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Considering lightning surges limitation method in low-voltage circuits, the focus is 

traditionally made on electromagnetic interferences with a steep front, whereas the inertia SPD 

transition to conducting state is of main concern. As known, the transition time for spark 

arresters switching SPD is close to 100 ns, and that for varistor limiting SPD it is almost 4–5 

times shorter. Nevertheless, the delayed SPD activation even within 10 ns can be dangerous for 

modern electronic equipment, the time of irreversible damages of which can be estimated by 

units of nanoseconds. The desire to reduce the SPD transition period to conducting state is 

considered one of traditional problems in their development. 

Pulsed interferences with a sloping wavefront appear to be incomparably less dangerous 

and do not attract much attention, although there are good reasons for this. The fact is that due to 

the extremely low electrical strength of contemporary microelectronics, it is often needed to 

organize an SPD system with the protection voltage level of about kV fractions and lower, using 

for this purpose stepped activation of protective devices (Fig. 1) when electrical circuit is in 0 

zone and is directly accessible by lightning currents. 

 

Fig. 1 

The typical diagram of various type SPDs activation    

 

Situation like this is most typical for 380/220 V lines and for underground metal 

communications, e.g., for shielded cables. SPDs installed in such environments may accept tens 

of percent of the lightning current. To carry such current, the I class energy-intensive SPD must 

be used which, as a rule, will have a sufficiently high level of protection voltage, often 

noticeably exceeding the voltage, safe for the protected equipment. Then, next to I class SPD, a 



II class SPD is installed in parallel, and then, possibly, a III class SPD. Each of them consistently 

reduces the level of protection voltage, eventually dropping it below the safe level. 

As per regulatory instruments on electromagnetic compatibility, the places of various 

classes SPD installation should be separated from each other with conductor segments of 5-10 m 

length or  of about 10 μH inductance chokes to ensure selective operation of protective devices. 

The devices should activate strictly in turn, starting from class I SPD, able to dissipate, with no 

harm to itself, the greater energy, followed by lower classes SPDs.  

The lightning pulse current redistribution between installed SPDs is made on the pulse 

front, often too distorted when propagating along hundreds of meters long communications. It 

can be demonstrated that influence of a positive discharge currents with "abnormally" long front, 

similar to essentially skewed curved pulses of negative discharges, can be a serious obstacle for 

selective work of SPDs, at least for the reason, that the current front steepness determines the 

voltage in the comparison inductances connected between SPDs of various classes. 

To analyze the modes of SPD load, one has to solve the problem of pulse current 

distribution between non-linear elements of the electric circuit. Here, it is expedient to highlight 

two fundamentally different variants. In the first of them, I and II class SPDs are made on 

varistor basis but with different current-voltage characteristics. In the second version, I class 

SPD is a spark arrestser, and consequently installed II class SPD is a varistor based SPD.  

 

 

 

Fig. 2 

Varistors idealized current-voltage characteristics 

within operating range of current 

 

From methodical standpoint, when analyzing, it is reasonable first not to consider the 

dividing inductance impact, taking I and II class SPDs as connected in parallel. The below 

estimates have been made for varistor SPDs, whose current-voltage characteristics within 

operating range of current is simplified in Fig. 2 and can be expressed analytically as 
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First, let both varistors have diagrams with equal deflection (α) angle and differ only in initial 

values of U0, for example  

                                                     U01  > U02 

Then, varistors currents I1 and I2 at total lightning current I are determined by equations 

                              I1 + I2  = I;          U01 + αlnI1 =  U02 + αlnI2 ,                      (2) 

solution of which gives  

       
]/)exp[( 


0201

1
1 UU

I
I              I2 = I – I1                                      (3) 

As follows from (3), the distribution of the total current in considered conditions is not 

influenced by its value; the fraction of the current branching to varistor No.1 decreases as its 

initial voltage U01 increases as compared to U02 value, and the value of parameter α defining the 

tangent of deflection angle of the working area of current-voltage characteristics, decreases. if, 

for example, the working is a range of currents from 1 to 10,000 A, voltage U01 = 2000 V, U02 = 

1000 V, and the parameter α  200, the load current of the first varistor will be only 0.7% of the 

total current I. Thus, almost all current will be accepted by varistor with the lower voltage drop, 

which definitely will result in its destruction. As calculations show, irreversible damage of 

varistor being part of class II SPD, due to release of energy exceeding the maximum permissible, 

occurs already at a current passing through it and exceeding 24% of the standardized current 

pulse of the first lightning component of 10/350 μs. 

The other ultimate situation will characterize the parallel connection of varistors whose 

initial voltages U01 and U02 are equal, and parameters of α1 and α2 are different. Then, current 

distribution among varistors will be determined by the system of equations  

                              I1 + I2 = I;           α1lnI1 =  α2lnI2 ,                                                 (4) 

which results in expression for current  
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Fig. 3 

The calculated distribution of the total current among varistors with different parameters of α1 and α2 determining 

current-voltage characteristics steepness 

 

The results of the numerical solution of the equation (5) are shown in Fig. 3 for different values 

of the parameter Kα = α1/α2. It is easy to see how strong Kα influences the total current 

distribution along varistors. For example, with accidental change of one of parameters α 

determining current-voltage characteristics steepness, within 20% (e.g., due to degradation) the 

current load may vary in 2-4 times. For this reason, the SPDs mode stabilization at their parallel 

connection is obligatory for normal operation. 

