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ABSTRACT

A new member in flexible ac transmission systems (FACTS) known as dynaflow controller is presented in
this paper. It is being used to regulate the flow of power in electrical transmission networks. Dynaflow
controller can provide both series and shunt compensation, so, it can be called as hybrid compensator. It
basically consists of a thyristor controlled phase shifting transformer (TCPST) and thyristor switched series
capacitor (TSSC). This paper presents the equivalent circuit, the load flow model and the simple linear
operation of the dynaflow controller. The newton-raphson power flow integrates the Dynaflow controller
design and assesses various network parameters. The device's efficiency is evaluated on the conventional
IEEE 30 bus system and the load flow analysis results are reported.

Keywords: Flexible AC Transmission System (FACTS); Dynaflow Controller; Thyristor Controlled Phase
Shifting Transformer (TCPST), Thyristor Switched Series Capacitor (TSSC); power flow

analysis

1. INTRODUCTION article discusses the dynaflow controller as a new
FACTS controller as well as discusses its steady
Increased demand and network ageing make state operating principle, a single line equivalent
that power flow in power transmission systems model and its power flow control qualities.
can indeed be controlled quickly and reliably [1]. Dynaflow controller is a blend of a phase shifting
The flexible ac-transmission (FACTS) system is transformer (PST) and a thyristor switched series
defined by the IEEE as "a power-clectronic capacitor (TSSC) [14 —16]. TSSC present in the
system and other static systems that control one dynaflow controller is an electronically switched
or more ac-transmission system parameters for device. So, it can respond very fastly for system
increased control and energy transfer" [2], and dynamics and its power flow control will be
can be used for power-flow control. FACTS's dynamic. In this paper only steady sate analysis
idea is to make existing power system of dynaflow controller is presented. Dynamic
capabilities more controllable and optimized control of the dynaflow device was well

using reliable high-speed electronics instead of investigated.

mechanical controls [3]. The possibility arises
from FACTS devices' ability to control
transmission systems parameters, which include
series/shunt impedances, phase angle and
oscillation damping at different frequencies
under the rated frequency. Such restrictions
cannot be overcome otherwise without reducing
transmission capacity while maintaining the
required system stability through mechanical
means [4]. FACTS controllers can provide
additional flexibility to allow a line to transport
power closer to its ratings [5-10].

Dynaflow controller is a hybrid compensating
device as it can control power flow in series and
shunt compensation modes similar to unified
power flow controller (UPFC). Dynaflow
controller can be considered as an alternative
device to UPFC. Dynaflow controller will be
available at a lesser cost, simple and rugged
design, easy to operate, lower losses and its
efficiency is high. TSSC present in the dynaflow
controller can be switched on and off by using
thyristor switches. It was not phase controlled
and as PST was included with TSSC, it will not

Study of simple linear power flow control is produce any harmonics. So, the power quality
crucial in interlinked electricity grid operation. will not be affected by this device.

The study of different FACTS devices can be
found in the technical literature [11 —13]. This

e
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The literature survey shows that there are
various FACTS devices can control many
parameters of transmission lines, which a brief
survey of these devices is presented as follows.
Phase shifting transformer [15], UPFC [16],
Thyristor  Controlled Series Compensator
(TCSC) [17], Static Var Compensator (SVC)
[18], Static Synchronous Series Compensator
(SSSC) [19, 20], Interline Power Flow Controller
(IPFC), and Optimal Unified Power Flow
Controller (OUPFC) [21], Static Synchronous
Compensator (STATCOM) and so on.

Steady state single line identical layout of the
dynaflow controller was presented in this paper.
A power flow model was developed and
technical features of the dynaflow device were
tested on an IEEE 30 bus test system under
various operating conditions, i.e. base load
condition and contingency condition. A
comparison between dynaflow controller with
that of PST and TSSC are also presented.

The document that remains is divided into
several sections. In Section 2, schematic
configuration of Dynaflow and in Section 3
mathematical modeling of dynaflow controller is
considered. The process for integrating dynaflow
into the problem of load flow is seen in the
Section 4. The results of the simulation are seen
in Section 5 and, finally, in Section 6, the
conclusions are drawn.

