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Current Sense Transformers
Application Notes

1. SELECTING A CURRENT SENSE TRANSFORMER

It's not simply a case of “How much current do | want to measure?” when making the selection of a current
transformer. Although that is always the most important question to answer first and will determine from
which series of current transformers best suits the application.

Other questions to be asked include;

e \What secondary turns ratio will | need ?

 What burden (measurement) resistor value is required?
¢ Do | need to rectify the output?

e What magnetising flux or voltage hold-up will | require?
e \What is the best reset option for my application?
 \What error might | expect to see in the results?

Hopefully these will not prove to onerous to determine and the information required to answer these questions
will be within this application note, the current transformer datasheet and within the operating characteristics
of the application.

What we need to know for the application circuit is;

e What maximum primary current do | need to measure?

e What is the maximum voltage detection of my measurement system (or controller)?
* How much power will the burden resistor have to dissipate?

o What is the operating frequency and duty cycle of my switching circuit?

Finally, maybe just a preference for available resistor technology, a production preference than a design
preference.

2. PRIMARY CURRENT SENSING TECHNIQUE

All current-sense transformers are really current-transformers rather than voltage-transformers and mostly
have a single turn on the primary side, hence their current transfer ratio is simply the turns ratio of the trans-
former; which is effectively the secondary turns, Ns, if the primary is a single turn, Np=1.

Ip
Is= —— (Where Np =1
Ns( =1

Hence the secondary current is directly proportional to the current flowing in the primary side, scaled by the
transformer turns ratio.

3. CALCULATION OF THE BURDEN RESISTOR

The secondary can never be left open-circuit as the voltage across it will rise continually, hence a resistive current
burden (the burden resistor, Rb, Figure 1) has to be placed across the secondary to convert the secondary current
(Is) into a voltage (Vs). This simple use of a resistor across the secondary means the current sense transformer
becomes a primary-current (Ip) to secondary-voltage (Vs) converter.

The measured voltage across the burden resistor (Vm) is directly proportional to the primary current;

I
Vim = Vs = IsRb = —— Rb
Ns
For most circuits the maximum measured voltage will be determined by the voltage measurement method of the
control system (typically an analogue-to-digital converter, ADC), hence will be limited to a maximum full-scale volt-
age value (Vmax) based on the measurement circuitry and often the DC supply used for the control circuitry (typically
5Vor3.3V).

The value therefore of the burden resistor can be determined from the available power dissipation capability of the
resistor (PRb, i.e. the power rating of the resistor) and the measurement voltage

R = Vmax?
Prb

The power rating of the burden resistor is usually chosen from an available production rating, typically 0.125W,
0.25W, 0.5W etc. depending on how physically large a resistor can be accommodated in the circuit.
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FIGURE 1: CURRENT SENSE TRANSFORMER WITH SECONDARY SIDE BURDEN RESISTOR (Rb)
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3. CALCULATION OF THE BURDEN RESISTOR (Continued)
Worked example

Assuming we have a limit of 4A to detect with a 3.0V full scale ADC. In general you would want some over-shoot capability, hence typically 1.2 - 2.0x of maximum current is used
for the full scale, we’re going to use 125%, i.e. Imax = 1.25 * 4A = 5A and Vmax = 3.0 V.

Using a higher-power burden resistor provides a lower resistor value and is generally easier to implement, whereas lower power rated resistors usually suggest a higher value
burden resistance and can result in a high transformer ratio. Assuming we have a 0.25 W resistor to place across the secondary output, the burden resistor can be calculated from
the full-scale voltage for this dissipation power (PRb);

Vmax? _ 3.0?
b= = —— =360
Prb 0.25
If we use the E24 series this value is directly available (most often you will have to select a closest value) and the measurement current in the secondary can be calculated;
Vmax 3.0
Is = = —— =83mA
Rb 36

4, CALCULATION OF TURNS RATIO

The turns ratio is based on the amount of secondary side current (Is) required to give a full-scale voltage detection (Vmax) at the measurement system with the maximum primary
current (Ip) to be detected. As noted above, this also depends on the power that can be dissipated in the burden resistor (Rb); the resistor through which the measured secondary
side current will flow.

