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1. INTRODUCTION

Unified Power Flow Controller (UPFC) is considered as a powerful device of the Flexible
Alternating Current Transmission Systems (FACTS) family, where it has both a shunt and a series controller
inside its frame. Therefore UPFC has the ability to do both of Static VAR Compensator (SVC) and Static
Synchronous Series Compensator (SSSC) performance simultaneously [1]. UPFC allows not only the
combined application of phase angle control with controllable series reactive compensations and voltage
regulation, but also the real-time transition from one selected compensation mode into another one to damp
oscillations and to handle particular system contingencies more effectively [2]. The UPFC allows
simultaneous control of active power flow, reactive power flow, and voltage magnitude at the UPFC
terminals. Alternatively, the controller may be set to control one or more of these parameters in any
combination or to control none of them [3]. In fact, there are three types of FACTS modeling [7]: electro
magnetic models for detailed equipment level investigation; dynamic models for stability analysis; and
steady-state models for steady state operation evaluation. In recent years, the use of the UPFC for different
aims has received increased attention. This paper presents different model of UPFC in recent years.

2. DIFFERENT MODELS

Miller [4] talks about the dynamic behavior of two different flexible ac transmission system devices;
the Interline Power-flow Controller (IPFC) and the Unified power-flow Controller (UPFC) in a benchmark
system. A small model of the IPFC is validated via electromagnetic transients (EMT) simulation using a 12-
bus network which can model multiple oscillatory modes. The UPFC consists of a shunt VSC and a series
VSC connected via a common dc bus which includes a dc capacitor for ripple control. The shunt VSC
provides voltage support to the connected bus .The series VSC has the ability to precisely control power flow
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in the line. In the IPFC the two VSC converters are both inserted in series with two different lines and share a
common dc bus. Hence, they have the capability to precisely control power flow in two different
transmission lines (Figure 1). By using this model, the damping capabilities of the IPFC and UPFC are
compared and some results are obtained. Installing an IPFC or UPFC in constant power control mode for the
series branch has the same effect as disconnecting the transmission line containing the series branch. This
network structure change may be used to improve system damping without requiring the design of a tuned
feedback controller. Theoretically, still there is the possibility of existing poorly damped modes in the
changed network; if there is such a mode, a damping controller which can modulate the power references of
the FACTS device can be introduced. The IPFC has two series branches, while the UPFC has a single series
branch so; the IPFC permits more opportunities for network segmentation. Consequently, the IPFC has
potential for greater damping improvement and also improving the system’s dynamic performance.
Reference [5] is aimed at finding the optimal UPFC control mode and settings to improve the composite
reliability of power systems when all UPFC components are available. The proposed approach will minimize
ESRAC for improving the system reliability. A selected set of contingencies are analyzed and the optimal
power flow (OPF) is used to minimize RAC and calculate the optimal UPFC injections and the sensitivity of
RAC to UPFC injections. The results of contingency analyses are used to calculate post-contingency
injections of UPFC and to estimate the ESRAC associated with control modes and settings. The optimal
UPFC control mode and settings are obtained by solving the proposed mixed-integer nonlinear optimization
problem. The two-source power injection model shown in Figure 2 is used to represent the UPFC in optimal
power flow studies. In this model, parallel source (PS) and series source (SS) are connected to PB and SB,
respectively, so that the total real power injection of PS and SS is zero:

Ppg = Pgg (D

In Figure 2, once the three independent injections of PS and SS (i.e.,Pgs, Qss and Qpg ) are known,
the voltage and current of series and parallel inverters in Figure 1 are calculated as follows:

+ _ Pss—JQ
Iss = SI;SR = @
— _ Pps=JQ
Ipp = % (3)
Vs1£0s; = Vsp = Vog — jXsrlsp (4)
Ve1£8p; = Vpg + jXpr(Isg — Ips ) (5)
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Figure 1. Converter-based FACTS

Control modes associated with series and parallel inverters are also considered for PS and SS,
respectively, as:

1 Power Flow control Mode (PFM)
mode series = { 2 Voltage Control Mode (VCM) (6)
3 Voltage Injection Mode (VIM)

1 Reactive Control Mode (RCM)

mode parallel = {2 Voltage Control Mode (VCM) )
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Figure 2. Two-source power injection model for UPFC

The two-state up/down model is used for reliability studies. The proposed method finds the optimal
control mode and settings when the UPFC is in the up state. The method can further be extended to include
other operating states of UPFCs. In Reference [6] the UPFC is connected at the midpoint of the Transmission
line. The basic components of the UPFC are two voltage source inverters (VSIs) sharing a common DC
storage capacitor, and connected to the system through coupling transformers. One VSI is connected in shunt
to the transmission system via a shunt transformer, whereas the other one is connected in series through a
series transformer (Figure 3).
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Figure 3. UPFC based transmission system, a) Transmission system with UPFC
b) UPFC-based transmission line model

The UPFC control system is divided into two parts, STATCOM control and SSSC control. The
STATCOM is controlled to operate the VSI for reactive power generation at the connecting point voltage V
- The voltages at the connecting points are sent to the phase locked- loop (PLL) to calculate the reference
angle, which is synchronized to the reference phase voltage. The currents are decomposed into the direct and
quadrature components, Id and Iq by a d-q transformation using the PLL angle as reference. The magnitude
of the positive sequence component of the connecting point voltage is compared with V . and the error is
passed through the PI controller to generate I 4.r. The reactive part of the shunt current is compared with I ge¢
and the error is passed through the PI controller to obtain the relative phase angle of the inverter voltage with
respect to the reference phase voltage. This phase angle and the PLL signal are fed to the STATCOM firing
circuit to generate the desired pulse for the VSI. The series injected voltage is determined by the closed loop
control system to ensure that the desired active and reactive power flow occurs despite power system
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changes. The desired P s and Q . are compared with the measured active and reactive power flow in the
transmission line, and the error is passed through the PI controller to derive the direct and quadrature
components of the series inverter voltage, V ger and V g.¢. Thus, the series injected voltage and phase angle
can be found out from the rectangular to polar conversion of the V gr and V . The dead angle (found out
from the inverter voltage and DC link voltage), phase angle and the PLL signal are fed to the firing circuit to
generate the desired pulse for the SSSC VSI.
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Figure 4. Successive representation of a UPFC and its associated line

The dynamic model of a UPFC is used by a large number of researchers for dynamic analysis of a power
system [8]-[13]. The UPFC and the associated transmission line are separately shown in Figure 4 where the
UPFC is represented by a series voltage sourceV,, and a shunt current sourcely,, . Note that V,, and I,are not
constant but depend on the control strategy used. For simplicity, the line is first represented by only its series
reactance X. The leakage reactance of the series injection transformer (if any) can be included inX. The
voltage source V}, in series with can be represented by a current source Iy,in parallel with X as shown in
Figure 3(b).

®)

Without loss of generality, the current source Iy ,between buses iand jcan be replaced by two shunt current
sources (at buses { and). Such an equivalent circuit is shown in Figure 3(c) where:

Ii = ISh + Ise and I] = _Ise (9)
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Figure 5. UPFC components and their classification into three subsystems

Figure 3(d) represents the m-circuit model of a UPFC and its associated transmission line. The
UPFC model can also be used to represent an SSSC or a STATCOM by selecting appropriate values of
Veandl,, . For an SSSC, it is necessary to setly, = 0 and thus I;of (4) simply becomesl,,. In this case, V,is
kept in quadrature with the prevailing line current. However, for a STATCOM, V,, (and hence I, ) is to be
set to zero. A large number of researchers [14]-[18] used the UPFC system which is classified into three
subsystems: the converters and capacitor link (CL) as subsystem 1, the coupling and intermediate
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transformers as subsystem 2 and the controller with the corresponding measuring equipment as subsystem 3.
In order to develop a reliability model of a UPFC, the aforementioned subsystems must be modeled followed
by the development of a complete reliability model of the UPFC. The world’s first UPFC, which was
commissioned in June 1998 at the Inez substation of American Electric Power in Kentucky, has been
modified in their researches as shown in Figure 5.
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Figure 6. Unified power flow controller diagram

