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Abstract- Nowadays, by the growing attention to environmental
and economic issues in power systems, the utilization of
renewable energies, especially wind energy has increased. The
inherent uncertainty of wind power plants (WPPs) output
power is the main limiting factor for the integration of WPPs
into power system. This paper presents the application of
unified inter-phase power controller (UIPC) and the super-
capacitor energy storage system (ESS) in smoothening output
power of WPPs. To achieve this, a power control scheme is
proposed to compensate the deviations between WPP output
power and its reference set point. The WPP model studied here
is of doubly-fed induction generator (DFIG) type wind turbine.
To compare the performance of UIPC with and without ESS, a
number of scenarios are examined in simulations in
MATLAB/Simulink environment. The results demonstrate the
effectiveness of the UIPC/ESS for smoothing output power and
enhancing the low-voltage ride-through (LVRT) capability of
WPPs.

Index Terms— Wind Power Plants (WPPs), Energy Storage
System (ESS), Unified Inter-Phase Power Controller (UIPC),
Super-capacitor (SC), Output Power Smoothing, Doubly-Fed
Induction generator (DFIG)

I. INTRODUCTION

Nowadays, wind energy has developed far enough to
become a worldwide considerable energy resource [1].
Numerous reports highlight that many countries around the
globe have already set targets to meet an extensive amount
of their electricity demand through wind power by 2030. For
instance, US Department of Energy and European Wind
Energy Association have set the goal of 20% and 22%,
respectively[2]. Wind energy is an inexhaustible and
pollution—free renewable energy resource (RES), however,
the stochastic nature of this RES causes WPPs output power
fluctuations, which introduces issues as follows [3-5]:

e  Output power variations might lead to fluctuations in
power system frequency, especially in weak isolated
grids.

e Wind speed variations contribute to output power
fluctuations of WPPs as well as their reactive power,
which in turn may result in voltage flicker in power
system.

e Both aforementioned problems (voltage flicker and
frequency fluctuations) degrade the overall power
quality of the system and may cause instability issues as
well, especially to sensitive loads.

Fig. 1: Wind Power Plant connected to power system through UTPC

In the literature, several solutions have been proposed to
smooth the fluctuations of WPPs output power, which can
be classified into two main categories according to the
presence of ESS [6]. One solution is to utilize the energy
stored within wind generation system, including control of
the kinetic energy [7-8], pitch angle [9-10], and DC link
capacitor voltage [11]. Another alternative is to use ESSs
such as superconducting magnetic energy storage
(SMES)[12-13], super-capacitor (SC) [14-15], flywheel
[16] and various types of batteries [17-19] in WPPs.

The ESS-based power smoothing technics have similar
algorithms. There are two schemes for installation of ESSs
in WPPs; One is to connect the ESS to the terminals of the
WPP. This scheme requires a voltage source inverter (VSI),
a step-down transformer, a buck-boost converter and a
capacitor in DC link. Another scheme is to connect the ESS
to the DC-link of the flexible AC transmission system
(FACTS) controllers such as static synchronous
compensator (STATCOM) [20-21], unified power flow
controller (UPFC) [22] and static synchronous series
compensator (SSSC) [23], which requires only a buck-boost
converter.

In [25], utilization of UIPC is proposed to connect WPPs
to power system, with purpose of controlling the WPPs
output power as well as to limit the contribution of WPPs in
fault currents, as depicted in Fig. 1. The UIPC configuration
is based on the inter-phase power controller (IPC) [26-27].
However, the phase-shifting transformers in IPC are
replaced by three voltage source converters (VSCs), which
share a common capacitor in their DC side. UIPC is capable
of controlling power flow under steady-state condition and
limiting short circuit currents through voltage isolation
under fault condition [28-29].
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In [30], a modified UIPC has been developed for power
flow control in a hybrid AC-DC microgrid. In [31], a
damping controller has been designed and integrated into the
UIPC control system with purpose of enhancing the
transient stability of power system in presence of WPPs.
Authors of [32] have utilized UIPC to improve the LVRT
capability of WPP. It was recognized as an effective solution
to overcome WPPs connection issues. In all of the
aforementioned studies, the wind speed is considered
constant, and no control scheme has been proposed for
variable wind speed WPPs.

