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Abstruct-—— The integration of energy storage into
FACTS devices lead to increased controller flexibility
by providing decentralized active power capabilities.
Combined FACTS/ESS can improve power flow con-
trol, oscillation damping, and voltage control. This pa-
per presents a comparison between the dynamic perfor-
mance of a StatCom, a StatCom/BESS, an SSSC, an
SSSC/BESS, and a UPFC. Experimental verification is

also presented.

KeywoRDS. FACTS, energy storuge, power system dy-
namic stability

I. INTRODUCTION

HE use of FACTS devices in a power system provide
increased transmission control and flexibility. The
current trend in FACTS devices is to incorporate a voltage-
sourced-converter (VSC) topology either in shunt (Stat-
Com) ar in series (SSSC or UPFC) with the transmission
systern. A capacitor is used to provide the de veoltage of
the VSC. The power conversion systems required for bat-
tery energy storage systems (BESS) are similar to the VSC
of FACTS devices, thus a BESS can serve the dual purpose
of providing the dec voltage and active power capabilities.
In most applications, the cost of the FACTS electronics
system dominates the cost of the ESS [1]. A combined
FACTS/BESS system thus has comparable cost and can
provide the FACTS device with four quadrant control [2]
creating greater appeal {0 transmission service providers.
Currently, there is a lack of understanding of the capa-
bilities of FACTS/ESS as compared to FACTS. While the
FACTS/ESS combination has been proposed in theory [3],
the development of FACTS/ESS systems has lagged far
behind that of FACTS alone. This paper provides a com-
parison of FACTS and FACTS/BESS for the power system
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applications of power flow control, oscillation damping, and
voltage control. Specifically, this paper will compare the
dynamic performance of StatCom, StatCom/BESS, SSSC,
SSSC/BESS, and UPFC systems.

II. EXPERIMENTAL FACTS/BESS SYSTEM

The control objective of a FACTS or FACTS/BESS de-
vice is to maintain system performance according to some
pre-set or user defined scheme. The control objective may
be voltage control, steady-state power flow control, oscilla-
tion damping, or transient stability improvement. Several
FACTS and FACTS/BESS control schemes have been de-
veloped and implemented on a scaled laboratory system.

The multi-use hardware set-up shown in Figure 1 has
been constructed at the University of Missouri-Rolla [4].
By proper switch settings, a StatCom, SSSC, or UPFC
can be realized. The experimental FACTS devices were
interfaced with a battery set that consists of 34 VLRA
super-gel batteries in two strings supplying 204 V de. The
FACTS/BESS system consists of two single three-phase in-
verters, LC filters and two transformers. The PC-DSP-
based control system includes a host PC, two signal pro-
cessing boards with an embedded 40 MHz TI TMS32051
and several interface boards. The host PC provides real-
time monitoring, control, coordination and protection to
the two DSP-based slave subsystems. The PC also serves
as a testbench to provide on-line and off-line analysis of
system performance. The DSP-based data acquisition sub-
system (DAS) acquires and pre-processes 8 or 16 channel
analog signals from the FACTS device. Real-time signal
processing, such as digital filtering, space phasor calcula-
tion, and system frequency measurement, is implemented
in the DAS. All the preprocessed results such as P, Q, Vi, ,
and I, are exported to the host PC for the control algo-
rithm. The system controllers are fully programmable so
that new controls can be implemented rapidly. The Stat-
Com/BESS is rated at 3kVA and the SSSC/BESS is rated
at 2.5kVA.
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Figure 1 — Laboratory set-up of FACTS/BESS

III. FACTS CONTROL

The control objective of the FACTS/BESS is to maintain
system performance according to some pre-set or user de-
fined scheme. The control objective may be voltage con-
trol, power flow control for oscillation damping, or transient
stability improvement. For transmission capacity control,
the FACTS device injects active and/or reactive power to
achieve the desired system response. The PC-DSP-based
controller converts the commanded values into switching
commands for the FACTS devices to regulate the gain and
angle of the VSC. The primary objective of a shunt FACTS
controller (such as a StatCom) is to control the voltage at
the system bus. However, with energy storage, the Stat-
Com/BESS can impact both voltage and active power flow
on the line. The controller atfect on these attributes can be
decoupled such that the modulation index &k controls the
active power flow and the phase angle o controls the firing
angle a. A PI controller based on this assumption is shown
in Figure 2
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Figure 2 — PQ Decoupled PI Control Block Diagram for
StatCom/BESS
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Figure 3 — PQ Decoupled PI Control Block Diagram for
SSSC/BESS

commanded quantities
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o=cos (-
iy,

The main objective of a series FACTS controller (such
as an SSSC or UPFC) is to control the power flow on a
transmission line. For optimal control of transmission ca-
pacity, it is desired to have a controller that can achieve
independent active and reactive power response. To ac-
complish this goal, a decoupled PI controller is proposed
that can produce the desired switching commands from in-
dependent active and reactive power commands. In the
series controllers, the active power and reactive power are
closely coupled to the d and ¢ axis injected voltage. Thus,
a decoupled controller can be developed as a function of
these quantities rather than P and @ directly. A decou-
pled PI controller for the SSSC/BESS system is shown in
3. A decoupled UPFC controller can be constructed as a
combination of the SSSC and StatCom controllers.

The proposed decoupled controls have been applied to
the laboratory set-up described previously. The controls
have also been simulated using a detailed (switch-level)
model and the state-space model.

The results of the simulated control are shown concur-
rently with the experimental results, where the solid lines
indicate the measured power dynamics, and the dashed
lines indicate the predicted dynamics. The switch-level
simulation results were obtained from a detailed model
of the laboratory system built in the software package
PSCAD/EMTDC. The results of the state-space model are
given by the dash-dot lines. The simulation models use
the measured values of the laboratory parameters of the
SSSC/BESS system (transformer reactances, filter LCs,
etc.) [5].