The turns ratio is given by the standard transformer transfer ratio of primary to secondary turns (usually a voltage ratio, but this is a current transformer) and in this implementation
the primary turns (Np) is almost always 1, hence the turns ratio is therefore numerically the number of secondary turns (Ns);
I I
Ns = I—p Np = I_p (were Np =1)
S S

The secondary current is determined by the full-scale voltage deflection across the burden resistor;
Vmax
Is =

" Rb

Worked example
Hence the required turns ratio for our maximum 5A primary current (Imax) from our previous example is;

Ns = Imax Np = 5.0 ~ 60
Is 0.083

When the ratio is calculated, it unlikely be an exact match to the available ratio’s, so always choose the next higher turns ratio. For example the 5600 series has a 50

and 100 secondary turns, hence the 100 turn (56100C) would be the correct choice. The 5300 series has the exact ratio available, so if using the closest ratio to deter-

mine which series of current sense transformers to use, the 53060C is the best choice as this can precisely match the calculated turns ratio (but it is rare to get such a

close match).
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5. RECTIFIED OUTPUT

It would be very rare to encounter just a burden resistor across the output of a current sense transformer (Figure 1), more commonly the output is rectified and converted to a DC
value using a capacitor (Figure 2), hence the above calculations should include any secondary circuit effects?

In particular, the diode forward voltage drop (Vf) and potentially any voltage loss due to the DC resistance of the secondary turns (Rs) should be included in the calculation of
measured voltage (Vm);

Vm =Vs - Vf - (Rs Is)

In most cases the DC resistance of the secondary is very small in comparison to the other values, hence the DC losses in the secondary turns are often negligible, but will need to
be considered later for error calculation.

Worked example

Revisiting our previous example with a 3.0V full scale ADC to detect a peak of 5A, using a standard 1N4141 diode (Vf = 1V max) and the 53060C, 60 turn transformer;
Rs=2.2(). Using the transformer ratio to calculate Is at 5A gives;

Is = b 83mA (where Np =1)
Ns

The above is the same as we had already calculated. Rb remains the same (36Q) as it is calculated from the full-scale voltage for its power rating, hence unaffected by
the diode or secondary winding DC losses. Hence the burden resistor and transformer ratio do not need to change, so what is happening? The transformer is generating
a higher voltage across its terminals because it does not see the burden resistor directly, hence the voltage across the secondary becomes;

Vs =Vm + Vi + (Rs Is) = 3.0 + 1.0 + (2.2 * 0.083) = 4.18V

The 1V diode drop and 0.18V secondary winding loss making no difference to our previous calculations, hence they are still valid, despite being calculated without the
diode and resistive losses included.

If we rewrite the above equation with the burden resistor in the first term we can start to gauge some of the impact changing this value can have;
Vs = (Rb Is) + Vf + (Rs Is)

Hence the higher the burden resistor, the smaller the secondary DC loses look, but conversely this usually results in a higher turns ratio requirement, which means more
secondary turns and higher secondary DC losses! Effectively there are optimisation limits to this, but the burden resistor is the easiest component to adjust.

FIGURE 2: RECTIFIED AND SMOOTHED SECONDARY OUTPUT
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6. AVOIDING SATURATION

For the measurement to be a valid representation, the secondary output must not collapse (magnetic saturation) before the pulse cycle ends, this is determined by the magnetic
saturation of the core, its area and number of turns, however, that data is rarely available in a datasheet. However, a proxy for this is the volt-time constant (Et, sometimes called
the volt-microsecond product) which is often contained in the datasheet.

To avoid saturation an Et value of greater than the calculated pulse volt-time constant used in the application is needed. The minimum application pulse-time constant (Etmin) can
be calculated from the switching frequency (fs), Duty cycle (D) and the total voltage across the secondary circuit (Vs).

Because this is a critical limiting factor in the circuit, it is necessary to include the voltage drop of the diode and secondary DC losses as already noted above in the calculation of
the secondary voltage (Vs).

