlling the turbine valve.
The AGC consists of a PI regulator, which performs the
secondary frequency control. The steam turbine has four
expansion stages, each modelled by a first-order transfer
function. The first expansion stage represents the steam
chest whereas the three other expansion stages represent
either reheaters or crossover piping. In this paper, the load
variations of the steam turbine are < 4%, therefore the
boiler pressure is assumed constant during the simulation
time [28].

4.1.2 DFIG model: The DFIG model is presented in
Fig. 9b. This model employs the power speed characteristic
of the rotor, which sets the relationship between the wind
speed vwind and the mechanical rotor power Prot. The
differential mechanical power (ΔP) depends on Prot, the
rotor friction losses (Pfr) and the generator mechanical
power (Pmg) obtained from the tracking characteristics. The
value of ΔP and the inertia coefficient H determines
the instantaneous rotor angular speed (ωrot.). Owing to the
generator power losses, a constant gain < 1.0 is used for
the calculation of the DFIG active power (PDFIG). The
estimation of the stator and rotor active power is developed
in [29]. The numerical method used for the wind speed
calculation is obtained from [29–31].
Fig. 10 Step response of the PCS/VRB unit

a Active power
b Reactive power
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Fig. 11 Dynamic response of the VRB employing the proposed PCS

a Stack voltage
b Stack current
c State of charge
4.2 Simulation results

The validation of control algorithms proposed for the PCS/
VRB is performed through simple events that impose high
demands on dynamic response of the device. In this regard,
there are considered two case studies. The first case (Case 1)
shows the step response of the PCS/VRB unit. The second
case (Case 2) evaluates the dynamic response of the power
system when the DFIG turbine operates at variable rotor speed.

4.2.1 Case 1: step response: In this simulation, the step
response of the proposed PCS is compared with the
206
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corresponding of the typical PCS. The input signal is
applied at the reference current Iconv,ref (Fig. 7), whereas the
output signal is the PCS/VRB power output measured at
Bus 5 (Fig. 8). The active and reactive powers are shown in
Figs. 10a and b, respectively. The active power of the
proposed PCS follows the reference with a response time of
200 ms approximately, whereas the response time of the
typical PCS is < 5 ms. Although the proposed PCS has a
slower response time than the corresponding of the typical
PCS, this feature is not critical for load levelling
applications [4, 28]. According to Fig. 10a, the step
response of the proposed PCS during the rectification
Fig. 12 Dynamic response of the power system

a DFIG reactive power
b Voltage at Bus 3
c THD at Bus 3
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(charging) is similar to the performance of a second-order
low-pass filter and during the inversion (discharging), the
step response is similar to the performance of a first-order
low-pass filter.
Regarding to the reactive power consumption, Fig. 10b

shows that the VAR consumption of the proposed PCS
varies in accordance with the dc converter current (Iconv)
and the VRB polarisation voltage, meanwhile the reactive
power output of the typical PCS not varies significantly.
This drawback can be mitigated employing reactive power
compensation, provided by capacitor banks or by the DFIG
turbine.
Fig. 11 shows the dynamic response of the VRB employing

the proposed PCS. Fig. 11a shows that the stack voltage
increases during the charge cycle, and decreases during the
discharge cycle. The stack current shown in Fig. 11b has
the values of − 800 A and 1 kA during the charge and
discharge cycle, respectively. This difference occurs
because of the lower the stack voltage is, the higher the
stack current is, in order to obtain the same converter
power. Fig. 11c shows the electrolyte SOC, which increases
during the charge and decreases during the discharge.
In this test, the energy transferred to the VRB is equal to
the energy released from the VRB in a charge–discharge
cycle; however, the final SOCf is lower than the initial
SOCi. This difference occurs because of the power
converter losses, the electrochemical losses and the pump
power consumption of the VRB. In this regard, the
discharge of the VRB can be avoided by subtracting to the
current reference, the estimation of the equivalent dc current
losses [26].
IET Renew. Power Gener., 2013, Vol. 7, Iss. 3, pp. 201–209
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The most important aspects of the proposed PCS/VRB unit
are:

† The dc-bus voltage Vconv varies in accordance with the
VRB stack voltage; this voltage depends on the electrolyte
SOC and the magnitude and direction of the current Iconv.
The minimum value of Vconv occurs at minimum SOC and
maximum discharge current (− Iconv). The maximum value
of Vconv occurs at maximum SOC and maximum charge
current (Iconv).
† The higher the converter current, the higher is the reactive
power consumption, especially during the inversion process
(discharging).
† The reactive power consumption depends on the secondary
winding voltage of the coupling transformer. The higher the
secondary voltage, the higher is the converter current; but
the reactive power consumption increases. Therefore it is
necessary to adopt the minimum value of secondary voltage
that meets the requirement of maximum converter current
(Iconv,max). In this regard, because of the stack polarisation
voltage increases during the charge and decreases during
the discharge, there are two optimal values of secondary
winding voltage. To solve this problem, the coupling
transformer employs two fixed taps (Taps 1 and 2). Tap 1 is
set at minimum voltage required for rectification and Tap 2
is set at minimum voltage required for inversion. Then,
Taps 1 and 2 are connected to the rectifier and inverter
bridges, respectively (Fig. 5).

