I7A = V¢,L9A
Vg = Vyz —120°
Ve =V,2120°

Phase Shifting Transformers
PST

VLL = \/§V¢
I_}AB = \/§I7A4300
I_}BC = \/§I7AL —90°

Vaase = Vi (':on5|der the 1:1 ideal Xfmr below V.. = V3V,2150°
(impedance reflected to the secondary)
A A
B — °
C * C
1:t 1:t 1:t
t - t - -
«— 7 — 7| —— 7
tVy 41 tVp v, tVe V3
kv
i tapsetting .
= VkV— (per-unit)

nominal



I_/)A == V¢L9A

Vg = Vyz —120°

Ve =V,2120°

Phase Shifting Transformers (cont.)

now consider phase A

VLL = \/§V¢
I_}AB = \/§I7A4300
‘_}BC = \/§I7AL —90°

VBase = Vg ‘_}CA = \/§I7>A4150°
A
C
calculate apparent power now look at real power
§A = ‘711_)2 tVpV, V12
sS4 = cos|8; — 04 + 65| ——cos|O
, £V, — 7, A [0, — 04 + 6] 7 [62]
A= T
2z since X >> R for transformers ...

5 —>* tV‘4* - Vl* °

IAI A~ 7* HZ ~ 90 0

N S, =V, [gl P, ~ —2Lcos[8, — 6, + 90°] — — cog{90°]

Sa L Z , tVZV Z

Lt ¢ _Vahi —VF P, ~ —2Lsin[g, — 6]
: A 7 7
LtV V2
Sa=—r— 7o the real power through a Xfmr
t N Z Z 2 (actually any branch)
R z 7, *A — tVpV14 — 04 + 01 _ Vi20, is mainly dependent on the angle
4 ZL—0y A between the sending and receiving buses

- tVgly U4
A — Z 461_914"‘02_7462

a PST exploits this angle dependency by using a second xtmr in series
between the sending and receiving buses and injecting a voltage that is out of phase



Leading PST

. 1 . . .
shunt windings has 1: NG turns ratio (consider impedances later)

no load

no load

lead lead

0<t<1 - - —

next:
the shunt windings inject the series windings with a voltage that is 90° out of phase

no load



Leading PST (cont.)

Vy = V20 Vig = V3V,230°
Vg = Vyz — 120° ' Vac = V3V4z — 90°
Ve = V,2120° consider phase A Vo4 = V3V,2150°

and
calculate the injected voltage

AVA=\/_§ C_\/_§B A +AV, — A
— t - .W.
AV, = ﬁ[ c— B]
t -
AVA == \/_§VCB
- t —
AVA == __3VBC
t -
AV, = —E@VAL —90°
AV, = tV,290°
AV
—A =ts90°
Vs

the injected voltage or voltage change...
* adds 90° to each phase’s angle
* multiplies each phases amplitude by t



Vy = V420
‘73 = VAL — 1200
V. =V,2120°

Leading PST (cont.) 7., = V37,230°
aka: Boosting PST Vge = V3V,2 —90°
VCA = \/§‘7A41500

consider phase A
A A
B — B
C C
v, * AV, — A no load

K

—— = t£90°

calculate the sending end voltage
I_/)A - A‘_/)A - I_/;{

VA — tVAA90° == ‘_/;{
V,[1—t290°] =V,

1% -
= =[1-t£90°]" Va L
ZA - R AV, = tV,290
V -1 = g v 7
‘_/)—‘f = |1+ 22— tan~'[t]] Va Va feads Vs
]—/A 1 a = the resulting phase angle shift. (no load)
A ) =
= = Za the magnitude of the receiving end voltage
Vi V1+t? will be higher than the sending end voltage.
a = tan™[t]
17,
|_)—A| =1+ t? this configuration is known as an ‘asymmetrical” PST
|ZA | meaning that... ‘relative” to the sending end voltage...
|V/{ | B \/ 1 > the receiving end voltage and angle are both changed.
m N + [tan a] leading angle for sending end since o is positive.

the power out of the receiving end will be increased, or ...
the power into the receiving end will be decreased.



Lagging PST

toggle the Lead - Lag switch (reverses polarity of shunt secondary winding)

no load

no load

—-1<t<0

next:
the shunt windings inject the series windings with a voltage that is 90° out of phase

no load



lagging PST (cont.)

