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ABSTRACT The existing fault current analysis in distribution networks tend to ignore the impact of
the control dynamics arising from AC/DC converters. In response to the abovementioned challenge, this
paper introduces a novel fault current estimation calculation approach tailored for AC/DC distribution
networks, specifically considering the control dynamics of Modular Multilevel Converters (MMC). The
methodology commences with the simplified model of the AC/DC distribution networks. Subsequently,
on the basis of the analysis for the control structure of MMC, the impact of various control dynamics
on fault current is quantified. Then, the branch currents and node voltages are obtained through a set of
voltage-current differential equations. To validate the proposed method, simulation verification is conducted
using PSCAD/EMTDC. The calculation results of main branch currents demonstrate that the accuracy of
the improved method is about 90%, which shows the effectiveness of the proposed method. Furthermore,
the robustness of the presented method against the variations of voltage level, breaker delay, and transition
resistance is validated, where its accuracy is over 80%.

INDEX TERMS AC/DC distribution networks, control dynamics, different grid conditions, fault current
estimation calculation, MMC.

NOMENCLATURE Uge DC voltage.
PARAMETERS P* AC control power.
Csy Capacitor of each sub-module. o* Reactive power control power.
Ram  Resistance on each arm. Uj.  DC control voltage.
Lam  Inductance on each arm. kp Proportional gain of voltage control.
Nsyr - Number of sub-modules in each arm. ki Integral gain of voltage control.
C. Equivalent capacitor. Dy, Droop control parameter.
L. Equivalent inductor. kpp Proportional gain of power and voltage droop
R, Total equivalent resistor. control.
R,n  Resistance to the activated IGBT. kpi Integral gain of power and voltage droop control.
s Source current. Rac An equivalent resistor of the overhead line.
Ue Capacitor voltage. Lgc An equivalent inductor of the overhead line.
i Capacitor current. S1 The gate signal of IGBT1.
S2 The gate signal of IGBT?2.
The associate editor coordinating the review of this manuscript and Ry Fault resistance.
approving it for publication was Arturo Conde . Ppom  Nominal power in voltage control.
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Un,om Nominal voltage in voltage control.

Zjj Sum of the line impedance from nodei to node j.
ijj Branch current from node i to node j.

u; Node voltage of node i.

Rjj Sum of the line resistance from nodei to node j.
L Sum of the line inductance from nodei to node ;.
R Total equivalent resistor of MMC in node i.

L Equivalent inductor of MMC in node i.

Ci Equivalent capacitor of MMC in node i.

R,..r  Errorsrate between simulated and calculated values.
S; Calculated value.

S Simulated value.

N The number of sampling points.
ABBREVIATIONS

MMC  Modular multilevel converters.

AC Alternating current.

DC Direct current.

VSC Voltage source converter.

HVDC High voltage direct current.
RLC Resistor, inductor and capacitor.
SM Sub-module.

IGBT  Insulated gate bipolar transistor.
AVM Average value model.
PV Power and voltage.
PI Proportions and integrals.
PQ Active power and reactive power control mode.
vQ Voltage and reactive power control mode.
RL Resistor and inductor.
MER Mean error rate.
SETS
R Equivalent resistance matrix.
L  Equivalent inductance matrix.
C  Equivalent capacitance matrix.
A Correlation matrix.
u  Node voltage matrix.
i Branch current matrix.

R; Matrix constructed by resistance and inductance.
L, Matrix constructed by resistance and inductance.
K  Matrix about capacitor.

I. INTRODUCTION

With the continuous development of smart grids [1], AC/DC
hybrid distribution networks will become the main structure
of China’s distribution network in the coming time [2]. For
the sake of enhancing the controllability of distribution lines
and reducing the probability of power accidents and acciden-
tal losses, multi-terminal joint power supply networks have
been popularized and applied for power supply reliability [3].
At the same time, to reduce unnecessary costs, it is necessary
to carry out the estimation calculation of fault currents in dis-
tribution lines. Besides, it is essential to get the fault currents
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for the purpose of determining the location and action design
of circuit breakers before the protection design [4], [5], [6].

