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Abstract – Increased energy efficiency in the energy sector can help achieve the key 

goals of climate protection with maximizing the share of renewables while supporting 

economic growth and employment rates. Here the Paris agreement and the Updated 

Energy Efficiency Plan of The Ministry of Energy of Israel set high targets to achieve 

this. However, measurement, monitoring and control devices are often not considered 

in such discussions, even though they play one of the decisive factors for the power 

grid of the future. Since a grid with a high share of renewables needs flexibility options 

and the right control structure for them, the highest possible energy efficiency of used 

measurement equipment for tracking, observation and supervision reduces losses in 

the energy transport chain. 

The use of low energy consumption measuring equipment in new installations and 

retrofit solutions increases the functionality of the network effectively. One of the most 

energy efficient methods of measuring voltage and current are non-conventional 

transformers also called sensors. With only 6 % of the losses of conventional voltage 

transformers and 1 % of conventional current transformers, sensors save an enormous 

amount of power when used as measuring equipment. Furthermore, easy and cost 

saving production design coupled with partly full recyclable sensors make a strong 

contribution to less emissions and a greener future. Additionally, with low voltage 

outputs for connected RTUs or IEDs, sensors are short-circuit-proof, which significantly 

increases personal safety. Nevertheless, due to the familiarity of conventional 

transformers, grid operators are not yet turning to sensors, even though they have a 

technology readiness level of 9 and are usually only one-third the cost of conventional 

transformers. 

In this presentation, sensors as the measurement equipment of the smart grid are 

introduced by comparison to conventional transformers. A detailed description about 

saved energy over the entire lifetime of a sensor is presented while also adding points 

about resource conservation, safety advantages and recycle management. 

1 – Introduction 

The ongoing advancement of technology and the associated increase in the standard 

of living is leading to an increase in energy demand all around the world. While fossil 

fuels are still the dominant energy source in the world, the resulting greenhouse gas 

emissions are reaching levels that are causing accelerated changes in climate 

conditions. Accordingly, more than 130 countries and regions have set a carbon 

neutrality target by 2050. In Europe, the European Union (EU) set the first requirements 

for climate neutrality in the Paris Agreement and consequently rounded it off with the 

European Green Deal and the Fit for 55 Package. By fixed targets, incentives for viable 

and practical implementation methods should evolve, while addressing the increasing 

energy demand from all sectors. Similarly, to the EU also the United States of America 

and many other countries like Israel have set their own targets. In each of these plans, 

the importance of renewable generation, CO2 reduction, switching to alternative fuels 
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and electric cars, and energy efficiency are some of the key points. Although every 

point is equally important and meaningful, they can only be achieved with an energy 

transition of today's power grid.  

The structure of today’s power grid was built up over time, starting at the end of the 

19th and beginning of the 20th century. First the primary focus was on the transmission 

of the energy from the generating side to the first customers. While at the start only 

companies used energy from overhead lines, the conveniences and benefits of electric 

power have spread out rapidly through all levels of society. In just a few decades, the 

transmission grid was extended to include the distribution grid in order to reach every 

household. Due to the increasing number of grid participants, whether on the 

generation side or the consumption side, it was necessary to start regulating and 

controlling the grid.  

At first, only measurement technology was needed on the generation side, as the 

power flow only took place in one direction, namely to the consumer. Through technical 

advancement, new technologies have been incorporated, such as underground 

cables, batteries and now also photovoltaics and wind energy. These technologies, 

now capable of feeding energy not only into the transmission grid but also into the 

distribution grid and thus permitting a bidirectional power flow, require a complete 

restructuring of the grid structure. More precisely, with the conversion of the current 

power grid into a smart grid, advanced technologies can be used intelligently to achieve 

the set goals. 

2 – Changes in infrastructure and changes in mindset 

The combination of set goals for the energy transition, to be adhered to deadlines for 

a “net-zero” and smart grid technologies gives a positive mindset in the energy sector 

for the implementation. However, incentives for investments into the right direction are 

right now missing on many levels and leaving all the plans and directives without real 

realization option.  

