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Presenter Notes
Presentation Notes
Greetings everyone! As you know, there are two regulating transformers. Voltage Regulating (in-phase) vs. Phase-regulating transformers

Phase-shifting transformers (PST) have been around for more than 80 years but their implementation remains episodic. They are typically used for increasing or decreasing transmission line power flow. For instance, PSTs often compensate for undesirable phase angle differences at given line terminals resulting from highly variable power generation dispatch within a network or between networks. Without them, uncontrolled loop flows could result in weak loading of certain lines and overloading of others, even under normal operating conditions. In other instances, PST are used to compensate for excessively large phase angle increases at a given line terminals following the loss of a nearby facility such as a line or a transformer. Hence, from a system operator point of view, PSTs allow the use of networks to be maximized while meeting secure power flow levels both before and following contingencies. Although economic considerations have so far justified a limited number of PST implementations world-wide, it is expected that electricity market deregulation will make them more attractive as actual power systems depart more and more from the original intent of long-term planning.

CIGRE A2-203: INNOVATIVE APPLICATIONS OF PHASE-SHIFTING TRANSFORMERS SUPPLEMENTED WITH SERIES REACTIVE ELEMENTS
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Presenter Notes
Presentation Notes
Regulating transformers are two types: voltage regulating (in-phase) and phase regulating transformers (no-magnitude only angle between S & L terminals).
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» Modern power grid facing challenges to enhance grid controllability and power transfer capability due
to the increasing number of renewable generation penetrations.

» Utilities are exploring viable options with suitable power-flow controllers to offer grid-operational
reliability and meet power grids constraints.

» PST - a specialized type of transformer that controls active power (P) flow in power grid while
operating by reliable LTCs and advanced-retard switch (ARS) application.

» PST regulates the voltage phase-shift angle difference between ‘S’ and ‘L’ terminals - depends on a
phase-shifted voltage source injection into line segment by a series transformer unit, fed by a shunt
transformer unit.
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Presenter Notes
Presentation Notes
PSTs are well proven and robust devices being deployed for controlling active power flows and for solving unexpected grid congestions in transmission networks up to 500 kV level. The addition of reactive elements can extend control capability of the PSTs and support for other applications. There are a number of unconventional applications of the PSTs (e.g., substation uprating, substation reserve sharing, network decoupling, line power flow control using Assisted PSTs and HV transmission line de‑icing), made possible by adding series reactive elements as discussed in [1]. In US power grids, there are approximately one hundred PSTs in service to improve loadability and controllability of certain transmission network segments.






Phase-Shifting Transformers % cigre

Phase-shifting transformer (photo courtesy of ABB) Phase-shifting transformer (photo courtesy of Siemens)
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Presenter Notes
Presentation Notes

Ask questions? How they look? Are they similar to conventional transformers? There are three small neutral bushings (N1, N2, N3) on the secondary side of exciter (shunt) winding and one large bushing (L0S0) on the shunt winding’s primary neutral. So that four bushings on Exciter or Shunt transformers.

What about tap-changers? 

Regulating transformers are two types: voltage regulating (in-phase) and phase regulating transformers (no-magnitude only angle between S & L terminals). Voltage Regulating (in-phase) vs. Phase-regulating transformers

Both PSTs and autotransformers do not provide galvanic isolation between the connected systems but have the two sides metallically connected. The design and cost of phase shifters are driven by the maximum regulated angle.

Retard (like car - break to reduce power flow) means low current flow, low voltage drop and low power flow, Delta-V subtracted the voltage drop. It won’t change direction of power flow
Advanced (accelerate power flow) means high current flow, high voltage drop and high-power flow, Delta-V added the voltage drop

YOU CAN REVERSE POWER FLOW IF SUBSTATION LAYOUT WITH MULTIPLE BUS ARRANGEMENTS AND SYSTEM CONDITIONS SUPPORT FOR REVERSE FLOW

Ask questions here – series vs. shunt or Main transformer vs. QB, QB vs. series transformers => same  Why say quadrature?
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C1-108_2014: Improving the Cross-border Transmission Capacity of Polish Power System by Using Phase Shifting Transformers, CIGRE 2014
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Presenter Notes
Presentation Notes
Standard and nonstandard power transformers. Non-standard transformer s could be voltage regulating transformers (in-phase) or phase-angle regulating transformers or combined voltage and phase regulating transformers. We are concentrating on phase-angle regulating transformers known as PST or PAR. Fixed alfa design vs. variable alfa (in advance/retard switching)

The active power flow through the branch can be adjusted by changing the voltages at Ui and Uj, the reactance X, and the load angle, δ. The ability to control active power flow using changes in the voltages, Ui and Uj are relatively small, mainly due to limitations in the regulation of these voltages. Larger adjustable power flow can be possible through a branch reactance change, a so-called series compensation (using series capacitor banks). However, the full extent of active power flow through the branch can be changed by adjusting load angle, δ (not only change the value of active power flow but also change the direction of power flow). 
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Symmetric or non-symmetric type; quadrature or a non-quadrature type with a single-core or a two-core design, and finally with
a single tank or a dual tank design.

