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Abstract--Modern electric power utilities are facing many challenges due to ever increasing complexity in their operation and structure. In recent years, one problem has that received wide attention is voltage instability One of the major causes of voltage instability is the reactive power limit of the system. Voltage instability is the cause of the system voltage collapse, in which the power system voltage decays to a level from which it is unable to recover. Voltage collapse may lead to partial or full power interruption in the system. Providing adequate reactive power support at the appropriate location solves voltage instability problems.

Improving the systems reactive power handling capacity with Flexible AC Transmission System (FACTS) devices is the remedy for prevention of the voltage instability and voltage collapse. In this paper the effect of four FACTS controllers SVC, STATCOM, TCSC and UPFC on voltage stability are studied. The IEEE-14 bus system is simulated with continuation power flow feature of PSAT and accurate model of these controllers, Voltage stability of the test system is investigated.

Index Terms - SVC, STATCOM, TCSC, UPFC, Static Voltage Stability, Continuation Power Flow, Voltage Collapse, Maximum Loading Point.

I. INTRODUCTION

Voltage collapse phenomena   in   power   systems   have become  one  of  the  important  concerns  in  the  power industry over the last two decades, as this has been the major reason   for   several   major   blackouts   that   have   occurred throughout  the world  including  the recent  Northeast  Power outage in North America in August 2003 [1]. Several reports have    shown    the    direct    relation    between    saddle-node bifurcations and voltage collapse problems [2].  Based on bifurcation theory, two basic tools have been developed and applied to the computation of the collapse point, direct and continuation methods [3]. Of 
 these two techniques continuation power flow method is used for voltage analysis. These  techniques  involve  the  identification  of  the  system equilibrium points or voltage collapse points where the related power  flow  Jacobian  becomes  singular  [4],  [5].  Voltage instability is the cause of system voltage collapse, which makes the system voltage decay to a level from which they are unable to recover. The voltage collapse occurs when a system is loaded beyond its maximum loadability point. The only way to save the system from voltage collapse is to reduce the reactive power load or add additional reactive power prior to reaching the point of voltage collapse. The collapse points are also known as maximum loadability points; in fact, the voltage collapse problem can be restated as an optimization problem where the objective is to maximize certain system parameters typically associated to load levels.

There are two types of voltage stability based on simulation time; static voltage stability and dynamic voltage stability. Static analysis involves only the solution of algebraic equations and therefore is computationally less extensive than dynamic analysis. Static voltage stability is ideal for the bulk of studies in which a voltage stability limit for many pre-contingency and post-contingency cases must be determined.

Providing adequate reactive power support at the appropriate location solves voltage instability problems. There are many reactive compensation devices used by the utilities for this purpose, each of which has its own characteristics and limitations. However, the utility would like to achieve this with the most beneficial compensation device. Introducing the sources of reactive power, i.e., shunt capacitors and/or Flexible AC Transmission System (FACTS) controllers at the appropriate location is the most effective way for utilities to improve voltage stability of the system. The recent development and use of FACTS controllers  in power  transmission  system  have  led to many applications  of  these  controllers  not  only  to  improve  the voltage stability of the existing power network resources but also  to  provide  operating  flexibility  to  the  power  system. FACTS devices have been defined by the IEEE as “alternating current transmission system incorporating power electronic- based  and  other  static  controllers  to enhance  controllability and  increase  power  transfer  capability”  There  are  five well-known  FACTS  devices utilized by the utilities for this purpose. These FACTS devices are Static Var Compensator (SVC), Static Synchronous Compensator (STATCOM), Thyristor-Controlled Series Capacitor (TCSC), Static Synchronous Series Compensator (SSSC) and Unified Power Flow Controller (UPFC) [6], [7]. Each of them has its-own characteristics and limitations. From the utility point of view, it would be useful if they can achieve voltage stability criterion with the help of the most beneficial FACTS device. Static voltage instability is mainly associated with reactive power imbalance. Thus, the loadability of a bus in a system depends on the reactive power support that the bus can receive from the system. As the system approaches the maximum loading point or voltage collapse point, both real and reactive power losses increase rapidly.

