
 
 

 

  
Abstract—In this paper, the operating principles and the 

unique control features of a variable structure unified power 
flow controller (VSUPFC) on the basis of its feasible hardware 
implementations, working modes, advanced control functions and 
flexibilities under different system operating conditions are firstly 
investigated. Then, a new control scheme using recurrent fuzzy 
neural controllers is proposed for the VSUPFC to improve the 
dynamic control performance of real-time power flow control 
functions with the aim of reducing the inevitable interactions 
between the real and reactive power flow control parameters. For 
the purpose of analysing the coupled dynamics of the VSUPFC 
and the parameters of the controlled power system model, the 
equivalent controlled current and voltage sources model is 
adopted for mathematically modeling the VSUPFC and the test 
power system. To simplify the theoretical analysis of the control 
system the three phase description of a test power system 
embedded with a VSUPFC is transformed into d-q components 
based on a synchronously rotating reference frame. For the 
VSUPFC control systems with inherent nonlinear coupling 
features, a feed-forward control scheme based on fuzzy neural 
controllers is developed to realize the decoupling control 
objectives. Based on the simulation results, it has been confirmed 
that the proposed VSUPFC has a number of advantages over the 
conventional UPFC with fixed hardware structure. In addition, 
the FNN based control scheme is able to overcome the drawbacks 
of the conventional power flow controllers designed on small 
disturbance linearizing method. Comprehensive simulation 
results on the EMTDC/PSCAD and MATLAB programs are 
presented and discussed to verify the effectiveness of the proposed 
VSUPFC and control schemes. 
 

Index Terms—power systems, variable structure unified power 
flow controller, fuzzy neural networks.  

I. INTRODUCTION 
Transmission networks play an important role in power 

system operations, which form the links between power 
generations and load centres, are essentially designed for 
delivering reliable, high quality and low-cost power to users. 
Their limitations are normally caused by steady-state and 
dynamic operating conditions. With the trend of open 
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transmission access, relieving these limitations and 
improving their controllability is of increasing importance. 
The concept of Flexible AC Transmission System (FACTS) 
was first proposed by Dr. N. Hingorani in 1986, in which power 
electronic devices were utilized to eliminate the limitations in 
conventional power system control means and to improve the 
overall system operating performance [1]. Basically, there are 
various definitions of FACTS given by power engineers and 
researchers working in this field; however, it can be broadly 
defined as a power transmission system where high-capacity 
power electronic devices, advanced control technologies and 
communication technologies are utilized to improve its 
transmission reliability, controllability, and efficiency. Over 
the last decade, a huge amount of research into FACTS has 
been conducted [2]. Based on the reported research results, it 
can be concluded that many power system operation 
benefits, which were not attainable in the past, are now 
achievable by applying FACTS controllers. This is mainly 
because that these FACTS controllers can force power to 
flow on the prescribed transmission routes and allow secure 
loading of transmission lines up to their thermal limits.  In fact, 
there are a number of FACTS devices which have been working 
in the real-life power systems for years. These devices include 
the shunt connected controllers (Static Synchronous 
Compensator , STATCOM [3], Static Synchronous Generator, 
SSG [4]), the series connected controllers (Static 
Synchronous Series Compensator, SSSC [5], Thyristor 
Controlled Series Capacitor, TCSC [6]) and the Unified Power 
Flow Controller (UPFC) [7-9], combined both the series and 
shunt control modules, which has been commonly accepted to 
be the most powerful and versatile one. The installation of the 
world’s first UPFC has been completed and a series of 
commissioning tests were conducted at the Inez substation of 
American Electric Power (AEP) in eastern Kentucky. The 
project is a collaborative effort between AEP, the 
Westinghouse Electric Corporation, and the Electric Power 
Research Institute (EPRI). Comprising two ±160 MVA voltage 
sourced GTO thyristor-based inverters (total inverter rating of 
±320 MVA), this installation is the first large-scale practical 
demonstration of the UPFC concept, and its completion is a 
significant milestone in the progress of power electronics 
technology for FACTS.   