Considering the literature, this paper presents an output
power smoothing scheme incorporating a UIPC and SC as
storage. The UIPC equipped with ESS can control the power
flow and provide a smooth power profile under variable
wind speed. Moreover, integrating the ESS increases the
UIPC capability to enhance the LVRT performance of
WPPs. To achieve this, a supervisory control is designed to
generate the outer control loop for the UIPC power
regulation as well as the ESS control based on compensating
the deviations between WPP output power and its reference
value. Simulations are performed in MATLAB/Simulink
environment on a DFIG-based WPP to evaluate the
effectiveness of the proposed UIPC/ESS scheme.

II. UIPC EQUIPPED WITH ESS

Fig. 2 (a) demonstrates the configuration of the UIPC/ESS,
which is comprised of two shunt branches; inductive and
capacitive. The inductive branch consists of a series inductor
and series VSC (SEC1). Similarly, the capacitive branch
consists of a series capacitor and series VSC (SEC2).
Additionally, a shunt VSC (SHC) is used to provide SEC1
and SEC2 with the required active power. To smoothen the
WPP output power, a SC is incorporated in the DC link as
ESS. The UIPC is modeled as a voltage-controlled current
source [y, which can be expressed by the following equation
[25]:

Vs .
Iy = 52 sin(a)4 B €Y)

where, @ = (¢, — ¢1)/2, B = (¢, + ¢1)/2 and X=X;=X.
The UIPC active and reactive powers are written by [25]:
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From equations (2) and (3), the following can be derived.
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Equations (4) and (5) are used to obtain a, and § for each set
of active and reactive power [25, 30-31].
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Fig. 2: Schematic diagram of (a) UIPC/ESS power circuit, (b) grid-
connected WPP with UIPC/ESS

Fig. 2(b) demonstrates the grid connected WPP with the
UIPC/ESS. The ESS consists of a SC and a bidirectional
DC-DC buck/boost converter connected to the UIPC
capacitor in its DC link. For the purpose of smoothening
WPP power, if the ESS is applied to the WPP, it requires to
be integrated at each DFIG DC link, hence making the
control strategy of each DFIG and ESS complicated.
Considering this problem and to simplify the smooth power
control of WPPs, an SC-based ESS is incorporated into the
DC link of the UIPC. Using the UPIC/ESS, all wind turbines
can operate within their maximum power point, without any
modifications in control system. Moreover, using the ESS
enhances the power system transient conditions [21-22].

The ESS contributes to control the UIPC active power
according to the reference value under variable wind speed.
In Fig. 2 (b), Pwr, Ps and P, represent the WPP output
power, output power reference, and active power exchange
between the UIPC and ESS system, respectively. The main
function of the UIPC/ESS is to control the WPP output
active power according to output power reference (Py). To
achieve this, a UIPC supervisory control (USC) is designed
to generate the outer-loop power controllers for the UIPC
and ESS control. The USC is described by the flowchart
diagram depicted in Fig. 3(a).
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Fig. 3: (a) Flowchart diagram of USC and, (b) UIPC control system
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To supply the output power reference, the difference
between P; and Pyr is injected or stored in the SC as
follows:

Psc = Pyr — Py (6)

On the other hand, the SC voltage (¥¢) must satisfy the
following inequality constraints:

Vi < Ve < v (7)

where, V% and V™" represent the maximum and

minimum limits of the SC voltage, respectively. P& is the

maximum power exchanged between the SC and the UIPC
DC link and is determined by:

Pe®™ == CossVe dt

®)

max

av . . oy
where, |d—tc is the maximum rate of voltage variations

max

of SC, and depends on the SC current limit. The positive and
negative signs in equation (8) denote storing and suppling
energy by the SC, respectively. Considering Fig. 3(a), the
Pl is subjected to V¥ and V™, If Psc>0, the SC

max

charges by the DC link capacitor. In this case, if V, < V%,
P;Ce]c is calculated using (8), else Psrcef =0, and the SC
cannot store any power. Similarly, if Pgc<0, the SC
discharges by the DC link capacitor. In this case, if V; >
yrin, P;Ce]c is calculated using (8), else Psrcef =0. By

calculating Psrcef , the active power reference of the UIPC

(P °I) is determined as follows:
Pz;ef = Pyr + Psrce]c ®)

Fig. 3(b) presents the control system of UIPC according to
the USC and equations (4) and (5). The control system of
SHC system has been presented in [30-31].

III. SC-BASED ESS

The SC is an electrochemical capacitor which has higher
energy capacity compared to the conventional capacitors.
This is due to employment of conducting polymers as the
electrodes, thin dielectric and large surface area. The
capacitance of the SC is expressed as follows [33]:

2PXT,,

Cess = % CZ

(10)
where P***, Tc and V' represent the maximum stored active
power, the time period for charging /discharging with P{***,
and the rated SC voltage, respectively.

Fig. 4 demonstrates the control system for switches S
and S; of DC/DC converter to regulate the ESS output
power. Considering Psrcef provided by the USC, the DC/DC
converter operation is classified into two modes as presented
in Table L. If Pyr<Py (i.e. PL7 < 0), the control system
opens S; and the DC/DC converter operates in boost mode.
In this mode, the SC supplies the active power to the UIPC
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Fig. 5: Single line diagram of the study system with the UIPC/ESS

DC link. If the Py>Py (i.e. PL¢Y > 0), the control system
opens S, and the DC/DC converter operates in buck mode
and the SC absorbs the active power from the DC link.
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Fig. 4. Configuration of SC-based ESS (a) power circuit, (b) control system

Table. L. Operation modes of the DC-DC converter

Condition Si S, Operation Mode
Pl¢ <0 | open D, Boost
persif >0 D Open Buck

IV. DESCRIPTION OF THE WPP MODEL

The WPP simulated in this study is modelled by an
equivalent aggregated DFIG, derived by an aggregated
variable speed WT [34]. The two-mass model drive train is
considered in this study to investigate the LVRT response of
the DFIG-based WPP [35]. Fig. 5 demonstrates the single
line diagram of the study WPP connected to grid through the

UIPC/ESS. The simulated WPP consists of 60* 1.67 MW
DFIG-based WTs. Here, the ESS is designed to
absorb/inject 15% of the UIPC rated power (100 MVA) for
20s. Simulations are performed to demonstrate the
UIPC/ESS capability for smoothing output power under
variable speed condition. The power reference is assumed to
be 85 MW. Parameters of the UIPC and the system under
study are presented in Table II.

Table II: Simulation Parameters

DFIG UIPC
Parameter Value Parameter Value
Rated Power 1.67 MW | Rated SECland2 | 50MVA
Number of Blades 3 AC Voltage 230kV
Inertia Constant 1432 DC Link Voltage | 40kV
Stator Voltage 0.69 kV X.=Xc 120 Q
Rotor Voltage 2kV ESS Capacitor 60 F
Nominal Frequency | 60 Hz ESS Voltage 4kV
DC Voltage 1150 V Test system
Stator Resistance 0.023Q Source Voltage 230kV
Stator Reactance 0.18Q Nominal Power 100MVA
Rotor Resistance 0.016Q Line Resistance 0.025Q/km
Rotor Reactance 0.16Q Line Inductance 0.93mH/km
Capacitor 5 mF Line Capacitance | 0.012uF/km

V. SIMULATION

To investigate the Efficiency of the UIPC/ESS the system
shown in Fig. 5 is considered. Firstly, output power
smoothing capability of the WPP is examined using the
UIPC/ESS. Afterwards, a three-line to ground (3LG) fault is
simulated to investigate the LVRT capability of the
UIPC/ESS. Following scenarios have been considered:

e Scenario A: Without using any UIPC
e Scenario B: Using the UIPC
e Scenario C: Using the UIPC/ESS

