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Abstract: Wind generation (WG) is the most widespread renewable energy resource in the world. However, this implementation
inevitably leads to an increase in the problems caused by WG, e.g. frequency oscillations, power fluctuations or voltage
variations. To overcome these problems, the use of a power conditioning system (PCS) coupled with a vanadium redox flow
battery (VRFB) is proposed in this study. The PCS is composed of a distribution static synchronous compensator connected to a
dc/dc chopper. The PCS/VRFB detailed model is presented and a three-level control system is developed. This control system
allows the PCS/VRFB to perform a decoupled reactive and active power flow control. The dynamic response of the PCS/VRFB
is evaluated through simulation tests, and performance characteristics of the device are obtained by means of the variation of
the power references. The results obtained demonstrate that the PCS/VRFB offers a good transient response and the control
system proposed allows mitigating the problems caused by wind power generation.

1 Introduction
Within the portfolio of renewable energy resources, wind
generation (WG) is the lower cost alternative. The WG has two
major advantages: the primary energy resource is abundant in most
countries and its technology has been successfully tested. However,
the random variations of the primary resource and the technology
used in energy conversion devices cause problems to electric
systems [1]. Typical problems are caused by variations of the wind
speed in medium and short term, e.g. the reduction of the dynamic
operation security and deterioration of the overall power quality of
the system [2–6]. To overcome these problems, vanadium redox
flow battery (VRFB) emerges as a feasible alternative to
compensate these power fluctuations and thus significantly
enhances the dynamic operation security and quality supply of the
power system. The VRFB is a fast-response energy storage system
(ESS) with large storage capacity and competitive capital costs;
this ESS can provide ancillary services to the power system such as
peak shaving or frequency control [7].

A power conditioning system (PCS) is required in order to
connect the VRFB to the ac grid. The objectives of the PCS are: (i)
to convert electric power either from ac to dc or from dc to ac, and
(ii) to provide the ancillary services required by the power system
[2, 7]. Many solutions using PCS for long-term ESS have been
proposed and catalogued in the references: in [8] a power converter
unit is designed to connect a fuel cell to the grid, the converter is
composed of two parts: a dc–dc converter and dc–ac inverter. In [9]
a PCS is proposed for hybrid energy storage system (HESS) based
on a superconducting magnetic energy storage (SMES) and a
battery. This study investigates the mathematical model and the
topology of the proposed HESS, which is equipped with a grid-side
dc/ac converter, a battery buck/boost converter and a SMES dc
chopper. The work presented in [10] 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 Zn–Br 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 specifically on the utilisation of the VRFB in wind energy

applications, although these developments can be applied to the
VRFB case [11]. Moreover, none of these papers have developed
control algorithms to perform the load levelling of wind farms
employing long-term ESS and/or to supply the generation reserve
required during frequency oscillations in the electrical system.

Based on the aforementioned, this work proposes a detailed
model of a PCS controller coupled with a VRFB, and develops a
multi-level control system to enhance the dynamic performance of
a wind farm into the power system. The PCS is composed of a
distribution static synchronous compensator (DSTATCOM)
connected to a dc/dc chopper. The model parameters employed in
the simulations are obtained from the characteristic data of
manufacturers. Conversely, the control system design and its
parameters have been developed and they represent the main
contribution of this paper. The focus of the control system is based
on a multi-level control technique. The wind power fluctuations are
mitigated with three modes of operation: active power control,
voltage control and power factor correction. The PCS/VRFB model
and its control system are validated by means of the software
SIMULINK/MATLABTM by performing digital simulations.

This paper is organised as follows: Section 2 presents the
VRFB. Then, Section 3 proposes the model of the PCS controller.
Section 4 develops the control system. The test system is presented
in Section 5. Section 6 shows the simulation results, and Section 7
presents the conclusions.

