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3. POWER SYSTEM INSTRUMENTATION 

INSTRUMENTATION CHARACTERISTICS  [6038I, 6027VI] 

Instrument transformers for measuring 60 Hz voltage and current function similarly to power 
transformers.  Differences in construction accommodate the primary or high-side voltage and 
current.  For example, the primary of both the voltage and the current instrumentation 
transformers must support the primary potential.  The safety of both people and equipment 
requires electrical isolation from the primary voltage.  The voltage transformer (VT) and the 
current transformer (CT) scale the magnitude so conventional instruments can process the system 
information. 

The main objective for these devices is accurate reproduction of signal characteristics on the 
secondary side of the transformer in amplitude, phase, and frequency content.  Construction and 
application control the accuracy of this signal reproduction.  Instrument transformer load is called 
burden and has units of volt-amps (VA).  Unless the instrument accuracy is specified at a specific 
burden, lower burden usually results in more accurate measurements, based on nameplate ratings. 

The Ideal Transformer Model 

Ideally, the transformer power input identically equals the power output and the primary amp-
turns identically equal the secondary amp-turns, as shown in Equation 3.1.  Application of these 
two identities results in the three equal ratios shown in Equation 3.2 for an ideal transformer. 
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Figure 3.1 shows the equivalent circuit of a nonideal transformer electrical model.  This model 
relates all primary parameters to the secondary side using Equation 3.3 and includes wire 
resistance for the primary and secondary windings in Rp and Rs respectively.  This model also 
includes the excitation reactance and the iron-core loss, which is the price paid (in watts) to 
energize the transformer regardless of the transfer power.  The transformer with windings N1 and 
N2, shown in Figure 3.1, is now considered ideal.  Equation 3.1 and Equation 3.2 are not valid for 
this model. 
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Figure 3.1: Schematic of Equivalent Circuit of Transformers 

The model in Figure 3.1 shows the effects that burden has on how accurately Vs represents Vp 
multiplied by a constant.  Since Vs’ represents the theoretical secondary voltage, compute the 
percentage magnitude error using Equation 3.4, assuming the transformer has an ideal turns ratio.  
Equation 3.6, which follows from Equation 3.4 and Equation 3.5, shows that error is directly 
proportional to load current and leakage impedance.  The approximation introduced by ignoring 
the excitation current to simplify the math is valid as long as the burden is much larger than the 
current through the excitation branch. 
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It is important to consider load impedance when computing the phase error, as shown in Equation 
3.7 through Equation 3.11, in which Rb and Lb represent the burden resistance and inductive 
impedance.  Simplify by ignoring the excitation branch.  Use Equation 3.9 to determine the phase 
error and as an alternate to Equation 3.6 for expressing the amplitude error.  Equation 3.7 through 
Equation 3.11 show that phase distortion and amplitude errors are small if the circuit inductance 
is small in comparison to the circuit total resistance.  A low burden or low circuit inductance will 
reduce transformer scaling errors. 

It is also important to consider the impedance of the control wiring when determining amplitude 
and phase errors.  If the burden is capacitive, modify Equation 3.7 through Equation 3.11 
appropriately. 
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Polarity 

Polarity designations of instrumentation transformers allow proper phasing of voltages and 
currents.  The dots beside the transformer windings in Figure 3.1 denote the polarity terminals 
and are similarly identified on the physical transformer.  Convention dictates that primary current 
into the polarity terminal induces secondary current out of the polarity terminal.  Likewise, a 
positive voltage presented to the primary polarity terminal produces a positive voltage on the 
secondary polarity terminal. 

CURRENT TRANSFORMERS (CTS) 

Design 

CTs are used anywhere ac current is measured, on transformer and circuit breaker bushings, on 
bus bars, on transmission line conductors, and on grounding straps.i  They have single (or at most 
a few) turn(s) primary windings and many secondary windings.  A typical rating specifies 
primary amps to 5 secondary amps, such as 600:5, although other standards are used as well. For 
instance, instead of a 5-amp secondary rating, use a 2-amp or 1-amp rating.  The primary 
windings must have the capacity to carry the expected current, plus fault current for a short 
duration. 

How are current transformers different from voltage transformers or power transformers?  
Consider first how CTs connect into the power circuit.  As shown in Figure 3.2, the CT is wired 
in series with the source, line, and load impedances such that the phase current is also the primary 
CT current.  Since the parameter of interest is current, not voltage, the instrumentation must have 
impedance that is much less than the impedance of the circuit being instrumented.  Ideally, 
current transformers are constant current devices where low leakage impedance is desirable. 
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Figure 3.2: CT Connection for Measuring Line Amps 

CT Equivalent Circuits 

A current transformer can be modeled as a constant current source where ratio current is injected 
into a magnetizing impedance in parallel with the burdens shown in Figure 3.3.  Using a 
reactance to represent the magnetizing leg of a CT, as shown in Figure 3.3, is a useful visual 
concept.  However, magnetization is a nonlinear phenomenon, and each level of excitation needs 
different values of reactance.  For example, the three B-H diagrams in Figure 3.3, as flux • versus 
magnetizing current IM, represent low, medium, and high levels of excitation. 

At low excitation, slope dφ/dl representing the inductance is low, indicating a disproportionate 
amount of magnetizing current compared to the burden current at low excitation.  At medium 
excitation, dφ/dl is relatively high and the magnetizing current is small compared to the current in 
the burden.  At high excitation, the B-H curve exhibits the maximum slope in transition between 
saturated states.  Because magnetizing current is so small compared to the ratio current during the 
transition it can be ignored.  Consequently, view the core simply as a volt-time switch, as shown 
in Figure 3.3, that opens during a rate of flux change and closes during saturation. 

 

Figure 3.3: CT Equivalent Circuits at Various Levels of Excitation 

Zocholl discusses a volt-time concept that assumes the magnetic core is a volt-time switch.i  This 
concept assumes no magnetizing current when there is rate of change of flux and all the ratio 
current flows to the burden.  When saturation flux is reached, as indicated by volt-time area, and 
there is no longer a change of flux, the switch closes.  This shunts the entire ratio current away 
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from the burden until a reversal of current and integration becomes negative, to reduce the flux.  
Here saturation occurs at a well-defined point indicated by specific value flux and turns. 

