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Abstract 
 

This study aims to find new critical distances for transformer re-energization during network 

restoration after a blackout.  

Energizing a power transformer, in a grid that is lightly loaded due to the restoration process, involves 

a risk of temporary harmonic overvoltage. The overvoltages can, if they exceed a certain limit for a 

certain time, be harmful for the components of the grid. The rule which already exists at RTE states 

that there is need of a simulation study if the distance between the transformer to be energized and 

the closest load exceeds a certain length, depending on the transformer type. 

However, the critical distances already used are not satisfying, because in most cases the overvoltages 

are far from being dangerous, even for longer distances. This fact is confirmed in the study of a real 

restoration configuration in the thesis. Moreover, the analysis of the studies that have led to the critical 

distances shows that some of their modelling assumptions are questionable. The auxiliaries of the 

nuclear unit, in particular, have to be modelled to obtain correct results. 

Taking into account these remarks, new critical distances have then been determined. For this 

determination the models are chosen to be as conservative as possible. The new critical distances now 

depend on the type of nuclear unit and on the rating of the transformers to be energized.  
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Sammanfattning 
 

Projektets mål är att bestämma nya kritiska avstånd vid inkoppling av transformatorer på 

transmissionsnätet under systemåterställning. 
Spänningssättning av krafttransformator, i ett lättlastad del av stamnätet under 

återställningsprocessen, innebär en risk för tillfälliga övertonsspänningar, vilka kan, om de överstiger 

en viss gräns under en viss tid, vara skadligt för komponenterna i nätet. Den befintliga regeln på RTE 

är att en simuleringsstudie behövs om avståndet (längden av transmissionsledningar) mellan den 

tillkopplade transformatorn och den närmaste belastningen överstiger en viss längd, beroende på 

transformatorns typ. 

Regeln är inte tillfredsställande, eftersom överspänningarna i de flesta fall är långt ifrån att vara 

farliga, även vid längre avstånd, vilken bekräftas från projektets resultat. Dessutom visar en analys av 

de studiefall på vilka de befintliga kritiska avstånd är grundad, att en del av deras antaganden är 

tveksam: hänsyn borde tas även till lasterna inom kärnkraftverket. 

Med hänsyn till dessa anmärkningar, har nya kritiska avstånd bestämts, baserad på modeller som är 

så exakt och så konservativ som möjligt. De nya kritiska avstånden beror nu på vilken typ av 

kärnkraftenhet som matar systemet, och vilken typ av transformator som ska tillkopplas. 
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1. Introduction 
 

 

1.1. Background: Blackout, Black Start 
 

A power outage or blackout is a loss of electrical power in an area, during a certain time, after an 

incident. The geographical extension of a blackout can be as large as a country, like the 2003 Italy 

blackout, and the duration can extend to several hours. Millions of people can be reached by a large 

power outage, and the consequences are huge. The outage can affect people, industries and 

institutions. 

 A major power outage occurs rather infrequently in the developed countries, as they rely on long-

established operating procedures, contingency planning, redundant components and complex 

protection systems. However, this situation may happen, and the Transmission System Operators 

(TSO) have to be prepared to restore the power system as quick and as safely as possible. This power-

system restoration is also called black start.  

At RTE, the French TSO, the restoration process is the following: France is divided into large areas, each 

of them containing several nuclear power plants. In each area, if a nuclear unit is available, the 

transmission grid is re-energized from this unit, and the loads of the area are reconnected one by one, 

starting from the closest to the nuclear unit. The loads are categorized into different priority levels, 

and the priority loads are reconnected first. For each area, there is a precise procedure that the 

operator has to follow. Once the areas are re-energized, there are coupled to finally restore the whole 

national grid.  

The restoration of the electrical network involves the re-energization of unloaded lines and unloaded 

transformers. The later action, in a lightly loaded network, which is the case during a black start, can 

lead to severe overvoltages. These overvoltages are harmful to the components of the grid and may 

eventually lead to their destruction. Hence, the TSO has to avoid these overvoltages, by having enough 

caution when restoring the grid. However, having too much caution would delay the process, and a 

compromise has to be found.  

Testing a black start procedure on the actual transmission system is technically impossible, because it 

would involve disconnecting too many clients, and possibly damage the components of the grid. Thus, 

computer simulations have to be performed, to predict the behavior of the network during a 

restoration. This is usually done using Electromagnetic Transient (EMT) software. 
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1.2. Problem definition  
 

Black start studies have already been conducted at RTE, and at EDF when both were the same 

company. To avoid simulating every situation that involves the re-energization of an unloaded 

transformer, a simple rule has been developed by EDF. The rule is valid only with one particular type 

of nuclear unit, which has 1485 MW nominal power. With other types particular studies are needed. 

 

When the total load exceeds 200 MW the network is supposed to be loaded enough to prevent 

dangerous overvoltages. To put it in other words, this rule means that it is safe to re-energize an 

unloaded transformer, as long as it is not situated at more than 45 km from the closest connected load. 

That load should consume at least 50 MW. The critical distance extends to 90 km with an 

autotransformer. This rule will also be called “length rule” in the report.  

It appears that many restoration configurations require black start studies. However, the studies 

conducted by RTE in the last 4 years (for example [1]) show that whereas many situations do not 

respect the length rule, the overvoltages are far from being high enough to be dangerous.  

 

1.3. Objectives 
 

The purpose of this master thesis is to redefine the length rule for the transformers for the 1485 MW 

nuclear unit type, so that it can be used to decide whether to perform a study or not. Other nuclear 

types are also considered in a second phase. 

 

1.4. Software 
 

The EMT software program used in this thesis is called EMTP-RV. It is partly developed by RTE. It 

contains many models of electrical components. These components can be assembled to create 

electrical networks. It can perform load-flow, steady-state simulations, frequency-domain simulations 

and time-domain simulations. In this study, the modeling of the component is explained briefly in the 

main parts of the report, and in more details in the appendices.  

 

During a black-start, when the total load reconnected to the network is less than 200 MW, there is 

a need of a black start study if: 

- The unloaded transformer to be re-energized is located at more than 45 km to the closest 

load. 

- The unloaded autotransformer to be re-energized is located at more than 90 km to the 

closest load. 
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1.5. Outline 
 

The second chapter of the report gives the theoretical background needed to understand the 

phenomenon of temporary harmonic overvoltage. The problem of network resonances, coupled with 

non-linear inductances, is explained. 

The third chapter of the report consists in a study case of black start configuration. This chapter gives 

the opportunity to build the models that will be used again later, and to familiarize with the 

phenomena involved in a real example. 

In the fourth chapter, an extensive analysis of the origins of the so called length rule is conducted. The 

aim of this chapter is to understand how the rule was build, and what could be improved in the 

determination of the critical distances. 

The fifth chapter relies on the remarks of the fourth, and aims to redefine the length rule. The selected 

models are supposed to be as close as possible to the reality and as conservative as possible. Another 

type of nuclear station is also tested to define a rule depending on the nuclear unit type.  
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2. Theoretical Background: Temporary Harmonic Overvoltage  
 

 

The occurrence of temporary harmonic overvoltage when energizing an unloaded transformer can be 

explained by two main phenomena: network resonances and non-linear inductances. Section 2.1 

explains the process with the simple example of the switching of a nonlinear inductance. The principles 

behind the occurrence of temporary harmonic overvoltage are detailed. Section 2.2 focuses on the 

resonance property of the networks during a black start. These properties, coupled with the 

nonlinearities of the transformer detailed in section 2.3, lead to overvoltage. The global process is 

explained in section 2.4. 

 

2.1. Switching on a Nonlinear Inductance 
 

2.1.1. Nonlinear Inductance 
 

Nonlinear inductances reflect the well-known saturation of magnetic materials. The 𝐵𝐻 magnetization 

curve of a magnetic material has a non-constant relative permeability of the material, giving a 

saturable characteristic. Application of Gauss’s law and Ampère’s law gives the usual inductance 

relationship between the total flux linkage Φ and the current 𝐼: 

𝚽 = 𝑳(𝑰) 𝑰  

where 𝐿(𝐼) is non-constant and depends on the current.  

Figure 1 displays the typical saturation curve of a nonlinear inductance, approximated by piecewise 

linear segments. In real characteristics the inductance varies continuously with the current.  
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FIGURE 1 : EXAMPLE OF SATURATION CHARACTERISTIC OF A NON-LINEAR INDUCTANCE  

 

2.1.2. Simple Example of Switching  
 

In this section the switching of a nonlinear inductance is performed, as indicated in Figure 2. This case 

is conceived for theoretical purpose and the numerical applications do not reflect what can be seen in 

real networks.  

 

 

FIGURE 2 : SWITCHING OF A NON-LINEAR INDUCTANCE 

Faraday’s law gives the relationship between the voltage 𝑒 and the flux-linkage Φ in the inductance: 

𝑒 =  
𝑑Φ

𝑑𝑡
 

In the case of sinusoidal waves, the relation means that the voltage has a  
𝜋

2
  phase difference with the 

flux.  
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Let us take the example of a simple non-linear inductance with a saturation curve composed of two 

segments (Figure 3). 

FIGURE 3 : SIMPLE EXAMPLE OF SATURATION CURVE 

This inductance is switched onto the stiff sinusoidal voltage source at the instant when the voltage is 

at its negative peak, so the flux is zero (Figure 4). Then, the voltage increases towards zero, but it is still 

negative so the flux decreases. The corresponding current is given by the saturation curve, along the 

first part of the segment. When the voltage is low enough, the flux goes under −1 Wb, so the 

relationship between the flux and the current changes. It corresponds to the second segment of the 

saturation curve. As the second slope is lower than the first slope, the absolute current reached is 

greater than it would have been without the saturation. When the voltage becomes positive, the flux 

starts to increase until it goes over −1 Wb, that is to say the first segment of the saturation curve. This 

process is the same for the next half period, and continues at every period. 

FIGURE 4 : CURRENT, FLUX AND VOLTAGE OF A NONLINEAR INDUCTANCE, WHEN SWITCHING AT 10 MS.  
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The main idea of this example is that nonlinear inductances can lead to non-sinusoidal currents. Adding 

a resistance in series would damp the current peaks. In this example, this switching took place when 

the flux was zero, and the voltage was at its negative peak. Switching at other points in the voltage 

waveform can lead to larger peaks of current.  

Let us now consider the case of a switching when the voltage is zero and the flux maximum, for 

example at 5 ms. This case is displayed in Figure 5. In that case, the voltage is negative during half a 

period after the switching, so the flux decreases during half a period and reaches an extreme value 

twice as negative as in the previous case. It results in more time spent in the second segment of the 

saturation curve, more saturation of the current and finally the current maximum absolute value is 

higher.  

 

FIGURE 5 : CURRENT, FLUX AND VOLTAGE OF A NONLINEAR INDUCTANCE, WHEN SWITCHING AT 5 MS. 

This example highlights the idea that the saturation of a nonlinear inductance depends on the closing 

time of the switch. A general rule is that closing at zero voltage has a bad effect on the saturation, 

whereas closing at minimum or maximum voltage gives the lowest extent of saturation.  

 

2.1.3. Simple Example of Temporary Harmonic Overvoltage 
 

The nonlinearity of the inductance can be the cause to a non-sinusoidal current, as shown in section 

2.1.2. Non-sinusoidal currents contain harmonics. These current harmonics can interact with the 

resonant impedance of a network, leading to the so called temporary harmonic overvoltage. This 

interaction is, as a simple model, explained by Ohm’s law adapted to each harmonic: 

𝑈(𝑛) = 𝑍(𝑛)𝐼(𝑛) 

where 𝑛 is the harmonic order.  
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A voltage containing harmonics can, depending on the harmonic distribution, reach higher peak values 

than the harmonic-free voltage. This overvoltage is temporary because it is damped by the resistances 

of the network, and disappears after a few seconds.  

 

 

FIGURE 6 : SWITCHING OF NON-LINEAR INDUCTANCE IN FRONT OF A RLC CIRCUIT. 

Let us now take the example of the switching of a nonlinear inductance (Figure 6), but this time the 

network before the inductance is composed of an RLC circuit. This RLC circuit has a resonance 

frequency depending on the capacitance and the inductance: 

𝑓0 = 
1

2𝜋√𝐿𝐶
 

The 𝐿 and 𝐶 parameters are chosen to give a resonance frequency of 150 Hz, which corresponds to 

the third harmonic. The parameters are also chosen to give a rather high resonance amplitude. The 

frequency scan of the RLC circuit, as seen from the switch, is given in Figure 7.  

 

FIGURE 7 : IMPEDANCE OF THE RLC CIRCUIT AS SEEN FROM THE NONLINEAR INDUCTANCE   

After the switching, as explained in section 2.1.2, the current contains harmonics. Figure 8 shows the 

frequency domain representation of the current flowing into the inductance after the switching.  
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FIGURE 8 : FREQUENCY DOMAIN REPRESENTATION OF THE INDUCTANCE CURRENT 

The third harmonic is excited by the network impedance, and the resulting voltage contains a high 

third harmonic content. The frequency domain representation of the inductance voltage is shown in 

Figure 9. 

 

FIGURE 9 : FREQUENCY DOMAIN REPRESENTATION OF THE INDUCTANCE VOLTAGE  

Finally, the voltage is given in Figure 10. This figure shows that the voltage reaches its peak value during 

the first second after the switching. This peak value is quite higher than the steady-state value, which 

is why it is called temporary harmonic overvoltage. The overvoltage is then damped by the network 

resistance and disappears after some seconds. 
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FIGURE 10 : INDUCTANCE VOLTAGE AFTER THE SWITCHING 

Figure 11 displays a zoom of the inductance voltage, where the influence of the third harmonic is 

clear.  

 

FIGURE 11 : INDUCTANCE VOLTAGE AFTER THE SWITCHING - ZOOM 

This section has shown that temporary harmonic overvoltage happens when the harmonic current of 

an inductance is excited by the impedance of the network seen from the inductance. In reality, 

networks are more complex than an RLC circuit, so the impedance appearance is different, and 

transformers are switched instead of simple inductances. The complexity is increased but the basic 

principles remain. 

 



- 12 - 
 

2.2. Resonance in a Lightly Loaded Network 
 

During the early process of a black start, the restored network has the particular feature of being lightly 

loaded. The first step of a black start usually consists in re-energizing the line from a generator. At that 

time, the load is mainly composed of the power plant auxiliaries. For a nuclear unit, this load is 

composed of the power needed to maintain the unit in operation (for example, the pumps of the 

cooling system). They consume a few tens of Megawatts, which is far less than the usual load in a 

network. Then, other loads are reconnected, but it is only after 200 MW [2], that the restoration is 

considered accomplished. Thus, the system remains weak for several minutes, and during that time 

many unloaded transformers are energized. 

The resonance of a system is determined by its inductances and capacitances. A weak system is 

characterized by high inductances [3]. Long lines also increase the capacitances and these two effects 

result in particularly low resonance frequencies. Moreover, light loads tend to increase the amplitude 

of the resonance. These network properties during a black start are essential to explain overvoltage, 

as has been seen in section 2.1 . Figure 12 gives a typical example of network resonance during a black 

start.  

 

FIGURE 12 : TYPICAL NETWORK IMPEDANCE DURING RESTORATION PHASE. 

A real network is a three-phase system, unlike the simple example in section 2.1. Therefore, the 

impedance displayed in the figures showing the frequency scans is the impedance of the positive 

sequence system, or ``direct impedance’’. When the system is balanced, the direct impedance equals 

the phases’ impedances. The example of network resonance in Figure 12 clearly shows a large peak 

value, which can reach more than a thousand ohms, at a rather low frequency. 

Other resonances may happen at higher frequencies but there are not of interest in this study, as they 

are not the cause of the temporary overvoltages.  

 

2.3. Nonlinearities in a Transformer 
 

Transformer’s cores saturate when operating, because of the nature of their magnetic materials. 

Transformers are often modelled by an equivalent circuit, and derived from the Steinmetz model 
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[3] [4]. The single-phase representation of a transformer is given in Figure 13. More details on this 

modeling is given in appendix 7.1, but the idea here is to notice that it includes a nonlinear inductance.  

 

FIGURE 13 : SINGLE-PHASE REPRESENTATION OF A TRANSFORMER 

The saturation of the magnetic core is represented by a nonlinear shunt inductance, known as the 

magnetizing inductance (noted 𝐿𝑀  in the figure). Three-phase transformers are either represented by 

a single-phase equivalent or by three single-phase units with the appropriate connections. In any case, 

nonlinear inductances are present when the transformer is energized. 

 

2.4. Energization of a Transformer 
 

The phenomenon explained in section 2.1 is similar when a transformer is energized in a lightly loaded 

network. The magnetizing currents of the transformer contain harmonics due to the nonlinearity of its 

magnetizing inductance. Harmonics close to a resonant frequency of the network will excite the 

resonance and result in significant components of the same harmonics in the voltage, which is the 

cause of the temporary overvoltage. An example of overvoltage in a real configuration is displayed in 

Figure 14. 