Numerous experts and scholars have devoted themselves
to the estimation calculation of fault currents in electrical
networks. Yang et al. derived simple numerical expressions
for the fault currents in the DC circuit of a two-level voltage
source converter (VSC), and the method was based on res-
onant circuit analysis for estimating the capacitive discharge
current [7]. Cwikowski et al. analyzed the equivalent model of
circuit faults for VSC in high voltage direct current (HVDC)
networks [8]. With the increasing complexity of the distri-
bution networks, VSC can no longer meet the demand, and
MMC becomes a widely used structure. The MMC mecha-
nism was analyzed and the line fault current was discussed
from different perspectives in [9], [10], [11], [12], and [13].
Tang et al. divided the MMC into different approximate mod-
els by the distance from the line where the fault occurred, and
took the external electrical characteristics of the MMC as the
primary factor for fault current analysis [9]; Luo et al. consid-
ered the different discharges of each submodule in each arm
of the MMC after the fault, and equated the internal MMC
into different capacitors for fault current discussion [10];
Xing et al. investigated the basic fault current in AC side,
and studied the two-terminal scenario from the MMC com-
position mechanism and fault discharge composition [11].
Although the MMC mechanism was analyzed comprehen-
sively, the influence of control dynamic on fault current is
discussed few. A generalized DC pole-to-pole short-circuit
fault current estimation scheme was presented [14]. How-
ever, the article does not consider the influence of MMC,
i.e., it lacks a discussion of the dynamic effects from the
terminal controller. Langwasser et al. proposed an MMC
equivalent model, but only analyzed the fault estimation of
monopolar-bipolar high-voltage DC transmission lines [15].
Moreover, the above-mentioned study neglects the impact
of grid condition variations on the reliability of estimation
method. Fault current estimation for distributed generation
units is provided in [16], [17], [18], and [19]. Liu et al.
established a full-process state-space fault current calculation
for wind farms [16], Mu et al. investigated a fault transient
calculation considering the dynamics of the phase-locked
loop structure in photovoltaic power [17], and Xu et al. devel-
oped an estimation of current sensor faults on the inverter
side [18]. It is noteworthy that these studies address mostly a
single branch in specific scenario. It means that these methods
have high accuracy only at faulty branch.

Based on the above discussions, one should address the fol-
lowing points from the perspective of theoretical and practical
value:

1) The existing schemes do not provide a method to get
fault currents and node voltages simultaneously con-
sidering the control dynamics for MMC-based AC/DC
distribution networks.

2) The existing schemes based on simplified models pos-
sess high descriptive accuracy only at faulty lines,
which is defective for real-world applications.
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3) The existing schemes do not take the variation of
electrical network conditions into account so that
the robustness will be limited for the complex
topology.

To overcome the abovementioned issues, a novel fault
current estimation calculation approach tailored for AC/DC
distribution networks considering the control dynamics of
MMC is developed in this study. The main contribution of
this paper can be recited as follows:

1) This paper adopts the modified fault current estimation
strategy considering the control dynamics of MMC,
which provides a general methodology to get fault
currents and node voltages in an MMC-based AC/DC
distribution network.

2) The currents in branches that have no fault can be calcu-
lated correctly, which reveals a remarkable advantage
in protection setting to avoid maloperation.

3) This study compares the simulation value with the
calculated value under diverse electrical network con-
ditions, which shows the great potential and practicality
of the developed strategy.

The rest of the paper is organized as follows. The
AC/DC distribution network including modified fault equiv-
alent models of MMC and isolated loads is given in
Section II. In Section III, the novel current calculation
approach concerning MMC control is given. In Section IV,
the simulation comparison under different grid situa-
tions is built to demonstrate the superior applicabil-
ity of the proposed method. Section V concludes the
paper.