However, establishing flux in the core requires finite ampere-turns, which can be expressed as 
magnetizing current measured at the secondary terminals.  The excitation current, which is 
subtracted from the ratio current, has definite values for each voltage as shown by the excitation 
curve in Figure 3.4.  This figure depicts steady-state voltage versus excitation current where 
voltage is measured with an average reading voltmeter calibrated in rms.  It is actually a plot of 
flux versus magnetizing current, since the average voltage is the volt-time integral averaged over 
the period of the sine wave. 

Excitation Curves 

The excitation curve shown in Figure 3.4 represents a C800, 3000:5 multiratio bushing CT.  This 
curve is a measure of CT performance that determines ratio correction factors at various levels of 
steady-state excitation.  Where it has a well-defined knee-point, it has no discernable point of 
saturation.  For this reason relaying accuracy ratings are based on a ratio correction not exceeding 
10 percent and ratings are designated by classification and secondary voltage. 

Multiratio CTs allow the CT to produce close-to-rated-secondary current at maximum expected 
load.  This provides maximum resolution for both relays and metering.  As indicated in the text in 
the bottom right of Figure 3.4, we can obtain a 3000:5 ratio by connecting the secondary current 
leads to terminals X1 and X5, resulting in 600 total turns.  Using these taps, the transformer is 
capable of eight ohms of external load.  Obtain the C800 rating by multiplying the maximum 
allowable load by 20 times the rated secondary, which, for this case, is 100A.  Use terminals X2 
and X5 to connect this CT as a 2000:5 ratio CT.  However, the excitation current now follows the 
next lower curve in Figure 3.4 and the excitation voltage is proportionally derated to (2000/3000) 
of 800 V or 533 V.  Hence, the maximum allowable load impedance is 5.333 Ω.  Table 3.1 has a 
complete summary of possible turns ratios for the transformer in Figure 3.4.  Table 3.1 also 
shows the reduced allowable load resistance at lower CT ratios.  A 300:5 C800 CT would again 
allow 800V excitation voltage and an eight-ohm load.  Examine closely the merits of using the 
3000:5 multiratio CT at 300:5 versus a 300:5 CT.  Mitigating circumstances such as temporary 
station configurations or anticipated load growth may make the multiratio CT a suitable choice. 
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Figure 3.4: 3000:5 CT Excitation Curve and Various Taps Both With Knee-Point 
Tangents and With Normal Lines 

Table 3.1: Terminal Connections for Possible CT Ratios for  
Multiratio 3000:5 CT With Characteristics Shown in Figure 3.4 

Ratio Total Turns Terminals Maximum V Maximum 
Load  

3000:5 600 X1 – X5 800 8.00 Ω 

2500:5 500 X1 – X4 667 6.67 Ω 

2200:5 440 X1 – X3 587 5.87 Ω 

2000:5 400 X2 – X5 533 5.33 Ω 

1500:5 300 X2 – X4 400 4.00 Ω 

1200:5 240 X2 – X3 320 3.20 Ω 

1000:5 200 X1 – x2 267 2.67 Ω 

800:5 160 X3 – X5 213 2.13 Ω 

500:5 100 X4 – X5 133 1.33 Ω 

300:5 60 X3 – X4 80 0.80 Ω 

The C and K classifications cover toroidal CTs with distributed windings.  In these cases, neglect 
leakage flux and calculate the ratio using a standard burden to determine the excitation voltage.  
Then read the excitation current from the curve.  The K rating is a proposed rating where the 
knee-point is at least 70 percent of the secondary voltage rating.  The secondary voltage rating is 
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the voltage the CT will deliver to a standard burden at 20 times rated secondary current without 
exceeding 10 percent ratio correction.  The standard burden values for relaying are 1.0, 2.0, 4.0, 
and 8.0 ohms, all with an impedance angle of 60°.  Consequently, at 20 times the rated current of 
5 amperes the standard voltage ratings are 100, 200, 400, and 800 volts.  Use standard burden 
values of 0.1, 0.2, and 0.5, with a 25.8° impedance angle, for rating metering CTs that are of 
insufficient accuracy for relaying. 

A multiratio CT is voltage rated using the maximum turns ratio.  The voltage read from the upper 
curve at 10 amps excitation current is 486 volts.  This is less than the standard rating of C800 but 
above C400.  Accordingly, the CT is rated C400.  Calculate the magnetizing impedance of the CT 
by dividing each value of voltage read from the curve by the corresponding excitation current.  
The results are shown in Table 1.  The magnetizing impedance is nonlinear, increasing from 1200 
ohms at 0.001 amps excitation current to a maximum of 5625 ohms at 0.08 amperes of excitation.  
This is the point of maximum permeability and is located by the 45° tangent to the curve.  The 
impedance values decrease from this point because the excitation is increased, reaching 90 ohms 
at 10 amperes of excitation current. 

Table 3.2:  Excitation Curve Values for the CT Characteristics of Figure 3.4 

V(volts) Ie(amperes) Ze(ohms) 

1.2 0.001 1200 

3.0 0.002 1500 

5.0 0.003 1667 

10 0.004 2500 

29 0.010 2900 

70 0.020 3500 

250 0.050 5000 

450 0.080 5625 

530 0.100 5300 

720 0.200 3600 

800 1.000 800 

830 4.000 207 

870 6.000 145 

900 10.00 90 

Refer any point on the maximum ratio curve to a lower ratio tap by using a constant volts-per-
turn relation for the voltage and a constant ampere-turn relation for the current.  Consequently: 

I
N

N=I       V
N

N=V 1
2

1
21

1

2
2  Equation 3.12 

so that the knee-point of each curve lies along the normal line to the 45° tangent drawn in Figure 
3.4.  Figure 3.4 also shows the curve for the 300:5 ampere minimum tap. 
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Burden 

The electrical model presented in Figure 3.5 provides insight into how CTs work.  Categorize the 
impedance in this circuit into the power system impedance, ZPS, which consists of Zsource, Zline, 
and Zload.  An equivalent circuit shows where the power system impedances are referred to the 
CT secondary side.  For the secondary current to ideally represent the primary current, the 
referred power system impedance must be much greater than the CT impedance plus the burden 
impedance.  If the burden is zero, then the secondary current is only affected by the leakage 
reactance, which by design is small compared to the expected power system impedance. 

