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Phase Angle Regulation Versus Impedance Regulation: Which Offers Greater 

Control Of Power Flow On the Grid? 

by Kalyan K. Sen and Mey Ling Sen, Sen Engineering Solutions, Pittsburgh, Penn. 

Power flow control in electric transmission lines has been attempted for over a century with the use of a phase 
angle regulator (PAR).[1] However, a PAR can only regulate the phase angle of the line voltage and, in turn, 
allows the active and reactive power flows to change simultaneously, meaning both powers either increase or 
decrease. Therefore, the line cannot be optimized for the highest amount of active power flow that generates 
the most revenue at the lowest amount of reactive power flow.  

Two decades ago, a new impedance regulation method was attempted. The concept was demonstrated using a 
mostly power electronics-based controller called the unified power flow controller (UPFC).[2,3] It was the first 
major use of high power-rated voltage-sourced converters (VSCs) in utility applications. However, the UPFC was 
not commercially successful due to its high cost and component obsolescence issues.  

Since the commissioning of the first UPFC in 1998, a great deal has been learned about the true needs of a 
utility. Specifically, those requirements are high reliability, high efficiency, low cost, component non-
obsolescence, high power density, interoperability and portability while providing optimal control of power flow. 
In response to these requirements, the Sen Transformer (ST) has been proposed to combine the novel 
impedance regulation method of a UPFC with the proven and reliable transformer and Load Tap Changer (LTC) 
technology used in a PAR.  

Typically, increased power flow in a line also increases the line current which, in turn, increases the reactive 
power needed by the inductance of the line. The ST requires lower overall reactive power for the line, causes 
lower losses in the resistance of the line and requires a smaller rating than the PAR for a desired amount of 
active power flow enhancement.[4] Moreover, the ST can increase the power flow up to its thermal limit, which 
may not be achieved with the PAR due to its operating limitations.  

This article presents the most comprehensive comparison to date of the operating characteristics of the 
century-old phase angle control and the modern impedance control techniques so that the utilities can make an 
informed decision when adopting a solution to meet their power flow control needs. For power electronics 
engineers, perhaps this article may inspire development of more practical UPFCs with costs even below that of 
the ST. 

It is often desirable to increase the available transfer capacity (ATC) of a line up to its thermal limit so that the 
line can be utilized to its fullest extent. Sometimes, it may be desirable to lower the ATC so that power flow can 
be redirected to a desired transmission line that may include high-voltage, low-loss lines. It may also be 
desirable to avoid tripping an overloaded line, which may otherwise lead to a cascaded failure, resulting in a 
possible blackout.[5] This article analyzes the effectiveness of each technique in terms of controlling power flow 
in a transmission line in the range of 0 to 2 per unit (pu.) 

Background 

A PAR regulates one parameter (phase angle) of the line voltage at the point of compensation and, in turn, 
regulates both active and reactive power flows in the line simultaneously, meaning both powers either increase 
or decrease. An ST regulates two parameters, i.e., the overall impedance (resistance and reactance) between 
the two ends of a transmission line and, therefore, regulates both magnitude and phase angle of the line 
voltage. This, in turn, regulates both active and reactive power flows in the line independently, meaning as 
desired. The ST optimizes the power flows so that the line carries the highest amount of active power that 
generates the most revenue at the lowest amount of reactive power. 

A simple power transmission system with a sending-end voltage, Vs (i.e., Vs ∠δ), and a receiving-end voltage, 

Vr (i.e., Vr ∠0ο), connected by the line’s reactance (X), and the related phasor diagrams are shown in Fig. 1. 
The natural voltage, VXn (i.e., Vs − Vr), across the line’s reactance (X) is the difference between the sending- 
and receiving-end voltages. The resulting current (I) in the line lags the voltage (VXn) by 90ο. 
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Fig. 1. A simple power transmission system and the related phasor diagrams. 

The magnitude and phase angle of the voltage with respect to the line current are different at every point along 
the transmission line. The intermediate line voltages (i.e., V1, V2, etc.) are smaller in magnitude than the 
sending- and receiving-end voltages (Vs and Vr). The smallest voltage (Vm) is at the midpoint of the 
transmission line in this illustration. 

The direct or active and quadrature or reactive components of the line current at the sending end are Ids and 
Iqs and the same at the receiving end are Idr and Iqr. Since the current is lagging at the sending end, the 
sending-end is burdened with supplying reactive power to the reactance of the left half of the line. Since the 
current is leading at the receiving end, the receiving-end is burdened with supplying reactive power to the 
reactance of the right half of the line. Therefore, reactive power is essential to carry active power through the 
line.  