Especially in the context of the smart grid, politicians as well as directives mention the 

integration of more measurement technology, however, not one guideline describes 

the state-of-the-art measurement technology nor the so called “right” product. Also, the 

correct placement in the power grid and number of installed equipment are hotly 

debated, but no result of this discussion is ever presented. Above all, the opportunity 

of a smart grid has also changed the implementation of the type of measurement 

technology with which the power supply can be monitored and controlled. Naturally, 

no complete or correct answer to these questions is possible due to the great changes 

in the power grid, but a start should be made with smart technologies that will also 

bring benefits in the longer term.  

While talking about measuring at whatever percentage of measurement points in the 

grid, the additional power needed to supply all those devices is seldomly mentioned. 

When comparing various measurement equipment, quickly big differences in the 

power consumption of those devices detecting voltage and current are found.  

Only if all technologies are analyzed from the beginning it will be possible to avoid 

integrating additional power supplies for their operation into the grid at a later stage. 



Here the focus must not only be on the suitability for measurement, but advantages 

and disadvantages have to be elaborated in each case, while the main emphasis lies 

on resource efficiency and above all on the energy efficiency of the individual products. 

To achieve such a comparison, it is best to go directly to the manufacturer of the 

measuring components. The company Greenwood-Power is a leading innovator of 

measurement equipment and will try to provide a good overview of different 

measurement technologies in this article. 

3 – Types of current and voltage measurements 

In this section, already used measurement technologies are described with 

advantages and disadvantages. The aim is to enable a comparison of the technologies 

at the end. In 3.A first voltage measurement types are discussed in detail while in 3.B 

possible current measurement types are further discussed. 

3.A – Voltage measurement equipment 

In the present power system, voltage measurement devices are used to detect the 

voltage on the primary conductors and then use it for protection, control or monitoring 

purposes. A voltage measurement generally is always connected in parallel to the 

conductor. In theory the voltage of the primary conductors could be measured just by 

connecting the measurement device with the conductor, but in praxis the measurement 

device cannot use such a high voltage. The high magnitude of the voltage would 

destroy the measurement device thus creating the need for a coupling device, which 

transforms the primary voltage of the conductor into a smaller secondary voltage. This 

secondary voltage is then tuned to the characteristic of the measurement device, 

making a correct measurement possible. Here it is important to tune it to the input 

impedance of the measurement device, also called burden.  

Conventional transformers: 

In today’s power grid most of the measuring equipment is designed as conventional 

voltage transformers. A conventional transformer consists of an iron core with several 

different coils made of windings. The different coils of a conventional transformer have 

different purposes and thus also different characteristics. Mostly one measurement 

and one protection coil are used but can be multiplied depending on the application. 

As measurement principle the traditional transformer principle is used for the voltage 

generation, transforming the primary voltage into the secondary voltage by using the 

magnetic field flowing through the iron core of the coil and transferring to the secondary 

winding. 

 

Figure 1: Example image of a conventional voltage transformer [1] 



Although a proven concept and used in the traditional power grid on all voltage levels, 

conventional voltage transformers have disadvantages that other products can solve.  

The most concerning disadvantage is the electrical power needed for the equipment. 

Values of 5VA or 10VA for installation for one measurement device up until 150VA for 

several connected measurement devices and different accuracy classes are often 

used in praxis. With those power needs the measurement equipment uses up a 

significant portion of energy just for the operation and subsequent measurement.  

Further important disadvantages are the winding number and used materials of the 

voltage transformer. Since secondary voltages of 100V/√3, 110V/√3, 120V/√3 are 

standards the needed number of windings to generate the secondary voltage is high. 

Those needed windings consist mostly of iron or copper and therefore make up most 

of the price of the product. Also the whole core, windings and connection cables are 

embedded in cast resin for isolation purposes. Giving the dimensions of the core, the 

needed resin is a big factor when looking at resources used during production. 

Following next is the most important factor for retrofit solutions, which will increase 

critically with the energy transition, namely the need for a certain space in the 

installation. Considering standard medium voltage and low voltage installations, 

dimensions of about 400x150mm are often used. The core and coils also take up a lot 

of space, making an easy retrofit solution for every installation impossible. Also the 

weight of the voltage transformer is not negligible at 28 kg. 

Lastly with windings, representing inductances, and an iron core in the middle the 

voltage transformer is changing the output accuracy dependent on the temperature, 

humidity and frequency. 