If the burden increases, the impedance in the magnetizing branch can go into saturation.  This 
causes a significant amount of current to flow through the magnetizing branch instead of through 
the burden connected to the secondary.  Operating transformers in saturation causes both 
amplitude and phase errors, as well as deforming the current waveform.ii,iii,iv  
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Figure 3.5: Equivalent Circuit of CT Interconnected into a Power System 

To illustrate, consider the following example.  Assume that the power system impedances are as 
follows: Zsource = 0.1 + j 0.4Ω, Zline = 0.3 + j1.2Ω, and Zload = 16 + j4.0.  Also assume that we 
are using a CT with characteristics shown in Figure 3.5 on the 300:5 tap so that N = 60.  Then the 
power system impedance, ZPS, referred to the secondary side is the sum of Zsource = 360 + 
1440Ω, Zline = 1080 + j4320Ω, and Zload = 57600 + j14400Ω.  A typical value of CT 
impedance is 0.0014Ω/Turn.  Since the number of turns is 60, the CT impedance is Zct equal to 
j0.084Ω and the burden impedance is 10VA with a 0.8 power factor at rated current of five amps.  
This results in a burden impedance of ZB = 0.32 + j0.08Ω.  To determine the error introduced by 
the instrumentation, compare the current when the CT and burden are in the circuit to the current 
when the CT and burden are not in the circuit, while holding the source voltage constant.  Again, 
the analysis in Equation 3.13 through Equation 3.16 ignores the magnetizing current branch.  For 
the current example, the ratio error caused by burden is only 0.000057 percent. 
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If the error calculations include excitation impedance, then consult Figure 3.4 to obtain excitation 
current.  The excitation voltage is the secondary current through the burden times the sum of the 
CT and burden impedances.  For this example, the excitation branch voltage is 1.8V.  The 
excitation current for the 300:5 tap in Figure 3.4 is approximately 0.07A.  This results in a 
1.4 percent current error.  The total error is the sum for the burden current error plus the error 
caused by the exciting current.  Examination of Figure 3.4 shows that using the largest tap that 
metering sensitivity requirements allow helps keep errors as small as possible.  This also allows 
the highest possible instrumentation burden.  Equation 3.17 expresses the basic rule of thumb.  
High burden that results in CT saturation causes relay to under reach. 
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Ratio Correction Factor (RCF) 

RCF is the ratio of the true transformer ratio to the nameplate or marked transformer ratio.v  Since 
the secondary voltage is also a function of the burden, the RCF is not a constant, as discussed in a 
later section of this chapter.  The ANSI C37.15 classification of CTs guarantees specific accuracy 
if the burden is under specific limits, but only applies to 60 Hz currents.  Adding compensation 
windings to instrument transformers corrects for amplitude errors at rated burden.  Calculating the 
RCF for a given load requires knowledge of the characteristics for each individual transformer.  
Figure 3.6 includes typical ratio correction factor data to assist in the computations.  CT 
manufacturers provide such curves for specific external burdens.  Measuring the exact ratio in the 
field may provide more accurate results with similar or even less effort. 

Saturation can change RCF at high currents.  The low-pass nature of a CT transfer function 
makes the RCF different for currents at frequencies other than 60 Hz.  This may be a problem for 
relays when the power system is in a transient condition from normal switching or faults.  It may 
also present problems for relays that operate on current harmonics or relays that are based on 
traveling wave technology.  The bandwidth of a typical CT is 5 kHz. 

When multiratio CTs have characteristics such as the ones shown in Figure 3.4 and Figure 3.6, 
using reduced ratio taps also reduces accuracy.  Likewise, higher burdens also reduce accuracy.  
Figure 3.6 shows RCF characteristics for a specified burden, which for this case is the rated load 
of eight ohms.  Note the perceived increase of accuracy as the secondary current increases.  This 
is because the excitation current that can be seen as the cost of energizing the CT dominates the 
errors at low currents.  At higher currents, the magnetizing current is a smaller percentage of the 
total current.  Transformer saturation from the voltage across the magnetizing branch reverses the 
accuracy trend as secondary current increases.  Figure 3.6 shows this saturation occurring at 
progressively lower values of CT secondary current as the ratio is reduced by tap selection.  
Figure 3.6 also demonstrates that using the highest ratio produces the highest accuracy. 
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Figure 3.6: Typical Ratio Correction Factor Curves 

Angle Correction Factor (ACF) 

The transformer burden also affects the phase of the secondary current.  Figure 3.5 and Equation 
3.18 show this dependency clearly. 
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where Xlp and Rp are referenced to the transformer secondary side. 

Standards 

ANSI C37.15, available from IEEE Standards publications, lists the standards for construction 
and application. 
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Practicesvi 

To select the proper CT for an application you must know the application environment and the 
accuracy required.  The application environment includes primary voltage, maximum operating 
current, maximum fault current, network reactance to resistance ratio, and the instrumentation 
burden. 

Generally, protective relays use fundamental frequency sine waves as inputs and their 
performance is not specified for other waveforms.  Therefore, in a protective relay application, 
the voltage and burden of the CT should be specified to ensure undistorted secondary current for 
the maximum fault condition. 

IEEE/ANSI Standard C57.13 suggests applying CTs for relaying based on the maximum 
symmetrical fault current not exceeding 20 times the CT current rating and the burden voltage not 
exceeding the accuracy class voltage of the CT.  There is a rationale for choosing a CT to produce 
the knee-point on the excitation curve at the maximum symmetrical fault current since the 
magnetizing reactance is at a maximum.  Observe that the knee-point of a typical excitation curve 
is about 46 percent of excitation voltage corresponding to 10 amperes excitation current.  A rule-
of-thumb suggests that the C-rating be twice the excitation voltage developed by the maximum 
fault current, which guarantees operation near the knee-point of the excitation curve for the 
maximum symmetrical fault. 

Preventing saturation from the exponential component of fault current requires a C-rating 
exceeding the symmetrical rating by a factor equal to the X/R ratio of the faulted primary system 
plus one.  Unfortunately it is routinely impossible to achieve such ratings despite the fact that 
saturation affects the performance of high-speed relays.  In these cases, use simulations to assess 
the effects of transient saturation on relay performance. 