Therefore, the reactive power supports have to be locally adequate. With static voltage stability, slowly developing changes in the power system occur that eventually lead to a shortage of reactive power and declining voltage. 
These plots are popularly referred to as P–V curves or ‘Nose’ curves. As power transfer increases, the voltage at the receiving end decreases. Eventually, a critical (nose) point, the point at which the system reactive power is out of usage, is reached where any further increase in active power transfer will lead to very rapid decrease in voltage magnitude. Before reaching the critical point, a large voltage drop due to heavy reactive power losses is observed. The only way to save the system from voltage collapse is to reduce the reactive power load or add additional reactive power prior to reaching the point of voltage collapse.

Canizares and Faur studied the effects of SVC and TCSC on voltage collapse [8]. In [9], voltage stability assessment of the system with shunt compensation devices including shunt capacitors, SVC and STATCOM is studied and compared in the IEEE 14-bus test system. In [10], Effects of STATCOM, SSSC and UPFC on Voltage Stability is studied.  Study of STATCOM and UPFC Controllers for Voltage Stability Evaluated by Saddle-Node Bifurcation Analysis is carry out in [11].  Also  In  [12],  Static  Voltage  Stability  Margin Enhancement  Using STATCOM,  TCSC and SSSC is compared. 

This paper considers four FACTS controllers in order to increase the loadability margin of a power system. The appropriate representation including the equations in the DC  parts  of  these  FACTS  devices  is  incorporated  in  the continuation   power  flow  (CPF)  process  in  static  voltage stability study. Based on the above observation,  an  effort made in this paper is to compare the merits and demerits of some FACTS devices, namely, SVC, STATCOM, TCSC and UPFC, in terms of Maximum Loading Point (MLP) in static voltage stability study. This leads to a more practical solution in terms of MLP or voltage stability margin, which may be useful  for  utilities  to  select  the  most  beneficial  FACTS devices among  SVC, STATCOM, TCSC and UPFC.

Rest   of   the   paper    is   organized    as   follows:    The mathematical tools needed for voltage collapse studies are discussed in section II. A brief introduction of the stability models including DC representations of   SVC, STATCOM, TCSC and UPFC is presented in Section III. Section IV examines the effects of these controllers on voltage stability using a 14-bus test system. Section V reviews the main points discussed in this paper.
II. MATHEMATICAL REPRESENTATION OF POWER SYSTEMS
A power system can be mathematically represented by a set of ordinary differential and algebraic equations of the type [6]:
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 represents the system state variables such as the dynamic states of generators, loads, etc., 
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represents the algebraic variables corresponding to the steady state element models, 
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 represents a set of uncontrolled variable that drive the system to voltage collapse, f(z,u,λ) represents a vector function of the differential equations, g(z,u,λ) groups all terms representing algebraic equations and is a constant positive definite matrix. The system models can be reduced by the term 
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A saddle node bifurcation of the system (2) occurs when the Jacobian 
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is singular at equilibrium point 
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 where two solutions of the system, stable and unstable, merge and then disappear as the parameter R , i.e. system load changes. At the bifurcation point 
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 as a simple and unique zero eigenvalue with normalized right eigenvector v and left eigenvector w [1]
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The above equations guarantee quadratic behavior near bifurcation point and are used to determine the voltage collapse point [l].. Two known basic tools based on bifurcation theory are direct and continuation methods and are used to compute the voltage collapse point. One is more interested in voltage collapse point and its corresponding zero eigenvectors and eigen values. It is shown in [14] that not all dynamical equations are needed and accurate results can be obtained if the set of equations used to determine the voltage collapse point sufficiently represent the equilibrium equations of the full dynamical system. Accurate model of the FACTS controllers is required for reproducing their steady state and dynamic behavior.
III. SVC, STATCOM, TCSC AND UPFC
It is well-know fact that FACTS devices can be used to provide reactive power compensation. Table I gives an idea about the cost of various reactive power sources including all FACTS devices [15]. Although FACTS devices are very expensive, they provide smooth and fast response to secure power system during normal and steady state operations. Shunt capacitor, on the other hand, provides coarse response and can not control voltage at the connected bus [9].

