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The rapid increase of integrated distributed generators results in higher fault currents in the future modern grids.
A remedy for the concern is employing series reactors as fault current limiters. This paper elaborates on a
ferromagnetic core series reactor, which, when saturated, adversely affects the operation of the series reactor
during faults. The main goal of the paper is to calculate grid and series reactor coefficients by applying a

simplified power line model during a fault condition. These coefficients are the primary considerations of a series
reactor design to avoid its saturation. Moreover, the study of the relationship between the reactor inductance and
obtained coefficients will be carried out. The obtained results are validated by simulations performed in MATLAB

Simulink.

1. Introduction

Series reactors (SRs) are protection devices that impose series
impedance during fault conditions [1] to limit the fault current magni-
tude or overvoltage [2] and protect vulnerable power system equipment
[3]. Series current limiting reactors have been widely investigated for
the protection of both AC power systems [4] and DC power systems [5].
Moreover, its effects have also been investigated for the point of com-
mon coupling voltage restoration in the power grid [6]. To provide
acceptable series impedance, SR must avoid saturation [7].

In most of the recently studied magnetic core SRs employed as fault
current limiters (FCL), insufficient attention has been given to the vital
issue of core saturation during the fault limiting mode [8].

The paper deals with the determination of the two coefficients that
cause the SR to operate out of the saturation region. Moreover, the
mentioned coefficients are calculated for different voltage levels for both
HVAC and HVDC systems. Finally, the inductance of the SR, by taking
into account the calculated coefficients, will be analyzed and investi-
gated through MATLAB Simulink simulation.

2. Saturation considerations of the SR for AC systems

The analytical study is conducted for a single-line power system in
which a line-to-ground fault occurs, as illustrated in Fig. 1. In this sys-
tem, Vi, is the Thevenin RMS voltage, I is the fault current, Ry, and Ly
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are the Thevenin resistance and inductance computed for the observed
system. Lgp is the inductance of the SR, Ryis the fault resistance, and o is
the grid frequency.

Power systems can be exposed to different high- or low-impedance
fault currents. Considering that SR saturation is mostly possible for
low-impedance faults, the analysis is conducted for the highest possible
fault current. The steady-state analysis is employed to extract the faulty
system coefficients and SR considerations as follows:

Zp = (R + Ry) + jo(Ly, + Lsg) (@)
By applying the following assumptions:

@(Ly + Lsg)>Ry + Ry, Lsp>Ly, 2
The faulty system impedance in Fig. 1 is expressed as:

|Z| = oLsk 3)
Consequently, the fault current is calculated as:

I; = Vy/wLgg 4

Considering the magnetic flux of SR ¢gg in Fig. 2, the linking flux
equation is written as in (6) by assuming (5).

PR = P> Pu™>P; %)
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Fig. 1. Single-line diagram of the studied power system (line-to-ground
fault occurrence).
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Fig. 2. Magnetic flux in SR.

(6)

Eq. (6) claims that the value of the magnetic flux ¢,, (series reactor
main linking flux ¢gg) is much higher than that of the leakage flux ¢;. By
applying (4)-(6), the following can be derived:

Vi 1

Psr = ;'NTR )
(Va/w)
Bep =~ 277
%= NoAsr) (8)

Here Ngr and Agg are the numbers of winding turns and the SR core
cross-section, respectively. Furthermore, Bgg introduces the magnetic
flux density of the SR.

There are two coefficients in (8). One of them is G, as shown in (9),
which introduces the coefficient depending on the grid specifications
and is called a grid coefficient, and SR coefficient R., which we denote as
the reactor coefficient expressed by (10).

Ge =V /o (9

Re = Nsg-Asr (10)

Fig. 3 depicts an illustration of a B-I characteristic for an SR. Mag-
netic flux density should be selected before the nonlinear and saturation
region is reached, and based on that, the R, coefficient of SR can be
determined (the selected flux density can be varied based on the physics
of the SR core). At the same time, the grid coefficient depends on system
voltage and angular frequency.

Therefore, boundary equations (11) and (12) can be used to calculate
the coefficients for different grids as listed in Table 1.

Gc
Bop = g <147 an

Borsary =1.8T

By, =1.4T

Fig. 3. Magnetic flux in SR and selected example of the magnetic flux density.
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Table 1
Coefficient calculations for different AC power grid.
Grid voltage G, (w = 314) R (w0 = 314) Ge (0w =377) Re (0 = 377)
63 kV 200 <143 167 <119
120 kv 382 <273 318 <227
200 kv 636 <454 531 <379
400 kv 1274 <910 1061 <758
R.2G./1.4 (12)

Considering the grid and SR coefficient, an AC SR can be designed
out of the saturation region to protect the HVAC system. In addition,
assuming that the SR limiter does not limit fault current overshot, the
overshot factor can multiply in G., and then the SR coefficient is
recalculated.

3. Saturation considerations of the SR in the DC system

Focusing on the specifications and coefficients of DC systems and DC
SR, the simple faulty DC system is considered, as depicted in Fig. 4.

The first assumption is shown by (13), where the considered fault is a
low impedance fault, and the SR inductance is much higher than the
system’s Thevenin inductance L.