 

FIGURE 14 : EXAMPLE OF OVERVOLTAGE IN A REAL CONFIGURATION. THE VOLTAGE IS EXPRESSED IN PER-UNIT (PU). 
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It has been seen in section 2.1.3 that the amplitude of the current harmonics decreases with the order 

of the harmonic. As a general rule, the decrease is proportional to 1/n, where n is the harmonic order. 

This explains why lightly loaded networks, with low resonant frequencies, are so problematic. The 

probability of high overvoltage increases when the resonance frequency decreases. However, this 

statement is only true on average. In fact, the worst case happens when the resonance frequency 

corresponds to a current harmonic.  

The length of the lines in the network during restoration is the main factor influencing the resonance 

frequency. The frequency decreases when the line length increases. This property explains the typical 

look of the curve displaying the overvoltage level function of the lines length, shown in Figure 15.  

FIGURE 15 : CLASSICAL LOOK OF THE OVERVOLTAGE MAGNITUDE FUNCTION OF THE LINE LENGTH 

Furthermore, other factors in a real network make the situation even more complex: the overvoltage 

is not always accurately predicted with a simple frequency analysis. Other elements that can also have 

an influence are the following:  

- As has been noticed in section 2.1.2, the maximum flux and therefore the saturation level 

depends on the closing time of the switch. In a three-phase system, the situation is more 

complex because of the phase difference. Moreover, in reality, the phases are not necessarily 

switched at the same time, and the delay between the switches is not predictable.  

 

- When a transformer is switched off, some residual magnetism remains in the core. This 

residual flux is decaying with time. However, there could be some remaining when the 

transformer is switched on again. This can lead to more saturation: for example, if the flux in 

one of the columns has a positive value, and the switching instant is such that the flux tends 

to increase, the saturation could be reached more quickly, and the transformers could saturate 

more. 

 

- Finally, the dynamic properties of the network can also have an influence on the overvoltage. 

For example, the grid may contain other nonlinear inductances from other transformers, 

which could saturate and then modify the resonance of the network.  
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2.5. Conclusion 
 

This section has given the theoretical background needed to understand the concept of temporary 

overvoltage. The basic principle is that the interaction between the resonance of a lightly loaded 

network and the current harmonics of the energized transformer creates the overvoltage, which can 

last a few seconds. The current harmonics come from the nonlinear inductances in the transformer 

model. The risk of dangerous overvoltage increases when the resonance frequency of the impedance 

seen by the nonlinear inductances decreases, and the worst cases happen when the resonance 

frequency corresponds to a harmonic. However, the occurrence of the temporary harmonic 

overvoltage is also influenced by other factors. 
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3. Case study of a Black Start Configuration   
 

In this chapter, a real black-start scenario is studied. Section 3.1 analyses this scenario, to find if this 

network configuration needs a temporary overvoltage study. Section 3.2 focuses then on the modeling 

of the devices involved in the network configuration, and section 3.3 details the variables introduced 

by the uncertainty of the modelling. A frequency-domain study is performed in section 3.4, and a time-

domain study in section 3.5, which leads to the conclusion on the hazardousness of the configuration. 

 

3.1. Black Start Scenario  
 

The black-start scenario considered in this chapter has been built from knowledge of the power grid 

configuration in the studied area and the potential loads in the area. The area is located in Normandy, 

France. The loads are divided into five different priority levels. The priority loads have to be 

reconnected first unless grid safety requires earlier reconnection of some non-priority loads. This can 

be the case during a network restoration procedure, because the reconnected load pockets have to be 

at least 50 MW, according to [2]. Figure 16 shows the structure of the area during the black start. 

FIGURE 16 : NETWORK CONFIGURATION DURING BLACK START. TR STANDS FOR TRANSFORMER AND AT MEANS 

AUTOTRANSFORMER 

The lines displayed in the figure are all 400 kV lines, which is the highest nominal voltage level in France. 

Network restoration uses indeed mainly 400 kV lines, as these constitute the main structure of the 

grid. The vertical and bold lines represent the substations, with their names stated above. The distance 

between each substation is given, as it is an important factor for predicting overvoltage. A load pocket 

can be reached by energizing a transformer and then, progressively, the lines beyond it. These lines 

are not represented in this figure. Flamanville is the location of a nuclear station composed of two 

units. These units are of 1485 MW type, so the length rule is applicable. One of the units is the starting 

point of the black start.  
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The beginning of black start procedure is the following: 

1. One of the line between Flamanville and Menuel is energized, and one of the line between Menuel 

and Tollevast. 

2. One of the transformers at Tollevast is energized. The transformer is located at 40 km from 

Flamanville, so the operation is supposed to be safe according to section 1.2. 

3. A 50 MW load is reconnected after the transformer in Tollevast. 

4.  The line between Menuel and Taute is energized. 

5. The transformer at Taute is energized. This transformer is located at 50 km from Tollvast, which is 

the closest load. There is a risk of high temporary overvoltage, according to the rule stated in 

section 1.2. 

The rest of the restoration does not involve more situations that need a simulation study, so there is 

finally one situation that needs a black start study. Figure 17 highlights this situation in red.  

 

FIGURE 17 : SWITCHING OF A TRANSFORMER AT TAUTE, SITUATION THAT NEEDS A BLACK START STUDY. 

 

3.2. Modelling of the equipment  
 

The purpose of this section is to build accurate models in order to correctly simulate the real network. 

As for every modelling, it does not cover every behaviour of the components. However, the modelling 

should be accurate enough to approach the reality in the identified phenomena of harmonic 

overvoltage. Thus, the models have to be valid in the frequency range [50 Hz, 1 kHz] for the simulations 

in the frequency domain, and a time-step range [1 μs, 25 μs] for time-domain simulations.  

The models presented in this section are derived from real data, which can sometimes be scarce, 

because RTE does not own the generation equipment. For confidentiality reasons, untreated data are 

not given in this thesis. 
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3.2.1. Equipment of Flamanville Power Plant 
 

Flamanville is a nuclear power station. In France nuclear power plants are owned by EDF, which was 

separated from RTE a few years ago, because of new state-regulations. Data sharing is now restricted, 

so the power station’s equipment are the most difficult to model.  

In this study, the nuclear power unit is assumed to be composed of an alternator and transformers. 

Figure 18 gives the structure of Flamanville nuclear unit, which is also valid for other nuclear units of 

the same type. The generator transformer transfers the alternator’s power to the 400 kV grid. It is thus 

located between the alternator and the high voltage grid. The nuclear units also need power for the 

cooling fans and other equipment. This power is usually supplied by a unit transformer, which transfers 

the power from the generator’s output bus to the auxiliaries. In some nuclear power plants, as in 

Flamanville, this transformer is actually located between the HV grid and the auxiliaries. This 

transformer will nevertheless be called unit transformer also, not to be confused with the auxiliary 

transformer. The auxiliary transformer is an emergency transformer, used in the case the neighboring 

nuclear unit has lost all other sources of supply. It is located between the 400 kV grid and the auxiliaries 

of the other unit, and it is modelled at no load.  

FIGURE 18 : FLAMANVILLE NUCLEAR UNIT 

Other equipment, such as beakers, surge arresters, measurement transformers, protections, are not 

modeled in this study. Surge arresters may conduct if the overvoltage is high enough, but it is assumed 

that this case will not occur.  
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3.2.1.1. Alternator 
 

In Flamanville, there are two alternators, or generators. Only one is connected in the restoration 

scenario, which is the worst case, because adding a generator would increase the total load and the 

short-circuit power of the grid. 

According to reference [2], in this type of study a generator can either be modelled by a Thevenin 

equivalent or by a synchronous machine, depending on the distance between the generator and the 

transformer to be energized. Reference [2] advices to use a synchronous machine model when the 

transformer is less than 200 km from generator, because it is a more precise model.  

The output voltage of the alternator is 21 kV, and the rated power is 1650 MVA. The output bus is the 

slack bus of the system, so its voltage is fixed. The fixed voltage is 90% the nominal voltage during a 

black start, which is a way to prevent overvoltage [3]. Appendix 7.4 gives more details on the modeling. 

 

3.2.1.2. Generator Transformer 
 

The Flamanville’s generator transformer is a star-delta, 415/20 kV transformer, with a 1650 MVA 

nominal power. It is modelled by an equivalent transformer from another nuclear plant, as data for 

this particular transformer were not available. The turn ratio is supposed to be maximum, because it 

gives the highest voltage on the HV side, which is the worst case for the overvoltage. The air-core 

inductance, which is the final slope of the saturation curve, is fixed at 0.4 pu, which is the conservative 

value used at RTE for this type of study [2]. On the primary side, the neutral point is connected to the 

ground with a 25 ohms inductance. Appendix 7.1.2 gives more details on the modeling. 

 

3.2.1.3. Unit transformer 
 

The unit transformer is also modelled using data from another similar nuclear unit. It is a star-delta, 

410/6.8 kV, 96 MVA transformer. The air-core inductance is 1.4 pu according to [1]. Appendix 7.1.2 

details the modelling. A load is attached to the secondary side.  

 

3.2.1.4. Auxiliary transformer  
 

The auxiliary transformer is modelled from Flamanville’s data. It is a star-delta-delta, 410/6.8/6.8 kV, 

64 MVA transformer. The secondary sides are at no-load, which the worst configuration, as its 

magnetizing inductance may saturate. Appendix 7.1.1 explains the modeling. 

 

3.2.1.5. Unit Transformer’s Load 
 

According to reference [1], the load is 60 MW / 25 MVAr during a black start configuration. This load 

is modelled with parallel RL equivalent circuit. The R and L parameters are determined from the load 
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flow calculations before each simulation. More details on this modelling are given in appendix 7.3. It 

would be more accurate to model this load with an induction machine, as it would reflect better its 

real behavior. However, not enough data are available to build such a model. 

 

 

3.2.2. Grid equipment 
 

The modeled grid materials are the power transformer, the lines, the shunt inductances, the loads and 

the circuit breaker to be closed. Shunt capacitors are disconnected from the grid during the black start, 

because they would tend to increase the grid voltage. 

 

3.2.2.1. Power transformers 
 

According to Figure 17, there are three transformers at Tollevast. Two of them have a lower nominal 

apparent power, so they are more likely to be used at first. There are also quite similar, so only one of 

them is modeled for the study. The detailed modeling is given in appendix 7.1.1. An air-core inductance 

of 0.4 pu is used, which is the conservative value used at RTE for this type of study [2]. The rating of 

the transformer is 150 MVA, star-star-delta, 405/100/21 kV. The neutral is connected to the ground, 

directly on the HV side, and with an inductance of 38 ohms on the MV side. 

The other transformer to be modelled is the one to be switched on during the simulations. It is located 

at Taute, and its rating is 405/100/21 kV, star-star-delta, 240 MVA. The air-core inductance is also 

supposed to be 0.4 pu, which is the conservative value used at RTE for this type of study [2]. The neutral 

is connected to the ground, directly on the HV side, and with an inductance of 38 ohms on the MV 

side. The detailed modeling is given in appendix 7.1.1.  

 

3.2.2.2. Overhead lines 
 

The lines shown in Figure 17 are all 400 kV overhead lines. Different models are available for line 

modeling in the EMTP-RV software program. The simplest model is the PI-model. A better model for 

long lines is the constant parameter line model, which a PI model distributed along the line, with 

constant parameters. Finally, the best models take into account the frequency dependency of the 

parameters. It is one of these, called the wideband line model, which is selected for this study. More 

details on these models can be found in appendix 7.2 

The overhead lines in the HV grid have different characteristics. The elements that may differ, between 

different lines and even along the same line, are: the conductor type, the number of conductors per 

phases, the number of phases, the ground wires type and the tower type. As EMTP-RV allows entering 

directly these data, the models are built from the lines’ characteristics. When one of the characteristics 

is changing along the same line, one solution is to break the lines into different parts and model each 

section. However, this solution is not selected for this study, because it would involve too much 

modeling time: for instance, there can be dozens of different tower types in a single line. The solution 

selected in this study is to take the “average” line, with the average characteristics.  
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The sag, which is the distance between the highest point and the lowest point of the wire, is supposed 

to be 12 m for the conductors and 10 m for the ground wires.  

 

3.2.2.3. Shunt Inductance 
 

In the studied black-start configuration, a shunt inductance is located at Menuel substation. It is 

connected to the network during the restoration because it can decrease the voltage. The shunt 

inductance is modelled by a nonlinear inductance, representing the saturation curve of the shunt 

inductance. A resistance, corresponding to the winding resistance, is added in series.  

 

3.2.2.4. Loads 
 

The load of interest in this study is located at Tollevast. A detailed model of the load is not considered, 

for time constraint reasons. The load is modelled with a constant impedance model, as a parallel RL 

circuit. More details can found in appendix 7.3. 

The active power of the load is calculated from consumers’ data. The power factor is supposed to be 

0.95, according to [2]. A study conducted at RTE [5] shows that a detailed load can be better 

approximated by adding a capacitance in parallel. The value of this capacitance is the sum of the 

capacitance of the lines that are energized in the load pocket. The power consumed by RTE’s materials 

is negligible for this study, so the tertiary side of the transformer at Tollevast is at no load.  

 

3.2.2.5. Breaker 
 

The circuit breaker that needs to be modeled is located at Taute. It is modeled by an ideal switch, but 

each phase closes at a time determined in section 3.3.4.  

 

3.3. Variables 
 

As indicated in section 3.2, for different reasons the modeling is not perfectly precise. This can be due 

to lack of data, or simplifications. Moreover, some parameters may vary randomly. The variables can 

be divided into two categories. The structure variables are the line to ground line capacities and the 

alternator impedance. The state variables are the closing times of the switch, the residual fluxes in the 

transformer, and the value of the load. An EMTP-RV-derivated software allows to run the parametric 

simulations automatically. 
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3.3.1. Phase-to-ground line capacity 
 

The line-to-ground capacity of the lines is an important variable to determine the resonances. And this 

capacity is strongly dependent on the height of the hanging points of the conductors. In section 3.2.2.2, 

assumptions have been made about the tower type, and so about the conductors’ height. There can 

also be geographic variations that have an influence on the height, and in reality the sag depends on 

the temperature. An RTE document [2] advices to take into account a +/- 5% uncertainty on the line-

to-ground capacity. This variation is adapted to the line model as indicated in appendix 7.2.3.  

 

3.3.2. Alternator Impedance 
 

According to reference [2], there is also a +/- 15% uncertainty on the alternator impedance. The 

electrical parameters of the synchronous machine model can be changed to perform this variation.  

 

3.3.3. Residual Magnetisation  
 

As it has been seen in section 2.4, some residual flux may remain in the transformer’s core after its 

disconnection, which can lead to more saturation. The analytical determination of the flux is 

complicated and the solution sometimes used in black-start studies is random samples [3]. Residual 

fluxes range between 0 and 80 % the nominal flux, and the sum of the fluxes is zero. For simplicity 

reasons, random fluxes are replaced with a representative and uniformly distributed set of fluxes. 

Studies at Rte [2] often uses the following set: 

Residual flux in column A Residual flux in column B Residual flux in column C 

0 0 0 

Φ𝑚𝑎𝑥 -Φ𝑚𝑎𝑥/2 -Φ𝑚𝑎𝑥/2 

0 Φ𝑚𝑎𝑥 -Φ𝑚𝑎𝑥 

-Φ𝑚𝑎𝑥 Φ𝑚𝑎𝑥/2 Φ𝑚𝑎𝑥/2 

0 -Φ𝑚𝑎𝑥 Φ𝑚𝑎𝑥 

Φ𝑚𝑎𝑥/2 -Φ𝑚𝑎𝑥/4 -Φ𝑚𝑎𝑥/4 

0 Φ𝑚𝑎𝑥/2 -Φ𝑚𝑎𝑥/2 

-Φ𝑚𝑎𝑥/2 Φ𝑚𝑎𝑥/4 Φ𝑚𝑎𝑥/4 

0 -Φ𝑚𝑎𝑥/2 Φ𝑚𝑎𝑥/2 

TABLE 1 : SET OF RESIDUAL FLUXES IN THE TRANSFORMER’S CORE. 𝚽𝒎𝒂𝒙 CORRESPONDS TO 80% THE NOMINAL FLUX.  

 

3.3.4. Closing Times of the Switch 
 

One of the main characteristics of a circuit breaker is its maximum pole span (MPS) [3]. The MPS is the 

maximum guaranteed duration between the first closing and the last closing of the three phases. The 

breaker at Taute has a 3 ms MPS, according to its constructor. The closing times are then picked in the 

following way: 
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- Phase A is chosen as a reference. Its closing time is randomly picked according to a uniform 

distribution over a period (20 ms). 

