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ABSTRACT

This paper focuses mainly on the state mod-
elling controlling of a new FACTS device named Dis-
tributed Power Flow Controller (DPFC). The pa-
per also discusses the role and function of DPFC
in power flow controlling together with its economic
evaluation. DPFC is one of the Distributed FACTS
(D-FACTS) devices. Its function is similar to that
of UPFC but instead of one series converters, sev-
eral low power series converters are used in DPFC.
Therefore, DPFC includes multiple series converters
and one shunt converter without common dc link.
This eventually enables the DPFC to fully control
all power system parameters. It, also, increases the
reliability of the device and reduces its cost simul-
taneously. In this study a novel current injection
model of DPFC is presented. The suggested model
is suitable for steady state and stability studies. To
use the presented model, a proper control system is
needed. In this paper the PSO algorithm is used for
optimal designing of controller parameters. Applica-
tion of DPFC in different operating conditions and
failure in series converters are simulated with Mat-
lab/Simulink software .The presented control system
enables the DPFC to control the active and reactive
power flow at the transmission line independently. In
conclusion, the resented simulation results show the
validity and effectiveness of suggested modelling and
control system of DPFC for power flow controlling.

Keywords: D-FACTS, DPFC, UPFC, Power Flow
Controller, Current Injection Model

1. INTRODUCTION

In recent years because of increasing demand of
electric power consumption, the necessity of devel-
opment in generation units and power transmission
lines are more felt. But to accomplish it, there are
some problems such as nature pollution and Con-
struction cost of new generation units and transmis-
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sion network.These problems cause that the power
systems engineers to reconsider power systems de-
signing and employ the flexible AC transmission sys-
tems (FACTS). The concept of FACTS based on the
power electronics converters which has introduced
many possibilities for fast controlling and optimiza-
tion of electric power flow in transmission lines and
improving the power system stability [1].

The unified power-flow controller (UPFC) shown
in Fig.1, is the most powerful FACTS device, which
can simultaneously control all parameters of trans-
mission system such as line impedance, transmission
angle and bus voltage [1-2]. The UPFC is the combi-
nation of a static synchronous compensator (STAT-
COM) and a static synchronous series compensator
(SSSC), which they have a common dc link [3]. UPFC
has two converters that the one of them is connected
as parallel and another is connected as series with
transmission line. Each converter can independently
generate or absorb reactive power. This arrangement
enables active and reactive power flow controlling in
transmission line. The conventional UPFC has 4 con-
trol variables (phase and magnitude of shunt and se-
ries converters). Using these control variables UPFC
will be capable to control the line active power flow,
sending or receiving end reactive power, AC bus volt-
age and DC link voltage [4, 5|. Fast power flow con-
trolling devices based on power electronics (FACTS)
are introduced but due to high prices are not widely
used. Also, because of the reliability and the cost
issues, the UPFC is not widely applied in current
transmission network. The Distributed Power Flow
Controller (DPFC) is a new device of D-FACTS fam-
ily [5]. The DPFC provides higher reliability than
conventional UPFC at lower cost [6]. In the UPFC
to achieve the required reliability, the bypass circuits
and redundant backups are needed which this in-
creases the cost. In the DPFC to overcome these
problems, multiple low rate series converters are used
instead of one large series converter. Therefore, it
causes not only the DPFC price will be less than
UPFC but also increases its reliability. The DPFC
eliminates the common dc link between the shunt
and series converters. The active power exchanges
between the shunt and the series converter through
the transmission line at the third harmonic frequency
[5].

This paper presents a novel current injection model
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for DPFC. The suggested model is suitable for steady
state and stability studies. To use the presented
model, a proper control system is need. In this paper
the PSO algorithm is used for optimum designing of
controller parameters. The presented control system
enables the DPFC to independent control of active
and reactive power flow at the transmission line. Fi-
nally, the simulation results are presented.
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Fig.1:

General configuration of UPFC.

2. DPFC STRUCTURE

According to Fig.2, two changes should be applied
to UPFC in order to increasing the reliability and to
reduce the cost. First, eliminating the common dc
link of the UPFC and second distributing the series
converter. With these changes, the new FACTS de-
vice, that is called DPFC, is achieved [6].

eliminate
common
dc link

distributed
series
converters

Fig.2:
DPFC.

Transformation from the UPFC to the

The DPFC consists of one shunt and several seri-
esconnected converters. The shunt converter is sim-
ilar as a STATCOM, while the series converters em-
ploy the D-FACTS concept. Each converter within
the DPFC is independent and has a separate dc link
capacitor to provide the required dc voltage. Fig.3
shows the structure of DPFC that is used in a trans-
formation system with two parallel lines.