Creating an open-circuit in the CT secondary while connected to an energized power system 
results in dangerously high potential across the open circuit.  The model in Figure 3.2 shows how.  
The burden impedance reflected back to the primary side is the inverse of the turns ratio squared.  
If the load resistance is infinite, then the reflected impedance is also infinite regardless of the CT 
turns ratio.  This theoretically causes the primary line-to-ground voltage to drop across the CT 
primary turns.  The voltage is then coupled to the secondary side of the CT that is now operating 
as a step-up voltage transformer.  As a result, the theoretical secondary voltage is the primary 
line-to-ground voltage divided by the turns ratio.  Regardless of the primary voltage, dangerously 
high potentials can damage personnel and equipment. 

Example Calculation of Errors 

This example uses the CT curves shown in Figure 3.4 and Figure 3.6 and the circuit shown in 
Figure 3.5.  Equation 3.19 includes the resistance of substation CT wiring with the burden 
resistance.  As shown in the previous sections, the CT burden consists of internal burden, the CT 
impedance and external burden, and the impedance of the devices connected to the CT, plus the 
substation CT wiring resistance. 

.1000/32.2232.0 fteRw G Ω= −⋅  Equation 3.19 

where G is AWG wire gauge. 

The data in the lower right of Figure 3.4 shows that the CT secondary winding resistance is 
0.0014 Ω per turn.  Therefore, the greater the turns ratio, the greater the total resistance.  We now 
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consider three cases where the CT ratio is 3000:5, 2000:5, and 1000:5.  In all three of these cases, 
the CT wiring length will be set to 1000 ft, so the resistance is 1 Ω. 

Case 1:  CTR = 3000:5 

Initially, the device burden (or relay resistance) is set to zero.  The CT resistance is 600 turns 
multiplied by 0.0014 Ω/turn or 0.84 Ω.  Therefore, the total burden is 1.84 Ω.  At rated current 
(5A) and at unity power factor, the voltage across the excitation branch is 1.84 Ω times 5 A or 
9.2 V.  Refer to Figure 3.4; for a 3000:5 ratio an excitation voltage of 9.2 V equates to 0.0045 A 
in the excitation branch.  This current, which is shunted through the inductive branch, is 
orthogonal (90°) to the current through the burden.  The current through the relay is now 
expressed by Equation 3.20.  The magnitude and phase angle errors from the CT at the prescribed 
ratio are very small. 

°−∠=°−∠−°∠= 05.00000.5900045.000000.5 AAAI RELAY  Equation 3.20 

Case 2:  CTR = 2000:5 

For this case the CT resistance is now 400 turns times 0.0014 Ω/turn, or 0.56 Ω.  The total CT 
burden is now 1.56 Ω, resulting in an excitation voltage of 7.8 V when operating at the 5 A rated 
current.  From Figure 3.4, the excitation current is now 0.008A∠-90°.  The resulting relay current 
for this case is 5.0000A∠-0.09°.  Again, the errors are small. 

Case 3:  CTR = 1000:5 

Using the 1000:5 tap of a 3000:5 CT means that only one third of the CT voltage capability is 
being used.  The CT resistance for this case is 200 turns times 0.0014 Ω/turn or 0.28 Ω.  With the 
CT burden at 1.28 Ω, the excitation current is 0.0225A∠-90°.  The relay current is now 
5.0001A∠-0.26°.  Even for this case, the magnitude and current errors remain small. 

Example Summary 

The data in Table 3.3 show the results of similar cases performed on two additional 
manufacturers’ CTs using the same test conditions as the preceding three cases.  This 
demonstrates that the CT performance is the same for other manufacturers.  Microprocessor-
based relays have burden on the order of 0.15 VA at 5 A rated current.  This equates to 0.03 Ω, 
which justifies the assumption of zero device burden. 

Table 3.3:  CT Ratio Magnitude and Angle Errors for 5 A of Burden Current 

 CT Brand 2 CT Brand 3 

CT Ratio 600:5 300:5 1200:5 600:5 

RCT 0.276 Ω 0.138 Ω 0.432 Ω 0.216 Ω 

RTOT 1.276 Ω 1.138 Ω 1.432 Ω 1.216 Ω 

VEXCITE 6.38 V 5.7 V 7.16 6.08 V 

IEXCITE 0.0225 A ∠-90° 0.060A∠-90° 0.0055 A∠-90° 0.017 A∠-90° 
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IRELAY 5.0001 A 
∠-0.258° 

5.0040 A 
∠-0.69° 

5.0000 A 
∠-0.063° 

5.0000 A 
∠-0.195° 

POTENTIAL MEASURING DEVICES 

Numerous instruments can measure the primary circuit voltage.  Cost, accuracy, and application 
voltages vary to meet the requirements of the application account.  Conventionally, the secondary 
voltage for power system voltage transformers is 120 Vac phase-to-phase or 69.3 Vac phase-to-
ground. 

VT 

Voltage transformer (VT) devices are usually more accurate than other conventional potential 
measuring devices. VT devices use wire-wound construction in a similar manner to conventional 
power transformers with two windings wound around a common iron core.  Discussions in the 
section that discusses operations and errors for current transformers also apply to voltage 
transformers.  The main difference is in what constitutes burden.  Although high load impedance 
constitutes a high burden for CTs, the opposite is true for VTs, which are constant voltage devices 
where it is desirable to have minimal magnetizing current. 

For VTs, power can flow from the primary side or the secondary side.  It is possible to generate, 
either intentionally or unintentionally, primary voltages by energizing VTs from the secondary 
side.  If the VTs are installed in a substation, it is possible to energize portions of the substation 
by this back-feeding phenomenon. 

CCVT 

Capacitor-coupled voltage transformers use a capacitive voltage divider and a low voltage 
transformer for impedance matching as shown in Figure 3.7.  These devices can also couple high 
frequency RF signals to the power line for communication. 
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Figure 3.7: Schematic Diagram of a CCVT With RF Connection 

Design 

The capacitor stack is usually in a hollow porcelain insulator and filled with insulating oil.  A 
bellows mechanism at the top of the stack allows the oil to expand and contract from variations in 
temperature.  The top of the capacitor stack is connected to the high voltage bus.  The parallel LC 
circuit, comprised of the bottom capacitor and the transformer, T, makes a resonant circuit tuned 
for 60 Hz.  This construction, while good for metering accuracy, has degraded performance when 
operated out of its nominal operating range.  This has adverse affects on relaying. 