- The closing times of phase B and C are picked according to a normal distribution. The mean is 

the value of the closing time of phase A and the standard deviation is chosen as MPS/3, which 

ensures that most of the switching time will respect the MPS value. However, the closing times 

are then checked and those that do not respect the MPS are deleted. 

 

3.3.5. Power consumption   
 

The expected value of the load pocket at Taute is 70 MW. Experience has shown that a low load value 

increases the risk of dangerous overvoltage. Hence, cases with less power consumption will also be 

analysed.  

 

3.4. Frequency-Domain Study 
 

Frequency domain studies are conducted in the interval [50,500 Hz], because it is in this interval that 

resonances are the most dangerous. It is usually also in this interval that resonances in a lightly loaded 

grid occur. As shown in section 2, a resonance close to the first harmonics is particularly dangerous. 

Other resonances may be present at higher frequencies, but there not of interest in this study.  

At each frequency, the direct impedance is calculated and its curve function of the frequency is built. 

The impedance is calculated as seen from the transformer to be energized, which is located at Taute. 

Variations of lines capacitances, alternator inductance, and load are also considered.  

3.4.1. Variation of the Generator’s Impedance 
 

The variation of the alternator’s impedance [-15%,+15%] is simulated with a 1 point step. The curves 

are shown in Figure 19.  
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 FIGURE 19 : DIRECT IMPEDANCE AS SEEN FROM TAUTE, WITH DIFFERENT VALUES OF GENERATOR IMPEDANCE AND 

NOMINAL VALUES FOR THE OTHER PARAMETERS.  

 

The generator impedance mainly influences the resonance frequency. An increase of the impedance 

leads to a decrease of the resonance frequency. This can be simply explained with the analogy of a 

parallel RLC circuit. The generator impedance can indeed be seen as connected in parallel in the grid. 

Knowing the classical resonance frequency of a RLC circuit, 

𝑓0 = 
1

2𝜋√𝐿𝐶
 

and the fact that an alternator is mainly inductive, its effect is clearly demonstrated.  

 

3.4.2. Variation of the line capacitance 
 

The phase-to-ground capacitances of the lines have also an impact on the resonance frequency. In 

Figure 20, the values {-5%,0,+5%} are tested. 
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FIGURE 20 : DIRECT IMPEDANCE AS SEEN FROM TAUTE, WITH DIFFERENT VALUES OF LINE CAPACITANCE AND NOMINAL 

VALUES FOR THE OTHER PARAMETERS. 

With the same analogy as in section 3.4.1, considering that the phase-to-ground capacitances are in 

parallel in the grid, increasing the capacitance decreases the resonance frequency, which is the case in 

Figure 20. 

 

3.4.3. Variation of the load 
 

In this section, the influence of a load variation on the resonance is analysed. Figure 21 displays the 

frequency scans for different active power consumptions at Tollevast (with a 0.95 power factor).  
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FIGURE 21 : DIRECT IMPEDANCE AS SEEN FROM TAUTE, WITH DIFFERENT VALUES OF THE LOAD AT TOLLEVAST AND 

NOMINAL VALUES FOR THE OTHER PARAMETERS. 

The curves show the strong impact of the load on the amplitude of the resonance. A decrease of the 

load increases the magnitude of the resonance. It also changes the resonance frequency, but 

moderately compared to the influence on the amplitude. 

In a parallel RCL circuit, a low resistance leads to a low equivalent impedance. At resonance frequency, 

the resistance is the only component seen. And in the equivalent circuit modelling the load, the 

resistance decreases when the load increases. So this explains why, when the load is increased, the 

amplitude of the resonance decreases. 

 

3.4.4. Variation of all structural parameters 
 

A parametric study including variations of the three previous parameters is then conducted. The results 

are displayed in Figure 22. 
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FIGURE 22 : DIRECT IMPEDANCE AS SEEN FROM TAUTE, WITH DIFFERENT VALUES OF LINES’ CAPACITANCE, 
GENERATOR’S IMPEDANCE AND LOAD VALUES.  

This figure demonstrates that these parameters are relatively independent in the frequency domain. 

However, this is not the case in the time-domain, where nonlinearity and dynamical properties are 

taken into account. 

 

3.4.5. Conclusion 
 

This section has shown that the resonance frequency of the network seen from the transformer to be 

energized is around 200 Hz, which indicates a possibility of overvoltage. Variations of structural 

parameters can modify the resonance. Phase to ground lines capacitance and generator impedance 

mainly have an influence on the resonance frequency and the load mainly has an influence on the 

magnitude of the resonance. The influence of these parameters is rather independent in the frequency 

domain. The study is an indication of possible overvoltage but time domain study is needed to conclude 

on the black-start scenario. 

 

3.5. Time-Domain Study 
 

Time-domain studies are time consuming, because they involve a lot of simulations. There are more 

variables than in the frequency scans, and it takes longer to perform one simulation. The variables are 
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the ones presented in section 3.3, and they are not independent, which means that one must perform 

parametric simulations covering all the set of variables of interest. However, an appropriate 

discretisation must be chosen, in order to limit the simulation time. The structural variables are chosen 

in the following way: 

- For the generator’s impedance, only three values are chosen, as it does not influence a lot the 

resonance: {-15%, 0, +15%}. 

- For the phase to ground line’s capacity, only three values are also chosen for the same reason: 

{-5%,0, 5%}.  

The state variables are chosen in the following way: 

- 9 values of flux are chosen according to 3.3.3. 

- 100 closing times are calculated according to 3.3.4. 

This makes 100x9x3x3 = 8100 simulations in total. Considering that a simulation is performed in 10 s 

on average, the expected simulation time is about a day. The analysis is performed for a 70 MW load 

at first. The worst case among the simulations is then tried with the zero load case.  

The simulation time is set to 1 s, after it has been checked that the overvoltages were low and 

disappeared before 1 s. The time step is 25 μs, which a usual value for a temporary harmonic 

overvoltage study [2]. 

The line-to-ground and line-to-line voltages are observed at different buses of the network. They are 

expressed in per unit (pu). The voltage reference is 420 kV phase-to-phase, or 342 kV phase-to-ground, 

which is the maximum rated voltage in France.  

Transient overvoltages may happen during a few milliseconds after the switching. There are not of 

interest in this study which focuses on temporary overvoltage. The signals are therefore observed with 

a 50 ms delay to make this possible transient disappear, so that they do not interfere when the 

statistics are computed. 

The results are presented in Table 2: 

Maximum L/G 

overvoltages  at 

Taute (pu) 

Maximum L/L 

overvoltage  at 

Taute (pu) 

Maximum  L/G 

overvoltage  at 

Flamanville (pu) 

Maximum L/L 

overvoltage at 

Flamanville (pu) 

Maximum L/G 

overvoltage at 

Tollevast (pu) 

Maximum L/L 

overvoltage at 

Tollevast (pu) 

1.02 1.00 1.00 0.98 1.00 0.99 

TABLE 2 : MAXIMUM OVERVOLTAGES AFTER ENERGIZING THE TRANSFORMER AT TAUTE, WITH A 70 MW LOAD AT 

TOLLEVAST. (L/G = PHASE-TO-GROUND, L/L = PHASE-TO-PHASE, 1 PU = 420 KV FOR L/L  AND  420/√𝟑 FOR L/G ) 

The maximum overvoltage occurs at Taute, but it is rather low: 1.02 pu. According to [2], this value is 

far from being dangerous for the grid. In this section there is no need of accurate voltage limits, 

because the voltages are low. Figure 23 shows the voltage at Taute, during the simulation which gives 

the maximum overvoltage. 
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FIGURE 23 : LINE TO NEUTRAL VOLTAGE AT TAUTE, FOR THE WORST CASE SCENARIO (1 PU = 343 KV). 

The case worst case determined previously is then tested without the load at Tollevast. The maximum 

overvoltage is then 1.05 pu, which is not enough to cause severe damage to the equipment.  

 

3.6. Conclusion 
 

The black-start scenario studied in section 3.1 involves the re-energization of a transformer at Taute 

that is not respecting the critical distance exposed in section 1.2. A study of the temporary overvoltage 

is therefore needed. 

The frequency scan of the network seen from the transformer gives a resonance frequency around the 

fourth harmonic, which implies a risk of temporary harmonic overvoltage after the transformer is 

switched on.  

However, the parametric simulations in the time domain indicate that the overvoltages are not high 

and long enough to be hazardous for the equipment of the grid. This result is valid for every variation 

of structural and state parameters studied. Moreover, even without any clients connected to the grid, 

the overvoltage remain acceptable.  

This case study has thus given another example where the length rule is not respected and the 

overvoltage are not dangerous.  
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4. Analysis of the Length Rule. 
 

In this chapter, the origin of the length rule is studied. Section 4.1 introduces the study that is fully 

analysed. The modelling is analysed in section 4.2, and the variables in section 4.3. The results of the 

frequency domain study are interpreted in section 4.4 and the results of the time-domain study in 

section 4.5. 

 

4.1. Introduction 
 

In this section, an analysis of the studies that have led to the determination of the critical distances is 

performed. These studies are supposed to be generic studies, applicable for different grid 

configurations. However, as it has been seen in section 3, the length rule does not seems always 

appropriate, and more specifically often too restrictive. Understanding how the generic studies were 

made is a necessary step in the process of finding new critical distances. The best means to understand 

these studies is to try to recreate the same models, perform the simulations and compare the results. 

As recreating all the studies would be too time consuming, one of them is chosen for the comparisons.  

This section focuses therefore on one particular study [6], which is at the origin of the 45 km critical 

distance for a transformer (see 1.2). This study will be called “target study” in the rest of this section. 

Figure 24 shows its network configuration. 

 

FIGURE 24 : NETWORK CONFIGURATION OF THE TARGET STUDY 

The network configuration shows that the 45 km critical distance has been determined for a single line, 

between the nuclear unit and the transformer energized. This is surprising, because the length rule 

(1.2) stated a distance between the transformer and the closest load, which is a lot more general. 

However, the study that allowed the generalisation of the result obtained in the target study has not 

been found. 
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4.2. Compared Modelling of the Equipment 
 

The modelling of the components is the most difficult section, as the information given in the target 

study was particularly scarce. Sometimes, information from other studies from the same period had 

to be used, and in some cases hypotheses had to be made. 

 

4.2.1. Nuclear unit’s equipment 
 

4.2.1.1. Alternator 
 

The target study models a 1485 MW nuclear generator type, without any precision on the data origin 

and the models used. However, the usual model for generator in that period was the Thévenin 

equivalent. Such a model is presented in Figure 25. The RL device is coupled. The sequence data can 

be directly entered in the model.  

 

FIGURE 25 : THÉVENIN MODEL OF THE NUCLEAR UNIT 

According to reference [2], the positive sequence inductance of the RL coupled device is the 

subtransient inductance of the generator. The negative sequence inductance is equal to the positive 

one and the zero-sequence inductance is equal to half the positive one, as no other data are given. The 

positive, negative and zero-sequence resistance is the stator winding resistance [2]. As in section 

3.2.1.1, the voltage is set to 90 % the nominal voltage at the output bus.  

 

4.2.1.2. Transformers 
 

As it can be noticed in Figure 24, the only modelled transformer is the generator transformer. Not 

modelling the unit transformer (or at least the load seen behind it) seems astonishing, because it 

implies that no power consumption is present in the grid, except the losses. For the generator 

transformer modelling, as no indications are given in the target study, the model detailed in section 

3.2.1.2 is used. 
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4.2.2. Grid equipment 
 

4.2.2.1. Overhead Lines 
 

The target study uses the characteristics of a typical overhead line in the 400 kV grid. More specifically, 

the typical line is composed of a typical conductor type, typical number of conductors per phase, 

typical number of phases, typical ground wires and typical tower type. The model is not specified, but 

it should either be a PI model or a constant parameter model. The constant parameters model is 

chosen after the frequency domain comparison of the two models. Appendix 7.2 gives more 

information on the modeling. 

 

4.2.2.2. Transformers 
 

The type of transformer energized in the target study is clearly identified. Therefore, it was possible to 

model exactly the same transformer. This transformer is a star-star-delta, 405/100/21 kV, 240 MVA 

type. The detailed modelling is explained in appendix 7.1.1. The neutral point is connected to the 

ground directly on the HV side and with a 38 ohms impedance on the MV side. This connection is 

indicated in the data from RTE. The last slope of the saturation curve is also given in the target study. 

 

4.2.2.3. Breaker 
 

The switch is modelled the same way as in 3.2.2.5, that is to say an ideal switch.  

 

4.3. Variables 
 

The structural variables in the target study are almost the same as in section 3.3. The target study takes 

into account the line-to-ground line capacities and the generator impedance, with the same potential 

variations. The difference is that in this study there is no load in the system, and the line length can be 

modified. So there is one less parameter (the load) and one more (the line’s length). In a specific study 

as section 3, there is indeed no uncertainty on the line length. In this section, the line’s length varies 

from 30 km to 120 km with a 10 km step. 

Concerning the state variables, the set of residual fluxes chosen in the target study is the same in 

section 3.3.3. Finally, the method to compute the switching times are also the same (see section 3.3.4), 

but this time the standard deviation is equal to 20 ms. 
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4.4. Frequency Domain Comparison  
 

The frequency scans are performed in the interval [50 Hz, 1 kHz], with a 1 Hz step. The structural 

variables, except the line length, are in their standard configuration. For each length, the resonance 

frequencies are measured. There are indeed two close resonance frequencies in the frequency scans, 

as it can be seen in Figure 23. The results are presented in Table 3, and compared with the results from 

the target study. Figure 26 and Figure 27 display the results in curves. 

Length Frequencies (Hz) Target study frequencies (+/- 5 Hz) 

30 574-609 594-625 

40 493-523 - 

50 438-464 456-481 

60 397-420 406-437 

70 365-386 375-400 

80 339-358 344-369 

90 317-335 325-344 

100 299-315 - 

110 283-299 281-306 

120 269-284 - 

TABLE 3 : RESONANCE FREQUENCIES FOR DIFFERENT LENGTHS, COMPARISON WITH THE TARGET STUDY. 

 

 

FIGURE 26 : COMPARISONS OF THE FIRST RESONANCE FREQUENCY 
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FIGURE 27 : COMPARISONS OF THE SECOND RESONANCE FREQUENCY 

These results show that the modelling is close to target study. The frequency difference is in fact 

between 0 and 20 Hz. But such a difference is not relevant, because the results of the target study are 

graphically read, and the modelled components are not exactly the same as they were in the target 

study. The relative similarity of these results tends to validate the models used in this section. 

However, a time-domain comparison is needed to confirm this validation. 

Figure 28 gives an illustration of the direct impedance for a 110 km line. An interpretation of this curve 

will be performed in the complementary study in section 4.6.  

 

FIGURE 28 : EXAMPLE OF FREQUENCY SCAN, FOR 110 KM LINE 
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4.5. Time-Domain Comparison 
 

The time-domain simulations are performed with a duration of 3 s, and a time step of 25 μs. These 

simulations are parametric: for each set of structural parameters, the simulations correspond to the 

variation of the state variables. The state variables are the residual fluxes in the transformer (9 

combinations) and the closing times of the switch (100). For the comparison purpose, the only 

structural parameter that varies is the line length. For each tested length there are therefore 100x9 = 

900 simulations. 

The observed signals are the line-to-line voltages and the line-to-neutral voltage, at the HV side of the 

transformer to be energized. For each line’s length, the maximum overvoltage is measured among the 

900 simulations.  

4.5.1. Time-Voltage Frame 
 

This section introduces a concept that will be used in the redefinition of the length rule in section 5. 

The target study uses another tool to measure the overvoltage. It introduces a time-voltage frame. 

The time-voltage frame expresses the physical reality that the equipment can stand a certain voltage 

only for a certain time, and the higher the voltage, the shorter the duration. The time-voltage frame 

used at RTE is the following, for the line-to-line voltage and most of the transformers present in the 

grid: 

Duration 40 ms 100 ms 400 ms 1000 ms 

Amplitude (pu) 1.50 1.45 1.37 1.32 

 TABLE 4 : TIME-VOLTAGE FRAME (LINE-TO-LINE) 

The frame consumption is computed for each phase-to-phase voltage in each simulation in the 

following way: 

The signal is divided into 10 ms time-windows. For each column in Table 4, and for each 10 ms window, 

the maximum absolute voltage reached during the 10 ms window is compared to the amplitude of the 

time-voltage frame. If the maximum absolute voltage is above the stated amplitude, 10 ms are 

counted. The sum of all counted 10 ms, divided by the duration of the corresponding column, gives 

the frame consumption. 