2 Vanadium redox flow battery
The VRFB is an electrochemical energy storage system in which
the electrical energy can be converted into chemical energy and
vice versa [7]. Fig. 1 presents the general layout of the VRFB. The
VRFB has two electrolytes stored in two separate tanks, named
catholyte and anolyte. The electrolytes are composed of sulphuric
acid with active vanadium species in different oxidation states: the
catholyte contains V4/V5 redox couple, while the anolyte has
V2/V3 redox couple. Two pumps drive the electrolytes through the
cell stack. The cell stack is composed of several cells, each of
which contains two half-cells that are separated by a proton
exchange membrane (PEM). Then, the reduction and oxidation
(redox) reactions occur on inert carbon felt polymer composite
electrodes from which an external current is employed in order to
discharge or charge the electrolyte. According to [12, 13], a steady
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direct current minimises the electrochemical losses and increases
the lifetime of the PEM cell. 

The VRFB model is composed of the electrochemical model
and the mechanical model; these models are comprehensively
analysed in [12].

3 PCS unit
In order to study the dynamic performance of the PCS/VRFB
controller, a detailed model of the PCS controller is proposed,
consisting mainly of the DSTATCOM and the dc/dc chopper. The
diagram of the PCS/VRFB controller is shown in Fig. 2. 

3.1 Distribution static synchronous compensator

The DSTATCOM device can meet the typical technical
specifications required in grid codes, such as efficiency, flexibility,
quality and reliability requisites demanded in distribution system
applications [14]. The key part of the DSTATCOM is the well-
known voltage source inverter (VSI), which is built with
semiconductor devices having turn-off capabilities. This electronic
converter employs a step-up Y-Y coupling transformer in order to
implement a shunt connection to the distribution network; the
sinusoidal filters allow a voltage waveform with low harmonic
distortion (Fig. 2, right side). The DSTATCOM corresponds to a
dc/ac static converter, and employs high-power fast isolated gate
bipolar transistors (IGBTs). In addition, sinusoidal pulse-width
modulation techniques are used in order to control the output
voltage of the VSI [14–16].

The proposed inverter structure consists of two IGBT bridges
(VSI-1 and VSI-2) in a twin inverter configuration. This twelve-
pulse VSI topology allows for generating at the point of common
coupling (PCC) to the ac grid a set of three almost sinusoidal
voltage waveforms at the fundamental frequency phase-shifted
120° between each other, with lesser harmonic distortion, better
efficiency and faster dynamic response than conventional six-pulse
structures without increasing the switching frequency. In addition,
the proposed structure requires smaller filters and increases the
rated power of the VSI for a given semiconductor switch by 100%.
Although a 24- or 48-pulse topology presents a better performance
than a 12-pulse topology, these alternatives are more complex and
more expensive to implement. The use of a twin inverter
configuration, instead of a three-level configuration allows
obtaining a dc voltage level close to the polarisation voltage of the
VRFB and, consequently, to reduce the number of stages required
in the dc–dc converter.

3.2 dc/dc chopper

The coupling between the VRFB and the VSI requires the use of a
bi-directional interface in order to adapt different levels of voltage
and current between both devices. The variation of the magnitude
and direction of the stack current allows for control of the VRFB
rate of charge/discharge, which leads to the variation of the stack
voltage; while keeping the voltage of the VSI dc-link capacitor
essentially constant and balanced (UC). To this aim, a non-isolated
bidirectional dc–dc converter is proposed to be employed, as
shown in Fig. 2 (middle side). This configuration consists of a
buck–boost or Cuk converter, which is commonly used when the
magnitude of two dc bus voltages are close to each other and the
voltage ratio D(Ustack/UC) is smaller or greater than unity and it
does not vary significantly [17]. As mentioned in Section 2, a
steady dc current at the VRFB terminals is needed in order to
reduce the electrochemical losses and to increase the lifetime of the
PEM cell. Thus, the VRFB is charged and discharged employing a
non-pulsating direct current. In order to implement this, the Cuk
converter operates in the continuous conduction mode (CCM) at
the VRFB side (Fig. 2, left side). This leads to a slow transient
response of the PCS/VRFB (up to 200 ms).

4 Control system
The PCS/VRFB device is controlled by employing two sub-
systems; the chopper control system and the DSTATCOM control
system. Both sub-systems have been developed based on a multi-
level control strategy, in which each part has its own control goals.
Thus, a complex control system is formed by several control sub-
systems, which are simpler to design [18]. Both sub-systems are
divided into three quite distinct levels: internal, middle and
external levels. The parameters of the control system are obtained
by trial and error through extensive simulations, by observing thatFig. 1  General layout of the VRFB

 

Fig. 2  PCS/VRFB controller
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the step response of the PCS/VRFB presents: (i) a steady-state
error equal to zero, and (ii) a maximum response speed without
oscillations.