The secondary time element (ts) is simply the ratio of duty cycle to switching frequency;

D

fs

Hence the minimum volt-time product is simply the product the secondary voltage and pulse time ratio;

Etmin =Vs Ts = [(Rb Is) + Vi + (Rs Is)] fB
S

ts =

Worked example

Using the same example as previously (i.e 53060C transformer), we have already calculated Vs = 4.18V. Assuming in our application we are running a 50% duty cycle
switching at 200kHz (this will be provided by the application and minimum duty cycle should be used if there is a variation), hence the minimum pulse time is;

D__05 _
fs 200,000

2.5s
And hence our minimum required volt-time-product is;
Etmin = Vs * ts = 4.18V * 2.5us = 10.45Vps
This is a relatively low number, hence most current transformers exceed this and should not saturate given the above conditions.

The greatest use of the above equations may actually be in determining the frequency and duty-cycle limits at which the current transformer will start to become non-
linear as this may have a bearing on the initial design and control algorithm, depending on the level of control required. This might also indicate why you may prefer a
10A rated transformer to measure a 2A current, rather than something that saturates closer to the maximum current limit.

7. ESTIMATING THE MEASUREMENT ERROR

In the above equations is hidden a source of measurement error; the magnetising current (Im) of the transformer itself. Part of the current being measured is not being delivered
to the application, but is the current required to magnetise the transformer, hence technically an error in the measurement. This is again relatively easy to estimate (this is not an
exact calculation) and is related to the volt-time product and the secondary inductance (Ls) since this is the side we are measuring from (normally the primary inductance would

determine saturation if the primary was not a single turn).

Magnetising current is given by the equation;

Vs * D Et
Im = — = —
2*Ls*fs 2*Ls
This is a proxy for the true measurement of magnetising current, hence is a “best estimate” using available datasheet information. Core losses will also be additional influence and
in general the above will over-estimate rather than under-estimate actual magnetising current.

The measurement error can be estimated from this as a ratio of the measured maximum current in the secondary;
Im
Error (%) = —
Is
Worked example
Again using the above 53060C transformer example, the secondary inductance in 0.72 mH and hence magnetising current is;
Et 10.45V
Im = ——= *0 VS _ 7 3mA
2*Ls 2*0.72mH
Hence an estimate error in the measurement current on the secondary side of;

Error (%) = % =8.8%

These equations are again best used to examine where errors can be minimised as much as handling them in the control system. The error is also unlikely to be linear
across the measurement range, but if low when calculated as a maximum, may be small enough to ignore for most practical control purposes. This is a parameter
where a high turns ratio, resulting in higher secondary inductance, reduces the overall error, hence turns ratio’s above 100 tend to have error ratio’s in the few percent to
less than 1% range.

www.murata.com
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8. MEASUREMENT RESET CIRCUIT

The output of the current transformer will usually require a second rectifier circuit to prevent the reverse current creating a negative voltage at the measurement. The circuit
ensures the reset of the transformer (when the switched cycle ends) does not create a measurement issue with a negative going “spike” and will depend again on application and
circuit configuration (see Figure 3).

For high duty cycle, full wave switching applications, a full-bridge rectifier may be the best solution (see Figure 5). In such an application the reset pulse may not exist as the
transformer sense current may be driven in reverse sooner than the pulse reset. Hence a simple resistor-capacitor averaging circuit after the rectifier; the resistor being the burden
resistor and a low-value capacitor used to reduce any measurement ripple and/or bypass any switch edges getting onto the measurement side. This effectively adds an additional
diode drop to some of the above voltage drop calculations, but is generally easy to implement.

For single sided switching, or where at maximum current event is a “shut-down” signal, a simpler single sided reset circuit can be used, the simplest being a high value reset
resistor across the secondary (see Figure 3A). The reset resistor needs to be a significantly higher value than the burden resistor (typically 20-50x), but does take current from the
measurement, hence is better suited to simpler monitoring schemes where for example only an over-current needs to be detected.