Non-conventional voltage transformers 

Now in contrast to conventional voltage transformers, non-conventional voltage 

transformer or so-called voltage sensors use different measuring principles. The 

voltage sensor of Greenwood-Power [2] is for example utilizing an ohmic-capacitive 

voltage divider with the principle of a normal voltage divider. By splitting up the primary 

voltage with several resistors and capacitances the secondary voltage is generated. 

Here secondary voltages of almost every value can be achieved by using the ratio 

between resistors and capacitances. In standards the general output voltage of 

3.25V/√3 is stated but can be easily changed to customer specifications.  

 

Figure 2: Example image of a non-conventional voltage transformer [2] 

With a completely different measuring principle many disadvantages of conventional 

voltage transformers are fixed.  



First and foremost, the frequency dependency as well as big influences from 

temperature and humidity. By using only resistors and capacitances as electrical 

materials and forgoing windings completely frequency dependencies can be cancelled 

out as well as big temperature drifts of the secondary voltage output. Naturally resistors 

have some kind of temperature fluctuations, however, the resulting changes are in a 

way smaller order of magnitude. 

Further, no inductance in the non-conventional voltage transformer gives a linear 

voltage curve over the complete defined voltage measurement range. With windings 

and thus inductances after a certain voltage value, the material is saturated and bends 

out of the accuracy characteristic, due to the saturation curve. 

Next very important for installation are the smaller dimensions of the products. Mainly 

120x68mm are reached nowadays with optimal research in processing of voltage 

sensors. Also a general weight of 0.5kg to 0.8kg put minimal stress of the installation. 

Lastly, sensors reach the same accuracy classes, as voltage transformers, yet use 

less materials during production. Furthermore, they can be completely specialized for 

the application of a customer, regarding cable length, ratios and secondary outputs. 

 

3.B – Current measurement equipment 

While voltage is the one quantity to measure, current is the second one. Only with 

knowledge of both quantities can active and reactive power be controlled. For current 

measurements, the current detecting device should be connected in series to allow the 

actual current to flow through the device. With a series connection the conductor with 

the current must be interrupted at the measurement point, especially for block type 

transformers (connectors P1 and P2), connected with the measuring device and then 

reconnected with the conductor. Whereas this process sounds sensible in theory, the 

disconnection is very costly in praxis with additionally needed insulating equipment. 

Therefore, interruption of the conductors must be avoided and measurement principles 

used that can be placed around the conductor. However, with a wrap-around an airgap 

at the closing of the conductor is introduced. This airgap leads to a partially open 

connection and is modelled as a resistor electrically. With an additional resistor in the 

circuit losses are produced, which must be accounted for or compensated. 

Similar to voltage measurement, currents can also be measured with different 

technologies.  

Conventional current transformers: 

The traditional current transformer is very similar to the conventional voltage 

transformer with a measuring and protection winding and accordingly class rating. With 

a current flowing through the conductor a magnetic field is produced. This magnetic 

field is then used to produce a current in the secondary windings according to the 

induction principle. By connecting cables to the measuring device, the induced current 

is then processed.   



 

Figure 3: Example figure of a conventional current transformer [1] 

While the current transformer is also widely used in the grid, just like with the voltage 

transformer, disadvantages are found with this measuring equipment. 

Here the biggest disadvantage is the dependency on the number of windings, which 

generate the magnitude of the output current. To transform current ratios of e.g. 500A 

down to 1A or 5A, which are standard output current values, a high number of turns is 

needed. The high number of turns has a direct impact on the cost of the product 

through the use of iron or copper wire.  

Next, the energy consumption of the current transformer is even higher for standard 

designs with one measurement and one protection coils. Values of 20VA are normal 

and can go up even higher. 

Further, the high output current is a great concern on the safety of the engineers. For 

personal safety current transformers must be always short-circuited or connected to a 

measurement device otherwise real danger is put on the personal.   

Lastly, current transformers have large dimensions of up to 400x150mm and a weight 

of 35kg. As a result, they cannot simply be installed in a switchgear system as an 

afterthought, but must be taken into account directly when the design is created. 

Rogowski coils: 

Rogowski coils work according to the induction principle, but unlike current 

transformers, they do not have an iron core. Windings are wrapped around an air core 

and generate a voltage, which is then transformed into a current with the usage of an 

integrator.  