COST COMPARISON OF VARIOUS CONTROLLERS 

	Capacitor and FACTS
	Cost US$

	Shunt capacitor
	8/kVar

	Series capacitor
	20/kVar

	SVC
	40/kVar controlled portion

	TCSC
	40/kVar controlled portion

	STATCOM
	50/kVar

	UPFC series portion
	50/kVar through power


Although there are many types of the FACTS devices, each of them has it own characteristics [16]. Thus, it would be useful to know what type among SVC, STATCOM, TCSC and UPFC could give the most benefit in terms of voltage stability margin. The following general model is proposed for correct representation of SVC, STATCOM, TCSC and UPFC in voltage collapse studies [17]. The model includes a set of differential and algebraic equations of the form:
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Where Xc represents the control system variables, and the algebraic variables V and q denote the voltage magnitudes and phases at the buses to which the FACTS devices are connected. Description and terminal characteristics of these FACTS devices are given in the next subsections.

A. SVC

The two most popular configuration of this type of shunt controller are the fixed capacitor (FC) with a thyristor controlled reactor (TCR) and the thyristor switched capacitor (TSC) with TCR. Among these two setups, the second (TSCTCR) minimizes stand-by losses; however from a steady-state point of view, this is equivalent to the FC-TCR. In this paper, the FC-TCR structure is used for analysis of SVC which is shown in figure 1.

[image: image12.emf]
Fig.1 Equivalent FC-TCR circuit of SVC.

The TCR consists of a fixed reactor of inductance L and a bi-directional thyristor valve that are fired symmetrically in an angle control range of 90° to 180°, with respect to the SVC voltage. Assuming controller voltage equal to the bus voltage and performing a Fourier series analysis on the inductor current wave form, the TCR at fundamental frequency can be considered to act like variable inductance given by [8], [18]:
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Where, 
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 is the reactance caused by the fundamental frequency without thyristor control and a is the firing angle. where V and I stand for the total controller RMS voltage and current magnitudes, respectively, and ref V represents a reference voltage. Typical values for the slope SL X are in the range of 2 to 5 %, with respect to the SVC base; this is needed to avoid hitting limits for small variations of the bus voltage. A typical value for the controlled voltage range is ± 5% about ref V [8]. At the firing angle limits, the SVC is transformed into a fixed reactance.

[image: image15.emf]
Fig.2. Typical steady state V–I characteristic of a SVC.

B. STATCOM

STATCOM is the Voltage-Source Inverter (VSI), which converts a DC input voltage into AC output voltage in order to compensate the active and reactive power needed by the system [17]. Figs. 3 and 4 show the Basic structure and Typical steady state V–I characteristic of STATCOM, respectively. From Fig. 3, STATCOM is a shunt-connected device, which controls the voltage at the connected bus to the reference value by adjusting voltage and angle of internal voltage source. From Fig. 4, STATCOM exhibits constant current characteristics when the voltage is low/high under/over the limit. This allows STATCOM to delivers constant reactive power at the limits compared to SVC.
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[image: image18.emf]
Fig. 3. Basic structure of STACOM.

The power injection at the AC bus has the form:

Where 
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[image: image20.emf]
Fig. 4. Typical steady state V–I characteristic of a STATCOM

C. TCSC

TCSC is the type of series compensator. The structure of TCSC is capacitive bank and the thyristor controlled inductive brunch connected in parallel as shown in Fig. 5. The principle of TCSC is to compensate the transmission line in order to adjust the line impedance, increase loadability, and prevent the voltage collapse [19]. From a steady-state perspective, the structure of the controller is equivalent to the FC-TCR SVC illustrated in

Fig.1.

