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Abstract 
Autotransformers in general are not as expensive as the conventional type power transformers, 
and are used quite extensively in bulk power transmission system, because of their ability to 
multiply the effective kVA capacity of the transformer, and on radial distribution feeder circuits as 
voltage regulators. However, when used for transmission and sub-transmission voltage levels, 
they are usually very large and very expensive. 

This paper focuses on variety of differential protection schemes with overview on their protection 
advantage/disadvantage, depending on autotransformer configuration, current transformer 
locations, and shows protection techniques for detecting winding turn-to-turn faults.  Moreover, 
the paper presents a real example of effective turn-to-turn fault detection, and show results. Also, 
solutions are offered on how to detect ground faults on autotransformer with delta tertiary 
configurations. Further this paper will cover large bucking type autotransformers, with and without 
delta tertiary winding, as well as split-phase autotransformers. 

1. Introduction 
Autotransformers are used widely in both transmission and distribution power systems, to either 
boost (increase), or buck (oppose, decrease) the voltage. The ones used by American Electric 
Power, are mostly coupling the EHV transmission grid to transmission or sub-transmission grid. In 
many distribution applications, the autotransformer is placed after power transformers, for better 
control over the supplying load voltage. Even though the autotransformers are simpler, when 
compared to other transformer designs, their protection is of a high concern, due to their direct 
connection to the line – series winding, and solidly grounded common winding, which can be 
exposed to high fault currents, during system disturbances. This, in return, calls for higher 
insulation quality. Autotransformer failures can cause significant damage, not only to the device 
itself, but also to the surrounding grid, creating unwanted outages. Accordingly, high demands 
are imposed on power transformer protective relays. The requirements include dependability (no 
mis-operations), security (no false tripping), and speed of operation (short fault clearing time). 
Another important aspect is the application of the transformer protective relays, depending on 
autotransformer types (with/without Delta tertiary, three-phase, single phase, split-phase), CT 
locations, zones, etc. It is common to apply the current differential protection principles for 
transformers in general. However, the protection can vary by zone setup, and desired fault 
detection zone coverage. The paper provides an overview for all types of differential protections 
for autotransformers, and discusses a technique used for detection of turn-to-turn winding faults. 
The paper also covers practical solutions to detect faults on ungrounded autotransformer with 
Delta tertiary winding designs. 

2. Autotransformer Differential Schemes 
One of the most common autotransformer differential schemes (Fig. 1) accommodates, two 
inputs– one from the HV autotransformer side, and another from its medium voltage (MV) side.  
This scheme is used even for autotransformer with Delta tertiaries, where the tertiary winding is 
connected to station service bus and supplies very small power to station auxiliary loads. In many 
cases, the Delta tertiary doesn’t supply any load, and is used only as a trap for zero sequence 
currents, and magnetizing current harmonics. 
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Figure 1 

The setup of the differential protection for this scheme arrangement uses the voltage 
transformation ratio, such that, the currents and voltages from the MV side are proportional to the 
currents and voltages of the HV side. Similar to two-winding transformer protection, the MVA for 
the high and low autotransformer windings is set the same, and the balance of the current is 
achieved following the transformer equation: 

)(*)(* kVMVimkVHVih =  [1] 

Assuming a Wye CT connection on both sides of the auto, no phase compensation is required. 
The relays compute CT mismatch factors automatically, and perform currents summation. The 
scheme detects ground, phase and bank faults. However, this scheme is blind to the detection of 
turn-to-turn faults, or even for some ground faults close to the common winding neutral, as 
shorting turns from the common winding doesn’t change the equation [1]. Some differential 
protection zone designs use maximum current as a restraint, so that more security is provided on 
external faults and CT saturation scenarios.  
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Figure 2 

Another differential scheme (Fig.2 a, b), uses Kirchoff’s law of direct summation of currents from 
electrically connected nodes or, 

0=++ inimih  [2] 

To use the currents correctly, the same MVA, and the phase-to-phase voltage are entered as 
settings for each winding on the protective relay. The relay is than set to protect three winding 
Yg/Yg0°/Yg0° transformer types, where the currents are balanced either with or without 
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compensation for zero sequence current. This scheme is used widely for ground and phase 
faults, as well as bank faults. The main disadvantage of these differential schemes is that no 
detection for winding turn-to-turn faults is available , since connecting any two points from within 
the zone, will not change the balance as per equation [2]. 

It is very common for autotransformer designs to have the tertiary winding in a Delta connection, 
wound on the same core. This winding can be very small in VA capacity and may only be used to 
trap harmonics of the exciting current (mostly third harmonic and zero sequence currents). 
However, it’s capacity must be increased, if it is required to carry high currents during system 
ground faults. Since it is necessary in most cases to have a delta-connected tertiary winding, it is 
often advantageous to design this winding, so that load can be taken from it. A widely used rule 
typically sets the delta winding rating at 35% of the autotransformer equivalent two-winding KVA 
rating. Further, having an input from a Delta tertiary winding into the current differential protection 
scheme, brings another advantage – balance through the autotransformer magnetic coupling, 
thereby allowing detection of turn-to-turn faults. 