Vy = V20 Vig = V3V,230°
Vg = Vyz —120° consider phase A Ve = \/§KA4 —90°
V. =V,2120° and Vea = V3V,2150°

calculate the injected voltage

AV, = Ve ——7
A 3 C \/§ B
A \/tg C B

A—> :__—>
A t\/§ CB

AV, = —V
A \/tg BC

AV, = —+3V,2 — 90°
S

AV
—2A _—ts—90°
Vy

the injected voltage or voltage change...
* adds -90° to each phase’s angle
* multiplies each phases amplitude by t



Vy = V420
‘73 = VAL — 1200
V. =V,2120°

Lagging PST (cont.) 7. = VaV.230°
aka: Bucking PST Vge = V3V,2 —90°
Vea = V3V,2150°

consider phase A

A A

B — B

C C

v, t AV, — A no load
calculate the sending end voltage
ais—o0e | Va—Ma=Vi
VA VA - tVAL —90° = VA,
V[l —tz—90°] =V,
‘7 7!
= =[1+t£90°]" Va__
Vy a S
7 i ~ AV, = tV, 2 — 90°
]_/,—[i = [\/ 1+t%22 tan'l[t]] Va V, lags V,
L 1 . ]—/’j 1 a = the resulting phase angle shift. (no load)
V3 = = =L« the magnitude of the receiving end voltage
Va VItt will be higher than the sending end voltage.
-- a = tan"![¢]
b Vil _
:: |‘—/>_| =v1+1t? this configuration is also known as an “asymmetrical” PST
- J} meaning that ‘relative” to the sending end voltage...
|‘_/)_A| — \/ 1 + [tan a]? both the receiving end voltage and angle are changed.
lag | f | lagging angle for sending end since « is negative.
the power into the receiving end will be increased, or ...
L —-1<t<0

the power out of the receiving end will be decreased.



Phase Shifting Transformers (cont.)

Look at how the no load voltage and angle change with tap changes
assume 33 tap settings
16 for boosting, 16 for bucking, and 1 for zero.
ranging from -1 to 1 with steps of 0.0625

Phase Shift .vs. Tap Setting

[/ V, .vs. Tap Setting

no load phase shift is adjustable between +45°
for this example

greater phase shifts are possible by increasing
the shunt xfmr’s turns ratio.

a 90° phase shift is not achievable.

the relative voltage on the receiving bus will be

very high for the larger tap settings.

the range of tap settings would be limited to prevent
the high voltage.

say you wanted to limit the relative receiving bus
voltage to 1.1, then the tap settings would be limited
to £0.4375, resulting in a l[imited phase shift angle
of about +25°



Change PST configuration

shunt winding is excited with center tap voltage of series winding

A
*
V, +Au- 7 no load
t [‘7 AV, t [_> AV,
v3le 2 v3LP 2
Ve +AVB— no load
L[* _AVa t [[7 AVC]
Nl ) V3Lle 2
V. +AVc— V. no load

L[V
NE] B

lead lead
0<t<1 -

AV
7

=

[q AV, L[* A

BT V3l4 2
[4 AV,

vale 2

next:

the shunt windings inject the series windings with a voltage that is more than 90° out of phase



Leading PST

Vy = V20 Vig = V3V,230°
Vg = V,2 — 120° consider phase A Vge = V3V,2 —90°
V. =V,2120° and Vea = V3V,2150°

calculate the injected voltage

Aﬁ_t[17 AVC] tlﬁ AV
- t - - t |AVy AV,
e Lo L]
A 3[C B] _)\/g 2 2_
- t o t AVgc
AVy = — + —
A 3 CB \/§ 2
AV, = =Ty + =2
AV V37,2 — 000 4 L Y3AaL 7 90"
A= T = AL =

6 2

—

AV = tV4£90° — t—= £90°
AV, + t7490° = tV,£90°

— t —
AV, [1 + EL90°] = tV,£90°

AV, t£90°

v, t1° [t
1+ > Ztan [7]

AV,

t
90 tan >

AV,  t£90°
Vi 1+ %490"

the injected voltage or voltage change...
* adds 90° minus an angle who's tangent =%

* multiplies each phases amplitude by

el



Vy = V420
Vg = V2 —120°
Ve =V,2120°

Leading PST (cont.)
aka: Boosting PST

V)AB = \/EI_/)AL3OO
V)BC = \/§I7AL —90°
V)CA = \/§‘7AL1500

consider phase A

A

0w >
|

AV, 290
Vi 1+ %490°

calculate the sending end voltage

I—;A _AI7A == I—/;{

Va=Va— —=
1+ 290°
A t290° 17
A 1+ %490°
- -1
7, [1+5290°—¢c90°
Vi 1+ %490°
7, 1+5290°
Vo1 _t 00
A 1-5290
. t1? 1 [t
7, J1+[g] ¢tan[g]
7 2
T -
%
:A =1s«x
Vs
a = 2tan"? [t]
N 2

Vil =

[Val

B
C

no load

t [q AV, t [[7 AVB] !
\/§ C 2 3 B 2 :
o
! 1
v, B t
AV, = L90°+tan_1
a /
Vi

V, leads V;

o = the resulting phase angle shift. (no load)
the magnitude of the receiving end voltage
equals the sending end voltage.

this configuration is known as a “symmetrical” PST
meaning that “relative” to the sending end voltage...
only the receiving end angle is changed.

leading angle for sending end since « is positive.

the power out of the receiving end will be increased, or ...
the power into the receiving end will be decreased.



