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Integration of a StatCom and Battery Energy Storage

Z. Yang Student Member, IEEEC. Shen Member, IEEEL. Zhang Student Member, IEEE
M. L. Crow, Senior Member, IEEEand S. Atcitty Member, IEEE

Abstract—The integration of an energy storage system, such as the ESS [1]. Thus, the enhanced performance of the combined
battery energy storage (BESS), into a FACTS device can provide FACTS/ESS will have greater appeal to transmission service
dynamic decentralized active power capabilities and much needed providers.

flexibility for mitigating transmission level power flow problems. . L .

This pagerwill ingt;rodugce an integrated Stat%om/BESSF;ortheim- While the FACTS/ESS combination has been PrOp_Osed In
provement of dynamic and transient stability and transmission ca- theory [2], the development of FACTS/ESS combination has
pability; compare the performance of the different FACTS/BESS lagged far behind that of FACTS alone. Considerable attention
combinations, and provide experimental verification of the pro- has been given to developing control strategies for a variety of
posed controls on a scaled StatCom/BESS system. FACTS devices, including the Static Synchronous Compen-

Index Terms—Battery energy storage, control system synthesis, sator (StatCom), the Static Synchronous Series Compensator

FACTS, power system dynamic stability. (SSSC), and the Unified Power Flow Controller (UPFC), to
mitigate a wide range of potential bulk power transmission
|. INTRODUCTION problems. However, a comparable field of knowledge for

N BULK ¢ . ¢ lectroni FACTS/ESS control is sparse. In addition, numerous complex
I POWET fransmission Syslems, pOwWer eleclroniGy s tor StatCom control have been proposed, but have not

. bgsedscotntrolltla:rAsCa_lfg frc(jaqu_entlyBcal:cedlll_:tlet?qblebAlE Tran?)'een experimentally verified. Therefore, this paper will discuss
mission System ( ) ) devices. By facilitating UK POWEl e enhancement of power transmission system operation by
transfers, these flexible networks help delay or minimize th

need to build more transmission lines and power plants a:[f(ﬁg%;?gg?n a:m?ii:}teig CI)Enneergfy tr?(teorcac)grimsoftliz]C'ﬁ'BSEigi CIS;O
enable neighboring utilities and regions to economically a '

reliably exchange power. Although relatively new, the staturergijecmca”y’ this paper il . i

FACTS devices within the bulk power system will continually * ProPose control strategies for voltage control, dynamic

increase as power electronic technologies improve and the Stability, and transmission capability improvement,

restructured electric utility industry moves steadily toward a * €Ompare simulation and experimental results of an inte-

more competitive posture in which power is bought and sold as ~ 9rated StatCom/BESS system, and

a commodity. In decentralized control of transmission systems, * cOmpare the performance of different FACTS/BESS

FACTS devices offer increased flexibility. As the vertically ~ combinations.

integrated utility structure is phased out, centralized control of This paper also lays the foundation for increased operational

the bulk power system will no longer be possible. Transmissidiexibility by integrating energy storage with other FACTS

providers will be forced to seek means of local control ttopologies such as the SSSC and the UPFC.

address a number of potential problems such as uneven power

flow through the system (loop flows), transient and dynamic

instability, subsynchronous oscillations, and dynamic overvolt- |- NTEGRATION OF BATTERY ENERGY STORAGE WITH A

ages and undervoltages. Several FACTS topologies have been StaTCoM

proposed to mitigate these potential problems, but transmissioArhe static synchronous compensator, or StatCom, is a

service providers have been reluctant to install them, usuadlijynt-connected device. The StatCom does not employ ca-

due to cost and lack of systematic control. The integration ghcitor or reactor banks to produce reactive power as does the

energy storage systems (ESS) into FACTS devices, howeV§fatic var Compensator (SVC). In the StatCom, the capac-

may lead to a more economical and/or flexible transmissig@y pank is used to maintain a constant DC voltage for the

controller. In many applications (such as those described in thli§itage-source converter operation. Common StatComs may

paper), the energy storage device is small and is only requikggly from six-pulse topologies up to forty-eight-pulse topolo-

to supply power for a short period of time. In this case, thgies that consist of eight six-pulse converters operated from

cost of the FACTS electronics system dominates the cost 9fommon dc link capacitor [4], [5]. The displacement angle
between two consecutive six-pulse converters in a multipulse