 

Figure 4: Example figure of a Rogowski coil [3] 

While the Rogowski coil solves some of the disadvantages of the current transformer, 

other new disadvantages are introduced. 



With a completely different design, the dimensions of a Rogowski coil are way smaller 

and lighter than a current transformer. Depending on the diameter, sizes range from 

100x100mm to 300x300mm with a weight around 0.15kg. This design makes the 

Rogowski coil generally a very good solution for retrofit installations. 

Next, due to the lack of an iron core, there are no non-linear influences from the 

magnetization curve. There are also no saturation or remanence effects that are 

detrimental to the measurement, which require costly demagnetization with traditional 

current transformers. 

Additionally, in contrast to current transformers, high short-circuit currents in the energy 

distribution do not cause high forces and losses with Rogowski coils. Likewise, no 

dangerous voltages can be generated in open operation, so there is no danger for 

electricians in this respect. danger for qualified electricians. 

However, due to the air core the Rogowski coil has an immense position accuracy. 

Depending on the position of the Rogowski coil, data sheets give correction factors for 

the connected measurement device. In addition, the magnetic field lines are not 

bundled up in an iron core, which makes measured values susceptible to influence 

from neighboring field. Other conductors or any device in a switchgear are sources in 

a very small distance from the Rogowski coil.  

Further, with the integrator needed in the circuit as an additional component, an active 

part is introduced. Here, a power supply is needed for the operation of the integrator, 

which leads to the implementation of even more additional parts. 

Also the frequency plays a major role for the Rogowski coil. The Rogowski coil is tuned 

to the grid frequency, which gives severe frequency dependence. Therefore, amplitude 

correction factors must be applied for all other frequencies. 

Lastly, the cost is a big factor for any installation. Even though no conductive part is 

needed at the core if the Rogowski coil, this lack must be compensated for the right 

functionality. Many more turns in the area of around 5000-10000 turns in windings are 

normal for a Rogowski coil. The cost of the material for this number of turns often 

makes the final product more expensive than a conventional transformer with an iron 

core. Also for no compensated Rogowski coils, the long wire used for the winding is 

temperature dependent, enabling only a small temperature range for practical 

operation. 

Low-power current transformers: 

Another current measurement type combines all advantages of the Rogowski coil and 

the conventional current transformer. In the case of non-conventional transformers, 

also called current sensors, the same measurement principle with the inductive current 

generation is applied, however, this current is further transformed into an output 

voltage. Here with the usage of a shunt-resistor at the output of the product a 

completely different output value, namely a voltage instead of a current, is achieved.  

The integration of the shunt-resistor allows a smaller number of turns which are 

transformed with the value of the shunt resistor to the output voltage required by the 

customer. Instead of windings also electrically conductive plates can be used, which 



can be then connected over the airgap with an also electrically conductive material to 

better compensate the airgap.  

 

Figure 5: Example figure of a non-conventional current transformer 

With such a design the biggest disadvantages of the conventional transformer, namely 

the cost and the needed space can be greatly reduced. With dimensions of only 

diameters of 102mm and a weight of around 0.3kg current sensors are the ideal 

equipment for retrofit installations. 

Next, the usage of the iron core instead of the air-core of the Rogowski coil gives no 

position inaccuracy. Therefore, it is irrelevant at exactly which point of the conductor 

the current sensor is placed, or if the conductor is not in the central position. With the 

iron core also neighboring field influences are not overly relevant, thus additional 

correction factors for such reasons are not required. 

Lastly, no active components are integrated in a current sensor. Instead of an 

integrator used in a Rogowski coil, a shunt-resistor forms the output of the sensor. 

Without an integrator no phase shift is introduced as well as no reduction in service life 

due to active components. 

 

4 – Prospects of environmental resources and energy efficiency 

While all measurement technologies represent opportunities for measurement in a 

wide range of applications, the decarbonized energy network should now also make 

use of the most environmentally friendly and energy-efficient products possible. In 

section three, advantages and disadvantages of voltage and current measurement 

technologies have already been described, but for a better comparison, a quantitative 

analysis of the measurement technologies should be carried out. 

4.A – Environmental aspects 

With the restructuring of the energy grid and the conversion to a smart grid, many 

resources will have to be used for this. However, not all materials used in measurement 

equipment are infinitely available, nor are they environmentally friendly or even 

recyclable. Consequently, it makes sense to use the smallest number of components 

and the smallest volume of resins for casting molds in order to conserve resources. 

