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Abstract - This paper proposes a new real and reactive power coordination controller for a unified power flow  

controller (UPFC). The basic control for the UPFC is such that the series converter of the UPFC controls the 

transmission line real/reactive power flow and the shunt converter of the UPFC controls the UPFC bus voltage/shunt 

reactive power and the DC link capacitor voltage. In steady state, the real power demand of the series converter is 

supplied by the shunt converter of the UPFC. This paper also   presents the characteristics of two gate turn-off 

(GTO) thyristor voltage-sourced inverter- based series power flow control devices, namely the Series Power Flow 

Controller (SPFC) and the Unified Power Flow Controller (UPFC). These devices represent series extensions of the 

STATCOM, an inverter-based shunt device developed under a tailored collaboration by EPRI, TVA and the 

Westinghouse Science and Technology Center, which will soon be placed in service on the TVA lGlkV transmission 

system for transmission voltage control. Operation of the SPFC and UPFC is illustrated through the use of easily-

constructed circle diagrams on the P-Q plane. The circle diagrams provide the transmission planning engineer with a 

simple means to assess the performance of these devices on the transmission system. A concluding example illustrates 

that the UPFC provides a level of power flow control which is unattainable with more conventional devices.  

: Power Flow Control, Series Power Flow Controller, Unified Power Flow Controller, Gate Turn-off Thyristor  KEYWORDS

 

I. INTRODUCTION 

Due to the recent increases in their variety and ratings, an increasing number of high power semiconductor 

devices is available for power system applications; particularly in flexible ac transmission systems (FACTS) 

apparatus [1]. One recently introduced FACTS device is the unified power flow controller (UPFC). With this 

device, the real and reactive power flows in a transmission line can rapidly and precisely be controlled.The 

UPFC consists of two voltage-sourced converters (VSCs) using gate turn-off thyristors (GTOs) which operate 

from a common dc-circuit consisting of a dc-storage capacitor (Fig. 1). The UPFC could be described as 

consisting of a parallel and a series branch. Each converter can independently generator absorb reactive power. 

This arrangement enables free flow of active power in either direction between the ac-terminals of the two 

converters. The function of the parallel converter is to supply or absorb the active power demanded by the series 

branch. This converter is connected to the ac-terminal through a parallel-connected transformer. If required, it 

may also inject leading or lagging reactive power directly into the connection busbar. The second (series 

connected) converter provides the main function of the UPFC by injecting an ac-voltage with controllable 

magnitude and phase angle. The transmission line current flows through this voltage source, resulting in an 

active and reactive power exchange with the ac-system. 
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Although the steady-state and transient behavior of the UPFC have been reported in literature  very little has 

been said about its frequency response characteristic. Such a characteristic is valuable for identifying potential 

resonance related problems when the UPFC is embedded in a larger network. Obtaining such a characteristic is 

the principal focus of this paper. An analytical formulation is carried out and its validity is confirmed by 

comparison with a detailed electromagnetic simulation using the PSCAD/EMTDC software. The method used is 

similar to that earlier applied to obtaining the frequency response of the STATCOM [4], [5]. It is important to 

note that the paper is concerned with the frequency response in the lower frequency range (up to approximately 

1 kHz) and does not consider harmonics related to the switching of the UPFC valves. 

II. VOLTAGE-SOURCED INVERTER-BASED DEVICES 

Voltage-sourced inverter-based devices employ inverters using gate turn-off (GTO) thyristors and dc energy 

storage capacitors to generate a synchronous voltage. If employed in a shunt device, like a STATCON (see Fig. 

l), they behave analogously to synchronous condensers, except that STATCONs can respond much more rapidly 

to changing system conditions, do not contribute short circuit current, have no moving parts, and have a 

symmetric lead-lag capability. vDc If the dc capacitor voltage is increased from its nominal value, the 