4.1 DSTATCOM control

Each control level of the DSTATCOM has different goals. The
objective of the external level is to determine the reactive and
active powers that the DSTATCOM exchanges with the power
system, whereas the output of the middle level control tracks the
reference values calculated from the external level. The goal of the
internal level is to generate the switching signals for the IGBTs of
the DSTATCOM. Fig. 3 shows the control algorithm of the
DSTATCOM with the three sub-systems illustrated in detail.
Control is performed by the synchronous-rotating d–q reference
frame, while the d-axis always coincident with the instantaneous
voltage vector (Udsc,d = |Udsc|, Udsc,q = 0). Consequently, the active
power is controlled by the d-axis current component, whereby the
reactive power is regulated with the q-axis current component. 

4.1.1 External level control: The control scheme proposed for the
external level (Fig. 3, left side) performs three major control goals,
namely; the active power control mode (APCM) which is always
activated, the power factor control mode (PFCM), activated when
switch S1 is in position 2, and the voltage control mode (VCM),
activated in position 1. The VCM, PFCM and APCM control
modules receive signal data from the synchronisation module,
consisting of a phase-locked-loop (PLL) and an abc-to-dq0
transformation block (bottom middle).

The VCM performs the voltage regulation at the PCC of the
DSTATCOM, by means of the regulation of the q-axis current
component. This is accomplished through the estimation of the
voltage at the PCC (|Udsc|) by employing a synchronous-rotating
orthogonal reference frame and is then compared with the
reference voltage (Udsc,ref). The voltage error enters to the PI2
controller in order to calculate the q-axis current reference (iq,ref).
In the PFCM, the value of iq,ref is calculated taking into account the
value of |Udsc| and the reference reactive power Qref. The APCM
controls the active power exchanged with the power system. The
estimation of the d-axis current reference (id,ref) is obtained by
controlling the voltage of the dc-link capacitor (UC): if the VRFB
is charging, the dc current flows from the dc link to the VRFB
through the dc/dc chopper, thus the capacitor voltage decreases.
Therefore, the voltage error grows and the PI1 controller increases
the value of id,ref in order to maintain the capacitor voltage at a
constant value (UC,ref). Consequently, electricity flows from the ac

grid to the dc link through the DSTATCOM. The opposite occurs
when the VRFB is discharging.

4.1.2 Middle level control: The middle level control regulates the
VSI output currents id and iq to dynamically track the reference
values set by the external level control (id,ref and iq,ref). The middle
level control design (shown in Fig. 3, middle side) implements a
full decoupled current control strategy of the inverter in the
synchronous-rotating d–q reference frame. In order to achieve a
fully decoupled active and reactive power control, it is required to
decouple the d–q axis current controls through two conventional PI
controllers (PI3 and PI4). Thus, this control loop is designed for
computing the d–q voltage reference of the DSTATCOM at the
PCC (ud,ref and uq,ref).

4.1.3 Internal level control: Fig. 3 (right side) shows the basic
layout of the internal level control of the DSTATCOM. This
controller is mainly composed of a dq0-to-abc transformation
block, two comparison blocks and a carrier generator. The
synchronisation module provides frequency and phase reference to
the dq0-to-abc transformation block, thus the desired reference
three-phase voltage (Uabc,ref) is obtained. A triangular wave (ftw) is
produced by the carrier generator, and then compared with the
value of Uabc,ref in order to produce the firing pulses for each IGBT
of the VSI.

4.2 dc/dc Chopper control

The dc/dc chopper control system is composed of three main parts:
(i) the external level control which sets the ac power that the PCS/
VRFB exchanges with the ac grid, (ii) the middle level control
which calculates the dc current of the VRFB, and (iii) the internal
level control which generates the dc/dc converter firing pulses.