The tuning pack is an optional feature on some CCVTs to provide coupling for power line carrier 
communication.  The nominal frequency range of these communications signals is 50 kHz to 400 
kHz.  The drainage reactor in the ground branch of the tuning pack provides a path to ground for 
the 60 Hz signal while providing a high impedance block to the RF signal.  The parallel RLC 
network provides band-pass filtering for the RF signal.  The high inductance of the power 
transformer at the bottom of the stack keeps the RF signal from leaking into the low voltage 60 
Hz output. 

Operation and Errors 

Since the CCVT consists of both a capacitive voltage divider and a two-turn voltage transformer, 
ratio errors can occur from both capacitor inaccuracies and transformer inaccuracies, as discussed 
in previous sections.  Higher accuracy VTs reduce standing voltages (sequence voltages 
measured during no-fault, line-energized conditions) and improve RF coverage.  Table 3.4 
compares the performance of two possible classes of VTs: Class 1 and Class 2.  Note that Class 1 
errors are half the rate of Class 2 errors. 
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Table 3.4: Class 1 and 2 Maximum Magnitude and Phase Angle Errors 

VT 
Class 

Maximum Magnitude 
Error1, δδM 

Maximum Phase 
Angle Error, δδΘΘ 

Class 1 ±1% ±40 MOA2 (±0.67°) 

Class 2 ±2% ±80 MOA2 (±1.33°) 

The coupling capacitors of the CVT function as voltage dividers to step down the line voltage to 
an intermediate-level voltage, typically 5 to 15 kV.  The compensating reactor cancels the 
coupling capacitor reactance at the system frequency.  This reactance cancellation prevents any 
phase shift between the primary and secondary voltages at the system frequency.  The step-down 
transformer further reduces the intermediate-level voltage to the nominal relaying voltage, 
typically 3/115  volts. 

The compensating reactor and step-down transformer have iron cores.  Besides introducing 
copper and core losses, the compensating reactor and step-down transformer also produce 
ferroresonance caused by nonlinearity of the iron cores.  Because of this, CVT manufacturers 
include a ferroresonance-suppression circuit.  This circuit is normally used on the secondary side 
of the step-down transformer.  Although it is necessary to avoid the dangerous and destructive 
overvoltages caused by ferroresonance, the ferroresonance-suppression circuit can aggravate the 
CVT transient, depending on the suppression circuit design.  We discuss suppression circuits 
later. 

When a fault suddenly reduces the line voltage, the CVT secondary output does not 
instantaneously represent the primary voltage.  This is because the energy storage elements, such 
as coupling capacitors and the compensating reactor, cannot instantaneously change their charge 
or flux.  These energy storage elements cause the CVT transient. 

CVT transients differ depending on the fault point-on-wave (POW) initiation.  The CVT 
transients for faults occurring at voltage peaks and voltage zeros are quite distinctive and 
different.  Figure 3.8 and Figure 3.9 show two CVT transients for zero-crossing and peak POW 
fault initiations.  For comparison, each figure also shows the ideal CVT voltage output (ratio 
voltage).  Figure 3.8 shows a CVT transient with a fault occurring at a voltage zero.  Notice that 
the CVT output does not follow the ideal output until 1.75 cycles after fault inception. 

Figure 3.9 shows the CVT response to the same fault occurring at a voltage peak.  Again, the 
CVT output does not follow the ideal output.  The CVT transient for this case lasts about 1.25 
cycles.  The CVT transient response to a fault occurring at points other than a voltage peak or 
voltage zero takes a wave shape in between those shown in Figure 3.8 and Figure 3.9. 

Each CVT component contributes to the CVT transient response.  For example, the turns ratio of 
the step-down transformer dictates how well a CVT isolates its burden from the dividing 
capacitors C1 and C2.  The higher the transformer ratio, the less effect the CVT burden has on 
these capacitors.  The different loading that different transformer ratios cause on the CVT 
coupling capacitors changes the shape and duration of CVT transients. 

Next, we discuss how two key CVT components affect the CVT transient response: the coupling 
capacitors and ferroresonance-suppression circuit. 

                                                 
1 This error is specified for 5% ≤ Vmeasured ≤ 100% with W, X, and Y burdens for Class 1, and Z 

burden for //Class 2.  Reference [3] further defines these burdens. 
2 MOA is the abbreviation for Minutes of Angle.  60 MOA = 1° 
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Figure 3.8: CVT Transient with Fault at Voltage Zero 

 

Figure 3.9: CVT Transient with Fault at Voltage Peak 

Coupling Capacitor Value Affects CVT Transient Response 

A CVT is made up of a number of capacitor units connected in series.  The number of capacitor 
units depends on the applied primary voltage level.  The CVT capacitance is represented by two 
values: one for the equivalent capacitance above the intermediate voltage point (C1) and the other 
for the equivalent capacitance below the intermediate voltage point (C2).  The Thevenin 
equivalent capacitance value (C1 + C2) is different from the total capacitance C1⋅C2/(C1 + C2) 
normally given by manufacturers. C1 + C2 is approximately 100 nF for the CVTs studied in this 
paper.  Some CVT manufacturers differentiate CVTs as normal-, high-, or extra high-C CVTs. 

The capacitance value associated with high-C CVTs decreases the CVT transient magnitude.  To 
see this, compare the CVT transient plots of Figure 3.8 and Figure 3.10 for a fault initiated at a 
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voltage zero.  Figure 3.10 shows the transient response of a CVT with four times the total 
capacitance of that shown in Figure 3.10. 

 

Figure 3.10: Transient Response of a High Capacitance CVT 

Distance elements calculate a fault-apparent impedance based on the fundamental components of 
the fault voltage and current.  The fundamental content of the CVT transient determines the 
degree of distance element overreach.  Figure 3.11 shows the fundamental components of the 
same CVT outputs shown in Figure 3.8 and Figure 3.10.  We obtained the fundamental 
magnitudes by filtering the CVT outputs using a digital band-pass filter.  Note that the 
fundamental component of the higher capacitance CVT output voltage is closer to the true 
fundamental magnitude than that of the lower capacitance CVT.  Therefore, any distance element 
overreach caused by a transient output of a higher capacitance CVT is much smaller than that 
caused by the transient output of a lower capacitance CVT. 