The term “symmetric” means, that under no load condition the voltage magnitude at L-bushing is always equal to the voltage
magnitude at S-bushing, independent of the phase shift angle.
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PST

a)
Quadrature voltage across a PST causes a shift in angle

A quadrature type PST is a unit where the boost voltage, which creates the phase shift between S and L bushings, is
perpendicular to the line voltage at S- terminal, or to a combination of the line voltages at S and L terminals.

\ :


Presenter Notes
Presentation Notes
A PST can be of symmetric or non-symmetric type; it can also be a quadrature or a non-quadrature type, with a single-core or a two-core design, and finally with a single tank or a dual tank design. The term “symmetric” means, that under no load condition the voltage magnitude at the load side (L) is always equal to the voltage magnitude at the source side (S), independent of the phase angle. 

One PST design can have many solutions. The customer’s needs and the manufacturer’s preference generally determine the PST design.

Single-core PSTs are used for low voltages and small power ratings and designed as symmetric or non‑symmetric. The symmetric design unlike the non-symmetric one provides an output voltage independent of the phase angle-shift at no load, and therefore it is the most used design. 

A quadrature type phase shifter is a unit where the boost voltage, which creates the phase shift between source and load terminals, is perpendicular to the line voltage at one terminal, or to a combination of the line voltages at source and load terminals. 

Alternatively, a symmetrical design will not change the voltage magnitude between the source and load bushings in the process of advancing or retarding the phase angle. A quadrature type phase shifter is a unit where the boost voltage, which creates the phase shift between source and load terminals, is perpendicular to the line voltage at one terminal, or to a combination of the line voltages at source and load terminals. 
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PSTs can be grouped into five categories:
o Single-core asymmetric, with tap winding outside the delta
o Single-core symmetric, with tap winding outside the delta
o Single-core, symmetric, polygon (delta hexagonal)
o Two-core symmetric with wye-wye exciting unit (conventional)

o Two-core, asymmetric with wye-wye exciting unit (quadrature booster)

IEEE Std C37.245:2018 Guide for the Application of Protective Relaying for phase-Shifting Transformers



Presenter Notes
Presentation Notes
Asymmetric design will have both voltage and angle regulation. One PST design can have many solutions. The customer’s needs and the manufacturer’s preference generally determine the PST design.

In the past, many studies have demonstrated different types of PSTs and their design requirements on a case-by-case application. With an intention to provide a quick grasp of this topic, this article briefly explains the most frequently used single-core and two-core symmetric type PSTs. 

Both PSTs and autotransformers do not provide galvanic isolation between the connected systems but have the two sides metallically connected.
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Fig. Nameplate diagram Fig. Three-line diagram

IEEE Std C37.245:2018 Guide for the Application of Protective Relaying for phase-Shifting Transformers
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Presenter Notes
Presentation Notes
No Galvanic isolation; Cannot separate a Wye or Delta winding either from secondary connections.

Single-core, symmetric type: There are buried CTs in all three Delta windings. CTs could experience proximity or stary field effects that may cause significant error in CTS and cause misoperation.

A single-core symmetric PST with tap winding outside the delta (in the advanced position) is shown in Fig. 2a) and Fig. 2b) [3]. The delta excitation winding is fixed at the midpoint of the regulating windings. Two tap changers move the S and L terminals along the regulating winding. This is a symmetrical design as long as the two LTCs are operated such that they always remain within one step of being the same number of taps from either side of the midpoint of the regulating winding. 

THIS CONNECTION IS FOR RETARD MODE.

PSTs, in general, are different from power transformers. Both PSTs and autotransformers do not provide galvanic isolation between the connected systems but have the two sides metallically connected.
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Fig. Nameplate diagram Fig. Three-line diagram of a two-core symmetric PST in the advanced position

IEEE Std C37.245:2018 Guide for the Application of Protective Relaying for phase-Shifting Transformers
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Presenter Notes
Presentation Notes
Two-core, symmetric type: N0 CTs may be internal CTs rather than bushing CTs for some applications (as per C37.245 differential schemes.)

If proximity effects on CTs in close proximity to the core (on the neutral end of the primary winding of the excitation transformer above the S0L0 terminal as shown in Fig. xx) are not adequately mitigated, magnetic fields from the inrush current could cause significant error in these CTs and cause misoperation of a KCL differential [C37.245]. Usually, 87P is immune to inrush currents. 