2. DYNAFLOW CONTROLLER
SCHEMATIC CONFIGURATION

It combines TCPST and a TSSC, being in fact
a hybrid device. In this study, a Dynaflow
controller with a TCPST and a TSSC are
considered. The Dynaflow controller, shown in
Fig. 1, is a combination of TCPST [22] and
TSSC that provides a set of thyristor-controlled
capacitive reactivity steps connected to the line in
series. Fig. 2 shows a single line configuration of
the Dynaflow controller that is connected within
the transmission line between busses m and n and
consists of:

e Thyristor Controlled phase-shifting
transformer (TCPST) that can inject lead/lag,
quadrature-phase voltage

* In discrete steps, the TSSC can insert a
variable series of capacitive reactivity to adjust
the line series reactance. The relief of overload
and operation in stressed situations are handled
by the TSSC.
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Fig. 2. Generic Image Of Dynaflow Device

In terms of power flow control and simplicity,
this system is intended to be very efficient

3. GENERALIZED MATHEMATICAL
MODELING OF DYNAFLOW
CONTROLLER

It combines As mentioned in section 2, the
dynaflow controller consists of 2 primary
components. Fig. 2 shows a graphical dynaflow
diagram that is related between buses m and n in a
transmission system. Vg is an injected voltage in
series and Vg is a PST voltage injected in parallel.
From Fig. 2, the injected PST series voltage can
be expressed as

v, = jkV, Q)

In order to maximise power transfer, k is the PST
voltage ratio (0<k<l). Because the ideal PST
transformer of Fig. 2 does not interchange actual
or reactive power.

V' =V.I @)
From Eq. (1) and (2), it is deduced as

I, =—jkl, 3)
Excitation voltage Vk is also given by

Ve =V, —JXglg (4)

S —— <
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Where, Xg is the leakage reactance of the
excitation transformer (Fig. 2). Substituting for [E
from Eq. (3) in Eq. (4) and then substituting for
Ve in Eq. (1)

VB :jka_jkzXE]mn (5)
Voltage V”/, is given by
Vo=V + Vs =jl, Xy (©

Substituting Vg from Eq. (5) in Eq. (6) we get,

Vo= (4 RV, =X, + X,
Where, Xg is the booster /series transformer
leakage reactance. Voltage at terminal n can be
calculated from the voltage at bus by subtracting
the voltage drop of the TSSC module

V.=V +jk.X., (8)

Where coefficient k. determines the amount X, of
in service (ohmic losses are ignored).

1.
e

Ig

ve jkeXe  J(KXe+Xa)

O f—rn—

lu“’.—.

Fig. 3 Shows A Single Line Equivalent Model For
Dynaflow With Two Independent Parameters Of

Control:
1) PST voltage ratio (i.e.k)
ii) Series compensation level for impedance
(ie. ko)

It should be noted that in Fig. 3, Xz, X3, Xp and Ry
are PST internal parameters. Where Ry is a
resistive element and Xp is a capacitive element

[23]. By substituting V,; from Eq. (6) in Eq. (8),

the line current is determined

Uy, Y, o
K X,
Where
X, =k’X,+X,-kX, (10)
At bus m, the injected current is
I, =1,+1, (11)
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Substituting for 1 g and 1 mn from equations (3)
and (9) respectively in equation (11), then deduced

as
=(1+kY, V. —1-jk)Y, V,

-1
Where, ¥ == AXW

At bus n, we have

In = 1 mn

Substituting for /.., from equation (9) in equation
(3), current of the excitation transformer of Fig. 2
can be reflected by

—k(1+ jk) %

(12)

IE = m I/n (13)
Xml’l an
From Fig. 3 Ir can be decomposed into two
components /p and Iy
lg=1p+ 1y (14)
Where
v, 4
l,=—Z—and I, = i (15)
J=55) —™)
k* k
Thus, equation (13) can be rewritten as
Vm V Kﬂ
I, =— (16)
X, » R
Where
X =X R, =kX, 17
p k2

Dynaflow can actively adjust its internal
parameters (i.e., PST (k) voltage ratio, series
impedance compensation (kcXc). Therefore
dynaflow regulates actual power flow and
voltage magnitude. Dynaflow will then sustain a
pre specified power flow from bus m to bus n,
and control voltage at bus n.