 An example is given in Figure 29. The maximum absolute voltage is above 1.5 in three 10 ms windows, 

so the counted time is 30 ms. The time-voltage frame consumption is then 75% for the first column of 

the time-voltage frame. The same process is performed for the other columns.  
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FIGURE 29 : VOLTAGE EXAMPLE ILLUSTRATING THE TIME-VOLTAGE FRAME 

For each length, the maximum frame consumption, and the percentage of cases that leads to more 

than 100% frame consumption are calculated.  

 

4.5.2. Results  
 

Table 5 presents the comparison between the results of the time-domain simulations and the results 

from the target study. The results of the target study are highlighted in yellow. 

 

Length (km) Maximum L/L 

overvoltage (pu) 

Maximum frame 

consumption (%) 

Percentage of cases  >100%  

30 1.08 1.23 0 0 0 0 

40 1.36 1.34 7 15 0 0 

50 1.45 1.14 27.5 0 0 0 

60 1.53 1.21 350 0 0.8 0 

70 1.41 1.34 41 0 0 0 

80 1.40 1.25 11 0 0 0 

90 1.25 1.49 0 650 0 3.7 

100 1.34 1.27 5 0 0 0 

110 1.43 1.58 12 500 0 2.0 

120 1.21 1.58 0 900 0 6.3 

TABLE 5 : RESULTS OF THE TIME-DOMAIN SIMULATIONS. THE TARGET STUDY’S RESULTS ARE HIGHLIGHTED IN YELLOW. 

Table 5 indicates that the results obtained from the simulations and from the target study are generally 

different, when the comparison is done for a specific length. This was expected, because according to 

section 4.4 the resonance frequencies are different. In fact, a resonance frequency difference may lead 

to very different overvoltage’s magnitude and duration. In order to obtain a high overvoltage, the 

resonance frequency must correspond to a harmonic. Figure 30 and Figure 31 illustrate this idea. Figure 

30 displays the line-to-line voltage for the simulation which has led to highest overvoltage (with a 60 
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km line). Figure 31 gives the harmonic content of the signal when the voltage is high. It reveals an 

important 8th harmonic, which corresponds to a resonance close to 400 Hz, according to Table 3. 

 

FIGURE 30 : LINE-TO-LINE VOLTAGE FOR THE WORST CASE SIMULATED WITH A 60 KM LINE 

 

FIGURE 31 : FREQUENCY DOMAIN REPRESENTATION OF THE VOLTAGE IN THE WORST CASE SIMULATED (BETWEEN 1,2S 

AND 1,3S).  

However, it is surprising to see the sensitivity of the length on the overvoltage. Some complementary 

simulations have been performed, displayed in Table 6. For these simulations the length is chosen so 

that the resonance frequencies are close to harmonics. 

Length 

(km) 

Resonance 

frequencies 

(Hz) 

Maximum L/L 

overvoltage (pu) 

Maximum frame 

consumption (%) 

Percentage of cases  

>100%  

45 463-491 1.45 42.5 0 

55 416-440 1.50 50 0 

102 295-312 1.59 400 0.9 

105 291-307 1.65 300 0.4 
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115 275-291 1.43 22.5 0 

TABLE 6 : COMPLEMENTARY RESULTS  

In the cases 100 km and 110 km, for instance, the maximum frame consumptions are far from 100 %. 

However, in between, the cases 102 km and 105 km present relatively high maximum frame 

consumptions, of respectively 400 % and 300 %. These results confirm the idea that the overvoltage 

are strongly dependent on the line’s length.  

It should also be noticed that the cases leading to the highest overvoltage are not the ones for which 

the resonance frequency of the network corresponds exactly to a harmonic. In fact, the worst cases 

occur when the resonance frequency is slightly below a harmonic, of about a few hertz. This can be 

explained by the saturation of the generator transformer, which decreases the inductance of the 

system during the time-domain simulation and thus increases the resonance frequency.  

Finally, these results show that with the assumptions made in this section, it seems difficult to 

determine a critical distance. The expected behaviour would have been an increasing overvoltage 

function of the length curve on average (as illustrated in Figure 15), with local maxima corresponding 

to harmonics.  Instead of this expected behaviour, the local maxima are so high that they inhibit the 

average increasing effect. Figure 32 illustrate this idea: the average increasing cannot be seen in the 

curve.  The next section is a complementary study that suggests an explanation for this unexpected 

behaviour.   

 

FIGURE 32 : TIME-VOLTAGE FRAME CONSUMPTION FUNCTION OF THE LENGTH 

 

4.6. Complementary Study    
 

The unexpected results in section 4.5, different from the usual behaviour, are probably caused by an 

assumption that is also unusual. In section 4.2.1.2, it has been emphasised that not modelling the unit 

transformer would imply no power consumption in the system, expect the losses. Figure 33 illustrates 

the difference between the network model used in the study and the model including a unit 

transformer and 45 MW load. The latter model is more realistic.  
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FIGURE 33 : FREQUENCY DOMAIN COMPARISON BETWEEN A NO LOAD CASES AND A 45 MW CASE, FOR A 110 KM 

LENGTH.  

The difference is clear: adding a load strongly decreases the amplitude of the resonance. In this 110 km 

case, the magnitude is divided by about seven. It also decreases a lot the resonance selectivity. This 

explains the results of section 4.5: a very selective resonance leads to a highly sensitive line length. A 

slight difference in the line length moves the resonance frequency from or to a harmonic, producing 

low or high overvoltage. With the more realistic assumption of adding a load at the secondary side of 

the unit transformer, the length sensitivity is likely to decrease. A time-domain study which confirms 

this idea is given in appendix 7.5. 

 

4.7. Conclusion 
 

This comparative study has shown that with the modelling assumptions found in the target study, or 

in similar studies, the results in the frequency domain are rather similar. In the time-domain, the 

comparison is more difficult, but they are coherent with what had been obtained in the target study. 

However, finding a critical distance, with these assumptions, is questionable: the lack of load in the 

system gives very selective resonances, which means that the overvoltage is high only when the 

resonance strictly matches a harmonic. This highlights the fact that to redefine the length rule, one 

must take into account the unit transformer and the power consumed by the auxiliaries. In the next 

section, the conclusions of this study are used to build the “best” models to find new critical distances. 
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5. Redefinition of the length rule 
 

This chapter presents the process of finding new critical distances for transformer re-energization. The 

critical distances now depend on the transformers’ rating and the nuclear unit type. After introducing 

the chosen configuration in section 5.1, a generic modelling is established in section 5.2. Section 5.3 

then focuses on the variables that are used in the parametric simulations. The simulations are firstly 

realized in the frequency domain, in section 5.4, and then in the time-domain, in section 5.5. The new 

critical distances found in this section are summarized in section 5.5.6. 

 

5.1. Introduction 
 

The purpose of this section is to find new critical distances for transformer re-energization, in a black 

start situation. This study has to be general enough to be applied in most of the case studies, and 

conservative enough to be trustworthy for the engineers.  

By definition, a generic study cannot take into account all the possible configurations during a black-

start. And there are as much network configurations as steps in all black start procedures. As every 

network restoration starts from a nuclear unit and extends to one transformer which is energized, the 

most probable configuration consists only on the unit, a line and the transformer to be energized, as 

in section 4. It is also the most critical configuration, as it is has been seen that adding loads in the 

system decreases the amplitude of the overvoltages Figure 34 gives such a network configuration. This 

configuration is then logically chosen for the generic study in this section. As a consequence, the results 

further obtained in this section are only valid for the first step of a black-start procedure. For the other 

steps, particular studies will be needed.  

 

FIGURE 34 : NETWORK CONFIGURATION DURING THE BLACK-START 

 

5.2. Modelling of the equipment 
 

The modelling of the equipment is a critical step when redefining a new length rule. The modelling 

must comply with the principles exposed in the introduction. They have to: 
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 Represent what could be found in a generic grid. The aim is not to build accurate models of 

the real components, but “average” models that behave similarly to the maximum number of 

real cases. 

 Be conservative: the models should be tuned to give the highest overvoltage when several 

modelling choices are possible. 

 

5.2.1. Equipment of the nuclear unit 
 

The modelling of the nuclear unit depends on the type of nuclear station. In France, the nuclear 

stations are classified according to their rated power: 970 MW, 1008 MW, 1090 MW and 1485 MW. 

For each type, the alternator, generator transformer, unit transformer and auxiliary transformers are 

of course different. For this generic study, it will be assumed that the components of the nuclear unit 

are the same for one type of nuclear station. It means that, for example all 1485 MW nuclear units are 

supposed to be equivalent. This is a usual assumption, because data access from the nuclear units is 

often restricted and prospective studies often use data from other similar nuclear stations. 

Furthermore, the nuclear units may have also structural differences. The structure given in Figure 34 

is only valid for a 1485 MW nuclear unit. In the other cases, the unit transformer is located on the 

generator side of the generator transformer, as indicated in Figure 35. The auxiliary transformer is not 

modelled in those cases, because of the lack of available data.  

The modelling of a 1485 MW nuclear unit type has already been given in section 3.2.1. In the following 

section, the modelling focuses then on the 1090 MW type, another type chosen to define critical 

distances.  

 

FIGURE 35 : STRUCTURE OF A 1090 MW NUCLEAR UNIT TYPE  

5.2.1.1. Alternator 
 

The alternator is modelled with a synchronous machine, as the distances between the source and the 

transformer to be energized are expected to be less than 200 MW.  
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The output voltage of the alternator is 24 kV, and rated power 1090 MW. The output bus is the slack 

bus of the system, so its voltage is fixed. The fixed voltage is 90% the nominal voltage during a black 

start, which is a way to prevent overvoltage. Appendix 7.4 gives more details on the modeling. 

 

5.2.1.2. Generator Transformer 
 

The generator transformer is modelled with the data from a 1090 MW nuclear unit. It is rated star-

delta, 415/24 kV, 1080 MW. The air-core inductance is assumed to be 0.4 pu, which is a conservative 

choice. On the primary side, the neutral point is connected to the ground with a 25 ohms inductance. 

More details on the modeling is given in appendix 7.1.2. 

 

5.2.1.3. Unit Transformer 
 

The unit transformer is a star-delta-delta, 24/6.8/6.8 kV, 58 MVA transformer. The air-core inductance 

is assumed to be 0.4 pu, which is a conservative choice [2]. On the primary side, the neutral point is 

connected to the ground with a 1000 ohms inductance. More details on the modeling is given in 

appendix 7.1.1.  

 

5.2.3.4. Unit transformer’s load 
 

As it has been seen in section 3.2.1.5, the load is 60 MW/25 MVAr in a black start configuration, for a 

1485 MW nuclear unit. It becomes 32.6 MW/19.8 MVAr for a 1090 MW unit. These lower values are 

explained by the fact that the nuclear unit is smaller, so the consumption of the auxiliary is less 

important. 

This load is modelled as a parallel RL equivalent circuit, determined from the load flow calculations 

before each simulation. The detailed modeling is given in section 7.3. The remark of section 3.2.1.5 on 

the limit of the modelling is also valid here. 

 

5.2.2. Grid equipment 
 

5.2.2.1. Overhead lines 
 

The line is located between the nuclear unit and the transformer to be switched on. The characteristics 

of a line change a lot among the lines, and sometimes along the same line. In this section, a typical, or 

generic line model is built. This typical line is obtained from grid data. Variations are then considered.  

Let us present now some statistics about the lines’ characteristics. A line can have from one to four 

conductors per phase in the RTE HV grid. If there is more than one the line is bundled. Figure 36 gives 

the percentage of lines, located in the black-start paths, which have the stated number of conductors 

per phase.  
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FIGURE 36 : LINE REPRESENTATION, ACCORDING TO THEIR NUMBER OF CONDUCTORS PER PHASE  

The most representative number is three. Moreover, on average, the lines have 2.8 conductors per 

phase. So the typical line will have three conductors per phase. 

Figure 37 displays the percentage of conductor cable type, among the lines located in the black-start 

paths.  

 

FIGURE 37 : CONDUCTOR TYPE REPRESENTATION 

The most representative conductor type is the Aster 570, which has a 570 mm2 cross-sectional area. 

This conductor cable is selected to build the typical line. 

The number of tower types is much larger than the two previous examples, and it cannot be said that 

a type is really representative. However, the towers can be classified in categories. Each category 

represents a frame, giving the relative positions of the conductor cables and the ground wires. In each 

category several distances between the wires and the ground, and between the wires, are possible.  

If only the categories are considered, the most representative is called F4. For the typical line, this type 

is selected, with an average height and average distances between the wires.  
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Finally, the most representative ground wire is selected, and as most of the 400 kV lines have 2x3 

phases, a 2x3 phases line is modelled.  

To summarize, the typical line has 2x3 phases, 3 conductor wires per phase. The conductor wire type 

is Aster 570, the tower and ground types are the ones selected before. 

The lines are modelled with a “wideband” line model. Appendix 7.2 gives more information on this 

model.  

 

5.2.2.2. Transformers 
 

In this study different types of transformers are tested. There are classified according to their nominal 

apparent power and type: 150 MVA transformers, 240 MVA transformers, 300 MVA autotransformers, 

and 600 MVA autotransformers.  

The choice of the transformer to model is important. The more the transformer gives current 

harmonics, the higher the overvoltage can be. The harmonic content of the current is directly related 

to the saturation of the magnetising inductance. A highly saturated characteristic leads to high 

harmonics. Very saturated transformer cores are likely to be found in old transformers, and particularly 

in shell type transformers, according the analysis of the transformers tests. Shell type transformers are 

quite common in France so they must be taken into account.  

The saturation curves of the transformers located on the 400 kV grid have been inspected. Figure 38 

shows the saturation curves of some representative transformers. However, the last slope of the 

saturation curve, computed from the air-core inductance, is not given, because it is not directly known 

from the no-load test. 

 

FIGURE 38 : SATURATION CURVE OF SOME REPRESENTATIVE TRANSFORMERS.  

These curves indicate that in general, the 150 MVA transformers are more saturated the 240 MVA 

types. 
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The transformer chosen for this study is then the 150 MVA. It is a star-star-delta, 405/100/21 kV 

transformer. The neutral is connected to the ground, directly on the HV side, and with an inductance 

of 38 ohms on the MV side.  

As the saturation curve has to be as saturated as possible, the selected air-core inductance is 0.4 pu, 

which is a conservative value [2]. 

Concerning the autotransformers, the same principles apply. Figure 39 displays the saturation curves 

of two representative autotransformers. The last slope of the saturation is not represented.  

FIGURE 39 : SATURATION CURVE OF TWO REPRESENTATIVE AUTOTRANSFORMERS 

The difference between the 600 MVA and 300 MVA is not very important. Therefore, the two 

transformer types will be studied separately.  

The 300 MVA is a star-star-delta, 400/240/21 kV transformer. The neutral point is connected to the 

ground, directly on the MV side and with a 40 ohms inductance on the HV side. The selected air-core 

inductance is 0.4 pu. More information on the modelling is given appendix 7.1.1 

The 600 MVA is a star-star-delta, 388/237/21 kV transformer. The neutral point is connected to the 

ground, directly on the MV side and with a 40 ohms inductance on the HV side. The selected air-core 

inductance is 0.4 pu. More information on the modelling is given appendix 7.1.1. 

The zero-sequence parameters of these transformers are assumed to be equal to the direct sequence 

parameters. This assumption is only valid because the transformers are shell type.  

5.2.2.3. Breaker 
 

The modelled breaker is located on the HV side of the transformer. The model is an ideal switch, with 

parametric closing times.  
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5.3. Variables 
 

As stated in section 3.3, taking into the account the variations of some parameters is a means to 

compensate potential imprecisions on the modelling and represent the different situations that can 

happen during a network restoration. In this study, the structural variables are: the line’s geometric 

characteristics, the generator impedance, and the line’s length. 

The variations of the generator impedance have already been explained in section 3.3.2 and the same 

variations are used in this study.  

Section 3.3.1 is related to the variations of the line-to-ground line capacitance. In this study, this 

variation is replaced with a variation of the line’s geometric characteristics, explained in section 5.3.1. 

The line’s length becomes a new variable, because the aim at the end is to find critical distances.  

The state variables are the residual fluxes and the switching times, as stated in section 3.3.3 and 3.3.4. 

The only difference is the MPS. In this study, the MPS is assumed to be 20 ms, which the maximum 

acceptable MPS for a circuit breaker in the HV side of transformer on the 400 kV grid. This is a 

conservative value, because in reality the MPS is often somewhat lower. 

 

5.3.1. Line’s characteristics 
 

Section 5.2.2.1 has shown the diversity of the line’s characteristics. Some parameters are almost 

always the same, so they are not relevant for variation. But others, such as the tower type, can be very 

different from one section of a line to another, and between different lines. There is also a great 

imprecision about the line’s height, which depends not only on the tower type, but also on the 

geographical properties and the value of the span. The span depends on the distance between two 

towers, the materials, and the temperature.  