R,;,>>Rf7 Lgp>Ly, 13)

In the HVDC system, the nature of the fault current is expressed by
the Neperian equation [9], and the DC circuit breaker (DCCB) operates
approximately in the linear parts of the fault current curve. Moreover, in
reality, this current follows its rising trend until the DCCB operation. The
operation time of the DCCB is very fast (between 2 and 4 ms). Therefore,
during this period, the linear Eq. (14) can be fitted to the fault current of
the DC system with a very close match. This region is shown in Fig. 5,
where after fault occurrence, the current increases almost linearly to-
ward its maximum fault current. However, it will be interrupted by
DCCB in 2 ms.

By taking into account the operation time of the DCCB, the fault
current in SR is the linear term of the curve, and by considering some
approximation, the equation of the SR current during this period is
expressed by (14) and (15).

ir(t) = at a4
_ Vin/Run _Va 1s)
Lsg /Ry Lsr

In (14), the fault current is a function of time t linearly. This equation
consists of the current linear rate of rise @ which can be calculated by
(15). Eq. (15) is considered by the division of the maximum current
value (Vin/Ry) and time constant of the R-L circuit (Lsg/ Ry), assuming
fault occurred at t = 0. In (16), t¢p is the corresponding time of the DCCB
operation. In the conducted analysis, this time is considered to be 2 or 4
ms. Moreover, the steady-state current is assumed to be much lower than
the fault current.

Vin.t
I = h-Icp (16)
Lsg

In (16), Iis the HVDC system fault current once the DCCB opens the
faulty line. By applying (16) in (6), Egs. (17) and (18) can be written as
follows:

SR
.||—| At DC line
I/th LSR 5 R f

Fig. 4. DC system diagram in fault condition.
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As a result of the obtained equation, the grid coefficient G, and SR
coefficient R, for the HVDC system can be written as follows:

G. = Vi tep (19)

R. = Nsg-Asr (20)

Table 2 shows computed coefficients by considering different levels
of the HVDC voltage using Egs. (19) and (20).

Considering the calculated coefficient for both HVAC and HVDC
systems, the SR winding turns and core cross-section can be obtained to
avoid SR saturation using Tables 1 and 2. The next section discusses
some concerns and limitations on how to design ferromagnetic core SRs.

The important factors for SR design considering core saturation are
illustrated in Fig. 6. Although important, thermal and insulation matters
are not discussed because these factors almost have no effects on the
saturation issue. From a magnetic point of view, four factors, namely
core cross-section, the number of winding turns, core effective length,
and core material, affect the SR’s behavior. Among these factors, only
core cross-section Agg and winding turn Ngg, which affects SR satura-
tion, can be seen in (10), (11), (18), and (19), while all four factors are
used to calculate the inductance of the SR.

The relationship between grid coefficient G, SR coefficient R, and
the inductance of SR, Lgg, provide a clear insight into the possibility of
designing the SR to protect the power system against fault currents. In
Fig. 7(a) and (b), R, is shown for different G, and are presented for both
AC and DC reactors by implementing the saturation boundary of the SR.
The area under the curve is the saturation region of SR, and the area
above the curve is the out-of-saturation region. The assumed condition is
that @ = 314, and the operation time of DCCB is 2 ms. To avoid SR
saturation for the highest possible fault current, a point above the
plotted boundary should be obtained for each G..

Fig. 8 presents a 3D line plot for the inductance of the SR as a
function of the SR coefficient boundary as defined by (10) and (20). To
calculate the inductance of the SR shown by (21), the core permeability
and core length proportion are expressed by (22), which is taken from
in-practice core specifications. In addition, the R, here is assumed to be
143, as shown in Table 1.

Table 2
Coefficient calculations for different DC power grid.
Grid voltage G (t=2ms) R. (t =2 ms) G (t =4 ms) Re (t =4 ms)
200 kv 400 <286 800 <571
400 kv 800 <571 1600 <1143
800 kV 1600 <1143 2400 <1714
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Fig 6. Magnetic parameters of the magnetically coupled SR.
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Leore

to/Leore = 0.0017 (22)

In this curve, it is obtained that the minimum inductance of the SR is
34H for the core cross-section of 1 m?, and the number of winding turns
is 143. The trend of the curve shows that for a lower value of the
inductance, it is necessary to enlarge the core cross-section to a very high
value and reduce the number of SR winding turns. This scenario results
in the design of an extra-large SR to avoid saturation. Instead of the
explained scenario, when the value of the core cross-section is decreased
while the number of winding turns is increased, the reactor core size can
be reasonable. However, in this way, the inductance of SR is very high,
the insulation between turns is a concern, and SR is not easy to control.
Both scenarios prove that by taking into account the saturation, both the
size and inductance of the SR will be extremely large, which makes the
design of magnetically coupled SR very difficult.

Furthermore, if the designers ignore the SR coefficient, the designed
SR will surely go into saturation in case of low impedance faults.

To clarify the inductance of the SR as a function of R, three points of
the curve are listed in Table 3.

4. Conclusion

This paper discusses the saturation concerns of the series reactors as
protection devices. Two coefficients are introduced that clearly show the
saturation limitations of the series reactors. The result is that the series
reactor saturation will be avoided by only considering the grid coeffi-
cient (G.) and by balancing the series reactor winding turns as well as
core cross-section as the series reactor coefficient (R.). By considering
these coefficients, it is shown that to avoid SR saturation, the inductance
and the size of the series reactor ferromagnetic core or the winding turns
for both high-voltage DC and AC grids have to be extremely large, which
makes it impractical to construct and implement in the gird.
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