Standard values from data sheets of different component manufacturers for the 

products of section three are used for the calculation. 

 

 



Voltage measurement equipment  

For voltage measurements, conventional and non-conventional voltage transformers 

were compared in the previous section on the basis of their characteristics. Now a 

comparison of the internal components and the housing is made. 

Conventional voltage transformers Non-conventional voltage 
transformers 

Iron core 5822 cm3 Passive electrical 
components 

25-35 pcs. 

Turns (primary and 
secondary) 

8482 m Shielding 1 pc. 

PCB 1 pc. PCB 1 pc. 

Cast resin 3340 cm3 Epoxide resin 153 cm3 

Metal base plate 335 cm3 Silicone casting 
compound 

5 cm3 

Connecting cable 2-10 m Connecting cable 2-10 m 
 

Comparing the two tables, it quickly becomes apparent that the components are very 

different due to the different measuring principles. However, the resin can be clearly 

compared, whereby non-conventional voltage transformers only use 2.8% of the resin 

that conventional transformers require. 

Current measurement equipment  

For current measurements conventional current transformers, Rogowski coils and non-

conventional current transformers are compared.  

Conventional current transformers Low-power current transformers 
(300mm length) 

Iron core 10320 cm3 Wire (f.e. copper) 50 g 

Turns 113 m Iron band material 106 g 

Cast resin 1245 cm3 PCB 1 pc. 

Metal base plate 298 cm3 Passive electrical 
components 

8 pcs.  

Connecting cable 2-10 m Cable tie 4 pcs. 

Earthing screw 1 pc. Connecting cable 2-10 m 

  Clamp 16 cm3 

Rogowski coil (300mm length) 

Thermoplastic 15 cm3 

Turns >150 m (>6000 
turns 

Clamp 16 cm3 

Connecting cable 2-10 m 

Integrator, PCB 1 pc. 
 

With current measuring equipment, also big differences are evident. Interestingly, after 

a number of 6000 turns the Rogowski coil is the same as that of conventional current 

transformers. Here the low-power current transformer has a clear advantage. 
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4.B – Energy efficiency outlook 

Since it has not yet been determined how much measuring equipment must be 

installed in each part of the grid so that low voltage and medium voltage grids can be 

controlled and monitored, it makes sense to look at the products with the lowest 

power consumption. For this calculation the output characteristic is of interest. 

Voltage measurements equipment  

Conventional voltage transformers Non-conventional voltage 
transformers 

Have a voltage output of 100/√3, 
110V/√3 ,120V/√3 (acc. to standards) 

Have a voltage output of 3.25/√3 (acc. to 
standards) 

With windings 
required power: 

1VA-150VA No windings, 
resistor at the 
output: 

0.6 VA (with 
200MΩ burden) 

 

Combing the output and the needed power, the voltage sensor required only 0.4% to 

6% to operate. 

Current measurements equipment  

Conventional current transformers Low-power current transformers 
(300mm length) 

Have a current output of 1A, 5A (acc. to 
standards) 

Have a voltage output of 225mV (acc. to 
standards) 

With windings 
required power: 

1VA-50VA (two 
windings) and up 

With windings 
required power: 

0.2 VA (with 0.25Ω 
shunt, Ir = 300A) 
and up depending 
on rated primary 
current 

Rogowski coil (300mm length) 

Have a voltage output, transformed into 
a current output of 1A, (ratio Rogowski: 
100mV/kA) 

With windings 
required power: 

10VA (active 
Rogowski coil) 

 

Due to the conversion into an output voltage the low-power current transformer only 

required 1% of the energy of a conventional product and 2% a Rogowski coil.  

5 – Conclusion 

In this article a technical and quantitative comparison of different voltage and current 

measurement technologies is carried out. It can be clearly seen that while not yet a 

widely used technology non-conventional voltage and current transformers have better 

technical properties then conventional voltage and current transformers and Rogowski 

coils. With more flexibility options and short-circuit safety they can be completely 

customized to the needs of the customer while always keeping personal safety on the 

highest level. Further, voltage sensors are 94% more efficient than conventional 

products and current sensors save 98% of energy compared to Rogowski coils and 

conventional products. 
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