Moreover, the capacitance matrix depends on the wires height, but also on the distances between the 

wires. The phase-to-ground line’s capacitance is obtained from the capacitance matrix, so it also 

depends on theses parameters. Thus, changing the line-to-ground line capacitance by changing only 

the line’s height, as it was done in section 3.3.1, is not so easy. In this study, it has been decided to 

change directly the geometrical properties of the lines, which is allowed by the EMTP-RV software. The 

variations are determined by the frequency domain analysis in section 5.4.4.  

 

5.4. Frequency Domain Analysis 
 

The frequency domain study in performed with the principles explained in section 3.4. The influence 

of the different variables is analysed, assuming that they have independent effects. It has been seen 

in section 3.4 that this assumption is valid for frequency analysis. So, in the following parts, when the 

influence of one parameter is studied, the others are in their generic configuration. The 1485 MW 

generator type is used. Similar results can obtained with the 1090 MW type.  
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5.4.1. Influence of the Line’s length  
 

Firstly, the influence of the line’s length on the resonance is studied. Lengths between 50 km and 

190 km tested, with a 10 km step.  The results are presented in Table 7 and Figure 40.  

 

Length (km) Frequency (Hz) Amplitude (kΩ) 

50 455 4.0 

60 410 4.0 

70 378 4.1 

80 350 4.1 

90 328 4.1 

100 308 4.2 

110 291 4.2 

120 277 4.2 

130 264 4.3 

140 252 4.3 

150 242 4.3 

160 232 4.3 

170 224 4.4 

180 216 4.5 

190 209 4.5 

TABLE 7 : RESONANCE FREQUENCIES AND AMPLITUDES FOR DIFFERENT LINE’S LENGTH 

 

 

FIGURE 40 : DIRECT IMPEDANCE SEEN BY THE TRANSFORMER TO BE ENERGIZED, FOR SELECTED LENGTHS 

In Table 7, the indicated resonance frequencies correspond to the centre of the resonance peaks in 

Figure 40. When length increases, the curves show that the resonance frequency decreases. This effect 

can be explained by an analogy with a parallel RLC circuit, as in section 3.4.2. When the line extends, 

its total capacitance increases, and thus the resonance frequency becomes lower.  
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The line length has also a rather low effect on the magnitude of the resonance. Moreover, it can also 

change the shape of the frequency scan.  

For the rest of the frequency-domain study, a 140 km line will be used to illustrate the other variations. 

This choice comes from the fact that the first determined critical distances will be around 140 km. For 

other lengths, the numerical variations would be different, but the principles would be the same.  

 

5.4.2. Influence of the Generator Impedance 
 

As seen in section 3.3.2, the generator’s impedance value has a +/- 15% (ΔZ) uncertainty. When this 

variation is applied, the frequency scans gives the results presented in Table 8 and Figure 41. Only the 

extreme variations are represented. The intermediate variations give intermediate shapes, as it has 

been seen in section 3.4.1. 

ΔZ  Frequency (Hz) Amplitude (kΩ) 

-15% 242 4.2 

0 252 4.3 

+15% 263 4.3 

TABLE 8 : RESONANCE FREQUENCIES AND MAGNITUDES FOR DIFFERENT GENERATOR’S IMPEDANCES, AND A 140 KM 

LINE. 

 

FIGURE 41 : DIRECT IMPEDANCE SEEN BY THE TRANSFORMER TO BE ENERGIZED, FOR SELECTED GENERATOR 

IMPEDANCES. 

The influence is conform to what was expected: increasing the impedance decreases the resonance 

frequency. An interpretation of this effect has been given in section 3.4.1. Similar results can be 

obtained for different lengths. 
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5.4.3. Influence of the Value of the Load 
 

In this study, the only load is located at the secondary side of the unit transformer. Its value is also 

uncertain. For a 1485 MW nuclear unit, the value of 45 MW and 60 MW can be found in the previous 

RTE studies. The influence of this value on the frequency scans are presented in Table 9 and Figure 42. 

 

Load (MW) Frequency (Hz) Amplitude (kΩ) 

45 252 4.2 

50 252 4.1 

55 252 3.9 

60 252 3.8 

TABLE 9 : RESONANCE FREQUENCIES AND AMPLITUDES FOR DIFFERENT LOADS 

 

FIGURE 42 : DIRECT IMPEDANCE SEEN BY THE TRANSFORMER TO BE ENERGIZED, FOR SELECTED LOADS.  

As expected, the load only changes the amplitude of the resonance. It can also be noticed that the 

decrease of the load produces the apparition of a double resonance. Other cases with even less load 

have been tested. Figure 43 shows the results. 
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FIGURE 43 : DIRECT IMPEDANCE SEEN BY THE TRANSFORMER TO BE ENERGIZED, FOR SELECTED LOADS.  

These experiments clearly show the huge influence of the load on the resonance amplitude. It can be 

noticed that with a low load value the frequency scan looks like the no-load cases studied in section 

4.6.  

 

5.4.4. Influence of the Line’s Geometrical Properties 
 

The aim of this section is not only to analyse the influence of the lines on the resonance but also to 

determine the relevant variations for the time-domain study. For reason of simulation time, it has been 

decided to select only three different line types (including the generic type). In this section, the 

influence of the different types is compared, and the types that lead to the largest frequency 

differences are selected.  

As it has been seen in section 5.2.2.1, the F4 tower type, which corresponds to a frame, is the most 

common in the 400 kV grid. Hence, only this tower type is considered. 

The geometric mean of the distances between the conductor wires is a simple and efficient way to 

compare the different tower subtypes. Figure 44 displays the representation of the different mean 

distances among the 400 kV lines that have a F4 pylon type.  
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FIGURE 44 : PERCENTAGES OF MEAN DISTANCES BETWEEN CONDUCTORS.  

The generic line has a 10.88 m mean distance. For this frequency domain study, the most different 

(10.56 m and 12.08 m) cases are selected. 

The tower height variations must be large enough to take into account the uncertainty on the distance 

between the conductors and the ground. Three heights are selected, including the height of the generic 

line. The height is defined by the distance between the ground and the first hanging point.  

The results of the frequency analysis are shown in Table 10. 

Mean distance (m) Height (m) Frequency (Hz) Magnitude (kΩ) 

10.88 18 244 4.9 

30 252 4.1 

55 253 4.1 

10.56 18 244 5.1 

30 251 4.6 

55 252 4.2 

12.08 18 246 5.5 

30 255 4.9 

55 256 4.7 

TABLE 10 : RESONANCE FREQUENCIES AND AMPLITUDES FOR DIFFERENT TOWER TYPES. 

These results confirm that the height and the distances between the wires have an influence on the 

resonance frequency. In the studied examples, increasing the height increases the resonance 

frequency and decreases the resonance amplitude, and increasing the mean distance increases the 

resonance frequency. The tower of the generic line has an average height and distance (30 m, 

10.88 m). Thus, with the constraint of selected only two other variations, the most interesting cases 

are the one most different ones, that is to say the ones that give the most different resonance 

frequencies.  

The selected cases are highlighted in yellow in Table 10. There are renamed to simplify the future 

references and their characteristics are summarized in Table 11.  

 

10.56 m 10.88 m 11.36 m 11.66 m 12.08 m
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Name Generic L (low) H (high)  

Height (m) 30 18 55 

Mean distance (m) 10.88 10.56 12.08 

TABLE 11 : SELECTED LINE CHARACTERISTICS 

The frequency scans are represented for these cases in Figure 45. The L type changes also the shape 

of the resonance.  

FIGURE 45 : DIRECT IMPEDANCE SEEN BY THE TRANSFORMER TO BE ENERGIZED, FOR THE SELECTED LINE TYPES.  

 

5.4.5. Influence of the type of nuclear unit 
 

Two types of nuclear units are studied. The simulations performed in the previous parts are valid for a 

1485 MW type. These simulations are not all performed again for the 1090 MW type, for practical 

reasons. However, it is interesting to see the difference between the two types in the frequency 

domain. Figure 46 displays the results for the two nuclear units, with the same other equipment. 
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FIGURE 46 : DIRECT IMPEDANCE SEEN BY THE TRANSFORMER TO BE ENERGIZED, FOR THE SELECTED NUCLEAR UNITS 

TYPES. 

These curves show a huge difference between the two nuclear unit types. The resonance amplitude of 

the 1090 MW type is two times the one of the 1485 MW type. The resonance frequency is also 

decreased with the 1090 MW type. These two combined effects lead to the idea that the overvoltage 

are expected to be much higher in the 1090 MW case. 

However, such a difference between the 1485 MW and the 1090 MW types is surprising. After 

investigation, it appears that the amplitude difference in particular is not only due to load difference. 

Complementary tests have been realized, shown in Figure 47. The 1090 MW case is displayed as a 

reference. 

The first test is to try the 1485 MW, with the load equal the 1090 MW case. The result is quite similar 

to the 1485 MW case with nominal load. The amplitude is a bit higher because the load is lower, but it 

is far from the amplitude of the 1090 MW case. This proves that the load value does not explain such 

a difference between the 1485 MW and the 1090 MW type. 

A second test is then realized. It is a hybrid configuration: all the components are from the 1090 MW 

type, except the unit transformer, which belongs to the 1485 MW type, and is therefore located on 

the HV grid. The load value corresponds again to the 1090 MW type. The curve clearly shows that the 

amplitude is much lower than in the reference case of 1090 MW, but the frequency is the same. It can 

be deduced that the amplitude difference between the 1485 MW and the 1090 MW cases is mainly 

explained by the location of the load. The difference in unit transformer designs and positions is the 

logically the cause of such a difference, as the load are approximately the same. The frequency 

difference is explained by the other components, such as the generator and generator transformer. 
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FIGURE 47 : COMPLEMENTARY FREQUENCY TESTS. 

 

5.4.6. Zero-sequence impedance 
 

The analysis of the time-domain simulations will show the relevance of the zero-sequence impedance. 

Hence, this section has been added to the frequency domain study. The zero-sequence impedance is 

very dependent on the ground connection, so it is important to add the transformer to be energized 

in the network to get the correct results. The transformer has indeed wye connections and the neutral 

points have particular connection to the ground, depending on the side and the transformer type. The 

frequency scan of the zero-sequence impedance is displayed on Figure 48.  

FIGURE 48 : ZERO-SEQUENCE IMPEDANCE FOR A 140 KM LINE.  

It can be noticed that the amplitude of the resonance is much higher than the direct sequence 

impedance (about three times), and the resonance frequency is higher too. This zero-sequence 
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impedance may interact with the zero-sequence harmonic currents, applying the phenomenon seen 

in section 2. The zero-sequence effect on overvoltage has not been analysed in the previous parts of 

the report, because the effect was negligible. In section 3, the overvoltages were very low, and in 

section 4, the effect seemed negligible too, according to Figure 31. However, the Fourier analysis was 

not performed systematically, so it cannot be said that no zero-sequence influence exists in the study. 

The presence of zero-sequence resonance makes the prediction more complex, as there are now two 

combined resonances that can produce overvoltages.  

 

5.4.7. Conclusion  
 

The study of the frequency domain has shown that the line length is the main parameter influencing 

the resonance frequency. The variation of the generator impedance and the towers geometry can also 

affect the resonance frequency, producing maximum variations of about 20 Hz. The variations can also 

have an influence on the shape of the frequency scans, and particularly the amplitude of the 

resonance, which is sometimes difficult to forecast. The value of the auxiliaries’ consumption can 

change the amplitude, but not the frequency of the resonance. Finally, the type of nuclear unit changes 

both magnitude and frequency. In this study, the most relevant variations of the parameters have been 

selected, to perform the time-domain study. However, the interest of this study for the determination 

of the overvoltage is limited, because of dynamical behaviour of the components, and because of the 

zero-sequence resonance: as for the direct sequence, this resonance can produce overvoltage. 

Therefore, it is even more difficult to forecast the overvoltage, and a parametric study in the time-

domain is needed. 

 

5.5. Time Domain Analysis 
 

This time-domain study is performed with a 25 μs time-step, and the duration of the simulation 5 s, 

but sometimes 3 s to improve the speed. The number of switching times is also reduced to 50 instead 

of the usual value 100, for the same purpose.  

 

5.5.1. Time-Voltage Requirements  
 

The observed signals are the line-to-line voltages and line-to-neutral voltages, at the HV side of the 

transformer to be energized, and at the HV side of the generator transformer. A 10 ms delay is added 

to the signals, between the closing time of the last switch, and the beginning of the signal acquisition, 

to eliminate the possible transient overvoltage just after the switching. This way the transient 

overvoltage does not interfere when generating the statistics of the simulations. The signals are then 

compared to the two following requirements:  

 The instantaneous overvoltage (line-to-line and line-to-neutral) has to be less than 1.5 pu. In 

fact, above 1.5 pu, it cannot be guaranteed that the surge arresters are open. The surge 

arresters are not modelled in this study, because their nonlinearity would increase significantly 

the simulation time.  
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 The line-to-line voltage has to respect the time-voltage frame (see section 4.5.1), indicated in 

Table 12. The values are different than in Table 4, because more relevant durations have been 

selected for this study.  

Duration 100 ms 1s 5s 

Magnitude (pu) 1.45 1.32 1.23 

TABLE 12 : TIME-VOLTAGE FRAME (LINE-TO-LINE) 

 

The time-voltage frame for the line-to-neutral voltage is not taken into account in this study, because 

the magnitudes are higher than 1.5 pu in every case and they are therefore covered by the 

instantaneous requirement.  

The time-frame consumption is computed as indicated in 4.5.1.  

 

5.5.2. Presentation of the Results 
 

The results of the simulations in the time-domain are presented in tables. The typical example of the 

first lines of the tables are the following: 

TABLE 13 : TYPICAL FIRST LINE OF A TABLE PRESENTING THE RESULTS  

The meaning of the abbreviations stated in the first line is: 

- Length: each line corresponds to a set of structural variables, so 450 or 900 simulations, 

depending on the number of switching times. In this column other variables can be used. 

- Freq: resonance frequency of the direct-sequence impedance 

- 0 Freq: resonance frequency of the zero-sequence impedance 

- Max L/L overvoltage TT: Maximum line-to-line overvoltage at the HV side of the targeted 

transformer. 

- Max L/G overvoltage TT: Maximum line-to-neutral overvoltage at the HV side of the targeted 

transformer. 

-  Max % TT : maximum time-voltage frame consumption  

- Max L/L overvoltage GT: Maximum line to-line overvoltage at the HV side of the generator 

transformer. 

- Max L/G overvoltage GT: Maximum line overvoltage at the HV side of the generator 

transformer. 

- Max % GT: maximum time-voltage frame consumption  

- % >1.5 pu: percentage of simulations presenting instantaneous voltage over 1.5 pu.  

 

Length  Freq 0 

Freq  

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

Max 

% 

GT 

% 

>1.5 

pu  

90 302 397 1.18 1.29 0 1.11 1.21 0 0 

100 285 374 1.36 1.70 9 1.26 1.54 0 17.1 
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5.5.3. Influence of the Value of the Load 
 

As the simulations in the time-domain are very time consuming, a choice among the variables has to 

be made in order to limit the simulation time.  

In section 5.4.3, it has been seen that the load only influences the magnitude of the resonance. It 

seems then natural that loading the system should increase the maximum overvoltage. And this is 

what has been experienced in the previous studies, for example in [1]. This result is also valid for the 

generic network, as shown in Table 14. 

Load 

(MW) 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

Max 

% 

GT 

% >1.5 

pu  

45 1.24 1.42 0.2 1.14 1.20 0 0 

50 1.22 1.40 0 1.13 1.19 0 0 

55 1.21 1.39 0 1.12 1.18 0 0 

60 1.19 1.38 0 1.11 1.17 0 0 

TABLE 14 : RESULTS OF THE TIME-DOMAIN SIMULATIONS, FOR DIFFERENT LOAD VALUES, WITH GENERIC PARAMETERS, 
AND A 140 KM LINE. 

These results show that the influence of the load is clear: increasing the load decreases the 

overvoltage. Other combinations of structural variables have not been tested, but there is no reason 

to think that the results would be different. The interest of this preliminary study is in fact not to deal 

with every single variation of the structural parameters. Thus, the selected value is 45 MW, for a 

1485 MW nuclear unit, for the rest of the study. For a 1090 MW nuclear unit, only one value has been 

found so its variations are not considered.  

 

5.5.4. Methodology 
 

The rest of the structural variables are the line’s geometrical characteristic, the line’s length and the 

generator’s impedance. The suggested methodology aims to find a new critical distance, above which 

the re-energization of the transformer can lead to its destruction.  

The first step is to test different line lengths, with generic structural parameters. A good length step is 

10 km, and it can be decreased to 5 km around the critical distance. Each studied length corresponds 

to 450 or 900 simulations, representing the variations of the state variables. 450 simulations are 

performed and then 450 others if the first ones are close to not respect the requirements. When the 

length is so that the requirements are not respected, the critical length is found, in the generic 

conditions.  

