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Abstract: Due to rapidly development of high power semiconductor devices with fast control features have made possible to control
the power flow more efficiently and effectively. The Flexible AC Transmission Systems (FACTS) in this category introduces several
innovative operating control devices. One of the recent devices is Advanced Unified Power Flow Controller (AUPFC) or
multi-converter UPFC, which can control bus voltage and real and reactive power flows of more than one line or even a sub-network.
This paper presents performance analysis of AUPFC based on d-q axis model theory. Based on the analysis, a new fuzzy logic rules
based control algorithm has been developed in this paper which improves the system performance. The control rules are structured
depending upon the relationship between series inserted voltages in multi-line and the desired changes of real and reactive power flows
in the control network. The impacts of different controllers along with parameters of series connected transformers and transmission
lines have been investigated through developed control block models in SIMULINK. The effectiveness of the proposed scheme is
demonstrated by a case study.
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1. Introduction combining two or more converter blocks with greater
flexibility. Among them, the Interline Power Flow
Controller (IPFC) and the Advanced Unified Power
Flow Controller (AUPFC) are two novel operating

With the development of latest installations of
Flexible AC Transmission Systems (FACTS) devices,

several innovative control concepts have been . ) o ]
. . . configurations, which are significantly extension to
introduced that have made feasible and more flexible o
. ) . power flow control of multi-lines or sub-networks.
power flow control in electric power system without . )
) ) o The advanced version of Unified Power Flow
generation rescheduling [1-3]. In addition to these, ) ] )
. Controller is one of the latest generation FACTS device
FACTS controllers can also facilitate the reduced
i . . . . that can control bus voltage and power flows of more
power flows in heavily loaded lines resulting in . .
. > . than one line or even sub-network [4, 5]. With
increase loadability, low system loss, improved o o )
.. ) combining three or more switching converters working
stability of system and reduced cost of production.

Besides of these, other applications of FACTS
controllers are in multi functional power flow

together extends the concepts of voltage and power
flow control beyond that is achievable with the known

two converters based Unified Power Flow Controller.
management as reported by authors [4]. There are ) ] ) ) )
o . . For simplification of control analysis and to improve
several possibilities of operating configurations by

the dynamic performance of UPFC, various control
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by authors. Some have described the dynamic
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control techniques [6, 7]. Whereas in papers [8-10],
fuzzy-rules based controllers of UPFC have been
suggested to regulate the power system parameters and
improve the dynamic performances.

In fuzzy logic, the controller is represented as a set of
rules. These rules are obtained from human experts
based knowledge and observations. Fuzzy rules based
logic controller have a number of distinguished
advantages over the conventional PI [9, 11], as it is not
so sensitive to the variation of system structure,
parameters, and operation points. The control law
developed by fuzzy can be easily implemented in a
large scale nonlinear system.

In this paper application of these control techniques
is extended for the control of AUPFC. An attempt has
made here to develop fuzzy rules based PI controller to
replace the conventional one as proposed in Ref. [12].
A comprehensive model of proposed advanced
controller based on d-q axis decoupled structure in
SIMULINK block sets, has been developed, and
followed by fuzzy logic controller. The simulation
results based on performances, with a case study on
developed fuzzy controller have been presented here
and compared those results with the conventional PI

controller.

2. Dynamic Representation of AUPFC

The generalized or advanced unified power flow
controller consists of three converters, one connected
in shunt and the other two in series with the
transmission lines which is shown in Fig. 1. This
controller is capable of providing voltage control at a
bus as well as independent real and reactive power flow
on two transmission lines therefore controlling a total
of five power system quantities. The dynamic model of
controller s

proposed derived in the d-q

(synchronously rotating at the system angular
frequency, ®) frame of reference [6, 7, 13], and
followed by fuzzy PI rules based control strategy
incorporated in shunt and series converters for active

and reactive power flow control.
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Fig. 1 Basic representation of AUPFC.

The equivalent single line diagram of AUPFC is
shown in Fig. 2. The series and shunt converters are
represented by controllable voltage sources Ve, Ve
and Vy, respectively. R;and L, are source resistance
and inductance respectively. R,;, L,; and R,, L,, are
resistances and inductances of transmission line-1
and transmission line-2 respectively. Ry, and Ly,
represent the resistance and leakage inductance of
the shunt transformer, respectively. R, and L,
represent the resistance and leakage inductance of
the series transformers, respectively. Performing
standard d-q transformation [4, 5, 7] of the current
through the series

shunt transformer and

transformers derives the dynamic model of

controller.