STATCON is "overexcited" and generates reactive power. If the voltage of the dc capacitor bank is decreased 

below the nominal value, the STATCON is "under excited" and absorbs reactive power from the system. Of 

course, this is completely analogous to increasing or decreasing the field voltage of a synchronous condenser. If 

the STATCON has a source of real power which can be supplied to the dc bus, it can behave analogously to a 

synchronous generator. If a voltage-sourced inverter-based device is employed as a series device by connecting 

it to the transmission system via a series insertion transformer (see Fig. 2), it can generate or absorb reactive 

power from the line it is connected to. If the inverter is connected to a source of real power, the series device can 

also interchange real power with the line.  

 

III.BASIC PRINCIPLES OF P AND Q CONTROL 

Consider Fig. 2. At (a) a simple two machine (or two bus ac inter- tie) system with sending-end voltage V,, 

receiving-end voltage V,, and line (or tie) impedance X(assumed, for simplicity, inductive) is shown. At (b) the 

voltages of the system in form of a phasor diagram are shown with transmission angle S and IV, I = IV, l=V. At 

(c) the trans- mitted power P (P={V ? / H s i n S )a nd the reactive power Q=Q,=Q, (e={ U-cosS)) supplied at 

the ends of the line are shown plotted against angle S. At (d) the reactive power Q=Q,=Q, is shown plotted 

against the transmitted power P corresponding to the "stable" values of S (i.e., 0 ~ 6 1 9 0 " ) .  

 

 

Fig. 2. - Simple two machine system (a), related voltage phasors (b), real and reactive power versus 

transmission angle ( c ) , and sending-endlreceiving- end reactive power versus transmitted real power 

(d).  

The basic power system of Fig. 2 with the well known transmission characteristics is introduced for the purpose 

of providing a vehicle to establish the capability of the UPFC to control the transmitted real power P and the 

reactive power demands, Q, and Q,, at the sending-end and, respectively, the receiving-end of the line. Consider 

Fig. 4 where the simple power system of Fig. 3 is expanded to include the UPFC. The UPFC is represented by a 

controllable voltage source in series with the line which, as explained in the previous section, can generate or 
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absorb reactive power that it egotiates with the line, but the real power it exchanges must be supplied to it, or 

absorbed from it, by the sending-end generator. The voltage injected by the UPFC in series with the line is 

represented by phasor V,having magnitude Vw (O<V,<O.Sp.u.) and angle p(O<p<36@') measured from the 

given phase position of phasor as illustrated in the figure. The line current, represented by phasor I , flows 

through the series voltage source, V,, and generally results in both reactive and real power exchange. In order to 

represent the UPFC properly, -  

 

 

Fig. 3 - Two machine system with the Unified Power Flow Controller. 

the series voltage source is stipulated to generate only the reactive power Q, it exchanges with the line. Thus, the 

real power P, it negotiates with the line is assumed to be transferred to the sending end generator as if a perfect 

coupling for real power flow between it and the sending-end generator existed. This is in agreement with the 

UPFC circuit structure in which the dc link between the two constituent inverters establishes a bi-directional 

coupling for real power flow between the injected series voltage source and the sending- end bus. As Fig. 3 

implies, in the present discussion it is further assumed for clarity that the shunt reactive compensation capability 

of the UPFC is not utilized. That is, the UPFC shunt inverter is assumed to be operated a t unity power factor, its 

sole function being to transfer the real power demand of the series inverter to the sending-end generator. With 

these assumptions, the series voltage source, together with the real power coupling to the sending-end generator 

as shown in Fig. 3, is an accurate representation of the basic UPFC. It can be readily observed in Fig. 4 that the 

transmission line "sees" V,+V , as the effective sending-end voltage. Thus, i t is clear that the UPFC affects the 

voltage (both its magnitude and angle) across the transmission line and therefore it is reasonable to expect that it 

is able to control, by varying the magnitude and angle of V', the transmittable real power as well as the reactive 

power demand of the line at any given transmission angle between the sending-end and receiving-end voltages. 