Remark 1: With the continuous development of distribu-
tion networks, AC distribution networks are gradually being
replaced by hybrid AC/DC distribution networks. There-
fore, efforts have been made to calculate the line fault
current before the protection design stage in the case of
grid-connected complex converter equipment. However, the
existing studies suffer from the following shortcomings:
1) the methodology is limited to HVDC transmission lines;
2) the control dynamics are insufficiently described; 3) the
verification sections rarely discuss the impact of the grid
voltage level and the load-breaker delay on the estimation
algorithm. Based on the above analysis, this paper proposes
a fault current calculation method considering MMC control
dynamics. Compared with the results of the literature [15],
for the first time, the fault equivalent model considering
the control dynamics is combined with the AC/DC distribu-
tion network containing isolated loads, which expands the
application scenario of this MMC fault equivalent model,
and enriches the equivalent representation of source cur-
rents associated with the control dynamics. In addition,
the comparative analysis has been carried out under vari-
ous conditions such as different fault resistances, different
voltage levels, and different circuit breaker delays, which
is more convincing than simply changing the monopolar
and bipolar structures from the perspective of real-world
applications.
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Il. AC/DC DISTRIBUTION NETWORKS

A. MMC FAULT EQUIVALENT MODEL

The three-phase structure of the MMC is displayed in Fig. 1.
Each phase is made up of upper and lower bridge arms,
and every bridge arm consists of submodules (SMs) con-
nected in series, each of which is a half-bridge structure
including insulated gate bipolar transistors (IGBTs) and
anti-parallel diodes. The shunt capacitor is Csys, and the
equivalent resistance and inductance on each arm are written
as Rym and L.

v ] |
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[sm] (Do [sm]

[sw ] ilsw] i[sw]
[s‘m\ws‘M\i[s‘\l\

FIGURE 1. Circuit diagram of MMC.

This paper selects the modified model derived from
average value theory, termed average value model (AVM),
displayed in Fig. 2., to represent the MMC. i, is the capacitor
current. uge is the DC voltage. The DC side of MMC is
approximated using RLC-equivalent circuits associated with
current sources that are restrained [20], in which there exists
an assumption that the converter has no losses, i.e., the
AC power can be transmitted into the DC side completely.

Using the detailed model parameters [21], the equivalent
capacitance C, can be formulated as

6Csm
C.= 1
©= Ny (1)

where Cgsys and Ngyy represents the capacitance and number
of sub-modules (SMs) in each arm. Based on the circuit
analysis, the equivalent inductance L, can be further obtained
as follows

@

Then, one can get the total equivalent resistance of the
MMC [22]:

_ 2(Rarm + ZRon)
i 3

where Ram and Lay represent the values of resistance and
inductance on each arm, and > R, represents all resistance
for the activated IGBT. By modeling the IGBT blocking state

R,
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with a diode instead of an ideal switch, the modified AVM
brings a huge enhancement to the DC current estimation.

Remark 2: The RLC equivalent model of MMC is usually
used to analyze its dynamic characteristics and design the
control strategy. The RLC equivalent model consists of the
following parts:

1) Capacitance:

There is a capacitor in each sub-module for energy storage
and output voltage smoothing. The total equivalent capaci-
tance of all sub-module capacitors can be viewed as one large
capacitor.

2) Resistance:

The equivalent resistance of the circuit elements in the
submodule, such as switching tubes and capacitors. This
equivalent resistance reflects the loss characteristics of the
converter.

3) Inductance:

Due to the presence of inductive components (such as filter
inductors and commutator inductors) in the converter, the
system will exhibit a certain reactance characteristic.

Combining the above parts, the RLC equivalent circuit
of MMC typically consists of an equivalent capacitance,
an equivalent resistance, and an equivalent inductance in
series.

In order to simplify the calculation, the average value
model (AVM) is used to obtain the corresponding component
parameters. Its rationality is mainly reflected in the following
aspects:

1) Simplification of complexity:

MMC has a large number of submodules, and directly
simulating the switching behaviors of all submodules is very
complex and computationally huge. The AVM greatly simpli-
fies the computational complexity by equivalent processing
of each sub-module, making it possible to simulate and ana-
lyze large-scale systems.