Lagging PST

toggle the Lead - Lag switch (reverses polarity of shunt secondary winding)

the shunt windings inject the series windings with a voltage that less than 90° out of phase

A
L 4
V, +Au- 7 no load
—t[_, AV, —t[ﬁ AV,
vl 2 Nl
V, +AVs- 7 no load
b
VL4 2 V3l 2
V. +AVc— V. no load
1 ! t 1 ! t
V3 V3 | = >
t bl
— N B——
[17 AVA] € ¢ AV, - V3 2 val™ 2
) 7 vEl? 2 |5 AV,
v3Le 2
lag lag lag
-1<t<0 ) -
next:



Vg = Vyz — 120°
Ve = V,2120°

Lagging PST

consider phase A
and
calculate the injected voltage

]_/)AB = \/§I7A4300
]—/)BC = \/§‘7AL - 900
]—/)CA = \/§I7A41500

A~ 3: C > : 31 B 2 :
Lot |A, S|t ]. AV
AV, = —|—— +— |V ——
A 31 2 C_ 31 B ) |
Lt t AV.p
AVy = —Vge +—
A 3 BC 3 2
Lt t AVge
AVy = —Vge ——
A 3 BC \/§ ) B
R t — t V3AV,2 —90°
AV, = —+/3V,2 — 90° — — Az
V3 AT £ AV, —t£90°
— - A — -
= — o _— o 74 -2
AVA tKAL(BO +t > 290 A 14 % / — tan-1 [%]
_ AV, _ 7 -
o o AV t t
AVA - tTL()O - —tVAL()O ‘_/)A — - 4900 + tan—l I:E]
— t — A _t_
AV, [1 - E4900] = —t1,290° J1+]3]

AV,  —tz90°
n 1-L,o00
4 1-5290

the injected voltage or voltage change...

* adds 90° plus an angle who's tangent = :

* multiplies each phases amplitude by

o



Vy = Vg0 Lagging PST (cont.) Vg = V3V,230°
Vp = Vas —120° aka: Bucking PST Vpe = V3Vz2 = 90°
Vo =V,2120° , Vea = V3V,2150°
consider phase A
A A
B — B
C C
v, +AL- 7 no load
AN
AV,  —tz90° cfalcula_{e thf sending end voltage
7 t o Va— AV, =V, t [ Ay VA
Va  1-5290 Lo t290° o ﬁ[c—TC ﬁ[VB‘TB |
VatVa—F——=V, —
1-—- 5 £290° Yo
Va | t£90° 17 A
= =|1+ t—] rE—
Va | 1-5290° B 7, e
- t -1 — AV, = —ZL —90° —tan [E]
V, [1-752£90°+t290° Va n [4]
= t
VA i 1- 7490 17;1 lags I_/;{
. t ane
E B 1- 2 290 a = the resulting phase angle shift. (no load)
[7;{ B 14 t £90° the magnitude 0f the receiving end voltage
2 : equals the sending end voltage.
N t 1t
7 1t -]
Vi (7 [t P ) .
1+ [f] Ztan [7] this configuration is known as a “symmetrical” PST
‘7A meaning that “relative” to the sending end voltage...
= =1-qa only the receiving end angle is changed.
lag Va " lagging angle for sending end since « is negative.
- 0<t<1 a = 2tan?! E] the power into the receiving end will be increased, or ...

the power out of the receiving end will be decreased.



Phase Shifting Transformers
(symmetrical)

Look at how the no load voltage and angle change with tap changes
assume 33 tap settings
16 for boosting, 16 for bucking, and 1 for zero.
ranging from -1 to 1 with steps of 0.0625

Phase Shift .vs. Tap Setting V.'/ V, .vs. Tap Setting

no load phase shift is adjustable between +53° the voltage on the receiving bus is equal to the
for this example voltage on the sending bus.

greater phase shifts are possible by increasing

the shunt xfmr’s turns ratio.

a 90° phase shift is possible but not practical.
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