Based on the predetermined values of power
and voltage magnitude predicted to be imposed
by the dynaflow, power flow is analysed.
Parameters P, Q, | V | and d on buses m and n are
calculated on the basis of the power-flow
solution [24, 25]. It is also possible to determine
the internal control parameters of the dynaflow
(i.e., k and kcXc) from Eq. (19). The complex
power at bus m,

S, = Vm]m (18)

Substituting for /,, from Eq. (12) in Eq. (18), it is
deduced as

S —(1+k?)
m jX

(+ jk)

Vv,
X

Pl +

mn mn

(19)
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Similarly, for S, it is deduced as
1- jk X,
S = (X J )Van
J mn (20)
Detailed modeling of incorporating Dynaflow

controller in conventional Newton — Raphson
power flow is given in section 3.1.

2

y

n

mn

3.1 Load Flow Modeling of Dynaflow Controller

The dynaflow should be changed in order to
integrate the dynaflow into power flow
equations using the systemic method. In this
way, dynaflow equations can be written more
easily in the power flow equations format. Fig.
4 shows this new model (extracted from Fig. 3).
As illustrated by Fig. 4, the dynaflow model is
transformed into a new model consisting only
of a single series and a parallel branch. The
series branch impedance is given in Eq. (21).

= Run +ijn (21)
So for the line between busses m and n from
Eq. (9) can be written as

X, = kZXE + Xy —keXe+ X
and Rmn: Rl[ng

Therefore, series branch admittance is as given
as

YTS = Ymn :I/Zmn = GTS +jBTS (23)
Similarly parallel branch admittance from Eq.
(16) can be written as
Yps = 1/Zps = Gps +jBps
Where, ZPS = RV +jXp
Parallel PST branches in Fig. 3 can be
transformed into their thevenin equivalent, and
parallel branches may be replaced by YPS
admittance and EPS voltage sources, as shown in
Fig. 4, following calculation of a thevenin
parameter [26].

mn

(22)

24

Pt Q. +i
Q@ Trs= GrsHBrs Puon Qe
o Vn
— _@t|
Is g L

nm

Ers

i

Fig. 4. New Circuit Model Of Dynaflow Device

m % n
Tps= GpstiBrs

4527

The power flow equations for the generic bus
(bus m) of the non-dynaflow power system is
given in Eq. (25) & Eq. (26)

-6,-0,,)25
m _611 _emn)(26)

Where

|Vm|£0m denotes the voltage & phase angle of
bus m and |Ymn|£6mn denotes elements of Ybus-
matrix. Equations (25), (26) are iteratively solved
using linearized Jacobian equation.

Ju | Jr2 Ao AP

J21 | J22

AV| | =] AQ

(27)

Where the substrates of Jacobian in Eq. (27) are
defined as:
J11=0P/08, J1,=0P/0|V|, 121=0Q/08, J,=0Q/0|V]|.

The flow equations for all Dynaflow buses in
place are the same as those in the non-dynaflow
system with the exception of the m and n buses
written as as shown from Eq. (28) to (31).

P, = 0, —0,)
(28)
- =8, -0,
(29)
P, =P, <00
(30)
n =0, =0,)
(€2))
For the system without Dynaflow, the

quantitative terms in the above equations are the
same. Py, Omn and vice-versa equations can be
found in (32) to (35).

P =(Gps G5V, |2 -

| Viu [ Eps || Yps [€08(,, - Ops - Ops) (32)
Vol Exs || Yos [€08(6,, = 15 - Ors) -

| Vi [l Vi [ Yag | €08(6,, - 6, - Or)
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Quy = Bps T B )|V, |2 -

| Vin | Eps || Yps [SI(S,, = Ops - Ops)

H Vi [l Exs || Yog [ 8I0(6,, - 01 - Ors) -
| Vi [V, | Yog [ €08(6,, -6, - Or)

(33)

P =(Gps T G5V, |2 -
| Vo [ Epg [| Ypg [€OS(, = Opg - Ops)
TV, [ Eqg [| Yog | €08(S, - Org - Ors) -
|V [ Vi [ Yas [ €08(6, -6, - Ors)

(34)
Qun = Bps +Brs)|V, |2 -
| Vo [ Eps || Yo [SIN(S, - Spg - Ops)
Vo [ Eqg [| Yo [ SIN(S,, - Org - Ors) -
|V [ Vi [ Yy [ c08(S,, -8, - )