Manuscript received April 3, 2000. This work was supported by the Nationapnverter configuration i8x /6m wherem is the total number

Science Foundation under Awards ECS-9257208, Sandia National Laboraﬁ?-six_pmse converters. Phase adjustments between the 6-pu|se
ries under BD-0071D, and the University of Missouri-Rolla Intelligent Systems

Center. converter groups are accomplished by the use of appropriate
Z.Yang, C. Shen, L. Zhang and M. L. Crow are with Electrical and Computénagnetic circuits. Using this topology, the angle of the StatCom
S. Atcitty is with Power Electronics and Custom Controllers, Sandia Nation@ li h | he StatC . ..

Laboratories, Albuguerque, NM 87185-0537. y controlling the angle, the StatCom can inject capacitive or
Publisher Item Identifier S 0885-8950(01)03798-1. inductive current at the AC system bus.

0885-8950/01$10.00 © 2001 IEEE
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utility bus
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it Fig. 2. StatCom/BESS voltage characteristics.
interface
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Fig. 1. Integrated StatCom with energy storage. Syarern side /;_' _ e 2 = R
Although the ability of a StatCom to improve power system ! ' : ]
performance has been well accepted, very little information ML SE8 5 -
regarding its dynamic control has been published [6]. The \\J } F
StatCom is best suited for voltage control since it may rapidly s, 555 —— '?{ —A—
inject or absorb reactive power to stabilize voltage excursions i I
[3], [4], [6], [7] and has been shown to perform very well in _ _
actual operation [5]. Several prototype StatCom installations Clangs/inductine PischirgrAnducie

are currently in operation [5], [8]. The ability of the StatCom_ o
to maintain a pre-set voltage magnitude with reactive powgg: 3. StatCom/BESS output power characteristics.
compensation has also been shown to improve transient sta-