The second step is to test the immediately shorter length, then apply the variations of the generator’s 

impedance and the line’s geometry, yielding (3x3-1)x450 new simulations. If the requirements are not 

respected, a shorter length is tested, until the overvoltage is at an acceptable level. The critical length 

is then the last simulated one. The flow chart in Figure 49 illustrates the description of the 

methodology.  
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FIGURE 49 : FLOW CHART ILLUSTRATING THE METHODOLOGY 
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5.5.5. Results of the Time-Domain Simulations 
 

5.5.5.1. From a 1485 MW Nuclear Unit 
 

5.5.5.1.1. RE-ENERGIZATION OF A 150 MVA TRANSFORMER 

 

The results presented in this section have been obtained with the 150 MVA transformer modelled in 

section 5.2.2.2. The results are displayed in Table 15.  

Length Freq 0 Freq Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1.5 

pu 

80 350 515 1.09 1.20 0 1.06 1.12 0 

100 308 444 1.11 1.34 0 1.06 1.18 0 

110 292 416 1.20 1.33 0 1.14 1.18 0 

120 277 392 1.19 1.40 0 1.11 1.23 0 

130 264 370 1.17 1.28 0 1.09 1.14 0 

135 258 361 1.20 1.29 0 1.11 1.14 0 

140 252 352 1.24 1.42 0,2 1.14 1.20 0 

145 247 343 1.28 1.55 1 1.17 1.29 8 

150 242 336 1.25 1.67 0.8 1.16 1.33 11.6 

155 237 327 1.26 1.49 1.2 1.14 1.23 0 

160 232 315 1.34 1.44 3 1.19 1.25 0 

170 224 305 1.35 1.38 1.8 1.15 1.21 0 

180 216 293 1.27 1.40 0.2 1.14 1.18 0 

190 209 281 1.29 1.65 0.2 1.15 1.27 8 

TABLE 15 : RESULTS OF THE TIME-DOMAIN SIMULATIONS, FOR DIFFERENT LINE’S LENGTH, WITH GENERIC PARAMETERS. 

These results show that with generic parameters, the critical length is 145 km. At 145 km, 8% of the 

simulations present overvoltage over 1.5 pu. The maximum overvoltage observed is 1.55 pu.  

These results also show that there is a time-voltage frame consumption for line length greater to 140 

km, and it never comes close to 100%. The instantaneous limit is more constraining than the time-

voltage frame, and this will be the case for all the simulations. The reason is that the maximum voltage 

magnitude is always higher when it is line-to-neutral than when it is line-to-line, and the time-voltage 

frame is dedicated to the line-to-line voltage.  

It is also interesting to notice that there are cases above 1.5 pu, for the lengths 145, 150 and 190 km 

but not for the lengths in between. In fact, the intermediate lengths correspond to resonance 

frequencies located between the fourth and the fifth harmonic for the direct impedance, and between 

the sixth and seventh for the zero-sequence impedance. So they excite less the current harmonics, and 

finally the overvoltage is not that high. The simulation for which the overvoltage is the highest is 

presented in Figure 50, and Figure 51 shows the Fourier transform of this signal.  
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FIGURE 50 : PHASE/GROUND VOLTAGE AT THE TARGET TRANSFORMER, FOR THE WORST CASE AND A 145 KM LENGTH 

FIGURE 51 : FREQUENCY DOMAIN REPRESENTATION OF THE ABOVE SIGNAL, BETWEEN 200 MS AND 300 MS 

The Fourier transform confirms that the amplified harmonic is the fifth one. The seventh is also 

amplified, which corresponds to the resonance frequency of the zero-sequence impedance.  

As it has been established in section 5.5.4, the length 140 km is then tested, with variation of the 

generator’s impedance and the line’s properties.  

ΔZ Line 

type 

Freq 0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

-15% gen 264 352 1.17 1.29 0 1.10 1.13 0 

-15% L 255 305 1.17 1.25 0 1.10 1.13 0 

-15% H 268 386 1.16 1.44 0 1.08 1.19 0 

0 gen 252 352 1.24 1.42 0.2 1.14 1.20 0 

0 L 244 305 1.24 1.33 0.6 1.14 1.18 0 
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0 H 256 386 1.19 1.46 0 1.12 1.18 0 

+15% gen 242 352 1.24 1.52 0.6 1.15 1.27 1.6 

+15% L 235 305 1.31 1.41 1.8 1.18 1.22 0 

+15% H 246 386 1.28 1.55 0.8 1.17 1.30 1.8 

TABLE 16 : RESULTS OF THE TIME-DOMAIN STUDY, FOR A 140 KM LINE LENGTH. 

These results show that, for two sets of parameters, there are simulations for which the maximum 

overvoltage is above 1.5 pu. This length is then rejected. Moreover, these results show that it is difficult 

to determine the overvoltage with precision. For instance the cases {ΔZ = +15%, generic} and {ΔZ = 

+15%, H}, for which the direct resonance frequency is respectively 242 and 246 hertz, have simulations 

with overvoltage above 1.5 pu, whereas the case {ΔZ = 0, L}, for which the resonance frequency is 244 

hertz, has not. These results confirm the fact that the frequency domain is just an indication, not a 

forecast.  

Finally, the same variations are performed with a 130 km length. 

ΔZ Line 

type 

Freq 0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

-15% gen 276 370 1.18 1.30 0 1.9 1.13 0 

-15% L 267 320 1.16 1.25 0 1.08 1.13 0 

-15% H 280 406 1.22 1.42 0 1.12 1.23 0 

0 gen 264 370 1.17 1.28 0 1.09 1.14 0 

0 L 256 320 1.19 1.26 0 1.11 1.14 0 

0 H 268 406 1.17 1.30 0 1.09 1.15 0 

+15% gen 253 370 1.22 1.33 0 1.14 1.18 0 

+15% L 246 320 1.29 1.27 0.4 1.14 1.16 0 

+15% H 258 406 1.20 1.28 0 1.11 1.16 0 

TABLE 17 : RESULTS OF THE TIME-DOMAIN STUDY, FOR A 130 KM LINE LENGTH. 

For a 130 km line length, there is no overvoltage superior to 1.5 pu, so this length is validated. 

 The critical distance for re-energizing a 150 MVA transformer from a 1485 MW nuclear unit is 130 km.  

 

5.5.5.1.2. RE-ENERGIZATION OF A OF A 300 MVA TRANSFORMER  

 

The simulations are performed with the model built in section 5.2.2.2. The results are presented in 

Table 18.  

Longueur Freq 0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

80 350 520 1.06 1.13 0 1.03 1.07 0 

90 328 483 1.12 1.15 0 1.07 1.08 0 

100 308 449 1.11 1.24 0 1.06 1.12 0 

110 292 422 1.17 1.25 0 1.11 1.14 0 

120 277 397 1.17 1.29 0 1.10 1.15 0 

130 264 375 1.16 1.21 0 1.08 1.09 0 

140 252 356 1.20 1.32 0 1.12 1.15 0 

145 247 348 1.24 1.43 0.4 1.14 1.22 0 

150 242 341 1.24 1.52 1 1.14 1.24 0,6 
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155 237 331 1.26 1.36 1 1.16 1.18 0 

160 232 324 1.30 1.35 1.4 1.16 1.20 0 

170 224 310 1.27 1.30 0.8 1.13 1.17 0 

180 216 297 1.27 1.32 0.2 1.15 1.13 0 

190 209 286 1.28 1.44 0.2 1.14 1.15 0 

200 202 275 1.30 1.33 1.6 1.16 1.15 0 

TABLE 18 : RESULTS OF THE TIME-DOMAIN SIMULATIONS, FOR DIFFERENT LINE’S LENGTH, WITH GENERIC PARAMETERS. 

The critical length, in standard conditions, is 150 km. Figure 52 and Figure 53 show the voltage for the 

worst simulated case, and its Fourier transform. 

FIGURE 52 : VOLTAGE AT THE TARGETED TRANSFORMER, FOR THE WORST SIMULATED CASE WITH A 150 KM LENGTH. 

FIGURE 53 : FREQUENCY DOMAIN REPRESENTATION OF THE SIGNAL ABOVE, BETWEEN 200 MS AND 300 MS. 

The main harmonic content is the fifth harmonic, which corresponds to the resonance frequency of 

the direct impedance, and the seventh harmonic, which corresponds to the resonance frequency of 

the zero-sequence impedance. 

A 140 km line’s length is then tested: 
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ΔZ Line 

type 

Freq 0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

-15% gen 264 307 1.17 1.21 0 1.09 1.09 0 

-15% L 255 356 1.16 1.20 0 1.08 1.08 0 

-15% H 268 391 1.17 1.25 0 1.07 1.07 0 

0 gen 252 307 1.21 1.26 0 1.11 1.15 0 

0 L 244 356 1.20 1.30 0 1.11 1.13 0 

0 H 256 391 1.17 1.27 0 1.09 1.11 0 

+15% gen 242 307 1.27 1.36 1 1.15 1.20 0 

+15% L 235 356 1.22 1.40 0 1.12 1.19 0 

+15% H 246 391 1.23 1.40 0,2 1.14 1.20 0 

FIGURE 54 : RESULTS OF THE TIME-DOMAIN STUDY, FOR A 140 KM LINE LENGTH. 

The results for a 140 km line respect the requirements. 

The critical distance when re-energizing a 300 MVA autotransformer is 140 km. 

 

5.5.5.1.3. RE-ENERGIZATION OF A OF A 600 MVA TRANSFORMER  

 

The same set of test is performed for 600 MVA transformer, modelled in section 5.2.2.2. 

Longueur Freq 0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

60 412 652 1.19 1.23 0 1.16 1.18 0 

70 378 593 1.19 1.31 0 1.14 1.19 0 

80 350 546 1.22 137 0 1.16 1.24 0 

90 328 508 1.28 1.35 1.2 1.21 1.22 0 

100 308 473 1.30 1.41 0.8 1.20 1.27 0 

105 300 459 1.28 1.39 0.4 1.18 1.23 0 

110 292 445 1.30 1.51 2.2 1.20 1.32 0.3 

120 277 420 1.34 1.53 2.4 1.21 1.31 1.1 

130 264 397 1.31 1.52 1 1.20 1.27 0.7 

140 252 378 1.35 1.43 2 1.23 1.22 0 

150 242 362 1.46 1.47 19 1.27 1.26 0 

TABLE 19 : RESULTS OF THE TIME-DOMAIN SIMULATIONS, FOR DIFFERENT LINE LENGTH, WITH GENERIC PARAMETERS. 

This table shows that there are dangerous overvoltage starting from 110 km. Figure 55 and Figure 56 

shows the voltage for the worst simulated case, and its Fourier transform. 
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FIGURE 55 : VOLTAGE AT THE TARGETED TRANSFORMER, FOR THE WORST SIMULATED CASE WITH A 110 KM LENGTH. 

FIGURE 56 : FREQUENCY DOMAIN REPRESENTATION OF THE SIGNAL ABOVE, BETWEEN 200 MS AND 300 MS. 

In the Fourier transform it can be noticed that the harmonics 6 and 9 are present. The harmonic 6 is 

related to the direct sequence resonance and the harmonic 9 to the zero-sequence resonance.  

The simulations are then performed for a 100 km line’s length: 

ΔZ Line 

type 

Freq 0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

-15% L 314 461 1.30 1.35 2.0 1.19 1.23 0 

-15% gen 323 473 1.32 1.38 2.2 1.20 1.23 0 

-15% H 328 519 1.31 1.41 2.2 1.22 1.25 0 

0 L 300 461 1.28 1.38 0.6 1.18 1.27 0 
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0 gen 308 473 1.30 1.41 0.8 1.20 1.27 0 

0 H 313 519 1.28 1.38 0.4 1.19 1.24 0 

+15% L 287 461 1.25 1.41 0.8 1.19 1.25 0 

+15% gen 296 473 1.27 1.37 0.6 1.20 1.24 0 

+15% H 300 519 1.26 1.33 0.4 1.18 1.21 0 

TABLE 20 : RESULTS OF THE TIME-DOMAIN STUDY, FOR A 100 KM LINE LENGTH. 

The results for a 100 km line respect the requirements. 

The critical distance for the 600 MVA autotransformers is 100 km. 

5.5.5.2. From a 1090 MW nuclear unit 
 

The 1090 MW nuclear units are structurally different from the 1485 MW types, and there much less 

loaded. The modelling is explained in section 5.2.1. 

 

5.5.5.2.1. RE-ENERGIZATION OF A 150 MVA TRANSFORMER 

 

The results presented in this section have been obtained with the 150 MVA transformer modelled in 

section 5.2.2.2. The results are presented in Table 21. 

Length Freq 

1 

Freq 

2 

0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

30 547 580 642 1.13 1.35 0 1.12 1.32 0 

40 470 498 552 1.17 1.42 0 1.14 1.36 0 

50 417 441 491 1.19 1.51 0 1.15 1.42 1.1 

60 378 399 445 1.21 1.54 0 1.17 1.45 4.2 

70 348 367 409 1.18 1.52 0 1.15 1.41 0.4 

80 323 340 378 1.32 1.82 3.8 1.25 1.65 16.7 

90 302 318 354 1.17 1.40 0 1.12 1.29 0 

100 285 300 334 1.43 1.79 18 1.31 1.60 26.4 

TABLE 21 : RESULTS OF THE TIME-DOMAIN SIMULATIONS, FOR DIFFERENT LINE’S LENGTH, WITH GENERIC PARAMETERS. 

Some simulations does not respect the requirements, starting from 50 km. The critical distance is 

40 km, with standard parameters. Figure 57 displays the line to ground voltage for the worst simulated 

case, Figure 58 the Fourier transform of this signal.  
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FIGURE 57 : VOLTAGE AT THE TARGETED TRANSFORMER, FOR THE WORST SIMULATED CASE WITH A 50 KM LENGTH. 

 

FIGURE 58 : FREQUENCY DOMAIN REPRESENTATION OF THE SIGNAL ABOVE, BETWEEN 800 MS AND 900 MS. 

It is interesting to note that with this type of nuclear unit the dominant harmonic corresponds to the 

zero-sequence impedance, and not the direct sequence impedance. Tests are then performed for a 

40 km length.  

ΔZ line Freq 

1 

Freq 

2 

0 

Freq  

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

-15% L 482 517 464 1.19 1.32 0 1.17 1 0 

-15% gen 492 521 552 1.26 1.38 0.2 1.14 1.32 0 

-15% H 502 527 605 1.18 1.38 0 1.14 1.32 0 
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0 L 458 500 464 1.16 1.25 0 1.13 1.20 0 

0 gen 470 498 552 1.17 1.42 0 1.14 1.36 0 

0 H 480 503 605 1.16 1.37 0 1.14 1.32 0 

+15% L 446 490 464 1.18 1.25 0 1.16 1.22 0 

+15% gen 450 477 552 1.15 1.35 0 1.12 1.31 0 

+15% H 460 483 605 1.14 1.36 0 1.11 1.31 0 

TABLE 22 : RESULTS OF THE TIME-DOMAIN STUDY, FOR A 40 KM LINE LENGTH. 

The results for a 100 km line respect the requirements. 

The critical distance when re-energizing a 150 MVA transformer is 40 km.  

 

5.5.5.2.2. RE-ENERGIZATION OF A OF A 300 MVA TRANSFORMER  

 

The simulations are performed with the model built in section 5.2.2.2. The results are presented in 

Table 23.  

Length Freq 

1 

Freq 

2 

0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

60 378 399 495 1.21 1.38 0 1.17 1.31 0 

70 348 367 455 1.16 1.33 0 1.12 1.25 0 

80 323 340 423 1.25 1.68 1.6 1.18 1.52 6.7 

90 302 318 397 1.18 1.29 0 1.11 1.21 0 

100 285 300 374 1.36 1.70 9 1.26 1.54 17.1 

110 270 284 355 1.36 1.45 5 1.26 1.34 0 

120 257 270 338 1.26 1.32 0.4 1.21 1.23 0 

130 245 257 322 1.26 1.56 1 1.18 1.38 1.1 

140 234 246 310 1.49 1.74 70 1.32 1.52 4.7 

TABLE 23 : RESULTS OF THE TIME-DOMAIN SIMULATIONS, FOR DIFFERENT LINE’S LENGTH, WITH GENERIC PARAMETERS. 

Some simulations do not respect the requirements, starting from 80 km. The critical length with 

standard parameters is then 70 km. Figure 59 displays the line to ground voltage for the worst 

simulated case, and Figure 60 the Fourier transform of this signal. 
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FIGURE 59 : VOLTAGE AT THE TARGETED TRANSFORMER, FOR THE WORST SIMULATED CASE WITH A 80 KM LENGTH. 

 

FIGURE 60 : FREQUENCY DOMAIN REPRESENTATION OF THE ABOVE SIGNAL, BETWEEN 300 MS AND 400 MS. 