2) Capturing key dynamic characteristics:

Although the AVM simplifies the specific switching
behavior, it can effectively capture the key dynamic character-
istics, such as current and voltage trends, which is very useful
for designing control strategies.

3) Ease of control design:

Based on the AVM, designing and verifying control strate-
gies is easier. The AVM provides a smoother system response,
which helps in the tuning of controller parameters and perfor-
mance optimization.

In summary, the AVM have important application values
in power system analysis and control design. The reasonable-
ness of the AVM is mainly reflected in the simplification of
the analysis process of the complex system, and at the same
time, it can accurately reflect the dynamic characteristics,
which is convenient for the design and optimization of the
control strategy.

The total control scheme of the MMC includes outer volt-
age control and inner current control. The simplified control
diagram is displayed in Fig. 3. In general, the outer control
mainly includes power control (P), voltage control (V) and
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FIGURE 2. The diagram of AVM for MMC.
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FIGURE 3. Simplified control diagram of the MMC.

power voltage droop control (PV droop). Considering that
fault current estimation process only requires the knowledge
of the input-output relationships for MMC, the outer control
is mainly studied.
When the converter uses power control, the source cur-
rent i; can be obtained
P*
Iy = — “)
Ue
where P* is the AC control power and u, is the capacitor
voltage.
When the converter uses voltage control, the source current
can be obtained from the voltage control loop as follows.

i = kU w0+ ki [ Wi —wod )

where U, is the DC control voltage, and k, and k; represent
the proportional gain and integral gain, respectively.

When the converter uses power and voltage droop control,
the source current can be obtained from the control loop as
follows.

i = P* + [kpp(U,}kc —uc) + kpi f (U,}kc — uc)dt1Dge 6)

U

where Dy, is the droop control parameter, and kj, and kp;
represent the proportional gain and integral gain, respectively.
Besides, the reactive power control (Q) is also represented
in Fig.3.

B. THE AC/DC DISTRIBUTION NETWORK WITH ISOLATED
LOADS

In this paper, a four-terminal topology is adopted, and the
AC/DC distribution network containing isolated loads with
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FIGURE 4. Four-terminal AC/DC distribution network.

DC/DC converter is taken as the research object. The specific
topology is shown in Fig. 4. Each section of the overhead line
is replaced by an equivalent RL model.

To effectively inhibit the rapid discharge of the capacitor
on the high-voltage side of the DC/DC converter when a
short-circuit fault occurs in the main line, two switching
tubes in opposite directions are connected in series in the
high-voltage side capacitance circuit [23], shown in Fig. 5.
Associated with a short-circuit fault in the DC line, the
controlled IGBT gate signals S1 and S2 are disconnected,
and the circuit breaker of the DC/DC input port immediately
starts to act. Through the cooperation of S1 and S2 with
the circuit breaker, it can quickly cut off the capacitance
circuit and effectively prevent the charging and discharging
of the capacitor, thus ensuring that the fault current will be
decreased to zero. Therefore, it will not have an impact on
the fault current estimation accuracy.

= ER3

FIGURE 5. DC/DC converter.

a4 4® D T®
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Ill. FAULT CURRENT ESTIMATION CONSIDERING
CONTROL DYNAMICS

Using the improved AVM of MMC and the equivalent RL
model of the overhead line, this paper proposes a current
estimation calculation scheme based on coupled differential
equations for the pole-to-pole fault in AC/DC distribution
networks. The pole-to-pole fault is set at node 0, and the
AC/DC distribution network displayed in Fig. 4 can be sim-
plified into an equivalent circuit model in Fig. 6. iy =
[is1 isn ig3 is4]T denotes the source current vector which is
determined by MMC control, Ry is the fault resistance, R =
[Ret R2 Rz Real” and L = [Lei Lea Le3 Lea]” represent
the equivalent resistance and inductance for MMC, and C =
[C] Ca C3 C4]7 is the equivalent capacitance. The equivalent
resistance and inductance of each overhead transmission line
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is expressed in the form of Z. Z;; denotes the sum of the line
impedance from node i to node j. i;; denotes the line current
from node i to node j. u; denotes the voltage of node i. Ry
denotes the fault resistance.