The dynamic response of the power system is illustrated in
Fig. 12. Fig. 12b shows that the DFIG turbine is capable of
Fig. 13 Wind speed simulation

a Wind speed profile
b DFIG rotor speed
c DFIG power output
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Fig. 14 Dynamic response of the power system

a Active power output of the proposed PCS/VRB unit
b DFIG-PCS/VRB active power
c Active power output of the steam turbine
controlling the voltage at Bus 3. The reactive power
consumption of the proposed PCS is compensated with the
reactive power flow of the DFIG turbine (Fig. 12a). On the
other hand, Fig. 12c illustrates the total harmonic distortion
(THD) at Bus 5. The simulation shows that the THD value
is < 5% both for charge and discharge cycles.
This test shows that the proposed PCS provides an

acceptable dynamic response both for charging or
discharging cycles producing a low level of THD. The
reactive power fluctuations generated by the TCCC are
compensated by the DFIG generator. In addition, the use of
the TCCC instead of the DSTATCOM provides the
following advantages: (i) for the same rated power, the
capital cost of a TCCC is∼20–30% of the capital cost of a
DSTATCOM [9–11], (ii) for power ratings above 1 MW,
the TCCC provides a higher efficiency than the
DSTATCOM (from 85 to 99%) [6–11, 32, 33] and (iii) the
proposed PCS is less complex than the typical PCS because
of the dc/dc converter can be avoided.

4.2.2 Case 2: dynamic response by wind speed
variations: This test simulates the wind speed employing
the numerical procedure developed in [29, 31]. Fig. 13a
illustrates the wind speed, which is composed of two
components: a short-term component (turbulence) plus a
long-term component (diurnal and synoptic variations). The
dynamic response of the DFIG turbine is shown in
Figs. 13b and c. In this case, the turbine operates at variable
rotor speed (Fig. 13b). Therefore the rotor acts as an ESS
by smoothing 40% of the turbulence (Fig. 13c).
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The simulation is performed considering the worst case: the
13.2 kV power system in island operation (Switch B1 of
Fig. 8 in ‘off’). Therefore the steam turbine controls the
frequency of the system. The load is set constant, but the
wind power varies according to Fig. 13c, thus the steam
turbine controls the system frequency by compensating the
DFIG-PCS/VRB active power flow. The power output of
the proposed PCS is illustrated in Fig. 14a; the positive
values correspond to discharge cycles. Figs. 14b and c
show the DFIG-PCS/VRB power flow and the active power
output of the steam turbine; both of them are smoothed by
the proposed PCS/VRB unit.
This test shows that the proposed PCS/VRB unit enhances

the dynamic response of the power system. It is important to
note that the DFIG turbine and the PCS/VRB unit
complement each other; the fluctuations of the wind power
generation are smoothed by the PCS/VRB unit, whereas the
reactive power fluctuations generated by the TCCC are
compensated by the DFIG generator.

5 Conclusions

This paper proposes a new PCS unit for the VRB; the PCS
employs a TCCC compensator instead of the typical
configuration with the DSTATCOM device. The TCCC
device consists of a 12-pulse TCCC. The thyristor converter
operates as a current source, avoiding the use of the dc/dc
converter needed by the typical PCS configuration. In order
to control the PCS, a three-level control system was
developed. The external control system sets the power that
exchanges the VRB with the power system. The aim of this
IET Renew. Power Gener., 2013, Vol. 7, Iss. 3, pp. 201–209
doi: 10.1049/iet-rpg.2012.0361
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power flow is to smooth the power generated by a DFIG
turbine. The medium control level sets the direct current at
the battery terminals, and the internal control level
calculates the firing angles and generates the thyristors
firing pulses. The model aspects of the control system and
the PCS unit are also presented in this paper.
From the results obtained, it can be concluded that the

proposed PCS compensator works satisfactorily, by
controlling the power flow exchanged between the VRB
and the power system. In this regard, the PCS/VRB unit
compensates the wind power variations generated by the
DFIG turbine, and enhances the dynamic response of the
power system. For the reactive power control, it is shown
that the DFIG is able to compensate the reactive power
consumption of the TCCC, and also to provide a unitary
power factor at the PCC.
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