bility [6] and subsynchronous oscillation damping [9]-[11]of a StatCom/BESS can take on any value within the circle.
However, a combined StatCom/ESS system can provide betigs gives the StatCom/BESS an additional degree of oper-
dynamic performance than a stand-alone StatCom. The fagfng freedom that provides the enhanced performance and im-
independent active and reactive power support provided B¥ct. The dashed line of the traditional StatCom operational
an ESS coupled to a StatCom can significantly enhance {@ve separates the StatCom/BESS operating region into two
flexibility and control of transmission and distribution systemsegions. The upper right region represents the BESS discharge
The configuration of an integrated StatCom/ESS is shown jfjea and the lower left region is the charging area. The an-
Fig. 1. glesay max anday i, are the maximum and minimum output
The traditional StatCom (with no energy storage) has onlyltage angles of the StatCom/BESS. The anglgs.. and
two possible steady-state operating modes: inductive (lagging),..;, are the maximum and minimum output voltage angles
and capacitive (leading). Although both the traditional StatCogf the traditional StatCom. These angles are dependent on the
output voltage magnitude and phase angle can be controllegstem voltage, equivalent impedance and the maximum cur-
they cannot be independently adjusted in steady state sinceré limit of the StatCom/BESS. The maximum current limit of
StatCom has no significant active power capability. Thusitis ngie StatCom/BESS is determined by the maximum transformer
possible to significantly impact both active and reactive poweurrent, the maximum device current, and the maximum output
simultaneously. For the StatCom/ESS, the number of steaglyrent of the BESS.
state operation modes is extended to all four quadrants. Thespig. 3 illustrates the StatCom side and the system side
modes are inductive with DC charge, inductive with DC disactive and reactive power characteristics under constant
charge, capacitive with DC charge, and capacitive with DC digerminal voltage. The StatCom side is the converter side of
charge. Due to the nature of ESS, the StatCom/ESS cannottie transformer shown in Fig. 1. The two circles of radius
operated infinitely in one of the four modes (i.e., the battery,, .1, .. represent the possible output power of the StatCom
cannot continuously discharge); therefore these modes represgié (shaded region) and the system side. Note that the center
quasisteady-state operation. However, depending on the enespyhe StatCom circle is shifted from the origin B¢, Z,
output of the battery or other ESS, the discharge/charge profiere Z represents the equivalent impedance of the StatCom
is typically sufficient to provide enough energy to stabilize thgnd transformer. The dashed lines represent the possible output
power system and maintain operation until other long-term epewer of the traditional StatCom. Note that on the system side
ergy sources may be brought on-line. of the traditional StatCom (the dashed arc), the active power is
Fig. 2 shows the steady state operational characteristicsabfiays negative to indicate that the StatCom will always draw
the StatCom/BESS output. Note that in steady state, the outpative power from the system to compensate for any losses.
voltage of the traditional StatCom is in one dimension onlynder ideal conditions, the StatCom/BESS can be operated
and must lie along the dashed line, whereas the output voltagg/where within the circular region.
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o sysem Current trends in the development of the family of high-power,
] ] J fast-switched IGBTs support the future use of PWM control for
1 §§ L Sensor transmission level applications. In tde system reference, the
T (1 (L1 ([ ek dynamic StatCom/BESS can be modeled as:
Battery 1
AA .
Transformer \A d 1d
Vo::ges % 'l:q
Filtor Currents VdC
- R/S w 0 -
sillf::'::d;;:;s Signal interface Board L /5 ws .
igita al Synchronizing 1d
' B Isgl?i:ioln |$a:?§| Signal =w, | — i — % 0 iq
Signal /0 Expansion Bus Bs?gr:::;g Ws s Vdc
0 o L ( BBy
M5000 | PG T msoco L C’ R:lc + R;; i
Board 2 Board 1
— |—_l i VdC
7 kcos(a + 6)
Fig. 4. Experimental StatCom/BESS. VS
+ ws L‘iC ksin(a + 6)
[ll. STATCOM/BESS NTROL ) s )
td 1 )
The control objective of the StatCom/BESS is to maintain |~ Feos(a+6) - 5(1, ksin(a +6)
system performance according to some pre-set or user defined V. cos 6
scheme. The control objective may be voltage control, power 2 7
flow control for oscillation damping, or transient stability N
improvement. A control scheme for active and reactive power —w Vs sin 6 1)
flow control has been implemented on a scaled laboratory ° L
StatCom/BESS system. -V
| RO

A. Experimental StatCom/BESS System

A StatCom hardware set-up has been constructed at the UMiere . _
versity of Missouri-Rolla. With funding from Sandia National ¢ andi,  are the injected per unily StatCom currents,
Laboratories Energy Storage Systems Department, the experitdc is the per unit voltage across the dc capaditor
mental StatCom was interfaced with a battery set that consistd®, andL;, represent the StatCom transformer losses,
of 34 VLRA super-gel batteries in two strings supplying kanda  are the PWM modulation gain and angle

204 V dc. A data acquisition system was constructed to monitor respectively,

the battery voltage and string currents. A signal interface boardVs is the per unit battery voltage,

provides the digital and analog isolation and converts the cur-E&, represents the battery losses,

rent signals into voltage signals and filters the high-frequency R/, represents the switching losses, and
noise. A bank of three-phase 1p6 capacitors is used to filter  V, /6 is the per unit system side (ac) bus voltage.

the line-line StatCom/BESS voltage output. The monitoring The controller provides an active and reactive power
and control system for the integrated StatCom/BESS systemmmand to achieve the desired system response. The con-
consists of two M5000 boards; one for data acquisition anmbller converts the commanded powers into PWM switching
pre-processing and the other for PWM signal generation. Themmands for the StatCom to regulate the modulation gain
A/D board measures the system frequency within 0.01 Hz.dhd angle. For optimal control of transmission capacity, it
is also used to calculate various state variables sudh, &3, is desired to have a controller that can achieve independent
Vims,» and ;s to export to the PC for the control algorithm.active and reactive power response. To accomplish this goal,
It also provides error detection/correction and digital filteringa decoupled PI controller is proposed which can produce the
The system controller is fully programmable so that nedesired switching commands from independent active and
controls can be implemented rapidly. The StatCom/BESS rigactive power commands.