The StatCom/BESS case shown in Figure 4 keeps the
the reference reactive power constant while decreasing the
reactive power control target from 0 to -500 Var (Figure
4 (a)), and decreasing the active power from 0 to -500 W
(Figure 4 (b)). A similar experiment is repeated for the
SSSC/BESS in Figure 5. In this figure, the reactive power
across the line is decreased from 750 to 355 Var (Figure
5 (a)), and the active power is decreased from 400 to 50
W (Figure 5 (b)). The simulation (predicted) results show
the close correspondance between the experimental and the
predicted response of the SSSC/BESS. These results sup-
port the use of the proposed PQ decoupled PI controls in
FACTS/BESS applications.
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Figure 4 — Predicted and experimental response of the Stat-
Com/BESS (a) reactive power from 0 to -500 Vars (b) ac-
tive power change from 0 to -500 W

IV. OsciLLaTioN DAMPING AND VoOLTAGE CONTROL

The independent control of both active and reactive power
FACTS/BESS systems make them ideal controllers for
many types of power system applications, including volt-
age control and oscillation damping. The system under
consideration is shown in Figure 6 for the StatCom and
StatCom/BESS and Figure 7 for the SSSC, SSSC/BESS,
and the UPFC. The system data is as given in [6]. At 0.01
seconds, one of the inter-area parallel lines between buses 5
and 6 is opened. This results in a system wide drop in volt-
age and causes a low frequency interarea power oscillation
between the two areas. The interarea oscillation exhibits a
lightly-damped mode near 1.4 Hz.

For an even comparison between controllers, the same
control was applied for both the FACTS and FACTS/BESS
systems. The active power flow of the SSSC and UPFC
was controlled using a scheme similar to the one described

—= Experimental
= ~ Detailed Model
-— State-Space Model

reactive power
WAL

active power (W) & reactive power (VA)

active power

[ 02 04 0.6 0.8 1
Time (s)

(@

400 M;Mé&‘;y‘v‘tq'
R .
as0 WMMW -

0Py B e
reactive power

@

Q

=3
T

active power (W) & reactive power (VA)

active power
- N

[¢] 0.2 0.4 06 0.8 1
Time (s)

)

Figure 5 — Predicted and experimental response of the
SSSC/BESS (a) reactive power from 755 to 50 Var; (b)
active power change from 400W to 50W

in the previous system, and the StatCom as given in [2].
However, the FACTS output power is not set to a constant
reference setting (as in the previous section), but rather is
required to compensate for the power oscillations and the
BESS is required to charge and discharge in antipathy with
the line oscillations. Thus, P* = Pgs — Fas schedutea and is
a “moving target” rather than a set value.

The StatCom/BESS and the SSSC/BESS have two con-
trol signals with which to achieve the control objectives —
the angle & and the gain k, whereas the StatCom and the
SSSC have only one control each. The UPFC has three
control signals @y, as, and k. Since the FACTS/BESS
have two control signals, independent control of both ac-
tive power and voltage is achievable, whereas both of the
control objectives must be weighted in the single control in
the StatCom (a) and the SSSC (k). A comparison of the
different controllers are shown in Figures 8-13.
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Figure 6 — Example system for StatCom/BESS
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Figure 7 — Example system for SSSC/BESS

The presence of the lightly-damped oscillatory mode can
be seen in the inter-area power flow waveforms in Fig-
ures 8-10. Immediately following the loss of a line, the
active power flow from area 1 to area 2 drops. This sudden
topology change perturbs one of the interearea oscillatory
modes, resulting in a lightly-damped active power oscilla-
tion on the remaining lines. However, since the total power
demand and generation in the system do not change, the
power flow from area 1 to area 2 will return to the scheduled
value over time. To fully mitigate the resulting oscillations,
the low frequency oscillatory mode must be damped by the
FACTS controllers. Note that in both power and voltage
cases, the StatCom/BESS is more effective than the Stat-
Com, and the SSSC/BESS is more effective than the SSSC.
This is due to the additional degree of freedom in control
and the presence of active power capabhilities, especially in
the oscillation damping control. Since the FACTS/BESS
have two degrees of control freedom, both control objec-
tives can be met independently, whereas the StatCom and
SSSC control must be optimized to achieve both the os-
cillation damping and voltage control with a single input.
Both the StatCom/BESS and SSSC/BESS exhibit compa-
rable performance to the UPFC shown in Figure 10.

Figures 11-13 show the voltage at Bus 6 and the end
of the parallel transmission lines. Both the StatCom and
StatCom/BESS are effective in maintaining the voltage at
the reference voltage setting, but the StatCom/BESS is
able to achieve nearly constant voltage much more rapidly
than the StatCom. The SSSC in unable to achieve the
commanded voltage setting. The SSSC/BESS achieves the
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Figure 8 — Active power flow between areas (- no control,
- - StatCom, -.- StatCom/BESS)
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Figure 9 — Active power flow between areas (— no control,
- - SSSC, -.- SSSC/BESS)

commanded voltage in roughly three seconds. The UPFC
response shown in Figure 13 exhibits a large voltage ex-
cursion compared with the StatCom/BESS, but does have
better performance than the SSSC/BESS.

V. CONCLUSIONS

These results establish the viability of using FACTS/BESS
to enhance bulk power system operation. Controls were
proposed that have been shown via simulation and ex-
perimental verification to be effective in voltage control
and oscillation damping. The FACTS/BESS exhibits in-
creased flexibility over the traditional FACTS with im-
proved damping capabilities due to the additional degree of
control freedom provided by the active power capabilities.
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