4.2.1 External level control: The external level estimates the ac
power reference of the PCS/VRFB (Fig. 4). The aim of the control
algorithm is to smooth the output power of a wind farm. According
to [1], the wind speed contains turbulent variations (from fractions
of seconds to 10 min), diurnal variations (from 1 to 24 h), and
synoptic variations (from 1 day to several months). Variable-speed
wind turbines in the MW range smooths wind variations in the time
range of fractions of seconds to 10 s, due to the inertia of the rotor.
On the other hand, vanadium flow batteries are capable of storing
and delivering energy for several hours, allowing the compensation
of turbulent and diurnal variations. However, in this work the
proposed PCS/VRFB only compensates the turbulent component.

Fig. 3  DSTATCOM control system
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Synoptic and diurnal variations are not evaluated due to the long
running time required in the simulation. Nevertheless, the proposed
control scheme could be employed also for diurnal variations. 

With these considerations in mind, a low-pass filter (LPF2) with
a cut-off frequency at 1 cycle/h eliminates the turbulent component
of the wind power (Pt). Therefore, the output of LPF2 is the diurnal
and synoptic component of the wind power (Pds) [19]. Thus, the
compensation power (Pdsc,ref = −Pt) is calculated by subtracting the
value of Pds from Pwind.

4.2.2 Middle level control: The goal of the middle level control is
to operate the dc/dc chopper as a controlled current source.
Therefore, the VRFB is charged or discharged by a steady dc
current. The control algorithm is shown in Fig. 4 (middle side).
The reference compensator power (Pdsc,ref) is compared with the
actual compensator power (Pdsc); if Pdsc,ref is positive the error
signal enters the PI5 controller. Conversely, it enters the PI6
controller. Then, the output of the PI controllers is smoothed by
employing the LPF3 in order to obtain the reference dc current for
the VRFB (Ivrfb,ref). The use of two PI controllers enhances the
transient response of the dc/dc chopper; PI5 and PI6 controllers are
optimised for boost and buck operation modes, respectively.

4.2.3 Internal level control: The internal level control system
compared the reference dc current of the VRFB with the actual
value of this current (Ivrfb). If Ivrfb is positive the error signal enters
to the PI7 controller, in the opposite case, it enters the PI8
controller. These controllers calculate the duty cycles DBoost and
DBuck for the boost and buck operation modes. Then, two pulse-
width modulation pulse generators are employed in order to
generate the dc/dc chopper firing pulses. Similarly to the case
above, two PI controllers are employed in order to enhance the
transient response of the dc/dc chopper; PI7 and PI8 are optimised
for boost and buck operation modes, respectively.

4.3 Stability analysis of the closed-loop system

Fig. 5 illustrates an approximate model of the closed-loop system
including the PCS/VRFB. The dynamic performance of the dc/dc
chopper is similar to a first-order LPF; this behaviour dominates
the transient response of the PCS/VRFB. Therefore, the PCS/
VRFB is represented by a first-order transfer function, which input
variable is the duty cycle (D) and the output variable is the VRFB
stack current (Ivrfb). This simplified model represents the detailed
model with accuracy; the parameters that define its dynamic
behaviour Kp and α has been obtained by comparing the transient
response of the simplified model with the corresponding detailed
model. Table 1 shows the parameters of the closed-loop system
during the charge and discharge processes (buck and boost
operation modes of the dc/dc chopper). 

From Fig. 5 and Table 1, two fourth-order transfer functions are
obtained to represent the closed-loop system, (1) represents the
buck operation mode and (2) represents the boost operation mode.
Both transfer functions present two zeros and four poles, all of
them in the left-half plane. Then, the system is stable during boost
and buck operation modes

Pdsc(s)
Pref(s) = 1148.4(s + 13.63)(s + 27.77)

(s + 91.41)(s + 8.88)(s2 + 13.77s + 536.36) (1)

Pdsc(s)
Pref(s) = 687.5(s + 21.81)(s + 60)

(s + 97.24)(s + 10.6)(s2 + 21.45s + 872.79) (2)

5 Test system
Fig. 6 shows the test system employed for simulation analysis. The
model of the grid is comprised of a bulk power system which
operates at 132 kV, and it is represented as an infinite ac bus. A 20 
km transmission line connects a 33 kV network to the bulk power
system. The 33 kV network consists of a 3 MW–0.8 Mvar load, a
12 MW wind farm and a 1.41 MVA PCS/VRFB unit. The wind
farm is composed of eight double-feed induction generator (DFIG)
wind turbines. The model of the wind farm is obtained from [20,
21]. The model of the DFIG is developed in [22]. The simulations

Fig. 4  dc/dc Chopper control system
 

Fig. 5  Model representation of the control system including the PCS/VRFB
 

Table 1 System parameters
Mode Ustack Tf Kp α Kp1 Ki1 Kp2 Ki2
buck 1.0 0.01 11.6 1.3 0.9 25 1.1 15
boost 1.0 0.01 25 1.8 0.25 15 1.1 24
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carried out employed the SimPowerSystems® package of the
Matlab/Simulink software. 