[image: image21.emf]
Fig. 5. The basic structure of TCSC

The principle of TCSC, in voltage stability enhancement is to control the transmission line impedance by adjust the TCSC impedance.The absolute impedance of TCSC. Which can be adjusted in three modes:
Blocking mode: The thyristor is not triggered and TCSC. is operating in pure capacity which the power factor of TCSC is leading.

By pass mode: The thyristor is operated in order to 
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 The current is in phase with TCSC.
Capacitive boost mode: 
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  and the Inductive mode: 
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 , respectively.
D. UPFC

The basic component of the UPFC are two voltage source inverters (VST's) using Gate Turn-off Thyristors (GTO) sharing a common dc storage capacitor, and connected to the system through coupling transformers (Fig 6). VSI is connected in shunt to the transmission system via a shunt transformer, while the other one is connected in series through a series in transformer. 
[image: image25.emf]
Fig.6. Basic scheme of UPFC
IV. CASE STUDY

A 14-bus test system as shown in Fig. 8 is used for voltage stability studies. The test system consists of five generators and eleven PQ bus (or load bus). The simulation use a PSAT simulation software [21]. PSAT is power system analysis software, which has many features including power flow and continuation power flow. Using continuation power flow feature of PSAT, voltage stability of the test system is investigated. The behavior of the test system with and without FACTS devices under different loading conditions is studied. The loads are defined as: 
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where 
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  are the active and reactive base loads, whereas 
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, are the active and reactive loads at bus L for the current operating point as defined by
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Fig. 8: The IEEE 14-bus test system
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Fig.9. PV curves for 14 bus test system without FACTS
From the continuation power flow results which are shown in the Fig. 9, the buses 4, 5, 9 and 14 are the critical buses. Among these buses, bus 14 has the weakest voltage profile. Where the system Jacobian matrix become singular at 
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A. SVC

Based on collapse analysis bus 14 is targeted as the first location for an SVC.. The new maximum loading level in this condition is
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Fig.10. PV curves for 14 bus test system with SVC at bus-14
B. STATCOM

Then, insert the STATCOM at the bus 14 which the lowest the critical point and repeat the simulation. When STATCOM is connected at bus 14 we can observe from Fig. 11 that bus 14 has a flatter voltage profile. The maximum loading point is at 
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Fig.11. PV curves for 14 bus test system with STATCOM at bus-14

C. TCSC

Next, remove the STATCOM, and insert the TCSC between bus 13 and bus 14, and then repeat to create PV curve again. The maximum loading point or critical voltage point is at 
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Fig.12. PV curves for 14 bus test system with TCSC at line 13-14

It can be observed that the improvement of voltage in this bus with STATCOM and SVC is more than the case that TCSC inserted in the system.

D. UPFC

A similar approach to the one followed to analyze the TCSC effect on maximum loadability is used to study the corresponding effects of a UPFC
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Fig.13. PV curves for 14 bus test system with UPFC at line 13-14

The new maximum loading point in this condition is 
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E. Comparison SVC, STATCOM, TCSC, UPFC

PV curves of base case and system with STATCOM, SVC, TCSC and UPFC are illustrated in Fig. 14. It is obviously from Fig. 18 that the MLP of the system with UPFC is highest while that with TCSC is lowest. Voltage reduction is lowest in case of UPFC. The values of max l with all types of FACTS devices are compared in Table II. From the table, it is obvious that UPFC gives the maximum loading margin compared to other devices.

UPFC provides a better voltage profile at the collapse point at bus 14 compared to other FACTS devices. This is due to the reason that the UPFC is installed at the weakest bus. Reactive power support at the weakest bus provides better voltage profiles throughout the system.
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Fig.14. PV curves of base case and system with STATCOM at bus 14, SVC, TCSC and UPFC at line 1 and 5

MAXIMUM LOADING POINT WITH VARIOUS FACTS DEVICES.
	