(35)

Four new variables (|Eps|, 0ps, |Ets|, d1s) give
rise to the energy flow problem by the voltage
sources Eps and Ers. However [Vm| is known for
its preset power flow values, so that one equation
for voltages is solved. Three more equations are
therefore needed to solve the problem of power
flow. The equation of Py, and Qma with its pre-
specific target value would be two of these

Pm/Om P/6n Pw/Eps Pm/‘Vn‘
Pn/Om Pu/6n Pu/| V|
Qm/Sm Qm/&n Qm/EPS Qm/| Vn|
Qv/ Om Qn/Sn Qu/| V|

Pmn/ Sm Pmn/ 8n

Qmn/ 0m  Qmn/ Sn

4. PROCEDURE FOR INCORPORATING
DYNAFLOW CONTROLLER IN LOAD
FLOW PROBLEM

Step 1: Read input data (bus, line and device data)
Step 2: Assume a flat voltage profile for all the
buses except slack bus

Step 3: Iteration count k=0

Step 4: Find active and reactive power mismatches
Step 5: Find Jacobian matrix elements from load
flow calculations

Pps1/ Om Pps1/ On Pest/Eps  Ppst/| V|
Pmn/EPS Pmn/l Vn‘

an/EPS an/| Vn‘

Pm/Sps Pw/dts Puw/[ETs|
Pu/ d1s Pn/|ETS|

Qu/dps Qm/d1s Qu/|ETs|
Qu/ots Qu/|ETs|

Ppst/|ETs|
Prn/ |ETS|

4528

equations. Third equation is achieved by not
exchanging real and reactive power with the
system with the ideal dynaflow PST
transformers. It is therefore possible to write as
in Eq. (36).

PTCPST = real [Vp.]m,l*]—real [VEIE*] =0 (36)
These four equations must therefore be taken
into consideration in order to implement
Dynaflow in the conventional Newton-Raphson
power flow algorithm.

32 Modifications in Jacobian elements of
Dynaflow device

The Jacobian equation is extended and modified
(37) to accommodate the added (32 to 36)
equations and modified ones to solve the
Dynaflow problem in order to resolve the power
flow issue (38 to 61). As shown in Eq. (37), the
original Jacobian matrix (yellow color filled in)
contains three rows and three columns, although
the added elements are mentioned in those rows
and columns. The elements that need to be
modified of the original Jacobian matrix are
written in yellow cells. The original Jacobian
matrix should contain 14 elements and add 31
elements as specified in Eq. (37).

Where the sub Jacobian matrices in Eq. (37)
(yellow color filled in) are defined from Eq.
(A.1-A.24) by using equation (28 to 35) in
appendix

an/ | Ets ‘

Step 6: Incorporate dynaflow device in the load
flow and modify power mismatch and jacobian
elements.

Step 7: Find voltage magnitudes and their angles by
using newton raphson load flow equations.

Step 8: Use correction vector and update the
solution

Step 9: Increase iteration count, k=k+1

Step 10: Stop the process it the mismatch was less
than tolerance.
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5. SIMULATION RESULTS

In this section, the proposed methodology is
tested on IEEE 30 bus system. The dynaflow
device is placed between buses 9 and 10 as it is
identified as critical line i.e., nearer to generator
buses and tap changing transformers. Line 9-10 is
lightly loaded and it is close to the most severe
contingency and congested lines. Hence in this
work FACTS controllers are placed in the line
connecting buses 9 and 10. In this paper, the
results of test bus system are presented in two
cases i.e. normal condition and contingency
condition. In the first case, a comparison is made,
without and with FACTS devices. In the second
case, dynaflow controller is applied to alleviate

5.1 Normal Condition

In this case, the comparison of without FACTS
and with considered FACTS devices such as
TCPST, TSSC and Dynaflow is done to achieve
coordinated control. The apparent power
variations in six generator busses with FACTS
devices are shown in Table 1. From Table 1, it
can be observed that there is a considerable
variation in the apparent flow of power with three
FACTS devices.