Note that the midpoint of the line operates at unity power factor. It is possible for both the source and the load 
to operate at unity power factor if there is a separate var generator at each end of the line. 

The natural active and reactive power flows at the sending end are Psn and Qsn, and at the receiving end are Prn 
and Qrn, respectively, which are defined as 

Psn = Prn = An sin δ         (1) 

Qsn = An (Vs/Vr – cos δ)        (2a) 

Qrn = An (cos δ – Vr/Vs)         (2b) 

An = VsVr/X          (3) 

Fig. 2a shows a simple power transmission system, just described, whose sending-end voltage, Vs (i.e., Vs ∠δs), 
is modified to Vs’ (i.e., Vs’ ∠δs’), with a series-connected compensating voltage Vs’s (i.e., Vs’s ∠β.) The voltage VX 
(i.e., Vs – Vr) across the line reactance (X) is a measure of the amount of the prevailing line current (I). The 

active and reactive power flows at the sending end are Ps and Qs, at the modified sending end are Ps’ and Qs’, 
and at the receiving end are Pr and Qr, respectively.  

Fig. 2b shows the phasor diagram related to a series-connected compensating voltage with a fixed magnitude of 
0.2 pu and its entire controllable range of 0o ≤ β ≤ 360o. As the angle (β) is varied over its full 360o range, the 
end of phasor (Vs’s) moves along a circle with its center located at the end of phasor (Vs). The rotation of 
phasor (Vs’s) with an angle (β) modulates both the magnitude and the angle of phasor (VX).  

As the compensating voltage varies, both the magnitude and phase angle of the phasor (VX) vary, resulting in 
changes in line current and thus power flow in the line. For a desired amount of active and reactive power flows 
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in the line, the compensating voltage (Vs’s) is of a specific magnitude (Vs’s) and phase angle (β) with respect to 
the line voltage. 
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Fig. 2. Power transmission system with a series-connected compensating voltage (Vs’s) (a) and 

its phasor diagram (b). 

The compensating voltage (Vs’s) is at any phase angle with the prevailing line current (I) and, therefore, 
exchanges with the line both active power (Pexch) and reactive power (Qexch). These exchanged active and 
reactive powers (Pexch and Qexch) emulate in series with the line a capacitor (C) or an inductor (L) and a positive 
resistor (+R) or a negative resistor (−R). Therefore, the compensating voltage is actually an impedance 
emulator. Just for comparison, the characteristics of a Voltage Regulator (VR—that regulates the magnitude of 
the line voltage), a PAR and a reactance compensator (that regulates the line reactance) are also shown in Fig. 
2. 

The active and reactive power flows at the modified sending end for a new phase angle (δ’=δ+ψ) are Ps’ and 

Qs’, and at the receiving end are Pr and Qr, respectively, which are defined as 

Ps’ = Pr = An’ sin δ’         (4) 

Qs’ = An’ (Vs’/Vr – cos δ’)        (5a) 

Qr = An’ (cos δ’ – Vr/Vs’)         (5b) 

An’ = Vs’Vr/X          (6) 

Alternately, for a given compensating voltage Vs’s (i.e., Vs’s ∠β), the active and reactive (Ps’ and Qs’) power 

flows at the modified sending end and (Pr and Qr) at the receiving end are defined as 

Ps’ = Psn + Ar sin (δ+β)         (7) 

Qs’ = Qsn + Vs’s
2/X + 2 As cos β – Ar cos (δ+β)      (8) 
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Pr = Prn + Ar sin (δ+β)         (9) 

Qr = Qrn + Ar cos (δ+β)         (10) 

As = Vs’sVs/X; Ar = Vs’sVr/X        (11a, b) 

The magnitude (Vs’) of the modified sending-end voltage (Vs’) and the phase shift, ψ (i.e., δs’ − δs), are defined 
as 

Vs’= √(Vs
2 + Vs’s

2 + 2 VsVs’s cos β)       (12) 

ψ = tan-1{Vs’s sin β/(Vs + Vs’s cos β)}       (13) 

Equations (7) through (13) describe the general characteristics of a power flow controller. For a given power 
flow enhancement, the merit of each controller can be defined in terms of its reactive power index (RPI), loss 
index (LI) and power (VA) rating, which are defined below. 