The primary winding of the excitation core is tapped to the midpoint of the primary winding of the series core. The secondary winding of the excitation core has an LTC on each phase that regulates the secondary voltage of the series core winding. When the LTC is at neutral, no voltage is applied to the series core secondary. When the LTC is at its highest tap, full voltage is applied to the secondary winding of the series core. The secondary winding of the series core is connected in delta as shown in Fig. 3a) and Fig. 3b). The quadrature voltage is applied to each phase, which is ±90° out of phase with the midpoint to ground voltage halfway between the source (S) and load (L) terminals. Such arrangement helps to ensure that the symmetrical S and L voltage magnitudes for the full range of LTC positions are achievable. A reversing switch in the secondary of the excitation winding (not shown in Fig. 3a) and Fig. 3b)) determines whether the PST will be controlled in advanced or retard position [3]. 
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Fundamental Design Parameters
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Fig. Connection diagram of a symmetrical two-core PST core PST in advanced position
The main parameters of a PST consist of: The main transformer (exciter) unit is powered by the source
> Rated throughput power, S, = 3 = V, * I;,, where V; is the midpoint voltage supplied from the midpoint of the primary winding of the
voltage of the primary winding of the series unit series (or booster) transformer. This winding arrangement injects

o Rated main unit design power, Syy = 2 * S,, * sin% a quadrature voltage between the source and load bushings.
’ - n 2

© Range of phase-shlft angle regulatlon, a Phase-Shifting Transformers Application and Technology, ABB AG, Germany

[1] C1-108_2014: Improving the Cross-border Transmission Capacity of Polish Power System by Using Phase Shifting Transformers

[2] IEC 62032/IEEE Std C57.135:2012 Guide for the Application, Specification and Testing of Phase-Shifting Transformers



Presenter Notes
Presentation Notes
Cost of PSTs varies with alfa and MVA rating. Some PST design utilizes a tertiary, unloaded, delta-connected, equalizer winding.

Throughput power of a PST is obtained from its rated voltage and rated current flow through terminal L of the booster transformer (i.e., the current flow from S to L bushing terminals). In turn, the rated design power results from the booster voltage produced by the booster transformer (series unit) and the current flow through its winding. The rated design power of series and main unit is associated with the dimensions of PST.

The main transformer (exciter) unit is powered by the source voltage supplied from the midpoint of the primary winding of the series (or booster) transformer. This winding arrangement injects a quadrature voltage between the source and load bushings. To advance the phase angle of  𝑉 1 , a voltage in phase with  𝑉 32  (the tapped voltages of neighboring phases of the shunt transformer’s secondary) is added to the  𝑉 1  voltage of the series unit’s delta winding. 

The excitation winding is typically rated much lower (based on alfa – see the equation) than the load flow rating. The exciting winding of a regulating transformer requires a special protection because the conventional power transformer differentials may not be sensitive enough to sense faults in this high-impedance winding.
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Important Design Considerations % cigre

Phase angle rating: Defined under no-load condition.

Note: The PST is unlikely to operate at this phase angle under load in the advanced phase-shift position because
of the voltage drop in the series unit. In retard position, the phase shift angle should not go beyond the no-load
phase angle limit.

MVA rating: Defined as the apparent power (MVA) at rated voltage.

The nameplate MVA rating is associated with the power flow over the range of requlation (tap) from neutral to full
advance and full retard position. The MVA rating of shunt and series unit shall be determined based on system’s
specific power flow control needs.
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Presenter Notes
Presentation Notes
Talk about studies: Refer Ravi’s report’s summary. Don’t disclose. Perform System Impact study – N-0, N-1, N-2; Summer vs. winter loading, PV – voltage variations and thermal overload/ampacity; heavy summer/heavy winter/light summer; kV vs. MW – PV curves; export/import with wind or without wind generations; Short circuit analysis; stability analysis

Phase angle rating: The rated phase angle is defined under no-load condition. The maximum achievable phase angle of a PST is limited. The PST is unlikely to operate at this phase angle under load in the advanced phase-shift position because of the voltage drop in the series unit. In retard position, the phase shift angle should not go beyond the no-load phase angle limit. 

PST IS EXPENSIVE with HIGHER ALFA RATING. neutral to full advance and full retard position – if the tap is on neutral series delta secondary winding will be shorted. When off neutral, booster voltage will be impressed on the series winding and alfa will be changed either in advanced or retard mode according to the tap position.

MVA rating: The design capacity of a PST is defined as the apparent power (i.e., MVA) at rated voltage. The nameplate MVA rating of a PST is associated with the power flow over the range of regulation from neutral to full advance and full retard position. The actual MVA rating of the transformer core is associated with the range of regulation that a PST can provide. The MVA rating of the PST main unit (shunt transformer) and series unit shall be determined based on system’s specific power flow control and other needs. 
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PST types: PSTs with shunt and series unit can be built in a common tank or different tanks according to the needs for a
single-core or two-core design.

In single-core design (extended delta and delta hexagonal), the LTC and the tapped winding are in the line end of the
windings and are directly exposed to the system overvoltages.

|_2 _I_ 52 /\/E)ﬂ

51

Single-core symmetric, Single-core symmetric, Two-core symmetric with wye-
extended delta delta hexagonal wye exciting unit (conventional)

Two-core designs consist of a series and excitation units. For smaller rating and lower voltage, PST can be built into a single
tank, while for larger rating and higher voltage PST requires a dual-tank design solution. Transportation limitations demand for

two-core design. This is frequently the case for system voltages equal to or greater than 400 kV.
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Presenter Notes
Presentation Notes
why car damaged when brakes at high speed: Ac-ce-le-rate to de-celerate
The brake pads contact the rotors and cause the friction necessary to stop the vehicle. If you suddenly hit the brakes after driving at a high rate of speed, it creates stress on the suspension and creates excess heat. If your brakes overheat, the pads will deteriorate faster and warp the rotors. Similarly, when ARS reverses switching from Advance direction to Retard (limited power flow) direction.