FACTS, power flows can be controlled flexibly
by the FACTS controller. Moreover, simulations
show that the dynaflow controller provides
independent control of active and reactive power
transmissions. From the practical application
aspect, the maximum value of the injected series

overloads under selected set of network voltage is due to the power rating of the dynaflow
contingencies. controller.
Table 1 Apparent Power (In P.U.) Of Generator Buses
Generator Without FACTS With TCPST With TSSC With Dynaflow
Number controller
Generator 1 1.7723-j0.0778 1.7599-j0.2 1.746-j0.1837 1.7398-j0.2
Generator 2 0.4814+j0.3156 0.488+j0.2686 0.4839+j0.2214 0.4859+j0.1812
Generator 3 0.2147+j0.0647 0.2088+j0.3205 0.2205+j0.404 0.2249+0.338
Generator 4 0.1214-j0.3189 0.1222-j0.1 0.1265-j0.1 0.125-j0.1
Generator 5 0.2138+j0.1123 0.2136+j0.2993 0.2141+0.2944 0.2145+j0.3117
Generator 6 0.12+j0.0781 0.12+j0.1475 0.124j0.0009 0.12+j0.1404

The variations of the generator bus voltage are shown in Figure 5, and in Figure 6, the variations of the load
bus voltage are shown. It is noted that with FACTS controllers the voltage is well maintained in load buses.

Generator Bus Voltage
Magnitudes

1.12

._.
o
CO =

_=
S R &

—

0.98
0.96
0.94

*

|

=

xe

¢ Without FACTS BMTCPST ATSSC <Dynaflow

*

= ¢

8]

3

Generator Number

Fig. 5. Variation Of Generation Bus Voltage Magnitudes
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Fig. 6. Variation Of Load Bus Voltage Magnitudes
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Fig. 7. Power Flow Variation In The Transmission Lines
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The change in power flow for normal load is shown in Figure 7 in the respective lines. This figure shows
that the apparent power flow in lines connected to the device buses is significantly different.

5.2. Contingency Condition
The variation of the power flows in respective generator buses for the line connecting buses 2 and 5
contingency case is shown in Table 2. This table shows that the apparent flow of power in the buses

attached to the generators is considerably different. The maximum variations in power flow are indicated.

Table 2 Apparent Power (In P.U.) Of Generator Buses Under 2-5 Contingency Condition

Generator Without Dynaflow | With  Dynaflow
Number controller controller
Generator 1 1.8611-j0.0607 1.6350-j0.2
Generator 2 0.4823-j0.119 0.4316+j0.3418
Generator 3 0.2051+j0.0082 0.35+j0.3507
Generator 4 0.1236+70.3272 0.1002-j0.0762
Generator 5 0.2142+j0.3781 0.2857+j0.324
Generator 6 0.12+j0.0854 0.1586+70.3649

1.12 ¢ With out Dynaflow B With Dynaflow

* [

—
'Ov—-
0 —

1.06
1.04
1.02

L 4
[

Generator Voltage

0.98 m
0.96
0.94

0 1 2 3 4 5 6
Generator Number

Fig. 8. Variation Of Generation Bus Voltage Magnitudes Under Contingency 2-5

Figure 8 shows the variations in the magnitude of generator bus voltage and Figure 9 shows the variations
in the magnitude of load bus voltage. It is observed that, due to the voltage injection of the series
controllers, maximum variation is observed on buses 3 and 7. Power flow variations in the transmission
lines under contingency condition are shown in Figure 10. Lines 5 and 7 are overloaded with contingency
of line connecting buses 2 and 5. Overload in the lines is relieved with dynaflow controller.
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Fig.10. Power Flow Variation In The Transmission Lines

6. CONCLUSION

This paper presents a stable state mathematical
model for the dynaflow controller. It can improve
power flows in the transmission lines while
keeping voltages at a stable value, the most
important feature of the model. The algorithm of
the Newton Raphson load flow can be kept intact
by traditional techniques. As a consequence, the
user-defined modelling techniques can directly
use conventional techniques and even commercial
power system analysis software.

Simulation studies show that a dynaflow
controller can handle active and reactive power
flow control in the transmission lines flexibly and
independently. The result obtained from the bus
test system IEEE-30 confirms that if proper
control is provided, a device's effect is significant
on system voltages and power flows.
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Appendix
The sub Jacobian matrices in Eq. (37) (yellow
color filled in) are defined as follows:
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