A. Smoothing Output Power

In this section, the simulation time is considered to be 100s
to investigate the UIPC/ESS performance under variable
wind speed condition and for all three aforementioned
scenarios:



Fig. 6 demonstrates the assumed and simulated wind
speed profile, varying from 11.7 m/s to 14 m/s. Fig. 8
demonstrates the WPP output power for three scenarios. In
scenario A, the WPP output power fluctuates in the range of
75-97 MW, as shown in Fig. 7(a). Using the UIPC in
scenario B, the WPP output power fluctuations are reduced
in the range of 70-88 MW as shown in Fig. 7(b). However,
by using the UIPC/ESS in scenario C, the WPP output
power is controlled in 87 MW according to power reference.

Fig. 8(a) and Fig. 8(b) demonstrate the output active
power and voltage of super-capacitor ESS under variable
speed, respectively. When the wind power generation is
more than the calculated reference, the ESS stores extra
power and vice versa as shown in Fig. 8(a). Fig. 9(a) and
Fig. 9(b) depict the inductive and capacitive SECs injected
voltage to control the WPP output power for all scenarios,
according to the power reference. It can be observed from
this figure that the inductive and capacitive SEC voltages are
controlled in 0.38pu and 0.423pu in scenario C, respectively.
However, they are varied according to wind speed variations
in case of using UIPC in scenario B. Fig. 10(a) and Fig.
10(b) show the inductive and capacitive branches voltage
phase angles to control the WPP output power for all
scenarios. In scenario B, the phase angle of inductive branch
vary in range of 32.5 to 32.8 degrees. However, it is
controlled in 33.1 degrees in scenario C.
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B. Enhancing LVRT Capability

In this section, a 3LG fault is simulated on transmission line
to evaluate the capability of the UIPC/ESS for enhancing the
LVRT capability of WPP. Fault occurs at = 5s and lasts for
150 ms. Wind speed is considered to be /5m/s and constant.
Fig. 11(a) shows the active power of the WPP under this
condition for all scenarios. In scenario A, the WPP active
power drops to zero, approximately. In scenario B, the WPP
active power reduces to 0.5 pu at fault instant and raises to
1.6 pu after fault clearance. However, by using the
UIPC/ESS in scenario C, it has lower oscillation and power
drop compared with scenario B. Fig. 11(b) shows the
reactive power in this condition for all scenarios. It can be

seen from this figure that the WPP absorbs -2.6 pu reactive
power from grid in scenario A. However, in scenarios B and
C, the UIPC injects 0.5 and 0.9 pu reactive power to enhance
LVRT capability of the WPP, respectively.

Fig. 12(a) shows the rms value of rotor current for all
scenarios. As shown in this figure, the rotor current raises to
1.3 pu in scenario A. However, in other two scenarios, the
rotor current is effectively limited to 1.2 pu and 0.95 pu,
respectively. Fig. 12(b) shows the DC link voltage for all
scenarios. It can be seen that by using the UIPC/ESS, the DC
link voltage remains constant during fault period. Fig. 12(c)
shows the WPP terminal voltage for all scenarios. In
scenario A, the terminal voltage falls to 0.2 pu. However,
the terminal voltage is 0.8pu and 0.92pu for scenarios B and
C under this condition.
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VI.CONCLUSION

In this paper is presented an output power smoothing
scheme for WPPs, based on UIPC equipped with SC-based
ESS. To achieve this, a supervisory control has been
designed to generate the reference power for the UIPC and
ESS. Additionally, its performance is compared to the case
of utilizing UIPC without ESS under variable wind speed in
normal and 3LG fault conditions.

Simulation results demonstrate that using the UIPC/ESS,
the output power of WPP is effectively smoothened.
Moreover, integration of the ESS to the UIPC increases the
UIPC capability to enhance the LVRT performance of WPP.
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