PST types: PSTs with an exciter and series transformer unit can be built in a common tank or different tanks according to the needs for a single-core or two-core design. In single-core design, the LTC and the tapped winding are in the line end of the windings and are directly exposed to the system overvoltages. Two-core designs consist of a series and excitation units. For smaller rating and lower voltage, PST can be built into a single tank, while for larger rating and higher voltage PST requires a dual-tank design solution. Transportation limitations demand for two-core design. This is frequently the case for system voltages equal to or greater than 400 kV. 

PSTs, in general, are different from power transformers. Both PSTs and autotransformers do not provide galvanic isolation between the connected systems but have the two sides metallically connected.

MVA rating: The design capacity of a PST is defined as the apparent power (i.e., MVA) at rated voltage. The nameplate MVA rating of a PST is associated with the power flow over the range of regulation from neutral to full advance and full retard position. The actual MVA rating of the transformer core is associated with the range of regulation that a PST can provide. The MVA rating of the PST main unit (shunt transformer) and series unit shall be determined based on system’s specific power flow control and other needs. 
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Important Design Considerations

Overload conditions (above nameplate rating): Overloading
increases 3 (transformer load angle) and consequently also the load
phase angle, az‘r) in the retard position.

Note: This may result in a load phase-shift angle that exceeds the maximum
rated no-load phase angle. The voltage across the regulating winding and
consequently also the voltage per step of a single-core type as well as the
voltage across the series winding of a two-core type will exceed the rated

Vs (r)

voltage.
Moreover, with a two-core design, the main transformer (shunt) will Where:
experience a certain degree of overexcitation with the same V;* = load-side voltage (no-load)
consequences for the regulating (i.e., tapped) winding. The degree Vi, = load-side voltage (loaded)
. . . . B = transformer load angle
depends on the ratio of the impedances of series and exciter (shunt) o = phase-shift angle Fig. PST under load
transformer units. ¢, = load power factor angle
Note: Besides the cores’ overfluxing effect, the other parameters, such as PST adds +a, and so, a,) and a(;, - varied as:

az‘a) = (a — B): is phase-shift angle (loaded) advance

voltage per step, current, and switching capability, etc., shall be checked . _
az‘r) = —(a + B): is phase-shift angle (loaded) retard.

whether they are within the limits of the LTC design.

IEC 62032/IEEE Std C57.135:2012 Guide for the Application, Specification and Testing of Phase-Shifting Transformers
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Presenter Notes
Presentation Notes
Overload also depend on usual service conditions: For example, Switching arrangements with PST to place in and out of the service; CB or switch operations resulting from faults external and internal to the PST; PST energization from L or S terminals, capable of transferring power in retard position (limited power… should not exceed), seismic requirements, alignment issues with two tanks, lightning & switching impulses for operation in the bypassed state with the source and load bushing connected through busbar.

Thermal overload capability of the PSTs must comply with IEEE Std C57.135, IEEE Std C57.12.00 or IEC 60076-7 requirements. Additional overload requirements for retard operation must be defined by the manufacturer and agreed on by the purchaser prior to completion of the PST design.
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Important Design Considerations

LTC and ARS (Advance-Retard Switch) application: The selection of OLTCs for the PSTs differs from the standard
power transformers. The required switching capacity as well as the step voltage of an OLTC are the most important
parameters beside the throughput current flow. The permissible step voltage in a PST may vary over a wide range
depending on the load and the switching position of the OLTC.

In two-core design, the winding connection inversion to achieve an advance or a retard transition can either be provided in
the series transformer secondary winding via an ARS or in the secondary winding of the excitation unit via one or more
LTC reversing change-over selectors and sometimes via an ARS switch...

—————
,,,,,,

27 — S

S Series unit

r L5
L

JIF=ISSIN
L,
LTC2
LTC LTC 1
S ~ ~~

[11 A2-207_2014: New Phase Shifting Transformers in the Italian Transmission Network - Design, Manufacturing, Testing and Electromagnetic Transients Modelling
[2] IEC 62032/IEEE Std C57.135:2012 Guide for the Application, Specification and Testing of Phase-Shifting Transformers
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Presenter Notes
Presentation Notes
Go thru’ slide. EMTP study: The required switching capacity as well as the step voltage of an OLTC are the most important parameters beside the throughput current flow. The permissible step voltage in a PST may vary over a wide range depending on the load and the switching position of the OLTC. In two-core PST design, the winding connection inversion to achieve an advance or a retard transition can either be provided in the series transformer secondary winding via an ARS or in the secondary winding of the excitation unit via one or more LTC reversing change-over selectors and sometimes via an ARS switch.