ic
-

VYVY

The actual Inez UPFC comprises two identical gate turn off (GTO) thyristor-based converters. Each
converter includes multiple high-power GTO valve structures feeding an intermediate transformer. The
converter output is coupled to the transmission line by a conventional main coupling transformer. To
maximize the versatility of the installation, two identical main shunt transformers and a single main series
transformer have been provided. With this arrangement, a number of power circuit configurations are
possible. Reference [19], [20] has used another model of UPFC as shown in Figure 6. The series connected
inverter injects a voltage with controllable magnitude and phase angle in series with the transmission line,
thereby providing active and reactive power to the transmission line. The shunt-connected inverter provides
the active power drawn by the series branch and the losses and can independently provide reactive
compensation to the system. The UPFC state model is:

kqV w . Rgq . %
= cos(o¢,+ 6,) +— igy — —2idy — —cosb, (10)
Lsy Ws Ls1 Ls1

-
ws dt q1 =

kiVac . Rsq . w . Vi .

—=sin(a; + 6,) ——i,, —— iz ——sin(@ 11
Les (a; 1) Lo ta1 T tar T 6,) (1D
1d, Rz . , K. 1

— gy = =i+ —igy + —2cos(ay + 0,) Ve —— (Voc0560, — V; cos(6,)) (12)

wg dt Ls2 Wg Ls> Ls2

1d. _ _Bs; v, K2 _ 1 ; _ ;

woarler = T la + o Laz + o sin(a, + 0,) Vy. o (V,sinB, — V; sin 0,) (13)

= %V ¢ = —Kjcos(ay +6,) igy — Ky sin(ay + 6;) igy — kz cos(Xy+ 6;) igr — k; sin(a; +

we dr @
H1ig2— VdcRdc (14)

The currents id; and ig; are the dg components of the shunt current. The currents idzandiqzare the dg
components of the series current. The voltages V;26,and V, 260, are the shunt and series voltage magnitudes
and angles, respectively. V. is the voltage across the dc capacitor, R, represents the switching losses, Rgq
and Lg, are the shunt transformer resistance and inductance, respectively, and Rg,and Lg, are the series
transformer resistance and inductance, respectively. The control parametersK;(K,) ande; (o;)are,
respectively, the modulation gain and voltage phase angle of the shunt (series) injected voltage. The power
balance equations at bus 1 (sending) are:

0=V3 ((ig1 — iaz) cos 05 + (igy — igz) sin61) —=Vy X7, ViYs (15)
0=V1((ig1 — ig2)sind; — (iql - iqZ) cos 6,)-—V; Z?=1 Vi Yy (16)

And at bus 2 (receiving)
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0=V, (igz cOS 0, + gy sin0,) — Vo X1 VjYy; cos (6, — 6; — @) (17)
0=V, (igz Sin 6, + i cos 0;) — Vo X1y ViYy; sin( 6, — 6; — ¢,;) (18)

Figure 7 shows a power injection model of the UPFC. The series branch shows the series injected
voltage and the shunt branch with voltage controlled by k; and ;. Combining (10)-(18) yields nine
equations with thirteen unknowns; therefore, additional constraints are necessary to fully determine the
operating equilibrium. In the power injection model, three parameters may be arbitrarily set: the shunt bus
voltage magnitude and the series active and reactive powers such that:

Psc = VazlgatVoaige (19)
Qsc = qudZ'VdZiqZ (20)