 
The first part of this paper mainly deals with the investigation 

of a SPWM based variable structure UPFC (VSUPFC) with 
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emphasis on the possible benefits and new power flow 
control features in its different operating modes. The 
advantages and performances of the VSUPFC as a flexible P 
and Q controller working on a simplified power transmission 
system model will be fully investigated through 
comprehensive computer simulations and the results will be 
presented and analyzed.  In recent years, many researches have 
been focused on how to operate FACTS controllers to enhance 
power system stability and achieve better utilization of existing 
power networks.  In the aspect of controller design, a 
simultaneous control of real and reactive power flow using 
UPFC based on linear control technique has been reported in 
[10]. Performing the design tasks in d-q domain, a decoupled 
control scheme with the internal predictive loop is investigated 
in [11].  However, most of the reported control schemes are 
designed on a linearized model of the controlled power system. 
To achieve robust control effects and better control performances 
some advanced controllers with adaptive features and somewhat 
with the ability of learning will be required.   It is well known that 
adaptive control is able to better the control of a nonlinear system 
with fast changing dynamics, such as a power system. This is as a 
result of the dynamics being continually identified by a model. In 
this aspect, fuzzy and neural networks are very suitable for 
multivariable applications especially for the system with unclear 
and complex dynamics since they can easily identify the 
interactions between the system's inputs and outputs. The ability 
to learn and store information about system nonlinearities allows 
neural networks to be used for modeling and designing intelligent 
controllers for power systems [12], [13].  Thus, they offer potential 
alternatives to those applications where the traditional linear 
controllers are not working adequately. Advantages of the neural 
network based controllers over the conventional controllers are 
that they can adapt to the changes in system operating conditions 
automatically unlike the conventional controllers whose 
performances degrade for such changes and are required to be 
retuned to give the desired performance. In second part of this 
paper the recurrent fuzzy neural network (RFNN) [14], [15] 
controllers are designed to achieve a decoupled P-Q control of the 
VSUPFC series branch in a two-bus test power system. The design 
of the continually online trained RFNN controllers are based on the 
direct adaptive control scheme. In this study, two sets of RFNNs 
are used for the complete VSUPFC series branch control. A 
comparative study of the performances of the proposed 
controllers and the conventional PI controllers for real-time 
power flow regulation is presented and briefly discussed. 

II. VSUPFC CONFIGURATIONS AND ITS SERIES BRANCH 
CONTROLLERS  

A. The configuration of a VSUPFC 
 
A UPFC has the flexibility to control either its series branch 

or shunt branch or both to achieve a desired effect on the power 
flow transmitted between two buses in which the UPFC is 
connected. In this section, the development of a Variable 
Structure Unified Power Flow Controller (VSUPFC), based 
on the basic UPFC configuration, is further used to provide 
flexible, simultaneous and real time control of the transmission 
parameters with a real-time variable control structure and 

system ratings. Theoretically there are a number of feasible 
solid-state implementations of the above mentioned 
VSUPFC; however, when practical implementation is 
considered the feasibility of circuit configuration, the control 
algorithm for a specific operating mode, the availability of 
high capacity power electronics, and most importantly the 
economical factors must also be taken into account.  For the sake 
of simplicity, a possible VSUPFC hardware configuration using 
two set of voltage sourced three-phase inverters modules (n=2) 
operated from a common DC link capacitor as shown in Fig. 1 
has been developed as the prototype of a VSUPFC in this study 
for investigating the possible control modes, and the 
derivation of its mathematical models for further studies. The 
same as a conventional UPFC, a VSUPFC can be treated as a 
universal power flow controller with its rating and structure 
variable. Therefore, a VSUPFC has the flexibility to control 
either its series branches or shunt branches or a combination of 
them to achieve an optimal effect on power system parameters 
and the purpose of a cost effective installation.  
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Fig. 1.  The basic hardware implementation of a VSUPFC. 
 

For a better understanding of the way that a VSUPFC can be 
controlled, Fig. 2 gives a conceptual diagram showing the 
possible controlled quantities of the two branches in a VSUPFC. 
In order to achieve the purpose of capability transfer between 
the series and shunt branches of a VSUPFC, it is obvious that a 
number of small converter modules must be designed for the 
series and shunt converters.  
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Fig. 2. The capability transfer diagram of a VSUPFC. 
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Basically, the VSUPFC operating principles and control 
concepts are the same as that of a UPFC, the basic VSUPFC 
configuration which consists of two voltage-sourced converters 
using gate turn off (GTO) thyristor valves (Fig. 1, n=2) is 
chosen to introduce the VSUPFC operating principles. The two 
converters labelled “CON-1” and “CON-2” in the figure are 
designed to be operated from a common DC link voltage 
provided by a common DC storage capacitor.  In normal 
operation, the phase angle of the series voltage can be chosen 
independently of the phase of line current between 0 and π2  
and its magnitude can be varied between zero and a 
pre-specified maximum value.  Therefore the active power can 
freely flow in either direction between the AC terminals of the 
two converters and each converter can also generate or absorb 
reactive power independently at its own AC output terminals to 
affect system voltages.  In the VSUPFC system, Converter 2, 
the series branch, is used to perform the main control functions 
of a VSUPFC.  It generates voltage, seV , at the system 