Increasing the CVT capacitance value can increase the CVT cost but decreases the CVT transient 
response.  Thus, engineers must strike a balance between CVT performance and CVT cost. 
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Figure 3.11: Higher Capacitance CVT Causes Less Reduction in the Fundamental Voltage 
Magnitude 

Ferroresonance-Suppression Circuit Design Affects CVT Transient Response 

Figure 3.12 shows two types of ferroresonance-suppression circuits. 

 

Figure 3.12: Active and Passive Ferroresonance-Suppression Circuits 

Active Ferroresonance-Suppression Circuits 

Active ferroresonance-suppression circuits (AFSC) consist of an LC-parallel tuning circuit with a 
loading resistor.  The LC-tuning circuit resonates at the system frequency and presents a high 
impedance to the fundamental voltage.  Connecting the loading resistor to a middle tap of the 
inductor increases the resonant impedance of the circuit.  For frequencies above or below the 
fundamental frequency (off-nominal frequencies), the LC-parallel resonant impedance gradually 
reduces to the resistance of the loading resistor and attenuates the energy of off-nominal-
frequency voltages. 
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Passive Ferroresonance-Suppression Circuits 

Passive ferroresonance-suppression circuits (PFSC) have a permanently connected loading 
resistor Rf, a saturable inductor Lf, and an air-gap loading resistor R.  Under normal operating 
conditions, the secondary voltage is not high enough to flash over the air gap, and the loading 
resistor R has no effect on the CVT performance.  Once a ferroresonance oscillation exists, the 
induced voltage flashes over the gap and shunts in the loading resistance to attenuate the 
oscillation energy.  Lf is designed to saturate at about 150 percent of nominal voltage to further 
prevent a sustained ferroresonance condition. 

Ferroresonance-Suppression Circuit Effects on CVT Transient Performance 

The AFSC acts like a band-pass filter and introduces extra time delay into the CVT secondary 
output.  The energy storage elements in the AFSC contribute to the severity of the CVT transient. 

In contrast, the PFSC has little effect on the CVT transient.  Most components of the circuit are 
isolated from the CVT output when ferroresonance is not present.  Figure 3.13 shows the 
difference of the CVT secondary outputs for a CVT with an AFSC and a CVT with a PFSC for 
the same fault voltage.  Note that the CVT with a PFSC has a better, less distorted transient 
response than the CVT with an AFSC.  This less-distorted transient results in a fundamental 
magnitude that is closer to the true fundamental magnitude.. 

 

Figure 3.13: CVT Transients of AFSC and PFSC 

The PFSC has a permanently connected resistor, which increases the VA loading of the 
intermediate step-down transformer.  For the same burden specification, the CVT with PFSC 
requires a larger intermediate step-down transformer. 

Distance Relay Performance 

We modeled a simple power system, CVTs with AFSC and PFSC, and a generic distance relay to 
determine the performance of distance relays during CVT transients.  Figure 3.14 shows the 
evaluation system. 
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Figure 3.14: Distance Relay Evaluation System 

Power-System Model 

 

Figure 3.15: Power-System Model 

Figure 3.15 shows the simple power-system model, a single-phase, radial system with fixed line 
impedance and variable source impedance.  The difference between pre-fault and fault voltage 
levels heavily affects the CVT transient magnitude and duration.  System SIR values, fault 
locations, and fault resistance (Rf) determine this voltage difference. 

CVT Model 

We used linear models for an active and a passive CVT.  The parameters used in the models are 
from Reference [vii].  The model includes the following CVT components: 

• Coupling capacitors 

• Compensating inductor 

• Step-down transformer 

• Ferroresonance-suppression circuit 

• Burden 

The stray capacitance and copper resistance of the compensating reactor and step-down 
transformer are included in the model to improve its accuracy at high frequencies. 

We verfied all CVT model frequency responses against those obtained from [vii].  In addition, we 
also compared the CVT transient outputs at voltage peaks and voltage zeros and verified that they 
were the same as those shown in reference [viii]. 

The top plot in Figure 3.16 shows the frequency response of a CVT with an AFSC.  Ideally, the 
frequency response should be a flat line at 0 dB, which means the CVT passes all frequency 
components without attenuation.  Passing all frequency components makes the CVT output 
voltage a close representation of the CVT input voltage.  If the frequency response shows 
attenuation at different frequencies, the CVT then behaves much like a filter and introduces 
transients and time delay. 
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The bottom plot of Figure 3.16 is the CVT output together with the ratio voltage.  Ideally, the 
CVT output voltage is close to the ratio voltage.  However, note that the CVT output voltage in 
Figure 3.16 does not match the ratio voltage for 1.75 cycles. 

 

Figure 3.16: Active CVT Model Result 

 

Figure 3.17: Frequency Response of Passive CVT Model 

Figure 3.17 shows the frequency response of the CVT with a PFSC.  Notice that this frequency 
response is much flatter than the one shown in Figure 3.16. 

Relay Model 

Figure 3.18 shows the distance relay model we used to evaluate the CVT transient effects.  This 
model includes an analog anti-aliasing low-pass filtering, analog-to-digital conversion 
(decimation), digital band-pass filtering, and impedance calculation. The generic distance relay 
does not include security measures or other means of preventing CVT-transient-induced 
overreach. 
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Figure 3.18: Relay Model 

Distance Relay Performance Results 

Figure 3.19 shows the generic distance relay response to the transients of CVTs with PFSC and 
AFSC.  The fault applied is at the end of the radial line.  The curves in the plot show the 
maximum Zone 1 reach setting that will not pick up from CVT transient errors. 

From these curves, we see that the distance relay transient response for a CVT with a PFSC is 
much better because the relay has much less overreach.  Using a CVT with a PFSC greatly 
reduces the need to decrease the Zone 1 distance element compared to using a CVT with an 
AFSC. 

We limited fault POW initiations to voltage peaks and voltage zeros.  Figure 3.19 shows the 
results in the worst distance element overreach cases, faults that occur at a voltage zero. 

 

Figure 3.19: Distance Relay Performance with AFSC and PFSC 

System Impedance Ratio (SIR) 

The major factor that affects the severity of CVT transients is the fault voltage magnitude level.  
The smaller the fault voltage level, the greater the likelihood that the CVT will introduce a 
prolonged and distorted transient.  System SIR directly influences the fault voltage level for a 
fault at a given location.  Keep the SIR value in mind when assessing the influence of CVT 
transients. 

