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Effect of Distributed Power-Flow Controller
(DPFC) on Power System Stability
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Distributed flexible AC-transmission system (D-FACTS) is a recently advanced FACTS device with high flexibility and smaller size.
The DPFC can control power flow in transmission lines, regulate bus voltages and it can also enhance stability margin in power grids.
Adaptive-neural network-based fuzzy inference system (ANFIS) combines features of artificial neural network and fuzzy controller.
The ANFIS is nonlinear controller that can improve stability of the power system under different operating conditions. This paper
presents the application of the neuro-fuzzy in DPFC-auxiliary controller to improve stability of power systems using wide area
measurements provided by PMUSs. This controller is implemented in a two power system test case. The simulations show that DPFC
based ANFIS-auxiliary controller in series or, and shunt converter can damp oscillations and increase stability in a wide range of
system operating conditions rather than the classic-auxiliary controller used conventionally in the DPFC.
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I INTRODUCTION

The flexible AC transmission systems (FACTS) devices can
propose more control functions; including voltage regulation,
power flow control and improving stability and dynamic behav-
ior of advanced power systems while their important capabili-
ties are reactive power compensation, voltage control and power
flow control [1].

The UPFC is mainly used to control the power flow in a trans-
mission system. The UPFC located between two buses is used
to control the active and reactive powers flowing in transmission
line while controlling voltage at the main bus. It consists of two
converters, one connected in shunt and other in series between
two buses. The shunt and series converters can exchange power
through a DC link [2].

Distributed FACTS (D-FACTS) devices use a similar approach
for implementing high power FACTS devices. The D-FACTS
devices with lower costs and more flexibility can enhance the
reliability and controllability of transmission and distribution
systems. These devices improve asset utilization and end-user
power quality with minimizing system cost and environmen-
tal effects [3], [4]. The concept of a distributed power flow
controller (DPFC) is utilized to illustrate the flexibility of a D-
FACTS device. The DPFC has the same control capability as
the UPFC, which adjusts the line impedance, the bus voltage an-
gles, and the bus voltage magnitude. It is composed of multiple
small-size single-phase converters instead of the one large-size
three-phase series and shunt converter as in the UPFC. It places
in transmission lines in a distributed method [5].
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The main application of DPFC lies in its ability in controlling
the power flow through the grid. This capability can be used
for more efficient usage of existing power grids which faced
new challenges as the penetration of renewable power gener-
ation increased substantially in recent years. However, DPFC
can propose a wide range of benefits to the grid and act as
one of main equipment of the future smarter transmission grid.
Power oscillation damping and dynamic stability enhancement
using FACTS devices such as gate-controlled series capacitors
(GCSC), SVC, STATCOM and UPFC has been well elabo-
rated in the literature [6-9]. A unified model for the analysis
of FACTS devices in damping power system oscillations and
different control techniques for damping undesirable inter-area
oscillations in power systems have been proposed by means of
power system stabilizers (PSS), SVCs, STATCOMs and DPFC
[10-13].

Power systems containing generators and power electronics
based FACTS devices are large-scale nonlinear and multivari-
able systems with dynamic characteristics over a wide range
of operating conditions. The conventional linear control tech-
niques (classic or PI controller) have been widely used to design
the internal controllers of FACTS devices [1], [2].

Nonlinear controllers such as fuzzy logic controllers, neural net-
works, Adaptive neuro-fuzzy interface system (ANFIS) and etc.
can provide better performance in systems with nonlinear be-
havior. These controllers also need no mathematical model of
the system and are robust against all disturbances. ANFIS has
abilities such as learning, adaptation and to make inferences
[14-17].
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Figure 1: DPFC structure and components in a power system

This paper presents an effective control scheme for DPFC in a
power system with ANFIS-damping controller to present ade-
quate damping in power systems under various operating condi-
tions. The damping characteristics of a conventional PID damp-
ing controller and the designed ANFIS-damping controller is
compared which shows excellent performance of the proposed
controller.

This paper is organized as follows; the structure and main com-
ponents of DPFC is introduced in Section II. The control strat-
egy of the DPFC is expressed in section III. Design procedure
of damping controller based on PID and ANFIS controllers are
presented in Sections IV and V respectively. Simulation results
and comparative analysis of the studied system response with
PID and the designed ANFIS-damping controllers in a two area
power system and three machines, 9 buses system (WSCC) are
described in Section VI. Specific important conclusions of the
paper are drawn in Section VII.