2.1 Analysis of Shunt Converter

of the

transmission system including the shunt part of

From Fig. 2 a mathematical model

controller can be derived and is given by following

equations.
dl;% =—igg %wgase + Opgselshg "w)?;(::e([/ld ~Vona)
(1
di
:Z’q = ~ig %a)Base ~ Opagedsha + a;?j;e Mg =Ving)
)

where the quantities with subscript 4 and ¢ are d-axis
and g-axis quantities, respectively. Time ¢ is in seconds
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Fig. 2 Circuit representation of two-transmission system.

and g 18 base frequency in rad/sec. All other

quantities are in per unit system.
2.2 Analysis of Series Converter-1

As shown in Fig. 2 a mathematical model of the
transmission system including the series converter 1

can be derived and is given by Egs. (3) and (4).

di seld

. e .
= -1 (0] + o 1
dt se ld X B Base Base ‘'selq (3)
@ Base
+———Via *Viera =Vara)
X e
di R
se lgq . se ,
= Tlselg @ Base ~ @ Base lseld
dt X g (4)
@ Ba
+ Xase (qu +Vselq _VZIq)

2.3 Analysis of Series Converter-2

Similarly a mathematical model of the transmission
system including the series converter 2 can be derived
and is given by Egs. (5) and (6).

di se 2d . .
= ~lse2d @ Base 1 @ Base lse 24q
dt X (5)
@ Bas
+—2—(Vig +Ve2a ~Vna)
X e
Dserg _ _ © e - @ i
dt lge 2 q X Base Base se 2d (6)
@ Ba;
+ Xave (qu + Vse 2qg ~ V22 q)

se

2.4 Analysis of DC Link Voltage Controller

Net power input (real power in shunt branch minus
real power flows into series branches) to controller
should instantaneously meet the charging of capacitor
and losses in the total system. The mathematical
equations can be derived and written as follows:

+ chdc:| (7)

dVdc
Pgp = Pyt = Pgen =V | C 40

or,

Vd{C%

46 +chdci| = Vshd Isha + th shqg — V\eld Iseld (8)

- Vselq iselq - VseZd Ise2d — Verq iseZq

Where 6 = wg,, t, therefore Eq. (8) can be written
as:

Wae _ ~Seluey, | Doe

dt b,

7Vseld iseld - Vselq selqg — VseZd lse2d — VseZq iseZq]

[ Vehd Lsha + Vg lshg 9)

The dynamic behavior of the DC-capacitor voltage
can be realized by Eq. (9), where b, is susceptance
and g is the conductance of the DC link capacitor,
respectively. DC voltage level is controlled by the shunt
converter, which adjusts the amount of real power flow

from the AC system into the common DC link.

3. Fuzzy P1 Based Control Structure

The advantages of fuzzy system are well reported in

the literature [14]. A Fuzzy rule based controller for
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GUPFC is designed to imitate the traditional PI control
action at every control interval using the known values
of error (e) and rate of error (Ae), as shown in Fig. 3.
For this, a set of rules is needed to determine for control
action for the various combination of error and rate of
error [8-10, 14, 15]. Basically, a fuzzy controller is
used to adjust the error of the input signal of original PI
controller. The fuzzy proportional (P) improves
overshoot and rises time response whereas the
conventional integral (I) reduces the steady state error.
The rules evaluate the difference between the measured
value and the set value i.e error signal. Compatible with
the cascade structure of a conventional PI controller is
considered. It consists of two inputs (error and rate of
change of error) and an output (incremental control).
Combining the proportional integral terms derives its
control signal, given as:

u(t) = K ye(t) + K ; j e(t)yd  (10)

where K ,,K; are the controller parameters. Its

discritized and incremental control effort at & instant
is expressed as:
Au(k) =u(k)—u(k-1)
=K ple(k)—e(k —D]+ K Te(k) (11)

In hybrid (Fuzzy+PI) controller [8, 9], uses an
incremental fuzzy logic controller in place of
proportional term while integral term keep unchanged.
Therefore Eq. (11) can be referred as:

Au(k) =K ,"Au (k) + K ;Te (k) (12)

where Au g (k) is the output of the incremental FLC,

K ," is proportional coefficient and 7 is the sampling
time period.