FIGURE 6. Equivalent model of pole-to-pole fault circuits.

As shown in Fig.6, the system is decoupled into four
independent loops. Using Kirchhoff’s voltage law, the four
independent loops are expressed as following:

. dit
ur —up = 2R12 + Re1)itg + (2L12 + Lc1)7

. . d(i12 — i25)
+ Reo(i12 — i2s) +LC2T @)
. . d(izs — i12) .
up = Rea(ins — i) + ch—t + 2R35025
dirs . disg . .
+2Lys o + 2Rspisp + ZLSOW + Ro(i30 + is0)
(8)
. . d(izo +i34) . .
u3z = (i30 + i34)Re3 + LcsT + (i30 + i50)Ro
9
. . d(izo + i34)
uz — ug = Re3(i30 + i34) + LC3T
. dizg
+ (2R34 + Rea)izg + (2L34 + Lc4)? (10)

Since the fault occurred at node 0 near node 3, the corre-
sponding line impedance should be changed, i.e., L5y = Ls3.
Furthermore, node 5 is a node disconnecting with MMC,
80 ips = iso . Then the differential equations of each node can
be established [14], and the dynamics of the branch current
are given below

di

Au_R,z—i—Ltdt (11
where A is the correlation matrix, R; and L; represent the
matrix constructed by resistance and inductance. u and i rep-
resent the node voltage and the branch current, respectively.
The element of A is determined based on the node voltage
with respect to the branch in which it is located. When the
node voltage vector is u = [u] up u3 u4]T, the branch current
vector is i = [i12 izs5 i30 i34 i50]7 . At this time the correlation
matrix is

—1

(=]

(12)

S = = O O
—

N

I
cooc o~
o |

S oo~
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It is noteworthy that the last row of the correlation matrix
corresponds to all zero elements. Because there exists node
5 which is not in direct contact with MMC converters. It is
impossible to write the differential equations directly from
the RLC loop for node 5, and node 5 can only be indirectly
obtained from the other nodes’ differential equations.

The diagonal elements of R; and L, contain all the resis-
tors and inductors on the branch current path. The diagonal
elements of the branch ij are 2R;; + Re; + R and 2L;; +
L¢;+ L respectively. The non-diagonal elements indicate the
elements in the path through which the other branch currents
flow. The symbols of the non-diagonal elements indicate the
reference direction of the branch currents. Since the fault
location is directly connected to node 3, the resistance and
inductance matrices are collected as follows (13) and (14), as
shown at the bottom of the page.

The MMC current vector i, = [ig] -« -
from the branch currents

ii] can be obtained

i =—ATi (15)

Therefore, in the fault current estimation, it is possible to
consider the effect of source currents coming from different
control strategies [15]. Assuming no losses in converters,
uc can then be approximated as the node voltage u. Based
on Kirchhoff’s current law and the relationship between the
voltage u, and current i., one can obtain

du,
d—: = K(i. + i) (16)
where K = diag[clI S Ci’_], that is
c% 000
P 0 c% 0 0 an
o0 Lo
3 1
000 &

and iy is the source current, which is calculated according
to (4), (5), or (6). In power control, a constant source current
is obtained, i.e., ‘Zk = 0. In voltage control, the source current
derivative is obtained as

where Py, and Uy, represent the nominal power and volt-
age for MMC. When the MMC uses power and voltage droop
control, the ratio of Dy. and u. is too small because k),
is close to 0. Therefore, iy mainly consists of the reference
power of the MMC, and the contribution of the corresponding
station for i; can be approximated as a constant value, i.e.,
d“ = 0. It is necessary to add (18) to the coupled differential
equat1ons as shown in (11), and the spatiotemporal corre-
lation of the source currents has to be added to the voltage
differential equations to achieve the aim of considering the
influence of the control dynamics in the current estimation.