II D-FACTS DEVICE

Distributed power flow controller (DPFC) is derived from the
UPFC with a same concept and functionality. The DPFC have
the capability of controlling main system parameters i.e. power
flow, bus voltage angle and magnitude. The common DC link
between the shunt and series converters is eliminated in the
DPFC [5]. Low cost, high reliability and high control capability
are main characteristics of the DPFC in contrast to the UPFC
[5].

Fig. 1 shows a conceptual schematic of a DPFC used in a trans-
mission line for managing power flow by controlling the line
impedance, bus voltage angle and magnitude in a transmission
line.

Active and reactive power exchange between the shunt and se-
ries converters in the DPFC is implemented through third har-
monic currents. In a three-phase system, the 37¢ harmonic
in each phase is identical, which means they treated as zero-
sequence components. The zero-sequence harmonic can be fil-
tered by Y — A transformers which are placed in two sides of
the DPFC [15].

The common DC link of the UPFC is eliminated in the DPFC
configuration and series converters are distributed along the

transmission line. The DPFC consists of one shunt and several
series-connected single phase converters. The shunt converter is
similar to a STATCOM, while the series converter uses the dis-
tributed synchronous series compensator (DSSC) concept. The
DPFC uses several single-phase converters instead of one three-
phase converter and they are independent from each other [5],
[12-13]. The converters of the series units (DSSC) are con-
nected to the transmission line by single-turn transformers and
inject a controllable voltage directly into the line. Most of the
voltage injected by a DSSC unit is in quadrature with the line
current to control power flow in transmission line by inserting
inductive or capacitive impedance [13].

III THE CONTROL STRATEGY OF DPFC

The central control unit generates reference signals for the shunt
and series converters of the DPFC to regulate the bus voltage
and to control power flow in transmission line. All the reference
signals generated by the central control unit are corresponded to
the fundamental frequency components.

A The Series Converter Controller

Fig. 2 shows control system of the series converter [3], [13],
[18], [19]. The phase-locked loop (PLL) in the series converter
extracts phase angle (6) from the line current. The phase shifter
changes the phase 6 to § — 90" to increase power flow in trans-
mission line. The voltage regulator regulates DC voltage and it
tracks the reference DC-voltage. Hence, The DSSC injects a se-
ries voltage in quadrature with the line current and consequently
can control active and reactive power in the transmission line.

B The Shunt Converter Controller

Fig. 3 indicates block diagram of the shunt converter controller
in the DPFC [5], [19-21]. When the |V;| > |V;.f|, the reac-
tive power flows from the AC system to the STATCOM and the
STATCOM operates as an inductive load. When |V;| < |V;.c 5|,
reactive power flows from STATCOM to the AC system and
STATCOM operates as a capacitive load. The shunt converter’s
control system aims to inject a controllable reactive current to
the grid and keeping the capacitor DC voltage at a constant level

[5].
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Figure 2: Block diagram of the series converter (DSSC) with (a) PID
damping controller and (b) with ANFIS damping controller

T

Shunt

Converter 12} ivf
- Voltage o
Single- [€— Regulator —(De— Ve
D
PWM | phase Vil
Gen. inverse
Voltage U
i [— Regulator Ve
P -
AV
AG, iy
e T
AG, —>
B ANFIS
APl: —>

Figure 3: Block diagram of the shunt converter (STATCOM) with (a)
PID damping controller and (b) with ANFIS damping controller

IV  DESIGN OF A PID DAMPING CONTROLLER FOR
SERIES AND SHUNT CONVERTER

For damping power oscillations and enhancing power system
stability, an auxiliary controller could be added to the main con-
troller of the DPFC [18-22]. The conventional PID damping
controller consists of a washout and PID block.

Synchronized phasor measurements units (PMUs) provide state
measurements including voltage magnitude, voltage phase an-
gle, and frequency [23], [24]. Wide-area feedback consisting
of phase angle and frequency measurements from PMUs in the
areas is used for designing auxiliary controller to damp the os-
cillations [25], [26].

The input of auxiliary damping controller is the deviations of
voltage phase angle Af5 (61 — 62) between two buses of syn-
chronous machines (areas of a power system). Its output is a
damping signal to the main control system in order to improve
the system damping. The deviations of phase angle Af;5 are
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obtained from PMUs.

To make the series and/or shunt converter able to mitigate low
frequency power oscillations and improving power system sta-
bility, an auxiliary control loop has been added in the main se-
ries and/or shunt controller of the DPFC as shown in Fig. 2(a)
and Fig. 3(a). The transfer function H(s) of the PID damping
controller is as follows [22], [27]:

sTy,

H) =107,

(KP+I?+S'KD) (1)
Where T,, is the time constant of the washout term which acts
as a high-pass filter. Parameters Kp, K and Kp are the pro-
portional gain, integral gain, and derivative gain of the damping
controller respectively.