The PCS/VRFB device proposed is connected to the main bus
(bus 3). The DSTATCOM rated power is 1.41 MVA, whereas the
VRFB rated power is 1 MW and its rated storage capacity is 4 
MWh. The capacitor of the DSTATCOM has a rated capacitance of
6000 μF and operates at 1000 V. The switching frequency of the
DSTATCOM-VSI is 1.8 kHz, whereas the dc/dc chopper operates
at 2 kHz. The VRFB parameters are obtained from [12]. The
energy and power ratings of the PCS/VRFB unit are determined
according to [23, 24], and proved through the simulations
presented in Section 6.

6 Simulation results
The test system model and the control algorithms developed for the
PCS/VRFB are analysed and validated by performing simple
events which cause high dynamic demands upon the devices.
Therefore, three cases are considered. In the first case study (Case
A), the performance of the PCS/VRFB model and its control
algorithm is evaluated. To this aim, the active and reactive power
references vary suddenly. The transient response of the PCS/VRFB
controller is evaluated with these requirements in mind. The
second case study (Case B), the PCS/VRFB is tested in APCM and
PFCM (Fig. 3, S1 in 2). For this, sudden disconnection and
reconnection of wind turbines are applied to the wind farm in order
to change the power output, so that it makes the PCS/VRFB work
in both ways, by storing and delivering energy. In the third case
study (Case C), external perturbations are imposed, like voltage
perturbations or load variations, and the behaviour of the device in
the VCM is observed (Fig. 3, S1 in 1).

6.1 Case A: variations of the active and reactive power
references

In this simulation, the PCS/VRFB controller operates at maximum
rate in all possible combinations of Pdsc and Qdsc, by tracking the
capability curve of the device in the P–Q plane. According to
Fig. 7, at point A the active and reactive powers are equal to zero.
Then, the reactive power output increases to 1 Mvar, whereas the
active power remains at zero (B). Afterward, the active power
output increases to 1 MW, whereas the reactive power remains
constant at 1 Mvar (C). Following this sequence, the output power
of the PCS/VRFB tracks its capability curve (points B–C–D–E–F–
G–H–I–B). 

The dynamic response of the PCS/VRFB is presented in Fig. 8;
the capability curve of Fig. 7 is referenced in Fig. 8 employing
letters A to I. Figs. 8a and b show that the PCS/VRFB is capable of
increasing or decreasing the active power output independently of
the reactive power output and vice versa. For the active power
output (Fig. 8a), the discharge response time (Tdr) is 0.1 s, whereas
the charge response time (Tcr) is 0.2 s. In both cases, the response
time when the PCS/VRFB reduces the power output from any
value to 0 is ∼10 ms. As a result, the maximum ramp rate of the
proposed PCS/VRFB is 4 MW/s. It is important to note, that it is
possible to employ a ramp limiter in the external level control
(Section 4.2.1), in order to satisfy the requirements of grid codes
when needed. For the reactive power output (Fig. 8b), the response
time is ∼10 ms, both for capacitive (leading) and inductive
(lagging) mode operations. 