The lowest inductance value may be estimated by assuming that it ensures a current load 

alignment for two SPDs with various current-voltage characteristics. If to use the simplified 

representation of the characteristic shown in Figure 2 again for this purpose, with equal currents 

I1 = I2 = I/2 the required inductive voltage drop will be determined as 
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With typical values (U02–U01) ≈ 1000 V and (α2–α1) = 100 for the total current of I = 10000 A 

the estimation by (6) gives UL ≈ 1850 V. For inductance of about 10 μH the required voltage 

drop will be provided at the average steepness of the current front AI ≈ 1,85 × 108 A/s flowing 

through the inductance. If, as in considered case, the working SPD range is limited to 10 kA 

current, the current front time must be not more than 50 μs. The condition is almost always valid 

directly for the pulse current of the first component of the negative lightning and for subsequent 

components. However, the currents of the positive lightning can already create a real problem for 

the multistep system of SPD operation, as their front can have a time of about 100 μs.                    



Almost the same time may have the pulse front of currents coming to an object by various air 

lines and underground communications with the length of hundreds of meters.  

A specific situation occurs when class I SPD is constructed on the basis of spark arrester. 

In this case, prior to arrester breakdown, all pulse current flows through class II SPD based on 

varistor. The sum of voltages on the varistor and the dividing inductance should necessarily 

exceed the arrester breakdown voltage. Otherwise, it will not activate at all and will not accept 

the current, which will inevitably lead to class II SPD destruction.  The formulated condition 

results in ratio 

                                UpI < UL + UpII , 

where UpI and Upll are the levels of protection voltage of the relevant SPDs. Hence the rating 

from above for the voltage on the dividing inductance  

                                       UL > UpI - UpII                                                     (7) 

In practically significant conditions, the difference in the right part of the inequality (7) may well 

be at the level of 2000-3000 V. When addressed to the operating range of varistor  current to 

10000 A, it is easy to see that the input of about 10 μH dividing inductance not always provides 

the desired sequence of SPD operation. The situation is unfavorable not only for positive 

lightnings with "abnormally" sloping wavefront but also for negative lightning, when their 

current reaches the SPD, propagating along the line with low grounding resistance, or in 

underground communication. As an example, Figure 4 shows the estimated pulse of current 

transported to substation along 300 m long line from lightning stroke point to a facility with the 

ground resistance of 8 Ω; the substation ground resistance is taken as 0.5 Ω. The calculation was 

made for the standardized current pulse of the first lightning component of 10/350 μs As may be 

seen, almost 70% of the lightning current reaches the substation. However, the pulse front time 

increases by the order of magnitude. The numerical differentiation showed that the highest 

steepness of the curved pulse front decreased here approximately to AI = 2×104I [А/с].  



 
 

Fig. 4 

Calculated lightning current pulse incoming to substation along 300 m long line. 

 

At amplitude current value of 10 kA and inductance of 10 μH, class I SPD voltage will increase 

only to 2000 V and may not result in spark gap 

 
Fig.  5 

Calculated lightning current pulse arrived to facility grounding electrode through 

300 m long underground communication in the soil with  = 100 Ωm. 

 

breakdown. It should be noted that described does not at all reproduce the extreme situation. In 

real conditions the pulse front deformation can be several times stronger. 

Almost identical front skew is typical for the current propagation along along 

underground communications directly contacting with the soil with its metallic surface. Of 

significance, not only pulse front is skewed but its amplitude is significantly reduced, thus 



resulting in higher decrease of front steepness. The above is demonstrated by the results of 

calculating the 200 μs rectangular front current pulse (by the level of 0.5) diffusion into 

underground communication. 300 m long communication with the radius of 1 cm was located at 

a depth of 0.5 m in the soil with a specific resistance of 100 Ωm. The far end of communication 

was grounded through 1 Ω resistance. The calculation shows that the current amplitude 

decreased almost in 5 times. With this, the impulse impact remained certainly hazardous, as even 

average lightning with 30 kA current will induce 6 kV voltage at a grounding resistance of 1 Ω 

capable to damage 380/220 line insulation. 

The dynamics of pulse steepness alteration shown in the same picture, demonstrates that 

its highest value is close to 0, 0016 I0 kA/μs and, therefore, the lightning current with an 

amplitude I0 = 30 kA will create voltage of about 500 V at 10 μH dividing inductance which is 

hardly enough to trigger the SPD.   

 

Conclusions 

1. Installation of typical inductance SPD, for example, with built-in coreless choke, does 

not always provide selective work of protective means. The task requires specific solutions. It is 

regrettable that algorithm of their design is not yet provided in the existing regulatory 

instruments.  

2. From the considered standpoints, the joint use of class I+II or I+II+III SPDs which 

combine high discharge capacity with low level of protection voltage, is more preferable. 

3. If for some reason the use of combined SPDs is impossible and a stepped protection 

circuit is applied, preference should be given to class I SPD with as lower level of protection 

voltage as possible. In this case, its timely activation will be ensured in the largest possible 

number of practically significant situations with low delay time even at the impact of lightning 

current pulses with front time of about 100 μs, and the risk of consequent class SPDs damage 

will be minimal. It should be noted that spark arresters-based class I SPDs with protection 

voltage of Up ≤ 1,5 kV  are commercially available at the market. 

 