The use of a reverse diode damping circuit will again depend on the control level being associated with the measurement (see Figure 3B). This is most suitable for a single sided
switcher and the diode means only the reverse current pulse is dissipated in the reset, hence the resistor can be a lower value than above, typically 10x the burden resistor value.
Using active high-or-low rails to hold the rest voltage is less common, not only as this needs to interface the control side power supply into the measurement system (see Figure 3
C and D), but also this effectively may increase the loop current around the measurement circuit, hence if measuring a relatively small voltage can create offset errors. However,
this is useful if the output of the measurement is to be further processed before digitisation as the reference voltage can be set for an amplifier or comparator mid-point.

FIGURE 3: COMMON RESET TOPOLOGIES
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9. LOCATION OF CURRENT TRANSFORMER

It's easy to accidentally put the current transformer into a non-switched branch of the circuit, or accidentally offset the ground in a single sided switcher and disrupt the switching
cycle, hence placement is important.

In general the current sense transformer needs to go into one of the switching branches (Figure 6), and preferably on the high-side of the switching (Figure 4).

The primary inductance of the transformer is very low, so the current transformer can be placed into the same line as a resonance inductor in a switched resonance converter,
however, should be on the switch side and not the transformer side of the resonant inductor. In a full H-bridge configuration the current sense can go in a single switching arm and
this is where a full-bridge rectified reset circuit should be used, hence it will measure the current in both switched directions (Figure 5, this is also useful for motor speed control).

If using an offset-timing there may need to be a transformer into both arms. However, the output is easy to combine with a simple diode coupling after the burden resistor if sepa-
rate monitoring is not required, but the average of both needs to be determined.

FIGURE 4: SINGLE SIDED SWITCHED INDUCTIVE LOAD
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FIGURE 5: FULL H-BRIDGE DC-DC CONVERTER SHOWING CURRENT SENSING TRANSFORMER CIRCUIT LOCATION
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FIGURE 5: FULL H-BRIDGE DC-DC CONVERTER SHOWING CURRENT SENSING TRANSFORMER CIRCGUIT LOCATION
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DISCLAIMER

Unless otherwise stated in the datasheet, all products are designed for standard commercial and industrial applications and NOT for safety-critical and/or life-critical
applications.

Particularly for safety-critical and/or life-critical applications, i.e. applications that may directly endanger or cause the loss of life, inflict bodily harm and/or loss or severe
damage to equipment/property, and severely harm the environment, a prior explicit written approval from Murata is strictly required. Any use of Murata standard prod-
ucts for any safety-critical, life-critical or any related applications without any prior explicit written approval from Murata shall be deemed unauthorised use.

These applications include but are not limited to:

° Aircraft equipment

° Aerospace equipment

° Undersea equipment

° Power plant control equipment

° Medical equipment

° Transportation equipment (automobiles, trains, ships, etc.)
° Traffic signal equipment

° Disaster prevention / crime prevention equipment

° Data Processing equipment

Murata makes no express or implied warranty, representation, or guarantee of suitability, fitness for any particular use/purpose and/or compatibility with any applica-
tion or device of the buyer, nor does Murata assume any liability whatsoever arising out of unauthorised use of any Murata product for the application of the buyer. The
suitability, fitness for any particular use/purpose and/or compatibility of Murata product with any application or device of the buyer remain to be the responsibility and
liability of the buyer.

Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that anticipate dangerous consequences of failures, moni-

tor failures and their consequences, lessen the likelihood of failures that might cause harm, and take appropriate remedial actions. Buyer will fully indemnify and hold
Murata, its affiliated companies, and its representatives harmless against any damages arising out of unauthorised use of any Murata products in any safety-critical and/
or life-critical applications.

Remark: Murata in this section refers to Murata Manufacturing Company and its affiliated companies worldwide including, but not limited to, Murata Power Solutions.

and the Life and Safety Critical Application Sales Policy:
Refer to: https://www.murata.com/en-eu/products/power/requirements

f This product is subject to the following operating requirements

Murata Power Solutions (Milton Keynes) Ltd. makes no representation that the use of its products in the circuits described herein, or the use
of other technical information contained herein, will not infringe upon existing or future patent rights. The descriptions contained herein do
not imply the granting of licenses to make, use, or sell equi in therewith. ifications are subject to change
without notice. © 2025 Murata Power Solutions (Milton Keynes) Ltd.
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