	Base case
	SVC
	STATCOM
	TCSC
	UPFC
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	2.2739
	2.6735
	3.9372
	3.5272
	4.1391


V. CONCLUSION

In this paper, voltage stability assessment of the modified IEEE 14-bus test system with   SVC, STATCOM, TCSC and UPFC  is  studied.  UPFC  provide  higher  voltage  stability margin than SVC, STATCOM and TCSC. The test system requires reactive power the most at the weakest bus, which is located in the distribution level. Introducing reactive power at this bus using UPFC can improve  loading margin the most. TCSC  is series  compensation  devices,  which inject reactive power through the connected line. This may not be effective when  the  system  required  reactive  power  at the load  level. SVC and STATCOM give slightly higher MLP and better voltage profiles compared to TCSC, since the capacity of SVC and STATCOM are higher at the collapse point than that of TCSC.  It  was  found  that  these  FACTS  controllers significantly   enhance   the   voltage   profile   and   thus   the loadability margin of power systems.

REFERENCES

[1] Dobson and H. D. Chiang, "Towards a theory of voltage collapse in electric power systems," Systems & Control Letters, vol. 13, 1989, pp. 253-262.
[2] C. A. Canizares, F. L. Alvarado, C. L. DeMarco, I. Dobson, and W. F. Long, "Point of collapse methods applied to acldc power systems," IEEE Trans. Power Systems, vol. 7, no. 2, May 1992, pp. 673-683. 
[3] C. A. Cañizares, "Power Flow and Transient Stability Models of FACTS Controllers for Voltage and Angle Stability Studies," Proceedings of the 2000 IEEE/PES Winter Meeting, Singapore, January 2000. 

[4] C. A. Canlzares, Z. T. Faur, "Analysis SVC and TCSC Controllers in Voltage Collapse," IEEE Trans. Power Systems, Vol. 14, No. 1, February 1999, pp. 158-165.
[5] A. Sode-Yome and N. Mithulananthan, “Comparison of shunt capacitor, SVC and STATCOM in static voltage stability margin enhancement,” International Journal of Electrical Engineering Education, UMIST, Vol. 41, No. 3, July 2004.

[6] R. Natesan and G. Radman,“ Effects of STATCOM, SSSC and UPFC on Voltage Stability,” Proceedings of the system theory thirty- Sixth southeastern symposium, pp. 546-550, 2004.

[7] A. Kazemi, V. Vahidinasab and A. Mosallanejad,“ Study of STATCOM and UPFC Controllers for Voltage Stability Evaluated by Saddle-Node Bifurcation Analysis,” First International Power and Energy Coference PECon/IEEE, Putrajaya, Malaysia, November 28-29, 2006.

[8] Arthit Sode-Yome, Nadarajah Mithulananthan and Kwang Y. Lee, “Static Voltage Stability Margin Enhancement Using STATCOM, TCSC and SSSC,” IEEE/PES Transmission and Distribution Conference & Exhibition,Asia and pacific, Dalian , Chine, 2005.
[9] N. Talebi, M. Ehsan, S.M.T Bathaee, "Effects of SVC and TCSC Control Strategies on Static Voltage Collapse Phenomena, " IEEE Proceedings, SoutheastCon, pp. 161 - 168, Mar 2004. 

[10] F. Milano, "Power System Analysis Toolbox," Version 1.3.4, Software and Documentation, July 14, 2005.
_1328422845.unknown

_1328422853.unknown

_1328422857.unknown

_1328422861.unknown

_1328422863.unknown

_1328422865.unknown

_1328422867.unknown

_1328422868.unknown

_1328422866.unknown

_1328422864.unknown

_1328422862.unknown

_1328422859.unknown

_1328422860.unknown

_1328422858.unknown

_1328422855.unknown

_1328422856.unknown

_1328422854.unknown

_1328422849.unknown

_1328422851.unknown

_1328422852.unknown

_1328422850.unknown

_1328422847.unknown

_1328422848.unknown

_1328422846.unknown

_1328422840.unknown

_1328422842.unknown

_1328422844.unknown

_1328422841.unknown

_1328422838.unknown

_1328422839.unknown

_1328422837.unknown