The power flow enhancement is defined as 

ΔP = Ps’ – Psn = Pr – Prn         (14) 

The total needed reactive power for active power (Ps’ = Pr) to flow through the line is  

Qtotal = |Qs’| + |Qr|          (15) 

The reactive power index (RPI), which is a measure of total reactive power needed for a unit of active power 
transmitted is defined as 

RPI = Qtotal/Pr = Qtotal/(Prn + ΔP)       (16) 

The current in the line is 

I = √(Pr
2 + Qr

2)/Vr         (17) 

The loss index (LI), which is a measure of line loss per unit of resistance is defined as 

LI = I2/I2 (base case)         (18) 

The rating of the controller is defined as 

VA = Vs’sI          (19) 

Typical electrical system data and base case power flow data are given in Table 1. 

Table 1. Electrical system data and base power flow data. 

Parameters Values 

Sending end voltage (Vs) and phase angle (δ) 1∠30° pu 

Receiving end voltage (Vr) at reference phase angle 1∠0° pu 

Transmission line reactance (X) 0.5 pu 

Natural transmitted active power (Psn=Prn) 1 pu 

Source-end natural reactive power (Qsn) 0.268 pu 

Load-end natural reactive power (Qrn) – 0.268 pu 

Line current (I) 1.035 pu 
Line current2, I2 (base case) 1.072 pu 

Reactive Power Index (RPI) = Qtotal/(Prn + ∆P) 0.5359 

Loss Index (LI) = I2 (base case)/I2 (base case) 1.072/1.072=1 
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Phase Angle Regulator 

The PAR characteristics can be of symmetric (sym) and asymmetric (asym) types. In the case of a PAR (sym), 
the compensating voltage modifies only the phase angle of the line voltage with no change in its magnitude. In 
the case of a PAR (asym), β = ± 90o; the compensating voltage modifies mainly the phase angle of the line 
voltage with some increase in its magnitude. 

Fig. 3 shows a single-line diagram of a PAR (sym) and the related phasor diagrams for decreasing and 
increasing power flows in the line. The three-phase compensating secondary windings are center-tapped at A, 
B, and C, respectively. The three-phase voltages (VA, VB, and VC) are applied to Δ-connected primary windings. 
The compensating secondary voltage (Vs’s) that is in phase with the primary phase-to-phase voltage, but in 
quadrature with the primary phase-to-neutral voltage, is connected in series with the transmission line.  

In a PAR (sym), the regulation parameter is the phase shift, ψ. The compensating voltage, Vs’s, (of magnitude, 
Vs’s, and phase angle, β with respect to Vs) is varied with LTCs. With proper polarities of the series-connected 
windings, the compensating voltage is either at –90o (Fig. 3a) or +90o (Fig. 3c) with respect to the primary 
phase-to-neutral voltage, Vs. The resulting effect is that only the phase angle of the line voltage between Vs 
and Vs’ is changed, but the magnitude stays unchanged as shown in the phasor diagrams Figs. 3b and 3d, 
respectively. 
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Fig. 3. A simple power transmission system with a series-connected compensating voltage, Vs’s 

(a, c), from the PAR (sym) and the related phasor diagrams (b, d). 

The magnitude (Vs’s) of the compensating voltage (Vs’s) for a phase shift of ψ (see Figs. 3b and 3d) is defined 
as 

Vs’s = 2*Vs*sin(|ψ|/2)         (20) 
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When equation (20) is substituted either in equation (12) or (13), the related phase angle (β) of the 
compensating voltage (Vs’s) is derived as 

β = {2π – sign(ψ)*π + ψ}/2        (21) 

The power flow characteristics (Ps’ vs Qs’) at the modified sending end and (Pr vs Qr) at the receiving end are 
derived from equations (4) through (6) as 

Ps’
2 + (Qs’ – Vs’

2/X)2 = An’
2        (22) 

Pr
2 + (Qr + Vr

2/X)2 = An’
2        (23) 

Fig. 4 shows a single-line diagram of a PAR (asym) and the related phasor diagrams for decreasing and 
increasing power flows in the line. The three-phase compensating secondary windings are center-tapped at A, 
B, and C, respectively. The three-phase line voltages (VsA, VsB, and VsC) are applied to Δ-connected primary 

windings. The compensating secondary voltage (Vs’s) that is in phase with the primary phase-to-phase voltage, 
but in quadrature with the primary phase-to-neutral voltage, is connected in series with the transmission line. 