3. Turn-to-turn short circuits 
Inter-turn faults are unlikely in low-voltage transformers, and autotransformers, unless the 
windings have been damaged mechanically, by large through currents due to external faults, 
which can crack the insulation. 

For high-voltage transformers connected to a high-voltage system, the unit is likely to be 
damaged by very steep front traveling waves, or impulses, that can be much higher than the 
rated voltage. The risk of turn-to-turn flashover is greatest in the end turns of the winding, which 
are prone to failure for this type of event. Shorting a few turns will cause large fault currents to 
flow in the shorted section, but the terminal currents will not be greatly affected, making the 
detection difficult.  

The differential schemes analyzed up to this point are blind for detecting winding turn-to-turn 
faults; but there are two more types, which can effectively detect these types of faults.  

4. Differential schemes detecting turn-to-turn faults 
When the Delta tertiary winding is used to supply a significant load, it is recommended, that the 
user include its currents into the zone of protection (Fig. 3, Fig.4). Typical settings information for 
the transformer relay is the phase-phase voltage for each winding, and winding MVA. Additional 
information to enter into the relay settings is the phase shift introduced by the Delta winding, 
when CTs are located outside the delta connection. The balance of the 87T protection is 
therefore achieved following the same approach as per conventional three winding transformer. 
The reader will note, that the modern numerical relays perform phase, and CT mismatch 
compensations automatically for this kind of design.  
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Figure 3: CTs outside Delta tertiary 
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Figure 4: CTs inside Delta tertiary 
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Figure 5: CTs placed at common winding neutral, and inside Delta tertiary 

The schemes from Fig. 3, and Fig. 4, use the currents from MV winding, where typically under 
normal load the winding currents are quite high, hence supplying high restraint current for the 
differential protection, resulting in desensitizing of the protection for turn-to-turn faults. The 
scheme from Fig. 5 has the highest sensitivity on detecting those types of faults, as the current 
from the common winding neutral side and inside Delta tertiary are much smaller. The example 
bellow shows a comparison between the differential schemes setups per Fig.4, and Fig. 5: 

Autotransformer: 

270/360/450MVA, 345/138/13.8kV 

Turns: 291 - series winding  

 194 - common winding 

 34 - tertiary winding  

Impedances @ 450MVA: 

 Z12 = 10.78%  

 Z13 = 70%  

 Z23 = 59.99%  
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Item Diff. scheme per Figure 5 Diff. scheme per Figure 4 
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CB 3

CT 2

IH 
IM 
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Currents IH = 450MV/(√3* 345kV)=753A 
IM-IH = 450MV/(√3* 138kV) -450MV/(√3* 
345kV) = 1882A – 753A = 1129A 
IT = (IM-IH)*(138kV/√3)/13.8kV =6518A 

IH = 450MV/(√3x 345kV)=753A 
IM = 450MV/(√3x 138kV)= 1882 A 
IT = 450MVA/(3x13.8kV) = 10869A 

Winding 
Voltage 

HV(kV) = 345kV 
NV(kV) = 450MVA/(IM-IH)* √3 = 230kV 
TV(kV) = 450MVA/(IT*√3) = 39.86kV 

HV(kV) = 345kV 
NV(kV) = 138kV 
TV(kV) = 13.8kV 

Advantages/ 
Disadvantages 

1. The IM-IH and IT can be set lower 
than on conventional differential 
schemes, hence higher sensitivity on 
turn-to-turn fault detection. 

2. During turn-to-turn fault, the fault 
current goes through IM-IH side, 
hence the differential current tends to 
be large 

3. Inrush currents are not problematic 
for the scheme, as the currents are 
measured from both IH, and IM-IH 
sides, and hence cancel each other. 

4. The steady magnetizing current does 
not appear in full as a differential 
current, as it is measured from two 
sides – HV and neutral and cancel 
each other. This allows selection of 
more sensitive settings – PKP and 
slope in the differential/restraint 
characteristic. 

5. Security of the scheme is not 
jeopardized during external faults 
and CT saturation, as the second 
slope from the characteristic is set 
high. 

1. The standard currents at IM, and IT 
sides are larger than per the inputs 
used from the scheme on Fig.6, 
hence lower turn-to-turn fault 
detection sensitivity. 

2. Ground faults near neutral side 
cannot be detected, because the 
differential current is small 

3. Countermeasures against inrush 
current are necessary 

4. The steady magnetizing current 
measured from only one side of the 
autotransformer results in higher 
differential current, hence additional 
requirement for higher PKP, and 
slope settings 
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5. Differential scheme tests for sensitivity on detecting turn-to-turn faults 
Two models (Fig.6, Fig7), simulating the autotransformer differential schemes per Fig.4, and 
Fig.5, were designed by using a Real Time Digital Simulator (RTDS) with options for applying 
different conditions of turn-to-turn faults. Various tests verifying the sensitivity and security of the 
protections were performed. The result analysis showed, that the differential scheme with CT on 
the neutral side of the autotransformer was able to detect as low as 2% turn-to-turn fault, and 
ground faults on the common winding at 3% distance from the neutral side terminal. The fault 
current through the 2% shorted section (4 shorted turns), was measured as high as 8000A.The 
protection application was tested for security by applying all types of external faults beyond the 
HV, MV, and tertiary voltage sides.  

