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Abstract

Unified Power Flow Controller (UPFC) is one of the most
flexible, versatile and complex FACTS devices which are
employed in the transmission systems to control the power
flowing through the transmission line. In this paper, the
application of the Finite Control Set Model Predictive Controller
(FCS-MPCQ) is investigated for the power flow control using
UPFC. FCS-MPC controller has several advantages such as
simplicity, fast dynamic response and efficient computational
realization. The presented controller predicts the future behavior
of the controlled variables and by minimizing a cost function the
best control actions can be taken. The prediction of the
controlled variables requires some elaboration time. Therefore,
to compensate the delay of the digital control system, the
prediction of the controlled variables is performed two steps
forward. The cost function is also defined as the deviation of the
controlled variables from their reference values. The
performance of the presented control strategy is assessed on
UPFC connected two bus system. Simulation results indicate the
effectiveness of the presented control algorithm.

1. Introduction

Implementation of new equipment consisting high power
electronics based technologies such as Flexible Alternating
Current Transmission Systems (FACTS) and proper controller
design become essential for improvement of operation and
control of power systems. Recent development of power
electronics introduces the use of flexible ac transmission system
(FACTS) controllers in power systems [1]. FACTS controllers
are able to change, in a fast and effective way, the network
parameters in order to achieve better system performance.

Of all the FACTS devices, the unified power flow
controller (UPFC) is the most versatile and capable of providing
stability to the system subjected to transient disturbances due to
its ability. The UPFC controls, simultaneously or selectively, all
parameters which effect on power flow in the transmission line,
i.e. voltage amplitude and phase angle and series impedance of
transmission line [2-8]. Because of its attractive features,
modeling and controlling an UPFC have come into intensive
investigation in the recent years. Several references in technical
literature can be found on development of UPFC steady state,
dynamic and linearized models. Steady state model referred as
an injection model is described in [9]. Furthermore, the UPFC
has been applied in a vast variety of control system
investigations, which include neural network-based controller
[10], fuzzy neural network approach [11], fuzzy control [12, 13],
combination of fuzzy and PI controller [14], and controllers
based on the optimization algorithms such as nonlinear optimal
predictive controller [15] are some of the intelligent controllers

presented in these papers. Recently, the use of nonlinear
controllers in FACTS devices have been more attention.

Among the controllers which are used to control the
FACTS devices, model predictive controller (MPC) has got a
wide range of attractive and versatile features. Now a day, this
controller is widely used in the field of industry as it has the
ability to implement constraints in control process system.

In this paper, Finite Control Set Model Predictive
Controller (FCS-MPC) has been chosen for the power flow
control using UPFC. Attractive features of MPC method and
UPFC jointly provide a very satisfactory solution to the power
flow control. The performance of the presented control strategy
is assessed on the UPFC connected two bus test system. The
presented controller predicts the future behavior of the
controlled variables and by minimizing a cost function the best
control actions can be taken. The prediction of the controlled
variables requires some elaboration time. Therefore, to
compensate the delay of the digital control system, the
prediction of the controlled variables is performed two steps
forward. A studying example is carried out in
MATLAB/Simulink and simulation results proves the power
flow of the power systems is flexibly, real-timely and quickly
controlled using the proposed controller.

2. Operation Principals of UPFC

The schematic of the Unified Power Flow Controller
(UPFEC) is shown in Fig. 1. UPFC comprises of two Voltage
Source Converters (VSCs) which are connected via a common
DC link. The series converter is connected in series with the
transmission line using a Boosting Transformer (BT) and the
shunt converter is in parallel with the transmission line through
the Exciting Transformer (ET). The series converter injects an
AC voltage with a controllable magnitude and phase angle in
series with the transmission line. Therefore, the converter
exchanges real and reactive power at its AC terminals through
the series connected transformer. The shunt converter has two
main objectives. First, the converter regulates the real power
flow or DC link voltage control. The shunt converter provides
the required real power at DC link. Therefore, the real power
flows between the shunt and series converters through the
common DC link. The other objective of the shunt converter is
to exchange the reactive power so that the voltage of the shunt
connected point could be regulated.