In a PAR (asym), the regulation parameter is the magnitude (Vs’s) of the compensating voltage (Vs’s), which is 
varied with LTCs. With proper polarities of the series-connected windings, the compensating voltage is either at 
–90o (Fig. 4a) or +90o (Fig. 4c) with respect to the primary phase-to-neutral voltage, Vs. The difference 
between the PAR (asym) and PAR (sym) is that in the case of a PAR (asym), the line voltage is used to excite 
the primary windings, whereas in the case of a PAR (sym), the voltage at the midpoint of the series-connected 
compensating winding is used to excite the primary windings.  

The resulting effect is that the variable compensating voltage modifies mainly the phase angle of the line 
voltage in a PAR (asym) with some increase in the magnitude of the voltage as shown in the phasor diagrams 
Figs. 4b and 4d, respectively. Meanwhile, in a PAR (sym) the variable compensating voltage modifies only the 
phase angle of the line voltage with no change in its magnitude. 
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Fig. 4. A simple power transmission system with a series-connected compensating voltage, Vs’s 

(a, c), from the PAR (asym) and the related phasor diagrams (b, d). 
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From equations (12 and 13), the magnitude (Vs’) of the modified sending-end voltage (Vs’) and the phase shift, 

ψ (i.e., δs’ − δs), (see Figs. 4b and 4d) are defined as 

Vs’ = √(Vs
2 + Vs’s

2)         (24) 

ψ = tan-1{Vs’s/Vs}         (25) 

From equations (7 through 11), the power flow characteristics (Ps’ vs Qs’) at the modified sending end and (Pr 
vs Qr) at the receiving end can be derived with a slope (m) and an intercept (c) as shown in Table 2.[6] 

Table 2. Ps’ vs Qs’ and Pr vs Qr characteristic equations 

Qs’ = m Ps’ + c m = –Psn/(Qsn–Vs
2/X) c = Psn

2/(Qsn – Vs
2/X) + Qsn + Vs’s

2/X 

Qr = m Pr + c m = –Prn/(Qrn+Vr
2/X) c = Prn

2/(Qrn + Vr
2/X) + Qrn 

 

Sen Transformer 

Fig. 5a shows the circuit configuration of an ST.[6] The ST uses a shared magnetic link between primary and 
secondary windings. A three-phase voltage is applied in shunt to three primary windings that are Y-connected 
and placed on each limb of a three-limb, single-core transformer. On the secondary side, three induced voltages 
from three windings that are placed on three different limbs are combined, through series connection of the 
associated windings, to produce the compensating voltage (Vs’s) for each phase. 

The number of active turns in the three windings is varied with LTCs. By choosing the number of turns from 
each of the three windings and, therefore, the magnitudes of the components of the three 120ο phase-shifted 
induced voltages, the compensating voltage (Vs’s) in any phase is derived from the phasor sum of the voltages 
induced in a three-phase winding set (a1, b1, and c1 for compensation in the A phase; a2, b2, and c2 for 
compensation in the B phase; and a3, b3, and c3 for compensation in the C phase.)  

As a result, the composite voltage becomes variable in magnitude (Vs’s) and variable in phase angle (β) in the 
range of 0º to 360º as shown in Fig. 5b. The modified sending-end voltage (Vs’) with variable magnitude (Vs’) 
and variable phase angle (δs’) stays confined within the circle. 

It should be noted that each of a1, b2, and c3 is tapped at the same number of turns; each of b1, c2, and a3 is 
tapped at the same number of turns; and each of c1, a2, and b3 is tapped at the same number of turns. 

However, the number of turns in the a1-b2-c3 set, b1-c2-a3 set, and c1-a2-b3 set can be different from each 
other with one exception when the ST is used as a voltage regulator to decrease the modified sending-end 
voltage. In that scenario, there are the same number of turns in two windings that are connected to each phase 
in the case when the phase angle (β) is 180ο. For β = 0ο, only one secondary winding is needed in each phase. 

For δ+β = π/2 or 3π/2, the power flow enhancement and the required reactive power are defined from 
equations (7) through (11) and (14) as 

ΔP = Ps’ – Psn = Pr – Prn = ± Ar        (26) 

Qs’ = Qsn + Vs’s
2/X + 2 As cos β        (27) 

Qr = Qrn          (28) 

For power flow enhancement, the required magnitude of the compensating voltage is calculated from equations 
(11b) and (26) as 

Vs’s = |ΔP*X/Vr|          (29) 

For a given power angle (δ), the related phase angle of the compensating voltage is calculated as 

β = π/2 – δ or 3π/2 – δ         (30) 
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Fig. 5. ST for voltage compensation in the entire control range of 0ο through 360ο (a) and phasor 

diagram (b). 
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Comparison Of Operating Characteristics 

Fig. 6 shows the phasor diagrams of a PAR (sym) for (a) no power flow and (b) 100% power flow enhancement. 
Fig. 7 shows the phasor diagrams of a PAR (asym) for (a) no power flow and (b) 100% power flow 
enhancement. Fig. 8 shows the phasor diagrams of an ST for (a) no power flow and (b) 100% power flow 
enhancement.  