The use of ARS can affect differential protection if it is positioned in the series/delta secondary (see red zone) while transitioning from advance to retard direction or vice versa. But it is okay with green zone.

Siemens (do not say name): one of the OEM says: OLTC operations can range from 300, 000 to 1.2M but might be lower on large OLTC models seeing large phase shifter duties. For moderate step capacities (up to 3MVA per phase), maintenance intervals can be up to 300,000 operations.

WAPA: The LTC was a concern in the PST design. The LTC contacts were required, by the specification, to perform 250, 000 operations (i.e., contact’s life expectancy) under full load without requiring replacement or rebuilding, and 60, 000 operation before changing of the oil. This design has a proven operating record and has a recommended service interval of 20,000 operation before an inspection is required, 80,000 operations before oil change, and the contact’s life expectancy is in excess of 250, 000 operations.

The PSTs regulate the phase shift angle between the source and load voltage in a such way that the load voltage is either in-phase with the source voltage, in advance, or in retard direction. Step changes in angular regulation are accomplished through LTC taps that either add or subtract from the number of turns in the regulating winding of the PST as discussed in IEEE Std C37.245. Transitions from advance to retard regulation, or from retard to advance, are accomplished by reversing the connection of one of the PST windings or a portion of one of the overall windings. This polarity inversion is performed either through the LTC’s reversing change-over selector or through a separate ARS. In most PST configurations, the transition from advance to retard or retard to advance has no impact on the differential protection utilized. 

If the advance/retard transition for a two-core PST is made via a winding inversion in the exciter transformer secondary winding, the differential stays balanced during advance/retard transitions as the relationship between the primary winding currents and the delta connected secondary currents in the series transformer are not affected by the winding inversion.





Important Design Considerations

Special considerations for two-core design:

In two-core type PST, the transmission of transient voltages caused by
switching or lightning impulses is rather complex. There may be high-
voltage oscillations of the connecting leads depending on the capacitive
voltage control of the series winding. High transient voltages will be
transferred to other windings coupled to the series winding or to the
excitation winding.

Likewise, when a two-core design is made with multiple tanks, special
precautions must be taken to design connections between the tanks.
The connection leads must be insulated for the overvoltages that may
occur under transients and power frequency environment. A short
circuit between the connections of the two units would trigger severe
damages.

A2-207_2014: New Phase Shifting Transformers in the Italian Transmission Network
- Design, Manufacturing, Testing and Electromagnetic Transients Modelling
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Presenter Notes
Presentation Notes
Transient overvoltage during shunt cap bank switching … can propagate from series winding pri. to series winding’s secondary. 

Special considerations for two-core design: 
In two‑core type PST, the transmission of transient voltages caused by switching or lightning impulses is rather complex. There may be high-voltage oscillations of the connecting leads depending on the capacitive voltage control of the series winding. High transient voltages will be transferred to other windings coupled to the series winding or to the excitation winding. Likewise, when a two-core design is made with multiple tanks, special precautions must be taken to design connections between the tanks. The connection leads must be insulated for the overvoltages that may occur under transients and power frequency environment. A short circuit between the connections of the two units would trigger severe damages. Therefore, the use of appropriate metal enclosures to protect the leads against lightning strikes and other possible sources of short circuit can withstand the mechanical, electrical, and thermal stresses produced by external short-circuit events.
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Circuits Arrangements

Circuit Arrangements of PSTs

One PST, connected with two CBs, one bypass
switch and four disconnectors,
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b) Two PSTs in series, connected with one bypass
switch and five disconnectors,

c) Two PSTs in series, connected with two bypass
switches and six disconnectors, [] PST '_\1

d) Two PSTs in parallel, connected with two CBs, i ] ( o9 o Pleeacter
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] PST —e
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e) Two PSTs in parallel, connected with three CBs, @

one bypass switch and eight disconnectors.
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AIS Substations - Comparisons of Approaches, CIGRE Session 2020
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Presenter Notes
Presentation Notes
Talk once for all four slides to save time. Wait for questions. 
Each PST project is unique. So, we need to review for all possible arrangements during development stage.
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Operational Likelihood B agre

Operational flexibility of PSTs can be improved with the following mode of operation:

- Parallel operation of PSTs can reduce MVA rating of each transformer. Effect of circulating currents
must be taken into consideration.

- Serial operation of PSTs extends combined phase-shift angle. Under such a configuration, the rated
phase-shift angle of each PST will be reduced.

- Bypassing option of the PSTs with disconnector switches and circuit breakers can reduce line losses
when the regulated power flow control with PSTs is not necessary or when unavailable - due to failures
or maintenance.

- Changeable line arrangement allows flexibility in PST’s position to different power lines and may be
required due to power flow situation changes.