Further, the following set of coupled differential equations
can be obtained

up —up = 2R12 + Re1 + Re2)itn — Reains
dll d125
+ QL2+ Lo+ Leo)— 7l Lep—— o (19)
uy = —Rei12 + (2R25 + Reo)ins + Roizo
+ (Ro + 2Rs3)isp
dii dias dis
— Loy—— 2L Lo)—— + 2L 20
2 —+ ( 25+62)d 3 (20)
. . . dizo
u3 = (Ro + Rc3)i30 + Re3iz4 + Roiso + Lc37
dizg
Loz—— 21
+ 3 dr ( )
u3 — uq = Re3i30 + (2R34 + Re3 + Rea)izg
LT3 Ly + Loy + Lo P2 (22)
c3 dt 34 c3 cd dt
dis dirs
0= — - = 23
iso — 25 + —— o " (23)
duy 1
(it 24
7 Cl( i12 + is1) 24
duy % s+ i) (25)
— = —( — 1 l
4 gt
dus 1
o = C_3(_l30 — i34 +ig3) (26)
s Lt i) 27
— = —( i
dt C4 34 s4

For the convenience of the solution, the obtained coupled
differential equation is reduced to the first-order differen-

% Prom k(U — ue) — ky d_ (18) tial form, which can obtain the node voltage and branch
dt Ur%om o "t current. Owing to the fact that the obtained multivariate
[ 2R+ R +R2  —Re 0 0 0
—Re 2Ros+Re2 Ro 0 Ro + 2Rs3
R; = 0 0 Ro+ R R Ry (13)
0 0 Rz 2R34 + Rz + Rey 0
i 0 —1 0 0 1
[ 2Lio+ Lo+ Lo —Le 0 0 0
—Leo 2Ls+L2 O 0 2Ls3
L = 0 0 L Le3 0 (14)
0 0 L3 2l34+Ls+Les O
i 0 -1 0 0 1
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differential equations does not have an analytical solution,
we can improve the approximate accuracy of the numerical
solution by bringing in the fault transient data of the distribu-
tion network.

diyy _ w2 —ui — Reaios + @R12 + Ret + Reaita — Lo G

dr —QL1p + Ly + Leo)

(28)
{Leoup —Leoui +Leo(2R12+Re1 +Re2)ita—ReaLeains
+(2L12 + L1 + Le2)[—u2 — Rezin + Roizo+
dirs  (2Rz5 + Rey + 2L53)ix5 + (Rg + 2Rs3 — 2Ls3)i50]}

dt L2 — (2Los + Lo + 2Ls3)(2L12 + Lot + Leo)
(29)
di u u Ro + R. R .
dio _ us 4 _RotRs O i
dt L 2134+ Ley L¢3 2L34 + Ley
2R34 +Res Res . Ry Ro .
= — Dizg — (— + =——)iso
2L34 +Les Lea L3 2134+ Ley
diz4 _ —ug + Roizo — (2R34 + Re4)izq + Roiso 31)
dt 2L34 + Ley
di di
450 _ 4125 (32)
dt dt
duy 1
o it 33
o Cl( i12 +is1) (33)
duy 1. . .
ke C—2(112 — 25 +is2) (34
dus 1 . . .
== C—3(—l30 — i34 +is3) 35)
a1yt (36)
— = —U l
dt Ca 34 s4

The diagram of the fault current calculation scheme is
displayed in Fig. 7.