In all cases, when ψ = – δ, δ’ = 0 and the active power flow stops. However, the reactive power only stops in 
the case of PAR (sym) since Vs’/Vr = Vr/Vs’ = 1 = cos δ’, but continues to flow from the modified sending end in 
the case of PAR (asym) and from the receiving end in the case of ST due to unequal voltages at the modified 
sending end and receiving end (Vs’/Vr ≠ 1, Vr/Vs’ ≠ 1), which are shown in Figs. 10 and 11. The reactive power 
absorbed by the entire line is the difference between Qs’ and Qr. This is how a var compensator (synchronous 
condenser, SVC, or STATCOM) functions.[7] 
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Fig. 6. Phasor diagram of PAR (sym) for no power flow (a) and 100% power flow enhancement 

(b). 
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Fig. 8. Phasor diagram of ST for no power flow (a) and 100% power flow enhancement (b). 

Fig. 9 shows the voltage magnitude at the modified sending end for the range of active power flow from 0 to 2 
pu in the cases of a PAR (sym), a PAR (asym), and an ST. While the voltage magnitude stays constant for a PAR 
(sym), it always increases for a PAR (asym); for an ST, it monotonically increases. 
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Fig. 9. Voltage magnitude at the modified sending end for the range of active power flow from 0 

to 2 pu in the cases of a PAR (sym), a PAR (asym), and an ST. 

The power flow characteristics at the modified sending end and receiving end for the range of active power flow 
from 0 to 2 pu in the cases of a PAR (sym), a PAR (asym), and an ST are shown in Figs. 10 and 11, 
respectively. For a power flow from 1 to 2 pu, the characteristics are similar at the modified sending end as 
shown in Fig. 10; however, they are very different at the receiving end as shown in Fig. 11.  

While the reactive power requirements vary at the receiving end in each PAR (sym or asym) according to its 
characteristic, it remains the same in the case of an ST, compared to when no compensation is applied. The 
superior characteristics of the ST are quite evident when RPI, LI and VA rating are examined in Figs. 13 through 
15. 
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Fig. 10. Power flow characteristics at the modified sending end for the range of active power flow 
from 0 to 2 pu in the cases of a PAR (sym), a PAR (asym), and an ST. 
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Fig. 11. Power flow characteristics at the receiving end for the range of active power flow from 0 

to 2 pu in the cases of a PAR (sym), a PAR (asym), and an ST. 

The operation of an ST can be extended beyond what was just described when a variable magnitude 
compensating voltage is applied during its entire range of 0o ≤ β ≤ 360o. The power flow characteristics (Ps’ vs 
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Qs’) at the modified sending end and (Pr vs Qr) at the receiving end are derived from equations (7) through (11) 
as 

(Ps’ – Psn)2 + (Qs’ – Qsn – Vs’s
2/X)2 = Ar

2 + 4 As
2 cos2 β – 4 As Ar cos β cos (δ+β) (31) 

(Pr – Prn)2 + (Qr – Qrn)2 = Ar
2        (32) 

They are elliptical at the modified sending end and circular at the receiving end as shown in Fig. 12 for a fixed 
Vs’s = 0.5 pu. The figure also shows the variation of voltage magnitude at the modified sending end. 
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Fig. 12. Power flow characteristics at the modified sending end and receiving end of a simple 
power transmission line with an ST, superimposed on the power flow characteristics of a PAR 

(sym). 

Summary 

The phase angle regulation method, in symmetric form, regulates the phase angle of the line voltage without 
any change in its magnitude and, in asymmetric form, regulates mainly the phase angle of the line voltage with 
some increase in its magnitude. In both forms, a compensating voltage with variable magnitude and 
predetermined phase angle is connected in series with the line.  