Fig. 8c shows the transient response of the VRFB voltage
(Ustack) and the DSTATCOM dc voltage (UC). The results show
that Ustack decreases during the discharge cycle (C–D–E), and
increases during charge cycle (G–H–I). Once the transient response
is extinguished, the final value of UC remains approximately at
1000 V independently of the PCS/VRFB cycle (charge or
discharge). Fig. 8d shows that the DSTATCOM dc current (Idc) and
the VRFB current (Ivrfb) present a transient response similar to the
active power output of Fig. 8a. Figs. 8c and d display the basic
operation of the dc/dc chopper: it converts low-voltage, high-
current levels at the VRFB side, to high-voltage, low-current levels
at the DSTATCOM side. Fig. 8e illustrates the state of charge
(SOC) of the VRFB, which decreases during the discharge cycle
(C–D–E), and increases during the charge cycle (G–H–I). In this
test, the energy released from the VRFB is equal to the energy
transferred to the VRFB in a complete discharge–charge cycle;
however, the initial SOC is higher than the final SOC, implying
that a loss of energy is produced. This result is due to the pump
power consumption of the VRFB, the electrochemical losses and
the PCS losses. According to [25, 26], the depletion or saturation
of the VRFB can be avoided by reducing Pdsc,ref proportionally
when the value of SOC differs from 0.5.

Fig. 9 presents the voltage and current waveforms of the PCS/
VRFB during the discharge cycle, the DSTATCOM operating point
corresponds to point D of Fig. 7. Fig. 9a shows the ac voltage and
current waveforms of phase A at the PCC, whose main frequency

Fig. 6  Test system
 

Fig. 7  Capability curve of the PCS/VRFB
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component is the fundamental harmonic at 50 Hz. Fig. 9b
illustrates the total harmonic distortion (THD) of the voltage and
current waveforms of the PCS/VRFB at the PCC, the maximum
value of THD is 0.002 and 0.025 p.u. for voltage and current
waveforms, respectively. Fig. 9c presents the dc-link voltage,
which harmonic component is determined by the dc/dc chopper
switching frequency (2 kHz). Fig. 9d demonstrates that the dc/dc
chopper at the VRFB side operates in the CCM: the inductor
current Ivrfb is never zero during the charge or discharge cycle.
Fig. 9e shows that the dc-link current (Idc) is equal to Ivrfb during
the switch duty ratio (TsDboost), and equal to zero during the
additional period Ts(1−Dboost). Fig. 9f presents the ac voltage
waveform of phase A: the VSI output voltage (UA_Inv) and the
filtered output voltage (UA), which presents a delay time of 1 ms
respect to UA_Inv due to the transient response of the ac filter. 

6.2 Case B: load levelling of the wind farm

This work is focused on the reduction of the turbulent fluctuations
in wind power generation. However, due to the PCS/VRFB system
has been represented with a detailed model, and the turbulent
fluctuations of variable-speed wind turbines require long
simulation times (>10 min), in order to reduce the computation
time, the wind power variations are accomplished by the
disconnection and reconnection of wind turbines. This option
increases the dynamic requirements of the PCS/VRFB system and
reduces the computational complexity, compared to the case that
the wind speed is varying. Based on this, the wind speed is set
constant at 11 m/s. The wind farm operates with seven turbines, at
t = 1 s the turbine number 8 is connected and disconnected 1 s later;
at t = 3 s the turbine number 7 is disconnected and reconnected 1 s
later. Therefore, the wind farm power output is 5 MW at t = 0 s;
then increases and decreases 0.83 MW when a wind turbine is
connected and disconnected, respectively (Fig. 10a). Following
this premise, the value of Pds in LPF2 is set at 5 MW (Fig. 4), thus

Fig. 8  Dynamic response of the PCS/VRFB
(a) DSTATCOM active power output, (b) DSTATCOM reactive power output, (c) dc/dc chopper voltages, (d) dc/dc chopper currents, (e) VRFB SOC

 

Fig. 9  Voltage and current waveforms of the PCS/VRFB
(a) Voltage and current of phase A at the PCC, (b) Voltage and current THD at the PCC, (c) dc-link voltage, (d) Inductor current, (e) dc-link current, (f) DSTATCOM inverter ac
voltage of phase A
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the external level control of the dc/dc chopper calculates the value
of Pdsc,ref in order to carry out the load levelling of the wind farm. 

Fig. 10a shows the DSTATCOM output power (Pdsc), which
becomes negative when the wind farm output power (Pwind) is
greater than Pds, and becomes positive when Pwind is less than Pds.
As a result, the active power flow at bus 3 (Pwind + Pdsc) remains
constant at 5 MW. This simulation is carried out in PFCM, through
switch S1 in position 2 and Qref = 0 (Fig. 3). Therefore, the PCS/
VRFB operates at unity power factor (Fig. 10b). Fig. 10c shows the
RMS voltage at buses 1 and 3 (UB1, UB3), which values are slightly
greater than one.