The phenomenon observed in section 5.5.5.2.1 can be seen again. The dominant harmonic the eighth 

one, which corresponds to the zero-sequence resonance frequency. The simulations are then 

performed for a 70 km length. 

 

ΔZ line Freq 

1 

Freq 

2 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/G 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

-15% KR1 346 377 1.24 1.46 0.8 1.17 1.36 0 

-15% gen 363 383 1.27 1.34 1.2 1.20 1.28 0 

-15% AZ2 370 386 1.22 1.43 0 1.16 1.34 0 
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0 KR1 340 362 1.27 1.41 1.2 1.21 1.33 0 

0 gen 348 367 1.16 1.33 0 1.12 1.25 0 

0 AZ2 354 370 1.16 1.38 0 1.13 1.28 0 

+15% KR1 327 350 1.24 1.50 0.2 1.19 1.41 0 

+15% gen 334 353 1.21 1.33 0 1.16 1.27 0 

+15% AZ2 340 356 1.17 1.41 0 1.14 1.33 0 

TABLE 24 : RESULTS OF THE TIME-DOMAIN STUDY, FOR A 40 KM LINE LENGTH.  

The results for a 100 km line respect the requirements. 

The critical distance when re-energizing a 300 MVA autotransformer is 70 km. 

 

5.5.5.2.3. RE- ENERGIZATION OF A OF A 600 MVA TRANSFORMER 

 

The same set of test is performed for 600 MVA transformer, modelled in section 5.2.2.2. 

Length Freq 

1 

Freq 

2 

0 

Freq 

Max L/L 

overvoltage 

TT 

Max L/G 

overvoltage 

TT 

Max 

% 

TT 

Max L/L 

overvoltage 

GT 

Max L/G 

overvoltage 

GT 

% 

>1,5 

pu 

20 677 718 858 1.28 1.32 0.8 1.26 1.30 0 

25 602 639 765 1.26 1.37 0.8 1.24 1.34 0 

30 547 580 696 1.34 1.59 2 1.31 1.55 4 

40 470 498 600 1.36 1.65 6 1.31 1.58 10 

50 417 441 534 1.48 1.91 11 1.42 1.81 17 

60 378 399 484 1.51 2.20 30 1.43 2.04 28 

70 348 367 446 1.54 2.25 60 1.45 2.07 87 

TABLE 25 : RESULTS OF THE TIME-DOMAIN SIMULATIONS, FOR DIFFERENT LINE’S LENGTH, WITH GENERIC PARAMETERS. 

The critical distance is 30 km, and the following figures show the worst case overvoltage: 

FIGURE 61 : VOLTAGE AT THE TARGETED TRANSFORMER, FOR THE WORST SIMULATED CASE WITH A 30 KM LENGTH. 
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FIGURE 62 : FREQUENCY DOMAIN REPRESENTATION OF THE SIGNAL ABOVE, BETWEEN 200 MS AND 300 MS. 

In this configuration, the 14th harmonic is dominant, and it corresponds again to the zero-sequence 

resonance.  

Finally, simulations with a 20 km line have not shown any dangerous overvoltage, so the critical 

distance when re-energizing a 600 MVA transformer is 20 km.  

 

5.5.6. Critical distances summary and analysis 
 

The temporal simulations have led to the determination of new critical distances, depending on the 

type of nuclear unit and the type of transformer. The summary of the results is given in Table 26. 

 1485 MW 1090 MW 

150 MVA 130 km  40 km 

300 MVA 140 km  70 km  

600 MVA 100 km 20 km 

TABLE 26 : CRITICAL DISTANCES SUMMARY 

The new critical distances are less restrictive than the ones RTE used to have (45 km for transformers 

and 90 km for autotransformers, for a 1485 MW type). The former length rule was based on the 

distance between the target transformer and the closest load, whereas in this section the distance is 

between the nuclear unit and the transformer, so the comparison is not so easy at first sight. However, 

as it has been seen in section 4, the 45 km critical distance has been determined at first with the same 

network configuration as the one used in section 5. And it is also the case for the 90 km critical distance. 

The generalisation of the meaning of “distance” has happened later. So the comparison is valid and 

objective of relaxing the constraint is achieved. For example, in the study case of section 3, the 

transformer to be energized (150 MVA) is located at 60 km from the nuclear unit (1485 MW), which 

much less than the limit: 130 km. So with the distances, performing the simulations would not have 

been necessary in that case. However, the results obtained for the 1090 MW type lead to short 

distances, but this result will be analysed later.  

 Moreover, the difference between a transformer and an autotransformer does not appear in the 

results: the transformer’s critical distance lies between the autotransformers’ critical distances. This 

can be explained by the fact that the modelling assumptions are very likely to be different.  
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According to this study the most restrictive transformer is the 600 MVA, then the 150 MVA and finally 

the 300 MVA is the least restrictive. The order is the same whether the nuclear unit type is the 1485 

MW one or the 1090 MW one, which is a good indication of the even if the distance differences are 

not the same. There is a great difference between the 600 MVA and the 300 MVA autotransformer. 

This is surprising at first glance, because, according to section 5.2.2.2, their saturation curves are very 

similar. The main difference is the value of the last slope of the saturation curve: although this is 0.4 

pu in both cases, this represents actual inductance values of 0.67 H for the 300 MVA and 0.32 H for 

the 600 MVA. The value of this inductance is very significant in determining the occurrence of 

overvoltage. Decreasing the last slope of the saturation curve increases the risk of dangerous 

overvoltage. The last slope values explain the different results observed for the autotransformers. 

What has just been said enhances one of the limit of the study. Building conservative models is a good 

principle when performing a generic study, but sometimes too strong hypotheses can lead to too 

restrictive results. More accurate results could be obtained with more precise values of the air-core 

inductance. However, these values are not easy to obtain.  

These results also show that there is an important difference between the 1485 MW type and the 1090 

MW type. They have different structure and materials, so this result is not surprising. But the difference 

is a bit greater than expected. The load is 45 MW for the 1485 MW type and 30 MW for the 1090 MW 

type, but as it is explained in section 5.4.5, the load difference does explain the different frequency 

scans. The main reason for this difference is the location of the load. Considering the importance of 

the resonance on the overvoltage, the location of the load is probably also the explanation of the 

differences between the 1485 MW and the 1090 MW types. In the particular situation with no other 

load in the grid, this difference is very important to the occurrence of dangerous overvoltage. The 

overvoltage is much higher in the 1090 MW and finally the critical distances are much lower. Such 

short distances may be disturbing, but it is still to be determined if energizing a 600 MW 

autotransformer from a 1090 MW unit can happen in a black start process. 

Finally, these results show that the zero-sequence impedance is not negligible in this network 

configuration, particularly with the 1090 MW nuclear unit type. The combination of the effects of the 

direct and zero-sequence resonances has been found rather lately in the master thesis and may be the 

subject of another study.  

 

5.6. Conclusion 
 

In this section, the final purpose of this master thesis has been achieved, that is to say finding new 

critical distances for transformer re-energization. The network configuration that has been used is the 

most probable one, and the one for which the overvoltages are the most likely to appear. The models 

created for the simulations are built to reflect a generic behaviour, and when several choices were 

possible the most restrictive option was selected, in order to obtain conservative results. The 

frequency domain study has shown that many parameters influence the resonance of the network 

seen from the transformer to be energized, and it has helped to choose the appropriate variations of 

the parameters for the time-domain study. Following a methodology specially developed for this study, 

new critical distances has been found, for the 1485 MW nuclear type, which redefine the former critical 

distances, and for the 1090 MW unit type, which was completely new to generic studies. 
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6. Conclusion and future work 
 

This study has shown the logical steps that have led to the definition of new critical distances for 

transformers’ re-energisation after a black-start. The rule commonly used at RTE states that when the 

1485 MW nuclear type is used, a transformer should not be energized when it is at more than 45 km 

from the closest load, or 90 km for an autotransformer. However, many previous studies, including the 

one conducted in section 3, have shown that even when a transformer is energized without respecting 

the rule, the maximum temporary harmonic overvoltage is quite low, and it does not threaten the 

materials of the grid.  

To understand why the results obtained in the recent studies are different from the results from older 

studies, a deep analysis of the study that have led the 45 km critical distance has been performed in 

section 4. The conclusion is that finding a reliable new critical distance involves the modelling of the 

auxiliary consumption of the nuclear unit.  

The redefinition of the length in section 5 thus includes this consumption, but also the most generic 

and conservative models. The methodology for finding new critical distances is determined and the 

simulations are performed. The new length rule now depends on the rated apparent power of the 

transformers, and another type of nuclear unit has been tested.  

However, this thesis has limitations, which could be solved in future studies. The main limitation of the 

generic study is that it does not take into account more complex configurations that can occur during 

network restoration. It is only valid for the simple case of a single line, between the nuclear unit and 

the transformer to be energized. The rest of the restoration process would involve the energization of 

other lines, and also the load pockets. As it has been seen, the load of the grid has a huge influence on 

the maximum overvoltage, so connecting other loads would tend to increase the critical distances.  

Other limitations are related to the modelling of the components. The models could be improved with 

a better knowledge of the data of the nuclear stations. The load consumed by the auxiliaries, in 

particular, could be modelled by a suitable proportion of motor loads. The effect of the zero-sequence 

impedance resonance, could also studied deeper in order to be better understood.  
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7. Appendix  
 

 

7.1. Parameter Determination for Transformer Modelling 
 

Available data for transformers often consist in no-load tests and short-circuit tests. This appendix 

explains how to calculate from these tests the parameters that are allowed to enter in the devices of 

the EMTP-RV software.  

7.1.1. Three-windings Transformers 
 

The three-winding three-phase transformers are based on three uncoupled single-phase models. This 

model is often called Saturable Transformer Component (STC) in the literature [3] [4]. It based on the 

Steinmetz model with a nonlinear magnetizing inductance. Figure 63 shows the equivalent circuit of 

single-phase unit of a three winding transformer. 

 

FIGURE 63 : SINGLE-PHASE UNIT OF A THREE WINDINGS TRANSFORMER 

The parameters indicated in the figure are: 

𝑅𝐻𝑉 ∶ High Voltage winding resistance 

𝑅𝑀𝑉 ∶ Medium Voltage winding resistance 

𝑅𝐿𝑉 ∶ Low Voltage winding resistance 

𝐿𝐻𝑉 ∶ High Voltage leakage inductance 

𝐿𝑀𝑉 ∶ Medium Voltage leakage inductance 

𝐿𝐿𝑉 ∶ Low Voltage leakage inductance 

𝐿𝑚 ∶ Nonlinear magnetizing inductance 

𝑅𝑚 ∶ Magnetizing resistance 

The other data needed to complete the model are the nominal voltages of the 

windings: 𝑈𝐻𝑉 , 𝑈𝑀𝑉,  𝑈𝐿𝑉.  
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7.1.1.1. Short-circuit Tests for a Star-star-delta Transformer 
 

The short circuit tests consist in feeding one of the sides of the transformer and short-circuiting 

another one. The third side is then at no load. The configurations depend on the tests, so the 

calculations presented in this section are only valid for the most usual tests and they must be adapted 

to the others. These calculations are also only valid for a star-star-delta connected transformer, which 

is the case of most of the transformers in the study.  

The following data are obtained from the short-circuit tests: 

- With HV side supplied, MV side short-circuited: HV line-to-line voltage 𝑈𝑠𝑐 𝐻𝑉/𝑀𝑉, HV current 

𝐼𝑠𝑐 𝐻𝑉/𝑀𝑉, and short-circuit total power 𝑃𝑠𝑐 𝐻𝑉/𝑀𝑉. 

- With HV side supplied, LV side short-circuited: 𝑈𝑠𝑐 𝐻𝑉/𝐿𝑉, 𝐼𝑠𝑐 𝐻𝑉/𝐿𝑉, 𝑃𝑠𝑐 𝐻𝑉/𝐿𝑉.  

- With MV side supplied, LV side short-circuited:  𝑈𝑠𝑐 𝑀𝑉/𝐿𝑉, 𝐼𝑠𝑐 𝑀𝑉/𝐿𝑉 , 𝑃𝑠𝑐 𝑀𝑉/𝐿𝑉. 

 

The short circuit resistances and reactances are calculated in the following way: 

Rsc HV/MV =
𝑃𝑠𝑐 𝐻𝑉/𝑀𝑉

3 𝐼𝑠𝑐 𝐻𝑉/𝑀𝑉
2

Rsc HV/LV =
𝑃𝑠𝑐 𝐻𝑉/𝐿𝑉

3 𝐼𝑠𝑐 𝐻𝑉/𝐿𝑉
2

Rsc MV/LV =
𝑃𝑠𝑐 𝑀𝑉/𝐿𝑉

3 𝐼𝑠𝑐 𝑀𝑉/𝐿𝑉
2

 

and 

 

Xsc HV/MV = √(
Usc HV/MV

√3 𝐼𝑠𝑐 𝐻𝑉/𝑀𝑉
)

2

− Rsc HV/MV
2  

Xsc HV/LV = √(
Usc HV/LV

√3 𝐼𝑠𝑐 𝐻𝑉/𝐿𝑉
)

2

− Rsc HV/LV
2 

Xsc MV/LV = √(
Usc MV/LV

√3 𝐼𝑠𝑐 𝑀𝑉/𝐿𝑉
)

2

− Rsc MV/LV
2 

 

where: 

Rsc i/j is resistance of the 𝑖 and 𝑗 windings, calculated on the 𝑖 side, 

Xsc i/j is reactance of the 𝑖 and 𝑗 windings, calculated on the 𝑖 side. 

The parameters are then determined solving these systems 
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{
 
 
 

 
 
 𝑅𝑠𝑐 𝐻𝑉/𝑀𝑉 = 𝑅HV + 𝑅MV (

𝑈𝐻𝑉
𝑈𝑀𝑉

)
2

𝑅𝑠𝑐 𝐻𝑉/𝐿𝑉 = 𝑅HV + 𝑅LV (
𝑈𝐻𝑉

√3 𝑈𝐿𝑉
)

2

𝑅𝑠𝑐 𝑀𝑉/𝐿𝑉 = 𝑅MV + 𝑅LV (
𝑈𝑀𝑉

√3 𝑈𝐿𝑉
)

2

 

And  

{
 
 
 

 
 
 𝑋𝑠𝑐 𝐻𝑉/𝑀𝑉 = 𝑋HV + 𝑋MV (

𝑈𝐻𝑉
𝑈𝑀𝑉

)
2

𝑋𝑠𝑐 𝐻𝑉/𝐿𝑉 = 𝑋HV + 𝑋LV (
𝑈𝐻𝑉

√3 𝑈𝐿𝑉
)

2

𝑋𝑠𝑐 𝑀𝑉/𝐿𝑉 = 𝑋MV + 𝑋LV (
𝑈𝑀𝑉

√3 𝑈𝐿𝑉
)

2

 

The √3 factor comes from the Δ connected winding. 

 

7.1.1.2. No load Tests of a Star-star-delta Transformer 
 

The no-load tests enable the computation of the magnetizing resistance and inductance. The LV side 

is usually supplied, while the HV and MV sides are at no load. For different voltages 𝑈𝐿𝑉
0 , the current 

𝐼𝐿𝑉
0  is measured. The set of (𝑈𝐿𝑉

0 , 𝐼𝐿𝑉
0 ) gives the saturation curve of the transformer. At nominal voltage, 

the total no-load losses 𝑃0 are also measured. They include the eddy current losses in the core and the 

hysteresis losses. 

The magnetizing resistance is calculated on the HV side, from the total no-load losses and the nominal 

voltage: 

𝑅𝑚 = 
𝑈𝐻𝑉

2

𝑃0
 

The magnetizing nonlinear inductance is calculated from the saturation curve by simulating the no-

load tests with EMTP-RV. For each no-load test {𝑈𝐿𝑉
0 , 𝐼𝐿𝑉

0 }, the corresponding flux is calculated on the 

HV side: 

Φ𝐻𝑉
0 =

𝑈𝐻𝑉
0 √

2

3

2𝜋𝑓
=

𝑈𝐿𝑉
0 √

2

3

2𝜋𝑓
(
𝑈𝐻𝑉

√3𝑈𝐿𝑉
)Φ𝐻𝑉

0  is the y-axis coordinate of the nonlinear inductance curve, which 

is determined by a set of (𝐼0, Φ𝐻𝑉
0 ). The 𝐼0 is computed using a dichotomy method: the no-load tests 

are simulated with EMTP-RV, and the 𝐼0 is set in order to get the same 𝐼𝐿𝑉
0  as in the real tests.  