B3-108_2020: Flexible Integration of Phase-shifting Transformers in AlS Substations - Comparisons of Approaches, CIGRE Session 2020
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Presentation Notes
Refer previous slide on Parallell and Series Configuarations 

Operational flexibility of PSTs can be improved with the following mode of operation:
Parallel operation of PSTs can reduce MVA rating of each transformer. Effect of circulating currents must be taken into consideration.
Serial operation of PSTs extends combined phase-shift angle. Under such a configuration, the rated phase-shift angle of each PST will be reduced.
Bypassing option of the PSTs with disconnector switches and circuit breakers can reduce line losses when the regulated power flow control with PSTs is not necessary or when unavailable - due to failures or maintenance.
Changeable line arrangement allows flexibility in PST’s position to different power lines and may be required due to power flow situation changes.
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Flexible Assignment of PSTs
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Circuit arrangements of PSTs with additional transfer busbar

B3-108_2020: Flexible Integration of Phase-shifting Transformers in AIS Substations - Comparisons of Approaches, C/IGRE Session 2020



Presenter Notes
Presentation Notes
Source and load side busbar connections can be inter-changed based on power flow demands and system’s requirements (if additional busbars are connected).
If utilities require flexible assignment of PSTs to power lines, more complex concepts are necessary, for instance circuit configurations with an additional transfer busbar, as shown in Figure 2. The power line can be connected to the transfer busbar independently of the bay equipment, and hence the load flow can be influenced by the PSTs in front. The configurations allow for an increased availability during maintenance. The maintenance of circuit breakers and PSTs only requires an outage of the affected bays and does not lead to an outage of power lines. However, the maintenance of the line disconnector leads to an outage of the allocated bay and power line. Furthermore, the maintenance of the transfer (bypass) disconnector switches leads to an outage of the allocated bay and power line, the transfer busbar and therefore all connected PSTs. The installation of multiple PSTs (E) allows serial operation. These configurations enable energized switching.
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- Flexible node topology can be formed for changing the power flow situations. PSTs can be assigned
between various electrical nodes with different voltage phasor angles [requiring additional busbar
sections — refer previous figure]. This is required whenever transit flows are induced into other lines,
transformers or entire grids.

- Energized switching is necessary when the network is already stressed due to overloads. Switching
operations that require a short discontinuity to get from one of the above states to another, will eventually
lead to inadmissibly differences in phasor angles. This can be avoided by the integration of additional
circuit breakers to allow discontinuity-free switching operations.

B3-108_2020: Flexible Integration of Phase-shifting Transformers in AIS Substations - Comparisons of Approaches, CIGRE Session 2020

\ :


Presenter Notes
Presentation Notes
Flexible node topology can be formed for changing the power flow situations. PSTs can be assigned between various electrical nodes with different voltage phasor angles (requiring additional busbar sections). This is required whenever transit flows are induced into other lines, transformers or entire grids. [PSTs connections move from one line to adjacent or other lines in parallel]

Energized switching is necessary when the network is already stressed due to overloads. Switching operations that require a short discontinuity to get from one of the above states to another, will eventually lead to inadmissibly differences in phasor angles. This can be avoided by the integration of additional circuit breakers to allow discontinuity-free switching operations.

Changing load and source side of PST: whenever flexible line assignment is possible; it can help the operability if the changing of taps will always result in the same effect. This way, the operating personnel will intuitively know which direction to use in order to reduce or advance the power flow.
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» The major factors specific to the PST design shall include:

- Rated throughput power, phase-shift angle (a) requirements and rated voltage

- Impedance variation across the regulating taps and its influences on voltage drop under load,
phase shift under load, and saturation effects in retard mode

- Short circuit capability of the PST connected line

- OLTCs performance requirements - LTC margins on step voltage, rated current, short circuit
currents, step switching, and transient voltage withstand, and the duty of advance-retard switch

- Transient voltage distribution during lightning impulse
- Single command features for bypass and tap changers (OLTC and ARS) operation
- PST installation costs

- Test capability
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Presentation Notes
Let me recap what we have discussed: Go bullet by bullet point 
One PST design can have many solutions. The customer’s needs and the manufacturer’s preference generally determine the PST design.
PST installation costs – vary with alfa, MVA, type/tank, Design with 3-legged vs. 5-legged designs, number of tap changers operations limit.

Transient voltage distribution is complicated: no galvanic isolation in PST design and transient overvoltage (during energization or lightning or switching) can easily propagate from series or main windings to the regulating winding and taps.

In a traditional transformer, the AT unbalance introduced by a tap changer is typically in the range of ±10%, which is easily accommodated by the slope of the differential element. 
In a PST, the range of AT unbalance on the core of the regulating winding is in the range of ±100%.

Siemens (do not say name): one of the OEM says: OLTC operations can range from 300, 000 to 1.2M but might be lower on large OLTC models seeing large phase shifter duties. For moderate step capacities (up to 3MVA per phase), maintenance intervals can be up to 300,000 operations.

WAPA installations ~1990 : Western Area Power Administration: 300 MVA, 345kV, -30 to +60 degrees (three different shift range; +60 to 0 deg ; 30 to -30 deg , and 0 to -60 deg) the lower -60 to 0 degree range is available by simply reversing the internal connections on the 60 to 0 degree tap at minimal additional expenses.