IV. CONTROL SCHEME 

 

 

Fig. 4 shows a block diagram of the control circuit. The three phase to two-phase transformation obtains and 

from three phase currents, and . The – transformation yields and with the help of sinusoidal signals, and which 

are taken from a read only memory (ROM). The phase information is generated by a phase-lock-loop (PLL) 

circuit. The “advanced control” proposed in [12] is applied to the series device, which has the capability of 

damping out power fluctuations in transient states. The voltage reference and are given by 
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Active and reactive-power feedback gains, respectively, and is a control gain capable of damping out power 

fluctuations. Integral gains are added to and to eliminate steady-state errors from the active and reactive powers. 

The control gains and are set to 0.5 V/A, and the time constant of the integral gain is set to 5 ms. The gain acts 

as a resistor for power fluctuations, and improves the stability of the power flow in transient states . The gain is 

set to 1.2 V/A in order to achieve a damping factor of  These gain settings allow a response time as fast as 3 ms 

without any power fluctuations. On the other hand, the shunt device regulates the dc-link voltage by using a 

feedback controller with a proportional plus integral gain. The dc-link voltage reference is set to 200 V in the 

experiments and simulations. The gains are intentionally adjusted to provide a response time as slow as 50 ms in 

this experiment in order to verify the theory developed in this paper. Fast regulation of the dc-link voltage 

makes it difficult to measure the energy absorbed or released by the dc-link capacitor, because it is calculated 

from the dc-link voltage variations in the following experiment. It is possible to introduce fast voltage regulation 

to practical use. 

V.UPFC CONTROL AND MODELING 

Control of Series UPFC Branch The input values for the controller enabling independent control of line active 

and reactive power (p, q ) at the receiving end of the transmission system are: instantaneous values of the 

sending- and receiving-end voltage (a,U r) and line current &additionally, the reference values p * and q* are 

also required. It is assumed that the impedance Z, and line impedance & are known. From Fig. 5 a mathematical 

model of the transmission system including the series part of the UPFC can be derived. The following 

substitutions in (3) have to be made: currents i, equal line currents is,; voltages v, represent the difference 

between the sending- and receiving- end voltages ui-u,; e, represents the series injected voltages us,; R and L 

represent the sum of R,+R, and Ls+L, respectively. The index x represents each of the three phases.  

For the purposes of series branch control a new d-q coordinate system has been adopted where the d-

axis coincides with the receiving-end voltage vector Y,. The so-called d- component of this vector is represented 

by its magnitude (urd), where the q-component equals zero (urq=O). The voltage synchronization block based 

on sliding window integration was used to determine the fundamental components of the measured ac voltages. 

The voltage vector can be obtained from the positive sequence components. The three-phase description of the 

series UPFC branch can consequently be transformed into d-q components by a synchronously-rotating 

reference frame. The equation (4) can be rewritten in the form of a d-q system (13). From the instantaneous 

power theory the instantaneous active and reactive powers at the receiving end are given by (14). In a 

transmission system the desired values of the active and reactive power would usually be specified by the 

coordinating system controller.  

 

 

Fig. 5. Equivalent Circuit of UPFC System 
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IV Conclusion 

This paper has presented a new real and reactive power coordination controller for a UPFC. The basic control 

strategy is such that the shunt converter of the UPFC controls the UPFC bus voltage/shunt reactive power and 

the dc link capacitor voltage. The series converter controls the transmission line real and reactive power flow. 

The principal assumption used in the model is that the ac-waveforms generated by the UPFC’s converters can be 

represented by sinusoidal voltage sources with variable magnitude and phase. The voltage control at the 

sending- or receiving-end of the line in a weak system may replace the line or parallel reactive power control. A 

performance test of the proposed basic control on an IGBT-based UPFC model and study of the protection 

system are planned for the near future. 
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