3. DPFC RECONSTRUCTION

To design power flow control system, first the net-
work with DPFC should be modelled.
In this paper a current injection model of DPFC
is presented. Fig.4 shows the equivalent circuit of
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Fig.3: General configuration of DPFC.

DPFC converters in the test power system. The
idea of the current injection model is to use current
sources, which are connected as shunt, instead of the
series voltage sources. The test power system in this
paper includes two parallel transmission lines and se-
ries converters that are distributed in lines at different
distances.
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Fig.4: FEquivalent circuits of DPFC converts.

In Fig.4, the shunt converter current, Ig,unt, can
be written as:

I_shunt = I_t + I_q (1)

where,
overlmelt is in phase with V; and I, is in quadra—

ture to V;. The voltage sources Vsl,VSQ,Vsl,VSQ
have been replaced instead of series converters. The
X1, Xso, X;l, X;Q are reactance of transmission lines.
The magnitudes and phase angle of series converters
are controllable. In this paper we assume that they
have same value. Therefore we have:

, ’

Va=Va=Vg=Veg=rVe (2)

where, 0 < 7 < Typae and 0 < A < 2.
The r and A are relative magnitude and phase an-
gle respect to V;, respectively. The injection model
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is obtained by replacing the voltage sources with the
current sources as shown in Fig. 5 and we have:

Vsl

I, = o = —jbslrviep‘ (3)
Ty — Jvmz . ()
7/31 = ;;/:1 = —.Y'blslrviejk (5)
7;2 = jaﬁi = —jblorV el (6)

Where, bs1 = 1/@s1,bs20 = 1/242,b.; = 1/2%; and
Vg = 1/2%s.
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Fig.5: Representation of series voltage sources by
current sources.

The active power supplied by the shunt current
source can be calculated as follows:

Pspunt = Re [V’L(_I_:hunt)] =-Vily (7)

With the neglected DPFC losses we have:

Pshunt:Pseries: s1 +PS2+P3/1+P‘;2 (8)

The apparent power supplied by the series con-
verter V41 can be calculated as:

I T Y7 4 V’L 75 Vs -V, *
SSlzvslI;j:TVie'JA [ +V 1+ 2 V]:|
o L _J(ﬂcslj'ﬂfjﬂ) 1. (9
Vi+rVelr + Vel — VJ}
j(msl + 51/'52)

= rViej’\ |:

Se1 = Ps1 +jQa1 (10)

From (9) and (10) the exchanged active and reac-
tive powerflow Converter V4 are distinguished as:

Psl = (bsl —+ bsg) [7"‘/;‘/} sin(@i — 9]' —+ )\)

—rV2sin(\)] (11)

Qs1=(bs1+bs2) [er-QVj cos(\) + 2r2v?

—rV2v; cos(6; — 0 + A)] (12)

With attention the above equations the exchanged

active and reactive power by converters Vo, V; and

’

V .o are calculated as:

PSQ = (bsl + bsg) [TV;V} sin(@i — 9]' + )\)

—rV2sin())] (13)
Qs2=(bs1+bs2) [TVZ-QVJ- cos(\) + 2r2v? (14)
—rV2v; cos(b; — 0 + N)]
P,y = (byy +byy) [rV;Vjsin(0; — 6; + A) (15)
—rV2sin(\)]
Q1= (byy +by,) [7"Vi2vj cos(A) + 2r?v7 (16)
77’%2’[}]' COS(Q,; — 0]‘ —+ A)]
Py = (byy +byy) [rV;Vjsin(0; — 6; + A) (17)
—rV?sin(\)]
Qo= by +b,,) [H/?Vj cos(A) + 2r?v7 (18)

77"/;2’Uj COS(QZ' — 9j —+ A)]

Substitution of (7), (11), (13), (15) and (17) into
(8) gives:

I; =2(0bs1+bso)—FrV;sin@®; —0; 4+ N +rV;sin(N]

+201+bao)-rVjsin(0; — 04+ \) +rVisin(\) (19)

Finally, the shunt converter current can be ob-
tained as:

Ishunt = It + Iq = (It +qu)ej9i

= (2(b81+b82)[—7’vjsin(9¢—9j—I—)\)—|—7’Visin(/\)]

+2(byy + byy) [—7Vysin(0; — 0, + A)
+rV;sin(\)) + 51,] e/

(20)

Thus, the current injection model of DPFC is ob-
tained as follows:
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Ti = Ishunt - Isl - Isl (21)
le = Igq — 732 (22)
Iio = I (23)

le - 751 - 752 (24)

