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Abstract:  In this paper, the structure of Hybrid Power Flow Controller (HPFC) is proposed in order to improve static voltage stability characteristics. 
HPFC forms a hybrid controller using IPFC series converters as a hybrid with existing parallel and passive compensator (SVC) in power system. 
Utilization of hybrid structures makes it possible to use converters for improving performance of both old and existing compensators in power 
networks. In this study, the power injection model (PIM) is used to model the hybrid power flow controller in Newton load flow. The aforementioned 
model is simulated in MATLAB software. The P-V curves of PQ buses of a typical system are evaluated by a Continuous Power Flow (CPF) method 
to analyses the effect of this controller on static voltage stability characteristics. Meanwhile, SVC as existing devices in the system and UPFC and 
IPFC as state-of-the-art compensator devices are compared with the proposed hybrid structure. The amount of active and reactive power loss and 
improvement of loading limit of the system are used as main parameters in our comparison.   
 
Keywords: loading factor; static voltage stability; continuous power flow; power injection model.  

I. INTRODUCTION 

There is an index value called stability margin or loading 
limit which is used in static voltage stability analysis. System 
voltage instability can be compensated by increasing voltage 
stability margin. Thus, voltage collapse studies emphasize on 
the security of the system and its efficient performance and the 
main goal of these studies is to reach maximum loading 
capability of a transmission line [1].  Generally, devices which 
should be used for solving voltage stability problem are those 
which make it possible to inject active power and to transmit 
power with minimum loss. The first devices which were used 
to solve the voltage instability problem were conventional 
series and shunt compensators for maximizing transmission 
capability of a transmission line [2]. Since these devices are 
not capable of momentarily control and just act in a stepped 
manner, it was necessary to introduce devices which could 
control power and voltage momentarily.  

In 1998, a new concept of transmission systems called 
FACTS devices was introduced. A lot of papers about the 
effect of first generation compensators based on thyristor 
control (SVC, TCSC, …) and second generation compensators 
based on voltage source converter (STATCOM, SSSC, UPFC, 
IPFC) on voltage stability improvement have been published 
[3,4]. Second generation of FACTS devices perform 
compensation independently from network parameters (such 
as line current, voltage and phase angle) and present better and 
more smooth characteristics in comparison with first 
generation. Among them STATCOM and UPFC provide 
valuable advantages. Both of them are effective in expanding 
stability margin and providing more performance flexibility 
[5]. However, UPFC provides more advantages from power 
loss, voltage profile and increasing loading limit aspects [6]. 
Nevertheless, installation cost of each of these modern 

compensation devices in comparison with classic devices is a 
dissuasive factor for widespread use of these elements [7], and 
making use of these compensators has become dependant on 
the technical and economic specifications of the system. So 
that for example, investment needed for installing UPFC is a 
disincentive factor in widespread use of this compensator. 
Therefore, considering the fact that there exist some old 
compensators in the network, if some changes can be made to 
them and a performance similar to the performance of modern 
devices could be achieved, this will result in many economic 
advantages for the network.  

Hence, in this paper, by joining IPFC series compensation 
to the existing compensated system by SVC, while reducing 
investment cost in the system and improving equipment 
performance of the existing classical compensator [8], it has 
provided the way to achieve stability properties of static 
voltage almost similar to the new generation of devices based 
on voltage source converter (UPFC), yet good economic 
benefits are established in the network. 

 

II. THE HYBRID STRUCTURE 

An applied representation of hybrid power flow controller 
(HPFC) is shown in Fig. 1. Location of HPFC is in the range of 
transmission line and in a short distance from high-voltage 
buses [9]. In this model, a typical hybrid FACTS device, 
reactive power source with shunt connection called BM is used 
in the middle of HPFC structure. This source can be a 
switching capacitor bank or a static VAR compensator (SVC), 
which are both considered as old and existing devices in the 
system. In this typical structure, two voltage source converters 
(VSCX , VSCY) with series connection which are connected to 
the line by coupling transformers are added to the 
compensation of the system. These converters are located in 
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two ends of common dc connection terminals. By controlling 
magnitude and angle of voltages provided by converters, active 
power flow through line and total reactive power provided for 
line elements can be controlled simultaneously and 
independently. Shunt-connected variable susceptance control is 
synchronized with the converters control, so that major part of 
reactive power required by the system is provided. In the 
proposed hybrid structure, in comparison with the conventional 
UPFC structure, shunt converter of UPFC is substituted by a 
switching capacitor or a static VAR compensator (SVC) which 
existed previously in the system. While its series converters in 
the HPFC structure is decomposed into two series converters.  
The capacity used for these two converters in comparison with 
the capacity of series converter of UPFC seems justifiable from 
economic point of view due to the omitting of installing 
capacity of shunt converter. 