The classic PID controller explained in this section may not sta-
bilize the power system under parameter variations and nonlin-

ear disturbances satisfactorily as presented in section VI.

V DESIGN OF A ANFIS DAMPING CONTROLLER FOR
SERIES AND SHUNT CONVERTERS

The Adaptive neuro-fuzzy interface system (ANFIS) technique
provides a procedure for fuzzy modeling procedure to learn in-
formation about a data set, in order to compute the membership
function parameters that best allow the associated fuzzy infer-
ence system to track the given input-output data. ANFIS uses
either back propagation (BP) or a combination of least squares
(LS) estimation and back propagation called hybrid method for
membership function parameter estimation. The neuro-fuzzy
controller controls the plant in an optimal approach in the pres-
ence of noise and uncertainty. For the most part, the neuro-
fuzzy controller can be adapted/tuned online while controlling
the plant [28-31].

In the ANFIS, the forward pass learning estimates the con-
sequent parameters and backward pass learning updates the
premise parameters. The generic fuzzy rules of ANFIS are:
RY:1IF zis A; and yis B then f; = a1x + b1 + 1

R%: IF z is Ay and y is By then fo = asx + by + ¢

Where z,y are inputs, A;, B; are membership functions, and
a;, b;, c; are consequent parameters [28].

Fig. 4 indicates the structure of adaptive network based on fuzzy
inference system (ANFIS). The ANFIS network is consisted of
five layers. Each layer contains different nodes described by the
node function. Let O;.; denotes the output of the ith node in
layer j [32]:

Layer 1: every node ¢ is an adaptive node with node function:

O1,i = pai(z) 2
Ol,i = /JBi(y) 3)
In our model, Gaussian membership function is used as:
1 x—g¢
pai(z) = exp (2((%)2) )

Layer 2: each node II multiplies incoming signals and sends the
product out.

Oz, = wi = pai(x) - 1uBi(y) (5)
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Layer 3: each node computes the ratio of the ith rule’s firing
strength to the sum of all rules’ firing strengths

Wi

w1 + wo

O3, =w; = (6)
Each output is calculated by product of normalized weights and
consequent part.
Layer 4: Every node i in this layer is an adaptive node with a
node function:

Oui =w; - fi = Wilaix + b; + ¢;) @)
Where wj; is the normalized output of layer 3.
Layer 5: the single node ) computes the final output as the
summation of all incoming signals.

wz i

057—Zw7 fv* Zw

Therefore, an adaptive network is functionally equivalent to
Sugeno-fuzzy inference system.
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Figure 4: The structure of adaptive-network-based on fuzzy
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In the proposed damping controller, a two-input, one-output
FLC is considered. The input signals for the fuzzy controller
are the phase angle deviations of the bus voltages (Af;5) and
active power deviations (A Pj5) to generate the modulated con-
trol input A+/AV in Fig. 2(b) and Fig. 3(b).

AO, —
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Fuzzy Controller

Figure 5: Fuzzy-supplementary damping controller

The membership functions (MFs) and the consequent models
in fuzzy controller are tuned based on behavior of the DPFC
and observations. The fuzzy controller uses 25 rules and 5 MFs
in each variable to compute output and exhibits good perfor-
mance. Five linguistic variables for each input and output vari-
able are defined, namely, Positive Big (PB), Positive Medium
(PM), Zero (Z), Negative Medium (NM), and Negative Big
(NB). Also, the centroid defuzzification strategy was used in
this fuzzy controller to generate auxiliary signal A~ in DSSC
and AV in shunt unit (STATCOM) main control systems.

To design the ANFIS controller, some data sets are required;
the training data have been achieved by sampling from input
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variables Af15, APj5 and from output variable Ay (in series
converter) or AV (in shunt converter) controller.

A hybrid learning algorithm (BP and LS) is used for training
to optimize MFs and rules (inference system) of the fuzzy con-
troller and transform the FLC to ANFIS controller. The AN-
FIS damping controller with a fewer number of rules and MFs
(system with 9 rules and 3 MFs).can provide the same level of
performance as the original one. After reducing the rules, the
computation becomes faster and hence, takes less memory.