6.3 Case C: voltage regulation

This simulation evaluates the transient response of the PCS/VRFB
in the VCM, by setting the switch S1 in position 1 (Fig. 3). In this
test, the load at bus 2 is 3 MW + j0 Mvar (t = 0 s), then the reactive
demand increases to 1.5 Mvar at t = 1 s, and decreases to 0 Mvar at
t = 2 s. On the contrary, the voltage at the infinite bus (132 kV)
increases to 1.01 p.u. at t = 3 s, and decreases to 1.0 p.u. at t = 4 s.
The DSTATCOM voltage reference Udsc,ref controls the ac voltage
of bus 3 (UB3) at 1.0 p.u. The wind speed is set constant at 11 m/s.

Fig. 11a illustrates the active and reactive power flows at bus 1,
showing that the 33 kV sub-system exports 2 MW to the bulk
power system (PB1), whereas the reactive power flow (QB1) varies
according to the reactive load demand and voltage fluctuations.
Fig. 11b shows the DSTATCOM reactive power flow (Qdsc), which
is positive (capacitive) when the reactive load demand increases,
and negative (inductive) when the ac bus voltage increases.
Fig. 11c presents the RMS voltage of the 132 kV power system
(U132), and the RMS voltage of buses 1 and 3; it is observed that
UB3 is regulated at 1.0 p.u. throughout the simulation, the response
time is ∼70 ms. 

Table 2 summarises the main performance characteristics of the
PCS/VRFB. This table compares the values obtained through the
simulations with the typical data specified in manufacturer
datasheets. It shows that the manufacturer data are very similar to
the values obtained from the model developed, except for the
charge and discharge response time. A higher response time is
observed for the proposed PCS/VRFB due to the rated power of the
proposed model is greater than the manufacturers, and this leads
the use of larger inductances in the dc/dc chopper. However, this
high response time is acceptable to compensate the turbulent output
power of a variable-speed wind turbine. 

Fig. 10  Dynamic response of the test system
(a) Load levelling of the wind farm power output, (b) Reactive power output of the PCS/VRFB, (c) RMS bus voltage

 

Fig. 11  Dynamic response of the test system
(a) Active and reactive power flows at bus 1, (b) Reactive power output of the PCS/VRFB, (c) RMS bus voltage
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The most important highlights of the proposed PCS/VRFB are:
(i) unlike commercial versions, this converter works on the MW
scale; (ii) the PCS preserves the lifetime of the PEM and minimises
the electrochemical losses and (iii) this work demonstrates that the
proposed PCS/VRFB performs satisfactorily the voltage regulation
and load levelling of a wind power plant. However, the versatility
of the multi-level control system would allow the PCS/VRFB to
provide different services to the power system such as reduction of
the wind power forecasting errors, energy arbitrage, managing grid
constraints, peak shaving, frequency control and the predictive
dispatch of wind power plants, such as those mentioned in [27–29].

7 Conclusions
This paper presents a new PCS; this device is a technical solution
to connect the VRFB to the ac grid. The model of the PCS/VRFB
is represented in detail, as the control algorithms are also
developed. The PCS is composed of a DSTATCOM and a dc/dc
chopper converter. On the other hand, the control algorithms are
divided into three control modes: the active power control mode,
the power factor control mode and the voltage control mode.

The results obtained from the simulations show that the
developed control algorithms and the detailed models have worked
correctly. The performance of the detailed model is very similar to
the values obtained from datasheets in actual devices. The
proposed control system performs an excellent decoupling of
active and reactive power flows.

Furthermore, the simulation results show that with the PCS/
VRFB and the control algorithms developed, the output power
fluctuations of a wind farm are effectively smoothed. Hence, the
incorporation of wind generation in the electric system is
enhanced. It also demonstrated that the PCS/VRFB can absorb or
deliver a constant power flow within a time range of seconds to
hours, depending on the SOC of the battery. With regard to the
reactive power control, it was demonstrated that the PCS/VRFB
allows performing the dynamic control of the voltage at the PCC,
or to provide a unitary power factor for power faults in the power
system and also for sudden variations in the load.
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