Fig. 2 shows the single line diagram of the test power
system which the UPFC is installed. The UPFC is between the
buses V; and V, and the shunt converter is connected to the bus
‘Vy’. The current equations of the system can be expressed as
follows:
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Where R, L., and i, are the resistance, inductance and the
current of the transmission line and Ry, Ly, and iy are the
resistance, inductance and the current of the shunt converter
respectively. V,, and V, are the injected series and shunt
voltages and V; and V, are the sending and receiving ends,
respectively.

To obtain the DC link dynamic equation, the power losses
of the converters can be neglected. The DC link dynamic
equation can be expressed as:

Pic = Pse + Pon (3)
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The active power of the DC link is given as:
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Where C, V, and i, are the capacitance, voltage and
current of the DC link, respectively.
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Fig.2: Schematic diagram of single phase representation of the
power system with UPFC

3. Controller Design

The structure of the FACTS devices are based on PWM
VSC modules. The control scheme applied in this paper for the
power flow control using UPFC is Finite Control Set Model
Predictive Control (FCS-MPC). Since the possible switching
combination of the conventional two-level three-leg VSC is
limited to eight, the FCS-MPC 1is an efficient and
straightforward method to control the VSCs. The possible
switching vectors for a two-level three-leg VSC are as follows:

offol[o][o][t][t][1]]1
O L[ OLI T LT[0 OLIT]|1 0
of[t|lo][1]]of[t]|o]]1

S(k) =

The controller determines the best switching vector at the
time instant K so that a predefined cost function is minimized at
the time instant K+/. The controlled variables must be estimated
for the future time instants. Therefore, it is possible to determine
the best switching vector among all possible switching vectors
by minimizing a cost function. The cost function assures the
tracking of the controlled variables from their reference values.
However, the prediction of the controlled variables might be
time consuming in comparison to the sampling time. Therefore,
the delay compensation might be required.

3.1 Prediction of the Controlled Variables

The model predictive controller aims to estimate the future
behavior of the controlled variables so that proper control
actions could be determined. There are two VSCs in the
structure of UPFC which are called the series and shunt
converter. As it is mentioned before, the main objectives of the
series converter are the real and the reactive power control.
Therefore these controlled variables must be estimated for the
future time instants.

The presented control strategy can be digitally
implemented in the microprocessor based hardware. Therefore,
the analysis must be developed in discrete mathematics in order
to consider the delays, sampling time, and approximation. The
Euler approximation is then used to obtain the discrete model of
the system. The discrete model of the equation (1) can be
expressed as follows:
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By shifting (9) one step forward we have:
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Where, T is the sampling time. The injected series voltage

with respect to the different switching combination can be
expressed as follows:
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Where S,, S, and S, are equal to 1 if the corresponding
device is on, 0 if the device is off. It is also considered that the
main voltages V; and V, are constant during a sampling time 7}
Vs (k+1) =V, (k) and V, (k+1) =V, (k)). Therefore, the future
behavior of the currents flowing through the transmission line
can be predicted by (10). To predict the future behavior of the
currents (i;) for all switching states according to (10) at time
instant K+1/, it is required to know the ¥V, V, and i at time
instant K. The instantaneous active and the reactive power
flowing through the transmission line can also be predicted as
follows:
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The shunt converter provides the required real power at DC
link. Therefore, the real power flows between the shunt and
series converters through the common DC link. The other
objective of the shunt converter is to exchange the reactive
power so that the voltage of the shunt converter connected point
could be regulated. The real and reactive power flowing from
the shunt circuit can also be predicted. The discrete model of (1)
can be expressed as follows:
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By shifting the (14) one step forward we have:
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Similarly, the real and reactive power flowing from the
shunt circuit can be calculated as follows:
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3.2 Cost Function Definition

The control algorithm based on FCS-MPC can be described
as follows:

1. Measurements which are required for the predictions of
series and shunt power

2. Application of the switching state (calculated in the
previous interval)

3. Estimation of the power at time instant K+/.

4. Cost function calculation for all the possible switching
states.

6. Determination of the best switching state which
minimizes the cost function.

The cost function is defined as the absolute value of the
deviation of the controlled variables from their reference values
as below:
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The overall control scheme is shown in Fig. 3. First the
prediction of the controlled variables is performed with
consideration of the delay compensation. The reference values
are also estimated for the future time. Then, the cost function is
calculated for all possible switching states. The best switching
combination which minimizes the cost function is determined
and applied. In order to control the DC link voltage, a PI
controller is used as it is shown in Fig. 3.
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Fig.3: FCS-MPC block diagram of overall system
4. Simulation Results

To verify the performance of the presented control scheme,
simulations have been carried out by Matlab/Simulink software
on a two bus test system. The system parameters used in the
simulation are as follows: the bus voltages are 220 kV and the
initial phase of the sending bus is considered to be zero and the
initial phase of the receiving end bus lags by 5 degrees. The base
power is considered 100MVA. The boosting transformers turn
ratio is considered 1:1 and the exciting transformers turn ratio is
taken 1:10. The transmission line impedance is also 0.01+ jO.1
pu. The capacitance of DC link capacitor is also 500 pF.

The simulations are performed in two cases. First the
dynamic performance of the system is assessed under step
reference changes. At time instant (r=/ sec) the reference value
of the transmission line real power is changed from 40MW to
50MW and at time instant (#=1.5 sec) it decreases to 35MW.
Also, at time instant (=2 sec) the reference value of the
transmission line reactive power is changed from -IMVAR to
OMVAR and at time instant (1=2.5 sec) it decreases to -1.8MW.
The real and reactive power of the system is shown in Fig. 4. As
it is shown in Fig. 4, the series converter is well controlled so
that the real and reactive powers flowing through the
transmission line are tracked. In addition, at time instant (=3
sec), the reference value of the reactive power flowing from the
shunt circuit is altered from -2 MVAR to -2.5 MVAR and at
time instant (#/=3.5 sec) it increases to -1.5SMVAR. Also, at time
instant (t=4 sec), the reference value of the DC link voltage is
altered from 35kV to 45kV. Fig. 5 indicates the shunt circuit
power flow and Fig. 6 depicts the DC link voltage. As it is
shown in these figures, both the reactive power flowing from the
shunt circuit and DC link voltage is controlled effectively. As it
is shown in Fig. 5, the real power of the shunt circuit is surged at
first and time instant (/=4 sec) to charge the DC link then it
regulates the real power flow between the series and shunt parts.
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In second case, the performance of the system is evaluated
under a sudden change of bus voltage phase. At time instant
(=1 sec), the phase of the receiving end bus is changed from -5
to -10 degrees. The real and reactive power flowing from the
transmission line is fixed on SOMW and -1 MVAR respectively.
The shunt reactive power is also -2 MVAR and the DC link
voltage is 35 kV. Fig. 8 shows the power flow from the
transmission line. Fig. 9 also shows the DC link voltage and the
shunt reactive power. As it is shown in these figures, the system
in not dramatically affected by sudden change of the receiving
end bus phase and the system is efficiently controlled.
Simulation results given in two cases validate the feasibility and
flexibility of the presented control strategy under various
conditions. The results also indicate a good dynamic response of
the controller and zero steady state error.
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5. Conclusion

In this paper, finite control set model predictive control
scheme is applied on the UPFC. The presented control method
along with the UPFC has the ability of the power flow control.
The controlled parameters of the system are predicted for the
future time instants. To improve the dynamic response of the
system, calculation time delay is also compensated. Reference
values are also estimated for future time instants using
extrapolation. Simulation results confirm the feasibility of the
control strategy in power flow control of the transmission line.
The presented control scheme benefits from fast dynamic
response and zero steady state error.
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