The last slope of the saturation curve is computed from the air-core inductance 𝐿𝑎𝑖𝑟−𝑐𝑜𝑟𝑒 . The air-core 

inductance can either be given by the manufacturer or estimated by usual hypotheses. The last slope 

of the nonlinear inductance curve is given by [3]: 

𝐿𝑠𝑎𝑡 = 𝐿𝑎𝑖𝑟−𝑐𝑜𝑟𝑒 − 𝐿𝐻𝑉   
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7.1.2. Two-windings Transformers 
 

These transformer are 3-phase, and based on three separate single-phase units. This unit is displayed 

in Figure 64. Different connections between the units are possible, but the transformers used in this 

study are all star-delta 

. 

 

 FIGURE 64 : SINGLE-PHASE UNIT OF A TWO-WINDINGS TRANSFORMER 

The parameters indicated in the figure are: 

𝑅𝐻𝑉 ∶ High Voltage winding resistance 

𝑅𝑀𝑉 ∶ Medium Voltage winding resistance 

𝐿𝐻𝑉 ∶ High Voltage leakage inductance 

𝐿𝑀𝑉 ∶ Medium Voltage leakage inductance 

𝐿𝑚 ∶ Nonlinear magnetizing inductance 

𝑅𝑚 ∶ Magnetizing resistance 

The other data needed to complete the model are the nominal voltages of the windings: 𝑈𝐻𝑉, 𝑈𝑀𝑉. 

 

7.1.2.1. Short circuit Test for a Star-delta Transformer 
 

The short circuit tests often consist in supplying one side of the transformer and short-circuiting the 

other one. The configuration depends on the test, so the calculations presented in this section are only 

valid for the most usual test of a star-delta transformer, and they must be adapted to the others.  

The following data are obtained from the short-circuit tests: 

- With HV side supplied, MV side short-circuited: HV line-to-line voltage 𝑈𝑠𝑐 𝐻𝑉/𝑀𝑉, HV current 

𝐼𝑠𝑐 𝐻𝑉/𝑀𝑉, and short-circuit total power 𝑃𝑠𝑐 𝐻𝑉/𝑀𝑉. 

 

The short-circuit parameters are calculated in the following way: 

 

𝑅𝑠𝑐 𝐻𝑉/𝑀𝑉 =
𝑃𝑠𝑐 𝐻𝑉/𝑀𝑉

3 𝐼𝑠𝑐 𝐻𝑉/𝑀𝑉
2  
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Xsc HV/MV = √(
Usc HV/MV

√3 ∗ 𝐼𝑠𝑐 𝐻𝑉/𝑀𝑉
)

2

− Rsc HV/MV
2 

where 𝑅𝑠𝑐 𝐻𝑉/𝑀𝑉 is the resistance of the HV and MV windings calculated on the HV side, 

Xsc HV/MV is the reactance of the HV and MV windings calculated on the HV side. 

An assumption needs to be made on the percentage of resistance and reactance on the two windings. 

A usual hypothesis is that most of the leakage impedance is on the HV side [4], and the selected 

percentage is 90 %: 

{

𝑅HV = 𝛼 ∗ 𝑅𝑠𝑐 𝐻𝑉/𝑀𝑉

𝑅MV = (1 − 𝛼) ∗ 𝑅𝑠𝑐 𝐻𝑉/𝑀𝑉 ∗ (
𝑈𝑀𝑉
VHV

)
2 

 

{

𝑋HV =  𝛼 ∗ 𝑋𝑠𝑐 𝐻𝑉/𝑀𝑉

𝑋MV = (1 − 𝛼) ∗ 𝑋𝑠𝑐 𝐻𝑉/𝑀𝑉 ∗ (
𝑈𝑀𝑉
VHV

)
2 

where 𝛼 = 0.9 

 

7.1.2.2. No load Test of a Star-delta Transformer  
 

The process is exactly the same as for the three winding transformer, see 7.1.1.2. 

7.2. Overhead Lines Modelling 
 

Two line models are used in this study. The model that is mostly used is the wide-band model. It takes 

into account the frequency dependency of the line parameters, over large frequency range. The basic 

equations are the ones of a propagation system, with a frequency dependency of the impedance and 

admittance matrices. The constant parameter model is also used in section 4, because the purpose of 

this section is not find the most accurate model but to use the model of the target study. 

 

7.2.1. Constant Parameter (CP) Line Model 
 

The CP line model is a frequency independent line model. It should be used in analysis of problems 

with limited frequency dispersion. The principles exposed here are taken from the EMTP-RV 

documentation about CP lines [7] 
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FIGURE 65 : DISTRIBUTED PARAMETER MODEL [7] 

The basic equations relating the current and voltage along a single phase line are derived from the 

Figure 65: 

𝜕𝑉(𝑥, 𝑡)

𝜕𝑥
= −𝑅′𝐼(𝑥, 𝑡) − 𝐿′

𝜕𝐼(𝑥, 𝑡)

𝜕𝑡
 

 

𝜕𝐼(𝑥, 𝑡)

𝜕𝑥
= −𝐺′𝐼(𝑥, 𝑡) − 𝐶′

𝜕𝑉(𝑥, 𝑡)

𝜕𝑡
 

Where 𝑥 is the distance from the node 𝑘, 𝑡 is the time, 𝑅′ the resistance in per line length, 𝐿′ the 

inductance in per line length, 𝐶′ the capacitance in per line length, 𝐺′ the conductance in per line 

length, as indicated in Figure 65. 

The Laplace transformation gives the equation in frequency domain: 

𝑑�̅�(𝑥, 𝑠)

𝑑𝑥
= −𝑍′𝐼̅̅ ̅̅ (𝑥, 𝑠) 

𝑑𝐼(̅𝑥, 𝑠)

𝑑𝑥
=  −𝑌′𝑉̅̅ ̅̅ ̅(𝑥, 𝑠) 

where: 

𝑍 ′̅ = 𝑅′ + 𝑠𝐿′ 

𝑌′̅ = 𝐺′ + 𝑠𝐶′ 

 

The differentiation of the last two equations gives the propagation equations: 

𝑑2�̅�(𝑥, 𝑠)

𝑑2𝑥
= 𝛾2�̅�(𝑥, 𝑠) 

𝑑2𝐼(̅𝑥, 𝑠)

𝑑2𝑥
= 𝛾2𝐼(̅𝑥, 𝑠) 
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where: 

𝛾 = √(𝑅′ + 𝑠𝐿′)(𝐺′ + 𝑠𝐶′) =  𝛼 + 𝑗𝛽 

The general solutions of the propagation equation are: 

�̅�(𝑥, 𝑠) = 𝑉+̅̅ ̅̅ 𝑒−𝜸𝑥 + 𝑉−̅̅ ̅̅ 𝑒𝜸𝑥  

𝐼(̅𝑥, 𝑠) =
𝑉+̅̅ ̅̅

𝑍𝑐̅̅ ̅
𝑒−𝜸𝑥 +

𝑉−̅̅ ̅̅

𝑍𝑐̅̅ ̅
𝑒𝜸𝑥   

where: 

𝑍𝑐̅̅ ̅ = √
𝑅′ + 𝑠𝐿′

𝐺′ + 𝑠𝐶′
=  𝑍𝑐𝑒

𝑗𝜃𝑍𝑐 =  
1

𝑌�̅�
 

And 

𝑉+̅̅ ̅̅ =  𝑉+𝑒𝑗𝜃
+

 

 𝑉−̅̅ ̅̅̅ = 𝑉−𝑒𝑗𝜃
−

 

The time-domain steady-state corresponding equations are: 

𝑉(𝑥, 𝑡) =  𝑉+𝑒−𝑖𝛼𝑥 cos(𝜔𝑡 − 𝛽𝑥 + 𝜃+)+ =  𝑉−𝑒𝑖𝛼𝑥 cos(𝜔 + 𝛽𝑥 + 𝜃+) 

𝐼(𝑥, 𝑡) =  
𝑉+

𝑍𝑐
𝑒−𝑖𝛼𝑥 cos(𝜔𝑡 − 𝛽𝑥 + 𝜃+)+ =  

𝑉−

𝑍𝑐
𝑒𝑖𝛼𝑥 cos(𝜔 + 𝛽𝑥 + 𝜃+) 

These expressions are the sum of a forward travelling wave and a backward travelling wave. 

The CP model is then implemented in the following way: 

The steady-state model is obtained by applying the boundary conditions at the line ends to the general 

solutions of the propagation equation, which gives after several steps the nodal admittance matrix 

formulation: 

[
𝑰𝒌
𝑰𝒎
] =  

[
 
 
 

1

𝒁𝒄tanh (𝜸𝑙)
−

1

𝒁𝒄sinh (𝜸𝑙)

−
1

𝒁𝒄sinh (𝜸𝑙)

1

𝒁𝒄tanh (𝜸𝑙) ]
 
 
 

  [
𝑽𝒌
𝑽𝒎
] 

where 𝑙 is the length of the line. 

 

The time-domain model is calculated with no losses at first, to avoid convolution problems. After 

several steps, the time-domain equations simplifies into: 

𝑣𝑘(𝑡) − 𝑍𝑐𝑖𝑘 = 𝑣𝑚(𝑡 − 𝜏) + 𝑍𝑐𝑖𝑚(𝑡 − 𝜏) 

𝑣𝑚(𝑡) − 𝑍𝑐𝑖𝑚 = 𝑣𝑘(𝑡 − 𝜏) + 𝑍𝑐𝑖𝑘(𝑡 − 𝜏) 
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where 𝜏 = 𝑙√𝐿′𝐶′ is the propagation delay. 

The losses are then included. The line is separated into two lossless lines of half propagationtime and 

the resistance is distributed in the following way: half of the resistance between the two lossless lines 

and one quarter of the resistance at each extremity. 

 The multiphase case uses the same principles, but the basic equations are written in matrix form: 

𝑑2𝑽(𝑥, 𝑠)

𝑑2𝑥
= (𝒀𝒁)𝑽(𝑥, 𝑠) 

𝑑2𝑰(𝑥, 𝑠)

𝑑2𝑥
= (𝒀𝒁)𝑰(𝑥, 𝑠) 

where 𝑽 is the voltage column vector with length equal to the number of conductors, 𝑰 is the current 

column vector with length equal to the number of conductors, 𝒀 is the shunt admittance matrix and 𝒁 

is the series impedance matrix.  

The rest of the calculations is given in reference [7] 

 

7.2.2. Wideband Model 
 

The wideband model takes into account the frequency dependency of the lines the basic equations 

becomes: 

𝑑𝑉(𝑥, 𝑠)

𝑑𝑥
=  −𝑍′(𝑠)𝐼(𝑥, 𝑠) 

𝑑𝐼(𝑥, 𝑠)

𝑑𝑥
=  −𝑌′(𝑠)𝑉(𝑥, 𝑠) 

 

where the resistance, inductance, capacitance and conductance are frequency dependent: 

𝑍′(𝑠) = 𝑅′(𝑠) + 𝑠𝐿′(𝑠) 

𝑌′(𝑠) = 𝐺′(𝑠) + 𝑠𝐶′(𝑠) 

The differentiation gives the propagation equations: 

𝑑2𝑉(𝑥, 𝑠)

𝑑2𝑥
= 𝛾2(𝑠)𝑉(𝑥, 𝑠) 

𝑑2𝐼(𝑥, 𝑠)

𝑑2𝑥
= 𝛾2(𝑠)𝐼(𝑥, 𝑠) 

 

With multiple conductors, the equations are in matrix form, and gives, after several steps, the 

relationship between voltage and current at the sending and receiving end of the line: 

𝑰𝒎 = 𝒀𝒄𝑽𝒎 −𝑯(𝒀𝒄𝑽𝒌 + 𝑰𝒌) 

𝑰𝒌 = 𝒀𝒄𝑽𝒌 − 𝑯(𝒀𝒄𝑽𝒎 + 𝑰𝒎) 
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where: 

𝑯 = 𝑒−√𝒀𝒁𝑙 

These equations are used in the frequency domain in EMTP-RV. The time-domain solution is obtained 

by transforming the equations into time-domain. The multiplications become convolution in time-

domain, which requires an excessive number of operations and computation time. The wideband 

model method uses polynomial approximations of 𝑯 and 𝒀𝒄 to reduce computation time. More details 

about this method can be found in [8] and [9].  

 

7.2.3. Line-to-ground Capacity Variation 
 

This section details how to implement the variation of the line-to-ground line capacity in the line 

model. The method consists in changing the distances between the conductors and the ground. This 

method is approximate, because in reality the phase-to-ground capacities are coupled with the line-

to-line capacities. If each phase is assumed to be decoupled from the others, it is possible to relate the 

phase-to-ground capacity to the height of the phase. 

The equivalent height ℎ is given by: 

ℎ = ℎ𝑚 + 
1

3
(ℎ𝑀 − ℎ𝑚) 

where ℎ𝑚 is the minimum height of the conductor along the span, and ℎ𝑀 the height of the conductor 

at the hanging point. The sag is equal to ℎ𝑀 − ℎ𝑚, and it is usually 12 m for the 400 kV lines.  

The phase/ground capacitance 𝐶𝜑/𝑔 is then given by: 

𝐶𝜑/𝑔 = 
2𝜋𝜖0

ln (
2ℎ
𝑟𝑒𝑞
)

 

where 𝜖0 is the vacuum permittivity and 𝑟𝑒𝑞 the equivalent radius of the conductor. 

If the conductor is not bundled, the equivalent radius is equal to the real radius 𝑟, but if the conductor 

is bundled, the equivalent radius is calculated with the formula [10]: 

𝑟𝑒𝑞 =  √𝑁𝑟𝐴
𝑁−1𝑁

 

N is the number of bundled conductors and 𝐴 is the radius of the circle formed by the conductors.  

Thus, a variation of the phase to ground capacity is easily obtained with a variation the height. If 𝐶𝜑/𝑔
0  

is the original capacitance and ℎ0 the original height, the new height h is given by: 

ℎ =  
1

2
𝑟𝑒𝑞 exp(

1

𝛼
ln (2

ℎ0

𝑟
)) 

where 𝛼 is equal to 𝐶𝜑/𝑔/𝐶𝜑/𝑔
0   

 

As indicated before, the calculation is only an approximation, and this is why another approach has 

been chosen in section 5.3.1.  
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7.3. Load Modelling 
 

The modelling of the loads in this study uses a model included in EMTP-RV. The three-phase device is 

obtained by repeating the one-phase device three times, which creates a balanced load.  

The entered parameters are: 

- The nominal voltage 𝑉𝑙𝑜𝑎𝑑 

- The active power 𝑃 

- The reactive power 𝑄 

 

Before each simulation, a load-flow calculation is performed. The load buses act then naturally as PQ 

buses. With a constant impedance model, the load-flow constraints for this device become: 

𝑃𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑 = 𝑃 (
𝑉𝐿𝐹
𝑉𝑙𝑜𝑎𝑑

)
2

 

 

𝑄𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑒𝑑 = 𝑄 (
𝑉𝐿𝐹
𝑉𝑙𝑜𝑎𝑑

)
2

 

 

where 𝑉𝐿𝐹  is the actual voltage magnitude solution on the PQ bus. 

The RL circuit is finally calculated: 

𝑅 =  
𝑉𝐿𝐹

2

𝑃
 

 

𝐿 =  
𝑉𝐿𝐹

2

𝜔𝑄
 

 

7.4. Synchronous Machine Modelling 
 

To model the synchronous machine, the basic data needed are: the frequency, the number of poles, 

the armature winding connection, the rated line-to-line voltage, the rated power and the field current 

for 1 pu armature voltage. The modeling involves the use of Park’s transformation. The saturation can 

be modelled, if data are available, on the q-axis winding and the d-axis winding. The electrical and 

mechanical parameters of the machine have to be also known to complete the model. The details of 

the modeling, out of the scope of this study, can be found in reference [10] and [7].  
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7.5. Complementary Time-domain Simulations  
 

This appendix is dedicated to the complementary results of section 4.6. A first series of simulations is 

performed, with a load attached to the secondary side of the unit transformer. As expected, the 

maximum overvoltage is much lower than in the previous case. So a second series of simulations has 

been performed, with the length selected so that the resonance frequency is close to the third 

harmonic. The results are displayed in Table 27. 

Length 

(km) 

Resonance 

frequency (Hz) 

Maximum L/L 

overvoltage (pu) 

Maximum frame 

consumption (%) 

Percentage of cases  

>100%  

152 241 1.09 0 0 

210 197 1.21 0 0 

220 191 1.24 0 0 

310 152 1.38 12.5 0 

315 150 1.41 20 0 

320 149 1.43 20 0 

325 148 1.38 17.5 0 

330 146 1.44 37.5 0 

340 143 1.41 22.5 0 

TABLE 27 : RESULTS OF THE TIME-DOMAIN SIMULATIONS, FOR THE SELECTED LENGTHS. 

It can be noticed that there is a positive time-voltage consumption for a frequency range from 143 

hertz to 152 hertz, so the sensitivity of the frequency is much less than in the previous case.  
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