Where V., Psc andQ,, are the specified desired values. The schematic representation of the UPFC is shown
in Figure 8 [21], [22]. It consists of two voltage source converters and a dc circuit represented by the
capacitor. Converter 1 is primarily used to provide the real power demand of converter 2 at the common dc
link terminal from the ac power system. Converter 1 can also generate or absorb reactive power at its ac
terminal, which is independent of the active power transfer to (or from) the dc terminal. Therefore, with
proper control, it can also fulfill the function of an independent advanced static VAR compensator providing
reactive power compensation for the transmission line and thus executing indirect voltage regulation at the
input terminal of the UPFC. Converter 2 is used to generate a voltage source at the fundamental frequency
with variable amplitude (0 < V; < Vi, and phase angle 0 < ¢ < 2m , which is added to the ac
transmission line by the series-connected boosting transformer. The inverter output voltage injected in series
with line can be used for direct voltage control, series compensation, phase shifter, and their combinations.
This voltage source can internally generate or absorb all the reactive power required by the different type of
controls applied and transfers active power at its dc terminal. The equivalent circuit of UPFC placed in line-
connected between bus- and bus- is shown in Fig. 9. UPFC has three controllable parameters, namely, the
magnitude and the angle of inserted voltage (Vr, ¢ 1) and the magnitude of the current (I).

Bus 1 k., V.

v, =8, . v, =0,
e e —
P +i0Q, .

Figure 7. UPFC equivalent model

1 Transmission line 1 Series transformer
| Ir+1, N 7 V I

Shunt
trans. Converter- 1 Converter-2
-

DC link

Figure 8. Schematic diagram of UPFC
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Figure 9. Equivalent circuit of UPFC
v, v,
f\( rrrrrr [ !,7! JJJJJJ
Zopane T
LA W mini

Figure 10. AC-side representation of shunt elements

Based on the principle of UPFC and the vector diagram, the basic mathematical relations can be given as:

Vi=Vi+Vp,Arg(1,) = Arg(V?+gT/2

Arg(IT) =Arg(V;)) and Iy =—]1 (21)
The power flow equations from bus-i to bus-j and from bus-jto bus-i can be written as:
. ViB N\ %
Sij =Py +jQi; = Vil —V(’ +Ip+ 1+ 1) (22)
}V] '\ *
Sji = Pji +jQji = =Vi(-—1) (23)

Active and reactive power flows in the line having UPFC can be written, with (21)-(23), as:

Py = (V2 +VE)gij + 2ViVrgij cos(@e — &) — V;Vr[gij cos(@e — &) + byj sin(p, — 8;)] —

VLVj(gijCOSSij + bl]Sln(Sl]) (24)
Qij = - VZ(bi; + B/Z) ViVr|gij sin(o, — 6;) +
(bij + /2) cos(@, — 6;)] — ViV;(gijsind;; — bijcosé;;) (25)

References [23]-[25] discuss the harmonic-domain representation of pulse width-modulated (PWM)
converters and their application to the unified power-flow controller (UPFC). The UPFC can be modeled at
harmonic frequencies by considering two PWM switching spectra and their interaction on both the ac and dc
sides of the converter.

2.1. PWM Converter Representation

Since power-electronic converters are, in principle, switching modulators, they can be characterized
in terms of the harmonic transfers between the ac and dc sides. This implementation reduces the storage
requirements for each harmonic phasor by recognizing the conjugated nature of negative frequency terms.
Each harmonic phasor is therefore a complex vector of length nh, the highest harmonic of interest. These
harmonic phasors are transferred across a converter via convolution with the converter’s positive frequency
spectra (Sp,) of bandwidth 2n/ (fulfilling the Nyquist rate). The transfers can therefore be described as:
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Vacph = Vdcph®sph (26)
Iy = Zgg)h=1 Ioe ®spn (27)

Where bold text refers to a harmonic phasor, ph refers to phase quantities, and @ represents Smith’s positive
frequency convolution. The PWM spectra s,are described as a function of the switching instants, each of
which is defined by classical PWM theory. The switching instants are stored in a vectorg , which contains an
ON and OFF instant for each of the N, conduction periods. The individual instants are calculated with a
single variable Newton scheme at the beginning of each iteration. The result is the PWM switching spectra,
which is defined at the 4 th harmonic as:

Sn =0 L (@OFFp—@ONy), h=0 (28)

p=12p7

Np (e/M9ONP_c] 9OFFp)

Sh = Zp:]_

29

[y
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Figure 11. AC-side representation of series elements
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2.2. Shunt and Series Connections

Since FACTS devices use predominantly voltage source conversion, it is convenient and logical to
include shunt converters as harmonic voltage sources (Figure 10). This approach, unlike shunt current
injection models, does not require knowledge about the terminal voltage (V;) to make the voltage source
substitution. This logic does not extend to series converters where, in order to avoid voltage dependence
problems, it is more concise to use a pair of opposing shunt current sources (Figure 11). This representation
is possible since the injected current can be defined in terms of the converter voltage and transformer leakage
impedance (Zgeyies)both of which are known:

— Vseries
ISeries T e (30)
Series

This representation maintains the generality of the solution format, allowing the UPFC to be
modeled by combining a shunt and series representation. It is important to note that these models are only
used to formulate the harmonic mismatches, a conventional dual voltage source representation being used
within the power flow.

2.3. AC-Side Harmonic Interaction

Since the interaction between the series and shunt equivalent circuits is assumed to occur across a
predominantly linear network, they are easily combined using traditional circuit analysis First consider the
system admittance matrix, which has been partitioned into sub matrices 4 —J , according to the type of
harmonic injection present at each busbar.

I} VSource A B c VVSource
IIHarm =|D E F|x VIHarm (31)
I VHarm G H ] VVH arm
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Where Vygource refers to ideal voltage-source busbars (e.g., the voltage source component of the system
equivalent Viy ), Vigarmthe voltage at harmonic current injection busbars (V; and V; in Figure 12), and
Vvharm the harmonic voltage-source busbars (Vg in Figure 11). All other busbars (e.g., load busbars) are
treated as harmonic current injection busbars with the harmonic injection set to zero. By assuming that no
voltage harmonics are present at the ideal voltage sources, it is possible to describe the unknown current
flows (Iyyarm) at the harmonic voltage source busbars and the unknown voltages (Viyqrm) at the harmonic
current injection busbars:

lyharm = [HE_I]IIHarm +[- HE_lF]VVHarm
V]Harm = [E_l]IIHarm - [E_lF]VVHarm (32)

These effectively describe the harmonic interaction between any number of harmonic voltage or
current sources used to represent FACTS devices. The mathematical UPFC model was derived with the aim
of being able to study the relations between the electrical transmission system and UPFC in steady-state
conditions [26]. The basic scheme of this model is shown in Figure 12.This figure represents a single-line
diagram of a simple transmission line with a resistance, an inductive reactance, a UPFC, a sending-end
voltage source Vg, and a receiving-end voltage source ., respectively. According to Figure 13, the currents
I, I, andl,. are calculated by the following expressions:

Is = X_gq(Vie]s‘(rz +jX3) +jV X — Vseja(rz +j(X; + Xi)) - Vbejab(rz +ji(X, + Xl-)))(33)

[, = _(_Vbejab(rz +JX;) — Vi(ry + jX1) — Vselo (1, + jX) — Vie]‘gl(ﬁ +r,+jX + Xz)))

Go

I = éq(—l/ief‘?i(n + jX,) — Ve S = jVye I X, = iy + Xy + X)) ) (35)
Where,

X2 = XX, + Xy + X)X, — jr (0 + X)) — 1y + (X, + X)) (36)

Figure 14 shows the single-line diagram of a UPFC connected at the end of the transmission line. The vector
diagram of an UPFC connected to a network (Figure 13) is presented in Figure 14. According to Figure 15,
Vppand Vpgare the components of the series voltage of UPFC. They are proportional to the voltage at the
point of connection of UPFC and can be written as:

Vbq =V.B(t) and pr =Vy(®) (37)

Where B(t) and y(t) are the control variables. Neglecting network losses, the electrical power can be
expressed as:

_EW
T ox

P. sin(6 — 0) = % (sindcosB — cosdsind) (38)

Figure 12. Mathematical model of a UPFC installed in a transmission line
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Figure 14. Vector diagram of a UPFC connected to a network

Where X is the equivalent transient reactance which includes the transient reactance of generator, the
reactance of the transformer and the transmission line. The generator swing equation is:

2 . asé
M/ s = Py — Asin(8) = D= — Pypc

(39)
Where:

A= E:r and Pyppc = —Acos (6)y(t) + Asin(8)B(t) (40)

Where Pypp; introduces additional damping to the system if it is positive and proportional to the speed
... dé
deviation —

ol This can be achieved through the following control strategy:

y(@) = —Kcos((S)Z—f and B(t) = Ksin(c?)‘;—‘:

(1)
By replacing (41) in (40), the damping factor is Dyppc represented as below:
Pyprc = KAZ_(: = DUPFCZ_(: . (42)
According to Figure 15, there are the following equations:
V; + Vg + XIsin(p) = E cos () 43)
Vop + XIcos(p) = E'sin (&) (44)
Then:
P, = "L sin(s) — L (45)
IJPEDS Vol. 4, No. 3, September 2014 : 343 — 355
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Figure 15. Control block diagram of a STATCOM Figure 16. Modulation controller for Vp and Vq
_WE _VVhg V2
Qr ===cos(8) - -~ (46)
The partial derivative of P, is calculated as:
dpr _ 9Py d6 | Oy AWbp) _ (VoR)E Ve d0bp) 47)
dt ~ a8 " dt  avyp dt KX X dt
The partial derivative of Q,.is also calculated as:
dor _ 0Qr b | 00y AWbp) _ (SVbE _ Ve 0Vbg) (48)
at ~ a8 T dt | Vg dt KX X dt

The shunt converter has two duties:

a) Control the voltage magnitude at the sending-end bus by locally generating (or absorbing)

reactive power.

b) Supply or absorb real power at the dc terminals as demanded by the series converter.

The general block diagram of the shunt part control is given in Figure 16. Figure 16 shows the
proposed block diagram of a modulation controller capable of producing a real differentiating element with a
small time constant T. The value of K is chosen so that the injected series voltage remains at its nominal
value. The values of V.and E are chosen as 1 p.u. The modeling of series and parallel parts of UPFC [27],
[28] can be represented respectively by the following equations expressed in a d,q rotating system, which is
defined such that the g component of the voltage at the second bus equals to zero (Figure 17.):

ik Isha.b.c
4 Uselabe - Rsh
* Xsh
T sab,c o F‘ITHSH

i IUu,h.l: | },E 'T]__ \k Usha,b,c

As X T

Figure 17. Simplified electric scheme of a 2-level UPFC

al . ..
Rely + Lo} + joLiLy = Uy — ug,. Us — Uy (49)
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dlg , 1
RSLISL + Lsu dt +]st,IsL = EUSL - UZ (50)
Ry =R, + u%Ry, L, = L, + u2,Lg, (51

uge.and Uy, represent respectively the voltage ratios of the series and parallel transformers. The
transfer functions related to these two equations expressed in per unit and represented in the Laplace domain
are given in Table 1.

Table 1. Type Sizes for Papers

SERIES PART SHUNT PART
1 1
T T
G = G =— s0
s(9) 14+ (s+jw)T, s(9) 14+ (s+jw)Tg,
Whit T, = & Whit Ty = i—h
t

3. CONCLUSION

The paper has presented different models of UPFC in some papers in recent years. Steady-state,
dynamic, mathematical model, UPFC control model, harmonic domain UPFC model of unified power flow
controller (UPFC) reported in this paper.
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