[

+ ut)

Plat

Fig. 3 Fuzzy-PI Controller.

4. Rule Base Control Algorithm of Fuzzy
Logic Controller

The standard incremental fuzzy logic controller as

used has two inputs e(k), e°®(k)and an output u(k).

The membership functions of inputs and output are
defined and shown in Fig. 4. In proposed controller,
seven membership functions (NB, NM, NS, ZZ, PS,
PM, PB) are assigned with linguistic variables to
fuzzify physical quantities [8, 11, 16]. The fuzzified
inputs are inferred to a fuzzy rule base, which is used to
characterize the relationship between fuzzy inputs and
fuzzy outputs. In this case, the fuzzy rule base of the
incremental fuzzy logic controller is fixed, as shown in
Table 1.

The following rules are being imposed for controller.
Rule 1: IF e(k) =NB ‘AND’ ¢°(k)=PB ‘THEN’

Auyplk) =77
Rule 2: IF e(k) =NM ‘AND’ ¢* (k)=PB ‘THEN’
Au (k) =PS
Rule 3: IF e(k) =NS ‘AND’ ¢*(k)=PB ‘THEN’
Auy (k) =PM
Rule 4: IF e(k)=ZZ ‘AND’ ¢® (k)=NS ‘THEN’
Au ; (k) =NS

Rule 5: IF ¢(k)=PS ‘AND’ ¢®(k)=PB ‘THEN’

-1.0 -0.8 -0.6 -04-02 0 02 04 0608 1.0
Fig. 4 Membership functions of error and change of error.

Table 1 Rules for fuzzy controller.

Ae/le  NB NM NS 77 PS PM PB
PB 77 PS PM PB PB PB PB
PM NS 77 PS PM PB PB PB
PS NM NS V4 PS PM PB PB
V4 NB NM NS 77 PS PM PB
NS NB NB NM NS 77 PS PM
NM NB NB NB NM NS 77 PS
NB NB NB NB NB PM NS 77
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Au ; (k)=PB

Rule 6: IF e(k) =PM ‘AND’ e* (k)=PB ‘THEN’
Au (k) =PB

Rule 7: IF e(k)=PB ‘AND’ e (k)=NB ‘THEN’
Au (k) =ZZ

Therefore, according to defined inputs, membership
functions and fuzzy rule base, we get 49 rule
combinations, which is shown in Table 1.

The response of each fuzzy rule is weighted
corresponding to degree of membership of its input
conditions. In the rule base as shown, only Zadeh’s
logical ‘“AND” is used.

5. Defuzzification

In Defuzzification step, it is required to transform
the fuzzy control action into crisp output value of the
FLC. For the incremental FLC, the commonly used
“Center of Mass” (COM) formula is employed to
defuzzify the control part [14], as given by Eq. (13). In
order to analyze the Fuzzy PI controller, it has derived
the formulation of the incremental fuzzy logic
controller that possesses the different combination
regions according to defined inputs and fuzzy rule

base.
z{membershipvalue of inputx output correspondng

} (13)

to the membershipvalue of input

> (membershipvalue of input)

For the fuzzy PI controller, the value ranges of two
inputs (error and change of error) are decomposing into
49 adjacent input combination regions. The above
defined control rules, along with the selected
membership functions are used to generate the

appropriate fuzzy control action for each region.

6. Simulink Based Modeling of AUPFC

Models for transmission line, shunt control, series
control and DC voltage control are developed
separately and then grouped together to get the
complete model of AUPFC [12]. The block diagram
representation of SIMULINK based model of

controller is shown in Fig. 5.

7. Simulation Results

The performances of the developed block models in
SIMULINK are evaluated with Fuzzy-PI controllers by
simulation in MATLAB 7.01. Two 220 kV, 100 MVA
lines are considered for simulation study. First one is
150 km long and the other is 100 km long. The active
and reactive powers flow at the GUPFC terminal in
transmission line i.e. Py;, Oa1, P» and Oy (as shown in
Fig. 2) are controlled to desired real and reactive power
flows (Prer Qirer, Porerand Q) in the two lines. At the
initial state, the receiving end voltage, active and

reactive powers are specified for the power system.