frequency with variable amplitude ( seV ) and phase angle ( sγ ) 
controlled by a proper switching control technique.  During the 
operation, the voltage, seV , is added to the AC system terminal 

voltage, iV , by the series connected injection transformer, Tse.  
The shunt converter labelled “CON-1” is operated to draw a 
controlled current from the bus. One component of this current 
is automatically determined by the requirement to balance the 
real power of the series inverter (CON-2). The remaining 
current component is reactive and can be set to any desired 
reference level (inductive or capacitive) within the capability of 
the inverter (CON-1). The reactive compensation control 
modes of the shunt inverter are very similar to those commonly 
employed on conventional static var compensators.  

 
B. VSUPFC Control Modes 
 

In practical applications, the VSUPFC control modes are 
the same as that of UPFC. In the VSUPFC the series converter 
controls the magnitude and angle of the voltage injected in 
series with the line. This voltage injection is always intended to 
influence the flow of power on the line, but the actual value of 
the injected voltage can be determined in several different ways 
which are addressed as follows.  

 
 Direct Voltage Injection Mode 

 
In this control mode, the inserted series voltage, pqV , must 

be controlled either in phase 0 degrees or in counter phase (180 
degrees) with the existing bus voltage, iV , and thus changing 

only the magnitude of iV . 
 

 Phase Angle Shifter Emulation Mode 
 
In this control mode, the series convert injects the 

appropriate voltage so that the voltage, jV , is phase shifted 

relative to the voltage, iV , by an angle specified by reference 
input. 

 
 Line Impedance Control Emulation Mode 

 
In this control mode, the phase angle of the inserted voltage, 

pqV , must be kept at either 90 degrees leading or lagging the 

transmission line current, I , to achieve the capacitive or 
inductive impedance compensation. The series injected voltage 
is controlled in proportion to the line current so that the series 
injected voltage appears as an impedance when viewed from 
the line. The desired impedance is specified by reference input 
and in general it may be a complex impedance with resistive 
and reactive components of either polarity. Naturally care must 
be taken in this mode to avoid values of negative resistance or 
capacitive reactance that would cause resonance or instability. 

 
 Automatic Power Flow Control Mode 

 
The VSUPFC has the unique capability of independently 

controlling both the active power flow on a transmission line 
and the reactive power at a specified value. This capability can 
be appreciated by interpreting the series injected voltage, pqV . 

This injected voltage can be chosen appropriately to force any 
desired current to flow on the line, hence establishing a 
corresponding power flow. In automatic power flow control 
mode, the series injected voltage is determined automatically 
and continuously by a closed loop control system to ensure that 
the desired active power and reactive power are maintained 
despite system changes. The transmission line containing the 
VSUPFC thus appears to the rest of the power system as a high 
impedance power source or sink. This is an extremely powerful 
mode in VSUPFC operations that has not previously been 
achievable with conventional line compensating equipment. 
Automatic power flow control can also be used dynamically for 
power oscillation damping. Fig. 3 shows the effects of active 
and reactive power exchange between VSUPFC and the 
controlled power system under different operating conditions. 
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Fig. 3. The active and reactive power exchange between a  
VSUPFC and the controlled system. 
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C. Modeling for the series branch controllers  

 
In a VSUPFC system, the series branch provides the main 

power flow control functions by injecting a voltage with a 
controllable magnitude and phase angle in series with the line via 
an insertion transformer. This injected voltage acts essentially 
like a synchronous ac voltage source. The transmission line 
current flows through this voltage source resulting in a reactive 
and active power exchange between itself and the ac system [16].  
The basic function of shunt inverter is to generate or absorb the 
real power demanded by series inverter at the common dc link. 
The power demand by the series inverter at the dc link is 
converted back to the ac side of the shunt inverter and fed to the 
transmission line bus via a shunt-connected transformer. In 
addition to this, the shunt inverter can also generate or absorb 
controllable reactive power if desired and thereby provides 
independent shunt reactive compensation for the system.  It is 
clear that control of real and reactive power on the transmission 
line can be achieved by injecting series voltage with an 
appropriate magnitude and angle and the same control theory can 
also be applied to the controller design of the shunt inverter. For 
demonstration purposes, only the design procedure of the 
VSUPFC series branch is presented in this paper. 