VI RESULTS OF SIMULATION AND DISCUSSION

Fig. 6 shows a two area power system with DPFC in the main
interconnection transmission line used here for analyzing the
proposed controller performance. A 1000 MW hydraulic gener-
ation plant (Gen-1) is connected to a load center via a long 500
kV, 700 km transmission line. The load center is a 5000 MW
resistive load. The load is fed by the remote 1000 MVA plant
and a local generation of 5000 MVA (plant Gen-2). A load flow
has been done on this system with plant Gen-1 producing 950
MW and plant Gen-2 generates 4046 MW. The line transmits
944 MW and its surge impedance loading (SIL) is 977 MW [1],
[32]. Simulation for dynamic and transient-stability analysis has
been done in MATLAB/Simulink environment.

A Dynamic Stability Analysis
For analysing the behaivour of the proposed controller, different
disturbances with different operational conditions are studied
and the most sever one is reported. It is assumed that a self-
clearing three phase fault to ground with fault resistance of 5¢)
is occurred near bus A in the system under study and the fault
is cleared after 85 milliseconds. Fig. 7 compares power system
parameters in two cases i.e. with and without DPFC located in
the transmission line but without any auxilary controller in the
DPFC. The effect of DPFC in improving system stability during
the fault can be observed. Indeed the instability of power sys-
tem without DPFC is occurred immeduately after fault clearing
and the stability margin of the simulated two area power sys-
ten with DPFC is more than the one without DPFC. The DPFC
without auxillary controller cannot satabilize the power systen
in transisent analysis.
In fact the DPFC provides a delay of about one second in phase
angle deviation in this system. However with the proposed con-
troller, system stability will improve significantly as in Fig. 8.
In an attempt to verify the performance of the proposed con-
troller in damping power system oscillations, damping con-
troller based PID (classic) and proposed ANFIS controller are
incorporated in the DPFC and their effect on power system be-
havior is shown in Fig. 8. It compares the results using DPFC
with different damping controllers. The damping controller has
been inserted in series and/ or shunt converter (converters) of
the DPFC.

B Transient Stability Analysis
Here it is assumed that a self-clearing three-phase fault with
fault impedance of 0.1€2 and with 85 milliseconds duration is
occurred at bus (A) near machine Gen-1. Fig. 9 shows a consid-
erable improvement in power system transient stability by using



103

o0
138 KVLS?

P. MAGHOULI et al. EFFECT OF DPFC ON POWER SYSTEM STABILITY

Line Transmission 138k
A )\ | PMU A PMU B )\ A
13.8 kV/500 kV L‘ l Cl I Aé I A(l: I : Aé ’7 500 kV/13.8kV
Gen-1 | 1T A— I XaCIxaC N ACG
IO(:lnMV/\ — DC DC DC DC 50(;:1;3,‘\
—I_ I } | I_)J L‘J | { | J_5000MW 5
= |C0mro]ler| IControllerI |C0nlroller| IControllerI IControllerl
Shunt x x x x x
Converter i Series Converters
Central | _ _:
Control
Figure 6: The two area power system used for simulations
the proposed ANFIS auxiliary controller in the DPFC. REFERENCES

Based on above results following conclusions can be summa-
rized:

e The DPFC with ANFIS damping controller in series and/
or shunt converters has a much more influence on oscil-
lation damping ratio than DPFC with PID damping con-
troller over a wide range of disturbances. Also the bus volt-
age of the power system has been regulated significantly
with a DPFC equipped with ANFIS damping controller.

e The series converter with damping controller improves dy-
namic performance and stability of the power system much
more than the shunt converter with damping controller.

Please note that a more detailed analysis on this application
could be find in [33].

VII CONCLUSION

In this paper an ANFIS based auxiliary controller design is pro-
posed for a DPFC to improve dynamic and transient perfor-
mance of power systems. A combination of both back prop-
agation and least square algorithms has been used for training
the ANFIS system. Simulation results show that the proposed
DPFC based ANFIS auxiliary controller mitigates low fre-
quency oscillations (LFO) better than conventional controllers.
The performance of the neuro-fuzzy controller based DPFC has
been compared with classic controller in transient stability anal-
ysis also and results shows a better transient behavior of the
power system under the study. Therefore it can be concluded
that the proposed auxiliary controller improves both dynamic
and transient stability of power systems.

The results also show that the DPFC without a specific auxiliary
controller can’t mitigate oscillations in a power system. It is
shown that the DPFC with ANFIS damping controller in series
and/ or in shunt converter can effectively damp electromechan-
ical oscillations and improve transient stability.

Also, the series converter with damping controller mitigates low
frequency oscillations and shows a better performance than the
shunt convertor damping controller. The critical clearing time
increases for the proposed controller compared to its conven-
tional controller. For practical implementation, the stochastic
communication delay of PMUs should be effectively handled
which is considered as future work
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Figure 8: Comparison of power system parameters equipped by a DPFC with different damping controllers in dynamic condition a) P2, b)
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