ref

.ref .
The reference currents i;;; and I,

are computed
from equations as reported in Ref. [12], for the both
lines. The reference voltages, ¥;" and Vdrff , are equal

to their respective steady state values. The
specifications of the system taken for testing the
simulation study are given in Appendix. The proposed
control strategy has been tested under step changes in
active and reactive power flows. The simulation is
started with no power flow (V= 140, V,1=1£0, V,,=
1£0) and initial parameters setting of controller are
zero. After achieving the steady state, the reference
settings in active and reactive power flow
corresponding to Linel and Line2 are changed at 0.03
sec. It can see from Figs. 5-9, the active power changes
from 0.65 to 0.75 pu in Linel and from 0.62 to 0.68 pu
in Line2. Similarly, the reactive power changes from
0.4 t0 0.44 pu in Linel and 0.35 to 0.38 in Line2. Also,
the case study is performed by fuzzy controller and
gets similar observations of the step changes in active

and reactive power flow.

Shunt
Converter Source End Transmission Transmission
Control > model Line 1 Model Line 2 Model
Block
-
v v A v
Series Series Voltage Drop
Converter Converter Converter | | Estlma!lon m
DC Link Control for [~ *|Control for| ¥ Series
Model Line 1 Line 2 Transformers

Fig. 5 Block diagram representation of UPFC model.
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Therefore, the comparative performance of AUPFC
of
corresponding to the lines, DC link voltage, shunt

in terms real and reactive power flows

voltage magnitude and series injected voltage

magnitudes are shown in Figs. 6-13.
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Fig. 13 Series injected voltage (Line2).

8. Conclusions

This paper presented a comprehensive model of an
advanced UPFC with separate control structure for the

series and shunt converters in a coordinated control way.

The SIMULINK block model for complete controller is
developed using d-q control theory, which includes
series controllers, shunt controller, DC bus voltage
controller and transmission lines. The effect of series
transformer impedance, transmission line charging and
source impedance is considered. The dynamic model of
proposed controller is derived in the synchronously
rotating d-q frame of reference and followed by
Fuzzy-PI control strategy for real and reactive power
control. The proposed Fuzzy controller rules are
structured depending upon the relationship between
series inserted voltages and the desired changes in
real/reactive power flow in the power system.

The simulation results are given for step changes in
active and reactive power flows corresponding two
transmission lines. From the above simulation results,
the combination of Fuzzy + PI controller has shown
better regulating properties over the simple PI
controller. The proposed Fuzzy PI controller tracks the
active and reactive power reference setting more
effectively with limited overshoots compared to

conventional PI controller.
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Appendix 1: System Data

The test system taken for simulation study of proposed
controller is shown in Fig. 2, which is a single-line circuit
diagram of GUPFC installed in a power system. Two 220 kV,
100 MVA lines are considered for simulation study. First one is
150 km long and the other is 100 km long. Specifications of the
system taken for testing the simulation study are:

Wase= 275, fo= 5S0Hz, R;=0.01 pu, X, = 0.15 pu, R,1-0.0248
pu, X,; = 0.1265 pu, R,,-0.0166 pu, X,,=0.0843 pu, C,; = 0.1008
pu, C,,=0.0672 pu, Ry, = 0.04 pu, X; = 0.1 pu, g.= 0.0067 pu, b,
=1.5708 pu, Ry, = 0.01 pu, X, = 0.025 pu.

Appendix 2: Controller Data

The parameters of the PI controllers are determined by a
thorough and repeated study of the system response under
various operating condition. The PI gains, which give the best

responses under the tested conditions, are listed below:

(a). PI Controller
kpsin =1.5, kigm =750, kg0 =2.0, kigpp =2000

K pooq = 0.5, kigpq =60, k =250

e =075, k

pseq iseq

(b). Fuzzy-PI Controller

(i). Shunt converter control

kpsi1 =0, kjgpy =750, gains K;=0.5,K,=0.01

kpsia =0, kigpo =2000, gains Ks= 0.6, K4 = 0.0005

(ii). Series Converter 1

k psea =0, kigeq =60, gains K, = 1.8, K, = 0.06

k 0, kiseq =250 gains K3= 0.7, K4=0.002

pseq =
(iii). Series Converter 2

k psed =0, kiseq =060, gains K, = 0.1, K, = 0.002

k 0, kiseq =250 gains K3= 0.6, K;=0.001

pseq =