WAPA: The LTC was a concern in the PST design. The LTC contacts were required, by the specification, to perform 250, 000 operations (i.e., contact’s life expectancy) under full load without requiring replacement or rebuilding, and 60, 000 operation before changing of the oil. This design has a proven operating record and has a recommended service interval of 20,000 operation before an inspection is required, 80,000 operations before oil change, and the contact’s life expectancy is in excess of 250, 000 operations.
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Concluding Remarks

» Other factors shall include

United States

- Footprint requirement in the substation
- Oil spill containment volume
- Transportation limitations

- Protection challenges and costs for relays

» All these factors would determine whether a single- or a two-core, symmetric or asymmetric type PST
design solution is feasible for any project-specific application.

[1] IEEE Std C37.245:2018 Guide for the Application of Protective Relaying for phase-Shifting Transformers
[2] A2-205_2006: Special Considerations on the Selection of On-Load Tap-Changers for Phase-shifting Transformers, CIGRE 2006
[3] IEC 62032/IEEE Std C57.135:2012 Guide for the Application, Specification and Testing of Phase-Shifting Transformers
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Presentation Notes
All these factors would determine whether a single- or a two-core, symmetric or asymmetric type PST design solution is feasible for any project-specific application.

Protection challenges and costs for relays: DEPENDING ON CURRENT FLOW IN THE PST AND CT LOCATIONS, WHETHER BURRIED CTS OR BUSHING CTS. BURRIED CTS COULD expect proximity effect which causes false operation. Skin effect and proximity (current density over the cross section is not uniform due to induced field) effets are different. Protection challenges are unique to each type.

Speed of protection (fast tripping), selectivity and security (no false or misoperation) are most important aspects to be considered for PST protection. 

Through fault protection is complicated for PSTs because the impedance of a PST varies significantly depending on tap position.

Location of Tap has significant impact on transformer’s saturation during external faults. For example, only the series core of a two-core PST will be stressed by through faults while on neutral. But, when off neutral, the windings of the excitation core will experience through fault currents. The exact tap position that may be most onerous for the PST will vary with construction. For a single-core PST, the impedance of the PST is zero when on neutral. 

Note that The PST load tap changer (LTC), located in the secondary winding of the exciting unit, controls the amount of phase angle shift by changing the magnitude of the quadrature voltage. 

In a traditional transformer, the AT unbalance introduced by a tap changer is typically in the range of ±10%, which is easily accommodated by the slope of the differential element. In a PST, the range of AT unbalance on the core of the regulating winding is in the range of ±100%. For this reason, many protection systems for PSTs do not attempt to match ATs and use only the KCL type of differential elements, which are unable to detect turn-to-turn faults. These systems rely on the 63 sudden pressure relay (63SPR) or Buchholz relay exclusively for turn-to-turn fault protection in all or part of the PST windings. Partial winding faults (turn-to-turn or turn-to-ground) are a unique issue with transformers that requires high sensitivity to detect.

Transformer manufacturers usually provide special protection and monitoring schemes of their design on PSTs. The schemes may stop the tap-changing sequence or initiate a trip for a switch or mechanism malfunction. [C37.91]. The manufacturer shall determine the most onerous conditions for short circuit on every winding or active part in accordance with IEEE Std C57.12.00 or IEC 60076-5. These standards suggest tolerances for ratio, tolerances for impedance, tolerances for losses, and Accuracies required for measuring losses.

Instrument Transformers’ location Influences PST protections (CTs – buried CTs will experience stray flux/proximity effects – could cause errors in CTs performance and protection)

POLARIZING VOLTAGE SENSITIVITY for POTT Schemes - Permissive Overreaching Transfer Trip Protection �All distance functions require a finite amount of voltage in order to operate. Exactly how much is required is a measure of the sensitivity of the function and is determined by the type and design of the function.�The voltage polarizing sensitivity is set by design and if the voltage at the relay falls below that level then the function will not produce an output except by memory action. If there is no memory, then there will be no output. If the memory is finite in duration, then the output will last just as long as the memory. If adaptive memory is used, then the output will last until the function resets following clearing of the disturbance that initiated operation of the function.
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This paper will be archived at CIGRE USNC website. If interested, you may download it.




Principles of Active Power Control

System 1, Z, I,
1
AV >
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Advanced: V,* leads Vg Retard: V;* lags Vg

Load side power factor of 1.0

V;" = Load-side no-load (or preload) voltage
V, = Load-side loaded voltage

A4 (aav) : When V[ leads Vg

A_(retq) * When V[ lags g

Vs

Where:
V" = load-side voltage (no-load)
V;, = load-side voltage (loaded)
B = transformer load angle

a = phase-shift angle PST under load

¢, = load power factor angle

PST adds *a, and so, the load phase-shift angles a(,, and az‘r), respectively, can be varied as:

a(qy = (a—B): is phase-shift angle (loaded) advance, and
aiy = —(a + B): is phase-shift angle (loaded) retard.