Tj2 = 752 (25)

Substituting the (3), (4), (5), (6) and (20) into
(21), (22), (23), (24) and (25) gives the current injec-
tion model parameters as follows:

77; = {Q(bsl + bsg) [77“/; sin(@i — 9]‘ + )\)
+rV;sin(\)]
+ 2(byy + o) (—7Vjsin(0; — 6; + \)
+7rVisin(A) + 51, }el%
=+ jbslrviej/\ + jbsgrviej)‘

(26)

Iy = —jbarVie' + jbsar + jber Viel* (27)
Tjg = —jbsng,»ej’\ (28)
le - _jb;lrvze‘])\ + jb;grvle'])\ (29)
TjZ = —jbszrviep\ (30)

Fig.6 shows the current injection model of DPFC.
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Fig.6: Current injection model of DPFC.

4. DESIGN OF DPFC CONTROLLER

The DPFC has three control variables. The cur-
rent of sending and receiving end buses can be
changed through controlling of DPFC parameters r,
A and Iq. In the case of power flow control, the DPFC
regulates active and reactive power flow in transmis-
sion line at the specified values Pref and Qref. Fig.
7 shows the control system of DPFC for power flow
controlling. With notice to power system nonlinear-
ity, designing controller parameters is difficult and it
is done by try and error. In this paper for overcom-
ing to this problem, the PSO algorithm is used and
designing of controller parameters is converted to an
optimization problem.

X
S
P
I
Q re D Kw—ft !
Q

Fig.7: Power flow controller of DPFC.

4.1 Objective function

To acquire an optimal combination, this paper em-
ploys PSO algorithm to improve optimization synthe-
sis and find the global optimum value of fitness func-
tion. In this paper, an Integral of Time multiplied
Absolute value of the Error (ITAE) is taken as the
objective function. The objective function is defined
as follows:

tsim

t. (IPref_Pr‘eal|+‘Qref_QrealD dt (31)

<
Il
Z o

F=Y1J
1

(32)

%

In the above equations, tgiy, is the time range of simu-
lation and N, is the total number of operating points
which the optimization is carried out at these points.
In This paper, the active and reactive powers have
been considered in the interval 0-1 pu and this inter-
val is divided to 20 equal parts (N,=20). It is no-
ticeable that the increasing N, causes the accuracy
of optimization is increased.

The ITAE performance index has the advantages of
producing smaller overshoots and oscillations than
the TAE (integral of the absolute error) or the ISE
(integral square error) performance indices [7].

For objective function calculation, the time-domain
simulation of the test power system is carried out for
the simulation period. It is aimed to minimize this
objective function in order to improve the system re-
sponse in terms of the settling time and overshoots.
As regards the controller gains determine the cost
of control system therefore in this paper the upper
and lower limits of controller gains are considered as
constraints. The design problem can be formulated
as the following constrained optimization problem,
where the constraints are the controller parameters
bounds:

MinimizeJ Subjectto :
KZ?;VLZ‘TL S Kp S KZT)YL(IQZ‘

(33)

Typical ranges of the optimized parameters are
[0.01-5] for Kpand [0.01-200] for Ki. The proposed
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| Evaluate the fitness of each particle |

v
| Update pbestand gbest |

Satistying
stopping criterion

| Optimal value of the power flow controller

Select parameters of PSO:
N, Cy, C,,Cand w

Generate the randomly positions
and velocities of particles

v
Initialize, pbest with a copy of the
position for particle, determine gbest

[«
&

Update velocities and positions

according to Eq. (34, 35)

Fig.8: Flowchart of the PSO technique.

approach employs PSO algorithm to solve this opti-
mization problem and search for an optimal set of
output feedback controller parameters.

The PSO algorithm and its improvement methods
have been described in several published literatures.
Also application of PSO algorithm in power systems
has been reported in several papers and its effective-
ness has been proved [8-11].

Fig. 8 shows the flow chart of the PSO algorithm.
In this flowchart the update velocities and positions
of particles are done by (34) and (35).

Vig = W X Vg + ¢1 X rand() X (Pig — Ziq)

+ co x rand() X (Pyq — %iq) (34)

Tig = Tid + Vig (35)

The parameters in above equations are defined in

[9]-

5. SIMULATION RESULTS

The proposed control scheme for DPFC is evalu-

ated by computer simulation in MATLAB/SIMULINK.

The parameters of test power system are listed, in the
Table 1. In Tablel the machine parameters includ-
ing nominal voltage and power, impedance and phase
angle of sending and receiving ends are presented.

Table 1: Parameters of test power system.