 

 VSUPFC Series Branch Controllers 
For modelling purposes, the related parameters of the test 

power system with a VSUPFC are shown in Fig. 4. Based on a 
preliminary mathematical analysis (small signal analysis) of 
power flow equations, the P and Q control parameters can be 
summarized and mathematically expressed as Eq. (4) and (8).   
Assuming that RjXandjX >>21 , the formulations of P 
and Q control loops can be easily derived as follows. 
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By observing Eq. (4) and (8), it is found that the parameters 
concerning P-Q power flow control loops of the series branch 
of the VSUPFC is nonlinearly coupled, i.e., the control of real 
power by adjusting the voltage of 

jqVΔ   (Eq. (4)) introduces a 
coupling term to the reactive power control loop (Eq. (8)). Thus, 
satisfactory P and Q dynamic control results can only be 
achieved by using some kind of P-Q decoupled control means.  
It is clear that the inputs and outputs of the control system in this 
study case are respectively the power flow control commands 
and a set of the inverter voltage parameters, i.e., modulation 
index and phase shift parameters. 
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Fig. 4. The test power system with a VSUPFC. 

For demonstration purposes, Fig. 5 shows the conceptual 
control block diagram of the proposed RFNN based and PI 
controllers for the P-Q decoupled control of the VSUPFC series 
branch. 
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Fig. 5. The conceptual VSUPFC decoupled power flow control 
scheme with RFNN and PI controllers (series branch). 
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III. DESIGN OF RECURRENT FUZZY NEURAL NETWORK 
CONTROLLERS 

As stated in the introductory section, in this study two sets of 
RFNN controllers one for the real power control and the other for 
the reactive power control of the VSUPFC series branch are used 
to act as two direct P-Q controllers for decoupling the cross 
interferences of control parameters and adapting the changing 
hybrid dynamics of the VSUPFC and the power system 
conditions.  

 

A. Structure of the RFNN 

The structure of a multi-layered RFNN used in this paper is 
shown in Fig. 6. It has four layers: input layer, membership 
layer, rule layer, and output layer. In this application case, the 
RFNN structure is organized into 2 input variables, 3-term 
nodes for each input variable, 2 output node, and 9 rule and 6 
membership nodes. Layer 1 accepts input variables. Its nodes 
represent input linguistic variables, i.e., Negative (N), Zero (Z) 
and Positive (P). Layer 2 is chosen as the recurrent layer and 
used to calculate Gaussian membership values. Nodes in this 
layer represent the terms of the respective linguistic variables.  
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Fig. 6.  The multi-layered structure of the proposed RFNN. 

Layer 3 forms the fuzzy rule base representing fuzzy rules. 
Links before layer 3 represent the preconditions of the rules, 
and the links after layer 3 represent the consequences of the rule 
nodes. Layer 4 is the output layer, where each node is for an 
individual output of the system. The links between layer 3 and 
layer 4 are connected by the weighting values to be on-line 
trained. 

 

B. Layered operation of the RFNN 

To have a clear insight of RFNN principles, this subsection 
presents the details regarding the signal propagation and the 
operation functions of the nodes in each RFNN layer. In the 

following description, )(k
iu  denotes the i th input of a node in 

the layer k ; )(k
iO  denotes the i th node output of layer k . 

 
Layer 1: Input Layer:  
 

The nodes in this layer only transmit input values to the next 
layer directly, the node input and the node output are 
represented as 
 
node input:  ii xu =)1(                                                            (9) 

node output: )1()1(
ii uO =                                                       (10) 

 
where }2,1{=i ,From this equation, the link weight at layer 

1 )1(
iw is unity. 