IEC 62032/IEEE Std C57.135:2012 Guide for the Application, Specification and Testing of Phase-Shifting Transformers
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Presentation Notes
The active power flow through the branch can be adjusted by changing the voltages at Ui and Uj, the reactance X, and the load angle, δ. The ability to control active power flow using changes in the voltages, Ui and Uj are relatively small, mainly due to limitations in the regulation of these voltages. Larger adjustable power flow can be possible through a branch reactance change, a so-called series compensation (using series capacitor banks). However, the full extent of active power flow through the branch can be changed by adjusting load angle, δ (not only change the value of active power flow but also change the direction of power flow). 

Control loop current in parallel branches… regulate current and power flow by control…

advance phase angle: The phase angle expressed in degrees that results when the load (L) terminal voltage leads the source (S) terminal voltage.  
retard phase angle: The phase angle expressed in degrees that results when the L terminal voltage lags the S terminal voltage. 
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Fig. Phase shift diagram Fig. Three-line diagram of a single-core delta

Fig. Nameplate diagram hexagonal, shown in the advanced position

IEEE Std C37.245:2018 Guide for the Application of Protective Relaying for phase-Shifting Transformers
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Presentation Notes
Hexagonal PSTs are of a symmetrical type, having six windings placed on a three-legged core. They maintain the same voltage magnitudes at L and T terminals. Windings are interconnected in a unique way that makes both the series and excitation windings virtually intersect each other with the effect that no delta or wye winding can be isolated in the structure of a hexagonal PST.

1) Phase Faults: Internal phase faults in hexagonal phase shifters are more plausible compared with the case of power transformers given the sophisticated nature of the tap changer where both the L and S taps are moving; operation of the reversing switch; and complex interconnections between the coils. By a phase fault, we mean a short circuit between or close to two or more of the L1, L2, L3, S1, S2, and S3 terminals (Fig. 3). Gas and oil relays as well as electrical methods that mimic the ampere-turn equations of the transformer are capable of detecting phase faults. [Kasztenny_2008-Part II].
 
2) Ground Faults: Since none of the winding terminals are grounded in a hexagonal PST (the entire winding structure “floats”), ground faults generate excessive terminal currents and are relatively easy to detect. This is favorable compared with ground fault protection of grounded-wye windings of power transformers.
Gas and oil relays as well as electrical methods that mimic ampere-turn equations of the transformer are capable of detecting ground faults.
A hexagonal PST is a continuous circuit for the zero-sequence [5]. As a result, a simple “zero-sequence differential” function measuring a vectorial difference between zero-sequence currents at the load and source sides can be used for very sensitive ground fault protection.
 
3) Turn Faults: Turn faults can only be detected by oil and gas relays and electrically by methods that mimic ampere-turn equations of the PST. The latter technique has a finite sensitivity, leaving the oil and gas detection as the vital protection mean.



Design Considerations - Overloading in Retard Position

Overloading of a PST increases
the internal phase angle § and
consequently also the load phase
* . . .
angle, a(,y in the retard position.
Where:
V" = load-side voltage (no-load)
V;, = load-side voltage (loaded)
B = transformer load angle
a = phase-shift angle .
@, = load power factor angle Fig. PST under load

PST adds *a, and so, the load phase-shift angles «,, and az‘r), respectively, can be varied as:
agqy = (a— B): is phase-shift angle (loaded) advance, and
aiy = —(a + B): is phase-shift angle (loaded) retard.

IEC 62032/IEEE Std C57.135:2012 Guide for the Application, Specification and Testing of Phase-Shifting Transformers
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Highlights on PST Protection (forthcoming article)
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, Other protections include:
i * Short Circuit Protection

;Qumd _@ B A Through Fault Protection Permissive Overreaching Transfer Trip Protection
Lo Al * Thermal Overload Protection
87P (KCL) connection diagram *  Backup Ground Fault Protection
of a two-core symmetric PST * Buchholtz and LTC Sudden Pressure Relay Protection
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Like standard power transformers, PSTs, generally require sensitive, fast, dependable, and secure protection for all types of faults within the PST and the bus work that makes up the zone of protection. There are many challenges to meet these requirements. For example, to detect partial winding faults such as turn-to-turn or ground faults near the neutral of a wye grounded transformer, high sensitivity is required. Also, phenomenon such as CT saturation, inrush, and over-excitation, etc. would challenge security. The speed of protection, such as fast tripping, can prevent internal damage of the transformer. Windings can be damaged by through faults if they are not cleared quickly enough. Also, thermal overloading can accelerate the aging of the transformer insulation and winding blocking systems leading to premature failure [C37.91 & C27.245]

Most of these challenges apply to standard and nonstandard transformers (PSTs). In addition, there are various other challenges that may arise. For example, traditional methods used to compensate differential elements for the fixed phase shift across a transformer may be inadequate for dealing with the variable phase shift of a PST. Through fault damage and thermal overload characteristics of a PST may be significantly different from a conventional power transformer. 
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