Decoupled analysis

| Constructing equations Tadged

+—|—* by(4)(5)(6)

A
Node voltage Branch current Control
equations (11) equations (16) dynamics

v v

Node voltage ¥;
Branch current %

h 4

End

FIGURE 7. The diagram of fault current calculation scheme.
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IV. VALIDATIONS

A four-terminal AC/DC distribution network is constructed
in PSCAD/EMTDOC to verity the correctness of fault current
estimation, and the improved fault equivalent model of MMC
used in this paper is compared with the MMC model without
considering the control dynamics. The simulation parameters
of the AC/DC grid are shown in Table 1. MMC parameters
are shown in Table 2, where ‘PQ’ means active power and
reactive power control, and ‘VQ’ means voltage and reactive
power control.

TABLE 1. Parameters of AC/DC grid.

Parameters Value
DC bus voltage +10kV
Faglt transition 001Q
resistance
Rated power 2 MW
Rated‘AC Vol}age at 10KV
the primary side
Rated AC voltage at
the secondary side kv
Equivalent resistance 0.006 Q/km
Equivalent inductance  0.001 H/km

MW = megawatt, Q = ohm, kV = kilovolt, km = kilometer, H = henry.

TABLE 2. Parameters of MMC.

EquivalentEquivalentNumber of Equivalent Control

Node i i i Reference
inductanceresistance sub-modules capacitance mode
1 0.02H 0.18Q 200 0.3mF PQ IMW
2 0.013H 0.12Q 200 0.45mF PQ 2MW
3 0.02H 0.18Q 200 0.03mF vQ 20kV
4 0.0077H _ 0.73Q 200 0.075mF PQ IMW

mF =microfarad.

Since the developed fault current estimation strategy is
solved by the oscillating circuit equations, the calculated val-
ues are only taken for the first ten milliseconds after the fault
occurs in order to keep the validity of estimation strategy.

Fig. 8 gives the comparison of the pole-to-pole fault cur-
rents of AC/DC distribution networks, where ‘Imp’ means
the improved method, ‘Tra’ means the traditional AVM
model without considering control dynamics, and ‘Sim’ rep-
resents the circuit simulation results. It can be found that the

04 Sim. 1

0.21 Ty s Ty

Current/kA
(=}

-0.2

-0.4 - -
1 1.002 1.004 1.006 1.008 1.01

Time/s

FIGURE 8. Comparison of pole-to-pole fault currents in AC/DC
distribution networks.
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developed method considering the MMC control dynamics
exhibits superior results, which are closer to the simula-
tion results than those by using the traditional equivalent
approach, for the branch that are not contact directly with
the faulted branch. In Fig.8, the fault transition resistance
is 0.01 Q. It is noteworthy that when the fault transition
resistance is rather small, the branch current in the faulted
branch will increase rapidly, which seems losing control.
Thus, the proposed method shows no much better than the
traditional approach in the faulted branch.

In order to give the detailed quantitative analysis, the mean
error rate (MER) Ry, is used as following

|
N2

i=1

SF—S;
S*

1

Riper = (37)

where S; is the calculated value, Sl.* is the simulation value,
and N is the number of total sampling points.

The MER in 10ms after the fault occurred are collected in
Table 3. The difference in MER between the two methods is
small in the faulty branch, but in the other branches where
faults do not occur directly, the proposed method possesses
the enhancement tremendously. Taking the branch current i1
as an example, the MER of the proposed method is reduced
by more than 50% against the traditional method. In addition,
the average MER of the improved method currents is less
than 0.126, while the traditional method’s average MER is
over 0.17.

TABLE 3. The MER of different methods.

Method i, Lys Iy
Tra 0.1881 0.1778 0.1463
Imp 0.0846  0.2054 0.0807

To confirm the validity of the fault current estimation in
distribution networks under different conditions, a compari-
son between calculated and simulated values is carried out for
different voltage levels, load circuit breaker delays, and fault
transition resistances. Fig. 9 shows the comparison results
when the voltage of the original medium-voltage distribution
networks is increased to 400 kV. We can see that branch cur-
rents using the improved method are closer to the simulated

Current/kA

|
1 1.002 1.004 1.006 1.008 1.01
Time/s

FIGURE 9. Comparison results between calculated values and simulation
results with 400kV.
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TABLE 4. The MER of different methods with the voltage level of 400KV.