 
Layer 2: Membership and Recurrent Layer:  
 

In this layer, each node performs both the membership and 
recurrent functions. The Gaussian function is adopted here as a 
membership function. 
node input:  
 

ijijiij kOkOku θ⋅−+= )1()()( )2()1()2(                            (11) 

 

node output: 
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧ −⋅−+
−= 2

2)2()1(
)2(

)(
))1()((

exp
ij

ijijiji
ij

mkOkO
O

σ
θ  

(12) 
where ijm  and ijσ  are the center and the standard deviation of 

the Gaussian membership function. ijθ  denotes the link weight 

of the feedback unit.  It can be seen that the input of this layer 
contains the memory terms, )1()2( −kOij , which store the past 
information of the network and exhibit an apparent difference 
between the FNN and the RFNN used here in this paper.  Each 
node in this layer has three adjustable parameters, i.e., ijm , 

ijσ  and ijθ . 

 
Layer 3: Rule Layer:  
 

The nodes in this layer are called rule nodes. The following 
AND operation is applied to each rule node. 
node input: )3()2()3(

ijijij wOu ⋅=                                               (13) 

node output: ∏
=

=
2

1

)3()3(

i
ijk uO                                                (14) 

where }9....,2,1{=k . The output of a rule node represents 

the “firing strength” of its corresponding rule. The )3(
ijw  is 

assumed to be unity. 
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Layer 4: Output Layer:  
 

Each node in this layer is called an output linguistic node. 
The node output is a linear combination of the consequences 
obtained from each rule.  
node input:  
 

)4()3()4(
kqkq wOu ⋅=                                                                    (15) 

node output: ∑
=

=
9

1

)4()4(

k
qq uO                                                   (16) 

where }2,1{=q , the link weight )4(
kqw  is the output action 

strength of the q th output associated with the k th rule. The 
)4(

kqw  are the tuning factors of this layer, and jqjd VorVO =)4(
1 ,  

comjdcomjq VorVO __
)4(

2 = . 
 

C. On-line Learning Algorithm 

To apply the on-line learning algorithm to the proposed 
RFNN, the gradient descent method is adopted from [11]. Let’s 
take the control of real power as an example, first, the energy 
function can be defined as: 

2)(
2
1)(

2
1)( kPPPkE linelineline Δ=−= ∗                      (17) 

where, ∗
lineP  and lineP  represent the real power command and 

the actual real power in the transmission line (
jref PandP  in 

Fig. 2); )(kPlineΔ denotes the output error between the real 
power command and the actual real power. Then, the learning 
algorithm based on back propagation is described in the 
following. 
 

Layer 4: The error term to be propagated is given by 

)4(

)4(

)4()4(
)4(

q

q

q

line

lineq
q u

O
O
P

P
e

e
E

u
E

∂

∂
⋅

∂
∂

⋅
∂

∂
⋅

∂
∂

−=
∂
∂

−=δ                    (18) 

and the update rule of )4(
kqw  

))2()1(()()1()( )4()4()4()4()4( −−−+Δ+−= kwkwkwkwkw kqkqkqkqkq α         

(19) 
where, 

)4()4(
qq

kq
kq u

w
Ew ⋅⋅=

∂
∂

⋅−=Δ δηη .  η  is the learning rate 

of the RFNN weights and α  is the dynamic factor. 
 

Layer 3: Since the weights in this layer are unity, only the 
error term needs to be calculated and propagated:    

 

)4()4(
)3(

)3(
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)4(

)4(

)4(

)4()3(
)3(

kqq
k

k

k

q

q

q

qk
k w

u
O

O
u

u
O

O
E

u
E δδ =

∂
∂

⋅
∂

∂
⋅

∂

∂
⋅

∂
∂

−=
∂
∂

−=    

(20) 

Layer 2: The multiplication operation is done in this layer. 
The error term is computed as follows:      

 

∑=

∂

∂
⋅

∂
∂

⋅
∂
∂

⋅
∂

∂
⋅

∂

∂
⋅

∂
∂

−=

∂
∂

−=

k
kk

ij

ij

ij

k

k

k

k

q

q

q

q

ij
j

O

u
O

O
u

u
O

O
u

u
O

O
E

u
E

)3()3(

)2(

)2(

)2(

)3(

)3(

)3(

)3(

)4(

)4(

)4(

)4(

)2(
)2(

 

δ

δ

      

(21) 
Similarly, the update laws of ijm , ijσ  and ijθ  are expressed as 

follows.    
 ))2()1(()1()( −−−+Δ+−= kmkmmkmkm ijijijijij α (22)           

))2()1(()1()( −−−+Δ+−= kkkk ijijijijij σσασσσ   (23)             

))2()1(()1()( −−−+Δ+−= kkkk ijijijijij θθαθθθ          (24) 

 
where, 
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mη , ση  and θη  are respectively the learning-rate 
parameters for the mean value, the standard deviation of the 
Gaussian functions and the linking weight of the feedback units 
in the RFNN. 
 