 

 
 

Figure 6            Figure 7 

The scheme with CTs on the MV side could not detect anything less than a 6% turn-to-turn fault, 
and was blind for ground faults occurring at less than 7% distance from the common winding 
neutral terminal.   
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Figure 8 
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6. Split-phase autotransformer – real application case 
The protection scheme described bellow is an advanced differential protection design, that has 
been successfully applied as split-phase bank protection from a very large 2000MVA split-phase 
autotransformer (Fig.9), used as a backbone in a long bulk power transmission circuit to lower the 
voltage. 
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Figure 9 

The autotransformer from Fig.9 has six single-phase autotransformer banks, where two banks 
connected in parallel form one split-phase configuration. Each individual autotransformer bank is 
rated at 333MVA yielding a total of 2,000MVA, with the high voltage windings rated for 765/√3kV; 
medium voltage winding for 345/√3kV; and the low voltage winding rated for 23kV. The HV 
windings as well as the MV windings are connected externally in wye and have common 
grounding. The 23kV windings are connected externally in delta, and supply 23kV station service 
bus. The auxiliary gas and oil sudden pressure relays are backed up by a number of protection 
zones providing for electrical detection of faults. 
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Figure 10 

Dedicated protection functions have been engineered and configured to cover turn-to-turn, turn-
to-ground, bank, unit and tertiary faults. The protection system is fed from 12 three-phase CTs 
and 2 three-phase VTs and incorporates the following elements: 

• 61S (CT3, CT4), 61C (CT5, CT6), 61T (CT7, CT8) – current unbalance protection per the 
HV, MV, and Neutral sides 

• 87MA (CT3, CT5, CT7) and 87MB (CT4, CT6, CT8) – split-phase bank A and B protection 

• 87U (CT1, 2, CT 5, 6, and CT14, 15) – phase unit protection 

• 87T (CT7, 8, CT9, 10, CT11, 12, and CT13) – delta tertiary protection 

• 21-1 (CT1, 2, and VT1), 21-2 (CT14, 15, and VT2) – distance backup protection 

• Over-current, over- and under-voltage protection/trip supervision 
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Figure 11 

7. Delta tertiary fault protection and ground fault detection 
The Delta tertiary winding is protected by current differential protection applied per split-phase to 
3 six-input bus zones (Fig.11). The schemes are set to detect phase-to-phase faults. Ground 
faults in the tertiary delta winding and on the associated 23kV bus are detected by an over-
voltage protection, using inputs from an open corner Delta connected VTs. Upon detection of 
over-voltage conditions, as indication for ground fault, the autotransformer delta tertiary breaker 
zone is tripped. If however, the OV conditions exist after tertiary breaker trip, the larger 
transformer zone is tripped.  The protection is coordinated with VT fuse failure detection for 
security. Additional coverage for ground faults is achieved by utilizing neutral over-current 
function (sum of all three currents in series within the tertiary windings), 50N (Fig.12). 

Phase over-current functions 50P-1 and 50P-2, are applied in each breaker, and are coordinated 
with the negative sequence over-current protection 50NEG, to detect phase-to-phase, and three-
phase faults. 
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Figure 12 
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8. Protection coordination and close-loop tests 
The complete protection system includes 20 multi-function microprocessor-based relays (Fig12) 
in two protection systems (A and B). The protection systems have been tested using the RTDS 
[2] for dependability, security and speed of operation. Settings have been adjusted during 
simulator testing in order to optimize response of the system. Table 1 below summarizes 
response of the many protection functions to various fault locations and types.  

Table 1. Protection redundancy and results on various faults applied at different locations. 
SPLIT- PHASE A - TANK A AND TANK B 

Operating Relay                                       (o – operation) Test 
No. 

Fault 
Points 
(Fig.5b) 

Fault 
Phase 

87U 87MA 61S(87C) 61C(87C) 61T(87T) 87T 
(tertiary) 64 

1 FH1, 
FM1 Ph -G Ο       

2 F1A Ph -G O O O O    

3 F1A Turn to turn 2%  O O     

4 F2A Ph -G O O O O O   

5 F2A Turn to turn 2%  O  O    

6 F3A Ph -G       O 

7 F3A Ph-Ph  O   O O  

8 F3A Turn to turn 2%  O   O   

9 FL1 Ph -G       O 

10 FL1 Ph - Ph      O  

9. Summary 
Protection of large and extra large split-phase autotransformers presents a protection challenge. 
The sheer value of the asset on one hand, and consequences of unwanted operation on the 
other, demand the highest possible standards when designing the protection system, selecting 
settings, and testing for performance.  

It is recommended to use multiple principles and zones for redundancy of protection. At the same 
time with several zones and relays operating for the same fault type and location, a danger of 
misoperations increases, as any of the tripping relays is capable of inadvertently removing the 
unit from service. Consequently, trip supervision is recommended to deal with relay failures, 
wiring problems, CT failure situations, etc. 
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