 
  

 
Figure 1.  An applied instance of hybrid power flow controller. 

 

III. STEADY STATE EQUIVALENT CIRCUIT FOR 
HPFCE 

A. Equivalent Circuit and π Injection Model of 
Transmission Line Coupled with Series Converters: 

Two series converters coupled with each other in the 
HPFC structure have a performance similar to the interline 
power flow controller (IPFC) [10]. As we also recognize IPFC 
as hybrid compensator, series compensation capacity of 
HPFC, too, is composed of two SSSCs which are connected to 
each other by a common dc capacitor (Fig. 2). Usually in 
steady state analysis of power networks, voltage source 
converter (SVC) is modeled as a synchronous voltage source 
which injects a sinusoidal voltage with a controllable phase 
and magnitude (Fig. 3). In the equivalent circuit shown, Vseij, 
Vseik are controllable complex voltages of synchronous 
voltage sources which are defined as Vsein∟δsein (n=j,k). yseij 
and yseik are the admittances of the transformers which are in 
series with (i-j), (i-k) lines respectively. 

 
Figure 2.  A simple schematic of series compensation part of HPFC. 

 
Figure 3.  Equivalent circuit of lines coupled with a series converter, based 

on VSM model. 

In this paper, in order to omit the need for adding new 
buses and renumbering them in power flow calculations and in 
order to keep bus admittance matrix symmetric, power 
injection model (PIM) of transmission lines coupled with 
series converter is analyzed for a typical (i-j) line. Y-∆ 
transform is used to consider the transformer admittance of 
series converter with admittances of π model of the 
transmission line. Fig. 4(a) shows a general model of a line 
coupled with a series converter. Fig. 4(b) shows the Y-∆ 
transform for the specified region in Fig. 4 (a) by a dashed 
line. Finally, we can obtain the π model of the transmission 
line coupled with transformer admittance of a series converter 
in Fig. 4(c) [11]. Equations governing these transformations 
are of the following form: 
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The injected current from the buses i and j of the line 

coupled with series converters can be obtained from the 
following equations: 
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Matrix form of the equations above is: 
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Figure 4.  Y-Δ transform process of transmission line coupled with a series 

converter. 

 

The second part of the right side of the matrix equation (6) 
can be represented by independent current sources in location 
of buses i and j (Fig. 5). In this figure, active and reactive 
power injections in buses i and j are matched with two current 
sources shown. Therefore, the π injection model of series 
converter coupled with (i-j) line is shown in Fig. 6. 

 

 
Figure 5.  Representation of series branch of IPFC using current sources. 

 
Figure 6.  π power injection model of transmission line coupled with a series 

converter. 

 

Power injection in buses which end at lines coupled with a 
series converter follows the following equations (Fig. 7): 
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Figure 7.  Power injections of coupled series converters in HPFC structure. 

 

The active power exchanged between series converters 
through common dc connection must be zero under ideal 
conditions (lossless), therefore we have: 
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B. Equivalent Circuit and Power Injection Model of the 
Shunt Part of HPFC : 

The conventional configuration of SVC is a combination 
of a fixed capacitor and a reactor controlled by thyristor 
(FC+TCR). In Fig. 8(a) combination of a fixed capacitor and 
TCR is presented as an equivalent circuit for SVC. In power 
flow analysis, the total susceptance of SVC may be considered 
as a variable, thus an extra voltage equation or a reactive 
power control equation should be added to the set of equations 
describing the system. In contrast with SVC models which so 
far have been used in power flow analysis, based on the idea 
presented in [12], SVC is used in power flow model in a 
similar way to STATCOM realization. Therefore, presented 
equivalent circuit for SVC in Fig.8 (a) should be converted to 
an equivalent circuit of STATCOM, from the power flow 
analysis point of view. Equivalent representation of SVC is 
shown in Fig. 8 (b). In this representation, Zsh can be obtained 
from the following equations: 