rated at 3 kVA. The experimental set-up is shown in Fig. 4 and Since control is defined for a particular StatCom/BESS,

described in greater detail in [12]. the system bus voltage anglenay be taken to be identically
o _ zero in the control without loss of generality. Therefore the
B. Transmission Capacity Control StatCom/BESS active powé? and reactive powe€) on the

The development of transmission capacity control is base@wer system side can be calculated in the reference frame
on the assumption of pulse width modulated (PWM) switchingpordinates as
using triangle modulation, and a relatively high switching fre-
guency (63 switching cycles per period of the fundamental). P =V,ig, Q = —Viig (2)
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Fig. 6. Step change in reactive power.
where the solid lines indicate the measured power dynamics

where realizing decoupled active and reactive power can &ed the dashed lines indicate the predicted dynamics. The
achieved through decouplédandi, control. simulation results were obtained from a detailed model of the

At equilibrium, there is no active power exchange betwedaboratory system built in the software package PSCAD. The
the StatCom and battery, thus the first two rows of equation (3imulation model used the measured values of the laboratory
may be linearized to obtain: parameters of the StatCom/BESS system (transformer reac-
tances, filter capacitances, etc.).

/
d [ Ad —% 0 Ad, - In Fig. 6, the reactive power is command_ed to_changt_e from 0
— {Af } =wop s R {Af } + [ 1} (3) to—0.5kVar (a step change of 0.17 per unit) while holding the
d ‘e 0 — —f ta *2 active power at zero. Similarly, Fig. 7 shows a 0.17 per unit step
L change in active power while holding the reactive power at zero.
wolNi. + ko AV 4 Viaco Ak The corresponding change in currgnt i; 1.26 A Inboth cases, the
T 7 <L independent nature of the control is evident, since a commanded
L’J Vieoko . (4) change in one power causes only a small response in the other.
7 A — woy Aty Both the active and reactive powers achieved their target values
s within 0.1 seconds, which is the desired response time. Also

where [z x2])T is the control variable vector. In thethe simulated response predicts the experimental behavior very
StatCom/BESS system, the dc voltagg. is held nearly well. The slight oscillation in both experimental responsesis due
constant by the battery, therefore the incremental chadxije tothe imbalance of the ac system voltages. The local control was
is negligible. By combining equations (2)—(4), a decoupled BEeveloped based on the assumption of a three-phase balanced
local controller for producing a PWM modulation indéxand system. However, even in the case of system imbalance (which
anglea from a desired”* and@Q* command can developed asoccurs often in practice), the controller responds well. The slight
shown in Fig. 5. responses inthe powers being held at zero is due to the linearized
The effectiveness of this control is illustrated in Figs. 6 ancbntrol process, since the active and reactive powers are not truly
7, where the active and reactive powers are independerftily decoupled in the nonlinear system.
commanded to make step changes. The results of the simulatethe controller was also tested on larger commanded
control are shown concurrently with the experimental resultshanges. Figs. 8 and 9 show the response of the StatCom/BESS
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® using a scheme similar to the one described in the previous sec-

___§§ §gi_* tion. However, the StatCom output power is not set to a constant

StatCom/ |~ E l reference setting (as in the previous section) but rather is re-

BESS T T quired to compensate for the sudden change in line flow. Thus,
Ph.. = Fss — Fss, schedutea. Since the StatCom reference

Fig. 10. Example system for comparison of controls. setting in this example is a “moving target,” the response time

will be significantly longer than the 0.1 seconds of the previous

to changes of over 50% of the rated value of the StatCom/BE§§fample,’ which ha‘?' a constant refe'rence value. T he voltage
where a step change of 1 kW and 1 kVar is simultaneous ntrol is accomplished using a Il_near—quadratlc—regulator
commanded. The corresponding change in current is 3.6 A. ?_E) csontg)l Sl;gégsst?]at described "} [7.]' Is with which t
all cases, the controller has achieved the target in under 0.1 sec-. N tr?t om Lobi as two r(iontr:o signais ;V'th W Ic(; 0
onds and with minimal overshoot or oscillation. This contrdic"IeVe the control objectives—the phase anghnd the mod-

is well-suited for short term transmission capacity control tldlat'on gaink. Therefore, the voltage control objective was as-

avoid line overloads and to relieve transmission congestio’ﬂgned to thet signal, and the oscillatory mode was assigned