IV. CASE STUDIES AND SIMULATION RESULTS 
 

A. Feasibility studies on VSUPFC 
 
The test power system shown in Fig. 1 is used for computer 

simulation studies carried out in this section. The initial states of 
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the test power system are recorded as follows: The generator 
voltage: 230KV °∠80 , system frequency: 60 Hz, line 
impedance: ZL-1+ZL-2=5.29+j52.9 Ω . The VSUPFC shunt 
transformer is Y-D connected and rated at 100MVA, 
230kV/23kV, with a leakage reactance of 10%. The series 
transformer is connected and rated at 100MVA, 230kV/23kV, 
with a leakage reactance of 10%. The DC link capacitor is 

Fμ4000  and its voltage is 43kV. In order to evaluate the 
capability of the shunt branch of the VSUPFC in supporting 
the system voltage, a set of PSCAD/EMTDC simulation 
studies concerning the voltage control effectiveness in a fault 
case has been carried out. In this study, the fault case is a 3 
phase short circuit and the fault resistance is 10Ω. Fig. 7 and 
Fig. 8 show the system bus voltage in per unit value (A phase) 
from 1.95 seconds to 2.9 seconds with and without VSUPFC 
respectively. Obviously, without the VSUPFC control, the 
system voltage drops to 0.39 pu during the fault interval. When 
a VSUPFC is in operation, the bus voltage can be greatly 
improved as shown in Fig. 8 to Fig. 11. These shows that the 
VSUPFC shunt converter can produce the reactive power  fast 
enough to support the system bus voltage.  

 
On the simulation results, Fig. 8 and 9 show a set of 

simulation results concerning the voltage and P-Q control 
capabilities of VSUPFC with the rating of a single shunt 
converter case, the system bus voltage can be improved to 0.9 
pu during a fault. When the series converter capacity is fully 
transferred to the shunt converter and the shunt converter 
capacity becomes double. This enables the shunt branch of 
VSUPFC to have better voltage control capability. The 
controlled results are shown in Fig. 10 and 11. As can be seen in 
Fig. 10, when the shunt converter rating is doubled, the system 
bus voltage can be improved up to 0.956 pu. Fig. 8 shows the 
corresponding changes of reactive power. 
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Fig. 7. The bus voltage without the VSUPFC control. 
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Fig. 8. The improved bus voltage with a VSUPFC in operation 
(a single shunt converter). 
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Fig. 9. The changes of output reactive power of the VSUPFC (a 
single shunt converter). 
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Fig. 10. The improved system bus voltage with a VSUPFC in 
operation (double shunt converters). 
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Fig. 11. The changes of output reactive power of the VSUPFC 
(double shunt converters). 
 

For the power flow control using VSUPFC series branch, 
when the capacity of series converter is enhanced the range of 
controlable power flow are enhanced accordingly. In this study, 
the simulation results for various control modes as addressed 
previously are investigated. Fig. 12(a) and 12(b) show the 
P-Q plan and P-Q 3-D figure of control range of VSUPFC 
series converter as operated in direct voltage control 
mode respectively. Fig. 13(a) and 13(b) show the same 
contents of VSUPFC series converter operated in phase 
shifting mode. Fig. 14(a) and 14(b) show the control results 
of VSUPFC series converter operated in line impedance 
regulating mode. Fig. 15 shows the attainable power flow control 
region of a VSUPFC. 

 
Fig. 12. (a) The P-Q plan of the control range of VSUPFC in 
direct voltage control mode. 
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Fig. 12. (b) The P-Q 3D figure of the control range of VSUPFC 
in direct voltage control mode. 
 

 
 
Fig. 13. (a) The P-Q plan of  the control range of VSUPFC 
operated  in  phase shifting mode. 
 

 
 
Fig. 13. (b) The P-Q 3D figure of the control range of VSUPFC 
operated  in  phase shifting mode. 
 

 
 
Fig. 14.  (a) The P-Q plan of the control range of VSUPFC 
operated  in  line impedance regulating mode. 

 
 
Fig 14.  (b) The P-Q 3D figure of the control range of VSUPFC 
operated  in  line impedance regulating mode. 

 
 
Fig. 15. The attainable power flow control region of a VSUPFC. 