Method i]2 izs i34
Tra 0.1859  0.2537 0.1205
Imp 0.0789  0.2730 0.0793

values than the traditional approach. The MER of different
methods are shown in Table 4. The MER of the improved
method also is less than the traditional one. Therefore, we can
conclude that the developed scheme can still maintain the
fault estimation accuracy under different voltage level grids.

The load can be isolated through the reverse series diode
and circuit breaker to avoid the impact on the current esti-
mation. However, the common circuit breaker is not yet
able to respond rapidly, so the response time delay for the
actual circuit breaker should be considered. In this paper,
the response time delay is set as 10ms. Fig. 10 shows the
comparison between the calculated values and the simulated
values with the response time delay of the circuit breaker.
The MER of different methods are shown in Table 5. It can
be found that the developed fault current estimation scheme
still has sufficient estimation accuracy against the traditional
method.

0.4
Imp. T, s
e
p Ty
02 by -y iy
< Lyt
5 o
=)
=
o]
-0.2
-0.4- -
1 1.002 1.004 1.006 1.008 1.01
Time/s

FIGURE 10. Comparison between the calculated values and simulation
results when circuit breaker delay exists.

TABLE 5. The MER of different methods under breaker delay.

Method I Lys Iy
Tra 0.2109  0.1683 0.1463
Imp 0.0820 0.1951 0.0807

When a non-metallic fault occurs, the fault resistance is
usually relatively high. Therefore, we also need to verify the
effectiveness of the proposed estimation strategy under fault
resistance variation. Fig. 11 shows the comparison results
under faulty transition resistance variation. The considered
faulty transition resistance is 10€2 in Fig. 11. It can be found
that this improved method is also able to estimate the line
current with a certain robustness under different transition
resistances. Table 6 demonstrates the MER of different meth-
ods. The MER of the improved method are totally lower than
the traditional method.
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FIGURE 11. Comparison of calculated values and simulated values when
transition resistance changes.

TABLE 6. The MER of different methods with the transition resistance
of 10Q.

Method il 2 i25 i34
Tra 0.2085  0.4741 0.1215
Imp 0.0824  0.3757 0.1007

Remark 3: Line faults not only cause sharp changes in
the current and voltage of the faulty line but also impact
neighboring non-faulty lines through electrical coupling.
To ensure the stable operation of the distribution network,
it is crucial to estimate these current variations in advance,
enabling the implementation of necessary protective mea-
sures. Understanding the current behavior of non-faulty lines
under fault conditions can help optimize the settings of pro-
tective devices, thereby avoiding the maloperation of the
protection equipment for non-faulty branches.

V. CONCLUSION

In this paper, a fault current estimation method is proposed,
which takes the control dynamics of MMC in AC/DC distri-
bution networks into consideration. On the basis of isolated
DC loads and the improved equivalent models of MMC,
a simplified circuit diagram is given. Besides, a chain of equa-
tions is gained. This paper achieves the accurate calculation of
each DC branch current using coupled differential equations.
From the quantitative analysis of different methods, it is easy
to say that the modified model used in this scheme can main-
tain about 90% accuracy in different branch currents which is
much better than the traditional model. Even in the different
grid situations, the improved method still outperforms the tra-
ditional one. In voltage level of 400kV, the improved method
shows better performance than the traditional one. Under
the breaker delay, the traditional method could only keep
80% accuracy in calculating the currents on the far branches
while the improved method keeps over 88% accuracy in each
branch. When the transition resistance is increased, the mean
error rates of traditional method are totally over the improved
method. Compared with simulation, this estimation method
reduces the time expense by calculating each DC branch
current of the distribution network, which is beneficial in the
design stage of grid protection. In the future, we can refine
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this method by taking more different situations into account,
such as sophisticated electrical networks with a large number
of distribution generations, high impedance fault, and timing
fault.
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