Figure 3.19 shows a plot of maximum Zone 1 reach settings versus system SIR values.  When 
used with the CVT having an AFSC, the Zone 1 element of the generic distance relay can tolerate 
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CVT transients for systems with SIRs up to four.  Eliminate the relay Zone 1 protection for 
systems with SIRs ≥ 20 unless there is additional logic. 

The relay transient response when using a CVT with a PFSC is much better.  Zone 1 protection is 
effective for system SIRs as high as 30. 

CVT Burden 

The magnitude and angle of the connected burden influence the CVT transient characteristic. 

ANSI C93.1-1990 standard requires that the burden for CVT transient response testing be two 
impedances connected in parallel as in Figure 3.20.  One impedance is a resistance (Rp), and the 
other impedance, (Rs and Xs), has a lagging power factor of 0.5.  The burden value is 100 percent 
or 25 percent of the CVT maximum rated accuracy class voltamperes and has a power factor of 
0.85. 

 

Figure 3.20: Burden for CVT Transient Testing 

Figure 3.21 shows the maximum Zone 1 reach setting as a function of ANSI and resistive burdens 
for the CVT with a PFSC.  The ANSI loading increases the CVT transient and distance element 
overreach compared to the resistive burden. 

Solid-state and microprocessor relays have very small and nearly resistive input burdens.  When 
using a CVT, ensure proper distance relay protection by calculating the total burden of all devices 
connected on the CVT and making sure the burden is not excessive and is nearly resistive. 

 

Figure 3.21: Relay Performance as a Function of CVT Burdens 
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CVT Transient Detection Logic 

The generic distance relay has overreaching problems when: 

• The system has a high SIR 

• The CVT has an AFSC 

This overreach problem is further aggravated if the CVT has a low C-value, and the CVT 
secondary has a heavy inductive burden. 

This section introduces logic that: 

• Eliminates the distance element overreach caused by CVT transients 

• Causes minimum time delay for true in-zone faults 

• Requires no special user settings 

• Adapts to different system SIRs 

Before introducing the CVT transient detection logic, we review some past solutions. 

CVT Transient Overreach Solutions 

Reach Reduction 

One solution to CVT-transient-induced overreach is to reduce the Zone 1 reach.  In some cases, 
the CVT transients could be so severe that Zone 1 protection must be eliminated. 

Time Delay 

Another method of avoiding Zone 1 distance relay overreach caused by CVT transients is to 
delay the Zone 1 elements.  This time delay must be longer than the CVT transient duration. 

The time delay solution is a simple and effective way to solve the problem.  However, the time 
delay is then always present no matter what the system SIR value is or where the fault is located.  
Thus the time delay penalizes the fault clearing time even for a close-in fault on a low SIR 
system. 

SIR Detection 

Another solution is to detect the high SIR system condition using the measured voltage and 
current signals.  When the voltage and current signals are below preset levels, the relay declares a 
high SIR condition.  Once the relay detects a high SIR condition, it introduces additional filtering 
in the voltage channels, or a time delay into the distance element output decision.  Both filtering 
and time delay methods have approximately the same effect. 

The shortcomings with these SIR detection designs are: 

• It is difficult to choose the overcurrent threshold setting.  This setting is normally fixed by 
relay manufacturers.  If the setting is small, the relay may overreach for some high SIR 
systems.  If the setting is too large, the relay penalizes the fault clearing time for stronger 
systems. 
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• For high SIR systems, the fault currents for close-in and remote faults do not differ much.  
Relying only on the current level to detect high SIR conditions inevitably penalizes the 
tripping speed of close-in faults on high SIR systems. 

Transient Detection Logic Description 

The following text describes the proposed CVT transient detection logic.  Recall from 0 SIR 
Detection that the distance element overreach increased with increasing SIR.  The improved CVT 
detection logic uses this information to determine when time delay is necessary to eliminate the 
CVT transient effect.  The major improvements of this logic are: 

• The relay automatically calculates voltage and current thresholds so does not require factory 
and user-entered settings. 

• Distance calculation smoothness defeats the trip time delay for close-in faults on high SIR 
systems. 

Figure 3.22 illustrates the block diagram of the CVT transient detection logic.  The m is the 
distance calculation described in Reference [4] and δm is the incremental quantity of the distance 
calculation.  In Figure 3.22, the 27 elements are phase-to-phase and phase-to-neutral undervoltage 
elements, and the 50 elements are phase-to-phase and phase-to-neutral overcurrent elements. 

 

Figure 3.22: CVT Transient Detection Logic 

Low-Voltage Detection 

When the relay polarizing input voltage is depressed, we know that the relay voltage may include 
a CVT transient.  We detect this low voltage with both phase-to-phase and phase-to-neutral 
undervoltage elements. 

A high SIR system condition occurs when an undervoltage element picks up and the 
corresponding overcurrent element does not.  HSIR output in Figure 3.22 picks up.  Upon 
detecting a high SIR condition, the CVT logic adds a short time delay (TDDO in Figure 3.22) to 
the Zone 1 elements to prevent distance element transient overreach.  We discuss this delay later. 

Separate phase-to-neutral and phase-to-phase undervoltage elements are necessary because in 
phase-to-phase faults the phase-to-phase voltage decreases dramatically without an appreciable 
decrease in the phase-to-neutral voltage. 

The CVT logic calculates the low-voltage thresholds based on a radial line with a predetermined 
SIR value.  The threshold is the relaying voltage when a short-circuit fault occurs at the end of the 
radial line.  As shown in Figure 3.23, the CVT transient detection logic calculates the phase-to-
neutral voltage threshold as: 

1)(SIR

V
VVVV nom

210phase +
=++=  Equation 3.21 
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Figure 3.23: Sequence Network for an A-G Fault at Line End 

As shown in Figure 3.24, the logic calculates the phase-to-phase voltage threshold as: 

( ) ( )V
3 V

(SIR 1)phase phase
nom

− = − ⋅ − =
⋅

+
a a V V2

1 2  Equation 3.22 

 

Figure 3.24: Sequence Network for a B-C Fault at Line End 

High-Current Detection 

A low-voltage condition is present for close-in faults and delays Zone 1 tripping because it is not, 
by itself, sufficient to declare a high SIR system condition.  To prevent Zone 1 tripping delay for 
a low SIR application and/or for close-in faults, supervise the low-voltage elements with 
corresponding high-current elements. 