 
B. Dynamic power flow control on FNN based VSUPFC 

 
For identifying the detailed dynamics of the VSUPFC, the 

two-bus power system embedded with a VSUPFC as shown in 
Fig. 1 is simulated in a PSCAD/EMTDC environment while the 
FNN controllers are implemented in a MATLAB program 
module. PSCAD/EMTDC is an electromagnetic transient 
simulator for complex electric networks with the capability of 
modeling power electronics, controls and nonlinear power 
networks. It also has a flexible interface for exchanging 
parameters with other simulation programs.  The power system 
in Fig. 1 comprises two buses (two synchronous generators 
with conventional speed and voltage regulators). The two buses 
of the test system are connected by two sections of standard 
transmission lines. The VSUPFC is placed between the two 
sections of the transmission lines. For simulation purposes, the 
test system with a nominal voltage of 230KV  and a system 
base of 600MVA is chosen to evaluate the dynamic power flow 
control performances of the RFNN controlled VSUPFC with 
two different control schemes, i.e. conventional PI controllers 
without considering the coupling effects of controlled 
parameters and the proposed RFNN based direct decoupled 
control method. Based on the base values of the test system, 
only the real and reactive power flow control functions, which 
are performed by the series branch of the VSUPFC, are 
presented in this subsection. Fig. 16 to Fig. 19 show a set of 
comparative simulation results. In Fig. 16 to Fig. 19, the curves 
labelled “A” show the power flow control commands (real or 
reactive power), while the curves labelled “B” display the 
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corresponding controlled power flow.  It can be clear seen from 
the simulation results, the proposed RFNN controllers are able 
to control the VSUPFC much better than the conventional PI 
controllers in a real-time P-Q control mode. The superior 
performance of the new approach over the conventional PI 
controllers can be explained as a result of the online, non-stop 
learning of the controlled dynamics and the operating 
conditions of the system by the designed RFNN. 
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Fig. 16.  (a) The results of controlled real power and its control 
command (two steps up and one step down) using conventional 
PI controllers (A: control command, B: actual result). 
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Fig. 16.  (b) The calculated control error of real power using 
conventional PI controllers. 
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Fig. 17.  (a) The results of controlled real power and its control 
command (two steps up and one step down) using RFNN based 
direct controllers with decoupling design (A: control command, 
B: actual result). 
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Fig. 17.  (b) The calculated control error of real power using 
RFNN based direct controllers. 
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Fig. 18.  (a) The results of controlled reactive power and its 
control command (one step down and two steps up) using 
conventional PI controllers (A: control command, B: actual 
result). 
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Fig. 18.  (b) The calculated control error of reactive power 
using conventional PI controllers. 
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Fig. 19.  (a) The results of controlled reactive power and its 
control command (one step down and two steps up) using 
RFNN based direct controllers with decoupling design (A: 
control command, B: actual result). 
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Fig. 19.  (b) The calculated control error of reactive power 
using RFNN based direct controllers. 

V. CONCLUSION 
In this paper, the feasibility and dynamic power flow control 

performance of a VSUPFC are numerically investigated. The 
special hardware arrangement of two sets of  synchronous 
voltage source converters, one in shunt connection and the other 
in series connection, has resulted in the unique control 
flexibility of the VSUPFC system. This particular 
configuration provides the possibility of performing a 
concurrent or selectable voltage, impedance, and phase angle 
regulation. It is important to note that with the proposed 
VSUPFC configuration, ratings and internal parameters 
selected for operations can be changed on a real-time basis and 
without any hardware alterations. In the aspect of controller 
design, the procedure of mathematical modelling a simple 
power system embedded with a VSUPFC and the design of a 
new RFNN based decoupled control scheme for the VSUPFC to 
improve the dynamic P-Q control performance have been 
presented. Two continually online trained RFNN controllers 
are designed to provide adaptive, decoupled control of the 
VSUPFC series inverters according to the real and reactive 
power flow control commands. Based on the simulation results, 
the proposed control scheme can overcome the inevitable 
instability problems of conventional PI based controllers which 
are designed on small disturbance linearising method especially 
when the operating point of the controlled power system 
changes greatly.  It has been shown in this paper that two sep-
arate RFNN online-trained controllers are able to successfully 
adapt themselves to the hybrid complex dynamics of a 
VSUPFC and the power system over a variety of control modes 
and a wide range of system operating conditions.  
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