In contrast, in the impedance regulation method, a compensating voltage with variable magnitude and variable 
phase angle, in the entire range of 0o ≤ β ≤ 360o, is connected in series with the line. The prevailing line current, 
being at any phase angle with respect to the compensating voltage emulates an impedance in series with the 
line. By changing the emulated impedance within its design limit, it can be made to be a resistance, reactance, 
or a combination of the two. 
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The emulated impedance modifies the effective impedance (both resistance and reactance) of the transmission 
line between its two ends, which, in turn, modifies the sending-end voltage to be of a specific magnitude and a 
phase angle that results in an independent control of active and reactive power flows in the line. 

The direct benefit of independent control is to optimize both the active and reactive power flows so that the 
revenue-generating active power flow can be maximized. While maintaining the voltage stability, if the reactive 
power flow is minimized, it results in lower losses and higher efficiency in the electric transmission system, and 
lower wholesale electric market costs to loads. 

The control parameters and their effects on Vs’s, β, Vs’ and ψ in PAR (sym), PAR (asym) and ST are shown in 
Table 3. 

Table 3. Control parameters and their effects on Vs’s, β, Vs’ and ψ in PAR (sym), PAR (asym) and ST. 

 Control 
parameter(s) 

Vs’s β Vs’ ψ 

PAR 
(sym) 

ψ Vs’s = 

2Vs*sin(|ψ|/2) 

β = {2π – 
sign(ψ)π + ψ}/2 

Vs Range: 

 – δ to π/2 – δ 

PAR 
(asym) 

Vs’s Range: 

0 to Vs’s 

–π/2 or π/2 √(Vs
2 + Vs’s

2) ψ=tan-1 {Vs’s/Vs} 

ST Vs’s = Vs’s∠β Range: 

0 to Vs’s 

Range: 

0 to 2π 

√(Vs
2 + Vs’s

2 + 
2VsVs’s cosβ) 

ψ=tan-1 {Vs’s sinβ/ 
(Vs + Vs’s cosβ)} 

 

The key parameters when a PAR (sym), a PAR (asym) and an ST are used for 100% power flow enhancement 
are shown in Table 4. 

Table 4. Key PAR (sym), PAR (asym) and ST parameters for 100% power flow enhancement. 

Parameters PAR 
(sym) 

PAR 
(asym) 

ST 

Modified voltage (Vs’) 1 pu 1.1547 pu 1.3228 pu 

Phase shift (ψ) 60ο 30ο 19.11ο 

Compensating voltage (Vs’s) 1 pu 0.577 pu 0.5 pu 

Phase angle (β) 120ο 90ο 60ο 

Active power (Ps’ = Pr) 2 pu 2 pu 2 pu 

Source-end reactive power (Qs’) 2 pu 1.512 pu 1.768 pu 

Load-end reactive power (Qr) – 2 pu – 0.845pu – 0.268 pu 

Line current (I) 2.828 pu 2.17 pu 2.02 pu 
RPI 2 1.179 1.018 
LI = I2/I2 (base case) 7.464 4.399 3.799 

VA rating = Vs’sI 2.828 pu 1.254 pu 1.009 pu 

 

In each case, the ST requires lower overall reactive power, causes lower losses in the line, and requires lower 
VA rating than the PAR as shown in Fig. 13 through 15 below. 
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Fig. 13. Reactive Power Index (RPI) vs power flow enhancement (ΔP). 
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Fig. 14. Loss Index (LI) vs power flow enhancement (ΔP). 
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Fig. 15. Rating (VA) vs power flow enhancement (ΔP). 
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The limitation of the PAR (sym) is that it is not designed to operate beyond the maximum operating angle 
(ψmax), represented by the dashed line. Therefore, if the line’s thermal limit is at 2 pu, as it is in this example, it 
is not possible to achieve the desired power flow using the PAR (sym.) 

Conclusion 

The implementation of independent active and reactive power flow control using a UPFC is novel. However, the 
overriding burden of a UPFC is its component obsolescence and high cost. To mitigate these drawbacks, a new 
idea was proposed, namely the Sen Transformer (ST) that utilizes the best of both—the independent power flow 
control capability of a UPFC and the established hardware of a PAR to create a viable power flow controller to 
meet the power flow control needs of the utilities.  

While the UPFC promised to bring a new technology that did not exist before, the ST has challenged the 
established technology of the PAR to change its course and adopt the concept of the ST. Nevertheless, it is a 
long process to abandon the century-old utility practice of regulating phase angle and adopt regulating 
impedance for power flow control. In comparison with a PAR, there is no known drawback in an ST. In 
comparison with a UPFC, a 5:1 reduction in equipment cost and a 10:1 improvement in operational cost for an 
ST are expected.[6,8] 
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