The CVT transient detection logic calculates the current thresholds using the user-entered replica 
line impedance settings and a predetermined SIR radial line model with the assumed fault 
location at the end of the line.  The calculated current thresholds are the phase-to-neutral and 
phase-to-phase current flow at the relay. 

Using the sequence network shown in Figure 3.23 as a reference, the logic calculates the phase-
to-neutral current threshold as follows: 

I I I I
3 V

(SIR 1) (2 Z Z )phase 0 1 2
nom

L1 L 0

= + + =
⋅

+ ⋅ ⋅ +  Equation 3.23 

Using the sequence network shown in Figure 3.24 as a reference, the logic calculates the phase-
to-phase current threshold as follows: 

I (a a) (I I ) 2 3 I
3 V

(SIR 1) Zphase phase
2

1 2 1
nom

L1
− = − ⋅ − = ⋅ ⋅ =

⋅
+ ⋅  Equation 3.24 
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The ratio of close-in to remote fault currents is (SIR + 1)/SIR.  For a high SIR system, the fault 
current magnitudes do not differ greatly for different fault locations along the protected line sec-
tion.  Therefore, the high-current elements based on the thresholds calculated above do not 
override the under voltage declaration for close-in faults on higher SIR systems.  This means the 
distance element could be penalized with a delay for close-in faults.  The logic we discuss next 
reduces this problem. 

High SIR Time Delay and Distance Calculation Smoothness 

As shown in Figure 3.22, with conditions of low voltage, low current, and the Zone 1 pickup, the 
CVT logic delays the Zone 1 element output.  This delay is long enough to eliminate worst case 
CVT-transient-induced Zone 1 overreach. 

For close-in faults on systems with high SIRs, use the distance-calculation smoothness detection 
to override the tripping delay caused by low voltage and low current. 

The high SIR detection part (HSIR) of the CVT logic could assert for close-in faults on higher 
SIR systems, both low-voltage and low-current.  This assertion is unavoidable on high SIR 
systems.  However, there is a large difference in the distance calculation stabilization time for 
close-in faults and for remote faults.  For remote faults, the distance calculation stabilizes by the 
time the CVT transient dies out.  For close-in faults, the distance calculation stabilizes rather 
quickly, but the distance element operating speed is penalized by the CVT logic time delay.  
These observations show that detecting the distance calculation smoothness enables us to bypass 
the time delay introduced by the CVT detection logic and thereby decrease tripping time.  This 
logic then minimizes the fault clearing time delay of close-in faults on higher SIR systems where 
low voltage and current cause the CVT detection logic to assert. 

The threshold of distance smoothness detection is a function of distance calculation results, which 
is experimentally determined as − ⋅ +a m b .  This variable threshold allows us to tolerate more 
distance calculation fluctuations when a fault is close-in and fewer when the fault is remote.  The 
distance calculation-dependent threshold gives us the ability to override the CVT tripping delay 
for close-in faults occurring on high SIR systems. 

VT Magnitude and Angle Errors Create Standing Voltages 

Table 3.5 and Table 3.4 show the standing VA2 and VA0 voltages for Class 1 and Class 2 VTs with 
a ratio error and an angle error from a single phase.  The assumed ideal phase voltage magnitude 
is 66.4 V and all phase voltages are separated by 120°. 

Table 3.5:  Standing Sequence Voltages Present for VT Ratio Errors 

δδM δδΘΘ VA2, VA0, Stand 

-2% 0 0.44 V ∠ 180° 

-1% 0 0.22 V ∠ 180° 

0% 0 0.00 V ∠ 0.00° 

+1% 0 0.22 V ∠ 0.00° 

+2% 0 0.44 V ∠ 0.00° 
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Table 3.6:  Standing Voltages as a Result of VT Angle Errors 

δδM δδΘΘ VA0, VA2, Stand 

0 -1.33° 1.54 V ∠ -90° 

0 -0.66° 0.76 V ∠ -90° 

0 0.00° 0.00 V ∠ 0.00° 

0 +0.66° 0.76 V ∠ +90° 

0 +1.33° 1.54 V ∠ +90° 

Each of the three VTs can have a plus or minus magnitude and/or a phase angle error.  Any error 
produces a standing VA2 or VA0, even on a perfectly balanced system.  The magnitude and phase 
angle of this standing voltage depends on the individual VTs and possibly on their connected 
burdens.  The standing voltage error has different effects on different faults, with different RF on 
different phases. 

Here is an easy way of looking at the errors shown in Tables 7 and 8.  Calculate the error voltage 
εε that results from the ratio and phase angle errors using the equation shown in Figure 3.25. 

δM

δΘ
εε

 

( ) ( )
( ) ( )22

22

M

errorangleerrormagnitude

Θδ+δ=

+=ε
 

Figure 3.25: ε is a Starting Point for Calculating RF Limitations Caused by VT Errors 

For reliable operation for all fault types, the fault must generate VA2 or VA0 greater than two or 
three times that of εε.  This ensures that the fault generated VA2 and VA0 overwhelms the standing 
voltages. 

Calculate εε for the Class 1 VT using the data from Tables 7 and 8. 

( )
V79.0

V22.0V76.0
2/122

=
+=ε

 Equation 3.25 

BPD - Bushing Potential Devices 

These devices use the dielectric of insulator bushings to provide high voltage capacitance. 
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NONCONVENTIONAL INSTRUMENTATION 

Microprocessor-based relaying imposes very low burdens on voltage and current instrumentation.  
Microprocessor-based relays do not require the high current and high voltage instrumentation 
needed to operate electromechanical devices.  If the burden range is restricted, improved accuracy 
is possible without increased cost.  With lower burdens, new technologies can now be used for 
instrumentation with wider bandwidth than is needed for traveling wave-based relaying.  Minkner 
and Schweitzer discuss many of these concepts in a 1999 WPRC paper. ix  These new technology 
instruments are also less susceptible to distortions during fault conditions.   

Facilities employing both electromechanical and microprocessor-based technologies for metering 
and relaying are either confined to using the conventional instrumentation discussed above or to 
installing two sets of instrumentation. 
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