The close correspondence of the experimental results with e Conversely, the only control signal a traditional StatCom

simulated results indicate that the developed StatCom/BE & 1S the phase angde Therefore, this single S|gnz_;\I must s
model is well suited for designing system controls. multaneously achieve voltage control, and modulation of the in-

terarea oscillatory mode using only locally available signals for
feedback. A comparison of the effectiveness of the controls is
shown in Figs. 11 and 12. Fig. 11 shows the voltage at Bus 6
The independent control of both active and reactive powat the end of the parallel transmission lines. Both the StatCom
of the StatCom/BESS system make it an ideal candidate famd StatCom/BESS are effective in maintaining the voltage at
many types of power system applications. Possible applidae reference voltage setting, but the StatCom/BESS is able to
tions of the StatCom/BESS include voltage and transmissiaohieve nearly constant voltage in approximately 0.5 seconds,
capacity control, frequency regulation, oscillation dampingyhereas the StatCom takes nearly two seconds. Note that the
and dynamic stability improvement. These requirements m&yatCom can be used to obtain comparable voltage response to
change based on the size and placement of the StatCom/BE®SStatCom/BESS if the objective of oscillation damping were
within the power system. In this section, two applications of theeglected, but since the StatCom output was optimized between
StatCom/BESS are presented: voltage control and oscillatie two objectives, its response is not optimal for either objec-
damping. The system under consideration is the system shawe independently.
in Fig. 10, where the system data is the same as in [13]. AtThe presence of the lightly-damped oscillatory mode can
0.01 seconds, one of the parallel transmission lines betwdsn observed in both the power and voltage waveforms. Im-
buses 5 and 6 is opened. This results in a system wide dropriediately following the loss of one of the parallel lines, the
voltage and causes a low frequency interarea power oscillat@ctive power flow from area 1 to area 2 drops. This sudden
between the two areas. The interarea oscillation exhibitstapology change perturbs one of the interarea oscillation
lightly-damped mode at 1.4 Hz. modes, resulting in a lightly-damped active power oscillation
For an even comparison between controllers, the samethe remaining lines. However, since the total power demand
control approach was applied for both the StatCom and thed generation in the system do not change, the power flow
StatCom/BESS system. The active power flow was controllé®m area 1 to area 2 will return to the scheduled value over

C. Control for Oscillation Damping and Voltage Control
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time. To fully mitigate the resulting oscillations, the low
frequency oscillatory mode must be sufficiently damped by the
FACTs controllers. Note that in both power and voltage cases,
the StatCom/BESSX) is more effective than the StatCom [10]
(o). This is due to the additional degree of freedom in control
and the presence of active power capabilities, especially in th1]
interarea oscillation damping control. Since the StatCom/BESS
has two degrees of control freedom, both control objectivesi2)
can be met independently, whereas the StatCom control must
be optimized to achieve both the oscillation damping and tht[al3]
voltage control objectives with a single input.

Fig. 13(a) shows the active power output of the StatCom
(o) and StatCom/BESSY). Note that the active power output

259

power output of the StatCom/BESS system is far more damped
than the StatCom system output since the voltage control
is achieved independent of the active power control, and is
therefore achieved much more rapidly.

IV. CONCLUSION

These preliminary results firmly establish the viability of
using a StatCom/BESS to enhance power system operation. A
method of control was proposed that was shown via simulation
and experimental verification to be effective in transmission
capacity control, voltage control, and oscillation damping.

StatCom/BESS exhibits increased flexibility over the

traditional StatCom with improved damping capabilities due to
the additional degree of control freedom provided by the active
power capabilities.
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