 
 2/][ maxmin

TCRTCRsh XXjZ +=
  

 
Figure 8.  (a,b):Equivalent representation of SVC by STATCOM  model - 

(c): Power injection model of SVC. 

min
TCRX , max

TCRX  are the lower and upper limits of variable 
reactance of the TCR branch of SVC’s conventional model 
Fig. 8 (a). Now, variable reactance of TCR branch in Fig. 7(a) 
can be represented by Zsh impedance in series with a variable 
voltage source (Vsh). Vsh source can only inject power to the 
bus which is connected to it. Therefore, STATCOM model 
can be applied directly to the SVC. Of course, it should be 
kept in the mind that instead of the inequality related to Vsh, 
XTCR inequality must be used in power flow calculations.  
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IV. TEST SYSTEM AND ANALYSIS TOOL 

A 6-bus test system is used in this paper Fig. 9. Having 
8 branches, 6 buses along with 6 loads with total of 415 
MW and 183 MVAR are the specifications of the system. 
Results presented in this paper are obtained from M-file 
environment of MATLAB software. Devices presented in 
this paper are modeled in this environment and 
conventional power flow (PF) calculations and continuous 
power flow (CPF) with special algorithm (forecasting-
correcting) are run on them. All of the loads are 
considered as fixed power and all of them increase 
simultaneously under a loading parameter (λ). Base MVA 
used in this paper is 100 MVA. 
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Figure 9.  6-bus Test system 

V. SIMULATION RESULTS 

A. Conventional Load Flow: 
Table 1 shows the Newton load flow results under base 

loading conditions. The presence of HPFC {SVC+IPFC} in 
the system is analyzed. SVC in the HPFC structure are 
considered as old and existing devices in power networks 
which we have coupled series compensation structure with 
them in order to improve the performance of existing 
equipments. 
Table 1. Magnitude of bus voltages resulted from Newton-Raphson load flow 
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Table 2.  Installation location of FACTS devices 

 
 

B. Continuous Load Flow: 
Continuous power flow provides a way for complete 

plotting of static analysis curves (P-V) by continuously 
changing the value of system loading coefficient (λ) up to the 
collapse point. 

 

 
Figure 10.  P-V curves of the PQ buses of the system when there is no 

compensator. 

 
Figure 11.  P-V curves of the PQ buses of the system in presence of SVC. 

 
Figure 12.  P-V curves of the PQ buses of the system in presence of UPFC. 

 
Figure 13.  P-V curves of the PQ buses of the system in presence of IPFC. 

 
Figure 14.  P-V curves of the PQ buses of the system in presence of HPFC. 

Table 3. Loading limit and its percent of increment in comparison with base 
state with presence of FACTS devices. 

 
 
 

C. Power Losses: 

From the plotted loss curves it is observed that both active 
and reactive power follow a same pattern when system load is 
increased. It is clear that UPFC imposes lesser losses for the 
system in comparison with other devices. Of course 
considering the amount of total loss, the HPFC structure is in a 
rank in the middle of shunt FACTS and UPFC devices. 

 
Figure. 15. Total active power loss curves with FACTS devices. 
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Figure. 16. Total reactive power loss curves with FACTS devices. 

 

D. Required Capacity for Series and Shunt Converters: 

In Table 4, two highlighted capacities are related to the 
existing shunt compensators in the power system which by 
coupling series compensation to them, the need for utilizing a 
UPFC with a high capacity of shunt converter has been 
cancelled. Also, it is observed that by simultaneously using 
IPFC with existing shunt converters in the system we have 
become able to increase system loading limit and also to reach 
lower capacities of series converters in the IPFC structure.  

 
Table 4. Capacity of series and shunt converters in the voltage collapse point. 

 
 
 
 

VI. CONCLUSIONS 

In this paper, a new topology of FACTS devices is 
proposed. This structure forms a hybrid controller by using 
series converters in combination with existing shunt 
compensators in the power system. HPFC could provide static 
voltage stability characteristics almost similar to that of UPFC 
just by omitting fairly high capacity of shunt converter in 
UPFC structure and adding a series compensation capacity to 
the existing shunt compensators in the system.  
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