: Es | Er | F S fs | Or |Line Length
parameter| v | Kv | HZ |MVA | Deg | Deg Km
Value | 230 | 230 | 60 | 900 | 10 | 0 220

In this paper, according to (31), integral of time
multiplied absolute value of active and reactive power
errors are used as objective function. In order to ac-
quire better performance, number of particle, particle
size, number of iteration, C1 and C2 chosen as 30,

2, 100, 2 and 2, respectively. Fig.9 shows the con-
vergence rate of the objective function in multipoint
tuning case when r and A\ based stabilizers are de-
signed simultaneously. The final settings of the opti-
mal parameters for the proposed controllers are given
in Table 2.

Table 2: The optimal parameter settings of the pro-
posed controllers.

Controller
R A
Parameters
Kp 1.4288 0.0859
Ki 117.24 170.2047
x 10
85,

75F

6.5

Objective Function
~

| I I 1 1 I I I
6 0 10 20 30 40 50 60 70 80

1
90 100

Fig.9: Objective function in multi point tuning case
for “r" and “\" based stabilizers..

As mentioned earlier, the DPFC can control line
active and reactive power flows in steady state and
transient conditions. Fig. 10 and Fig.11 show the
reference and line active and reactive power flows.
As it can be seen that the active and reactive pow-
ers of transmission line, follow the step changes of
them reference values. Fig. 12 and Fig.13 show the
variations of control parameters r and v at this case,
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respectively. To illustrate the shrinking size of series
converters in the case of increasing the number of se-
ries converters, the simulation results are presented
for different number of series converters. In order to
comparing the injected voltages in the case of four,
three, two and one series converter in DPFC, the Fig.
14 is presented. In the case of two series converter,
the converters are installed in one of parallel lines.
Fig. 15 shows the effect of number of series convert-
ers on the current injected by the shunt converter. To
illustrate the increasing reliability of DPFC another
test has been organized. In this case at t= 0.1 sec an
error is occurred in one of the series converters and
it is bypassed. Fig. 16 and 17 show the active and
reactive power flow through the line for this case. It
can be seen from these figure that the DPFC can con-
trol the active and reactive power flow in transmission
line. But it should be noted that because of limiting
the voltages and currents injected by the converters
in pre fault values therefore with removing one of the
series converters, the active power can be controlled
up to 850 MW. Also, during the fault and high active
power flow, the reactive power control loop can not
track its reference value as accurately. It can be seen
from Fig. 17 that in the other active power flow cases
it follows the reference value.

==Pret —Prea
900 T T T T T T T T T

02 04 06 08 1 12 14 16 18 2
Time(sec)

Fig.10: Reference and active power flow (MW).

— Qret — Qreal

150

-50

-100' L f L . L L L L
0 02 04 06 08 1 12 14 16 18

Time(sec)
Fig.11: Reference and reactive power flow (MVR).

Based on the presented evaluations, it is clear that
the costs of UPFC are reduced by shrinking the size

05}

o 1 ! I L 1 I Il ! |
0o 02 04 06 08 1 1.2 14 16 1.8 2

Time(sec)

Fig.12: Variation of control signal “A".

0.4 T T T T T T T

o 1 I | | l ] 1 !
14 16 18 2

0 02 04 06 08 1 1.2
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Fig.13: Variation of control signal “r".
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Fig.14: Injected voltage by series converter (V).
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Fig.15: Injected current by shunt converter (A).
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Fig.16: Active power flow through the line after the
series converter failure at t=0.2s(MVA).
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Fig.17: Reactive power flow through the line after
the series converter failure at t=0.2s(MVR).

of converters. Also, simulation results show that the
distribution of the converters instead of one converter
system reliability is increased.

6. CONCLUSION

In this paper, a current injection model of DPFC
that is suitable for use in power flow controller stud-
ies and stability studies has been presented. The pre-
sented DPFC control system can regulate line active
and reactive power flow of the transmission line. The
series converter of the DPFC employs the D-FACTS
concept, which uses multiple converters instead of one
large-size converter. The reliability of the DPFC is
greatly increased because of the redundancy of the
series converters. The total cost of the DPFC is also
much lower than the UPFC, because no high-voltage
isolation is required at the series converter part and
the rating of the components are low. The design
problem of the robustly selecting of the PI controller
DPFC parameters is converted into an optimization
problem which is solved by a PSO technique with the
time domain-based objective function. Only the lo-
cal and available state variables?P and 7Q are taken
as the input signals of each controller, so the imple-
mentation of the designed stabilizers becomes more
feasible. Presented simulation results show the in-
creasing reliability of DPFC in faulty conditions and

reducing the size of DPFC’s converters.
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