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ABSTRACT The accurate transient modeling of faulty DC microgrids is the basis of fault detection, fault
location and fault isolation. AC/DC and DC/DC converters keeps their normal control strategies until the fault
is detected. However, in existing researches, the influence of the control effect of converters is normally being
ignored in the transient characteristics of DC microgrids. This omission reduces the accuracy of the faulty
transient model. Thus, this paper proposes a transient modeling method for faulty DC microgrid considering
control effect of different DC/AC and DC/DC converters. Firstly, the transient characteristics of different
converters (including voltage source converter, boost circuit, bidirectional chopper circuit and buck circuit)
are analyzed. And then, the faulty transient model of ring-type DC microgrid is established. Furthermore,
the correctness of proposed modeling method is verified by comparing with the Control-hardware-in-loop
(CHIL) test system. The results show that the proposed method can not only improve the accuracy of transient
analysis of faulty DC microgrid, but also enhance the calculation efficiency.

INDEX TERMS DC microgrid, faulty transient modeling, control effect, converter.

I. INTRODUCTION
The DC microgrid, which belongs to DC distribution system,
is a promising concept in power system [1]. Compared with
traditional AC distribution grids, DC microgrids have two
unique advantages: 1) There is no concept of “phase’” in DC
microgrids, which means that the phase synchronization does
not need to be considered when AC distributed renewable
energies (DERs) are connected [2]; 2) Using DC microgrids
to connect with DC devices (such as photovoltaic (PV),
energy storage (ES)) can reduce the use of power electronic
switches, which makes the distribution systems more effi-
cient and economical [3]. Thus, DC microgrids have been
widely used in isolated islands power supply [4], [5], dis-
tributed generators (DG) connection [6], [7], asynchronous
AC grid interconnection [8], urban power supply [9], elec-
tric vehicle [10], [11] and data centers [12], etc. However,
DC fault protection has become a great challenge for DC
microgrids [13].

Fault detection, fault isolation and fault location are the
three basic elements of fault protection. Accurate transient
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modeling of the faulty DC microgrid is helpful for the
selection of the threshold in fault detection [14] and the
selection of the parameters of protection devices in fault
isolation [15]. Meanwhile, to achieve fault location, the faulty
currents obtained by the transient modeling can be used as
reference signals to compare with the sampled signals [16].
Therefore, the transient modeling of faulty DC microgrids is
the key to provide the analysis basis of fault detection, fault
location and fault isolation. The fault characteristic analysis
of DC microgrids can be divided into transient analysis for
system structures and transient analysis for AC/DC or DC/DC
converters.

The system structures of DC microgrids include radial
structure, ring structure and mesh structure [17]. The topolo-
gies of radial structure are simple. And each line is decoupled.
Thus, the fault loops of radial structure can be regarded as
resistance-inductance (RL) loops composed of short circuit
fault resistance, faulty line resistance and faulty line induc-
tance [18], [19]. In the ring structure, there are two paths
between the fault point and any node. Reference [20] discon-
nects the ring structure from the position, where farthest from
the fault point. The simplified ring structure is equivalent to
aradial structure centered on the fault point. The complexity
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FIGURE 1. Schematic of a ring-type DC microgrid with distributed energy access.

of the mesh structure is the highest, since the lines are cou-
pled with each other. In [21], the matrix expressions of the
lines currents in the mesh structure are derived. Furthermore,
to make the matrix solvable, the Dijkstra’s path algorithm
is used to eliminate the virtual nodes in the matrix. In [15],
the Kirchhoff voltage and current equations in the mesh-type
DC microgrid are given in the form of difference equations.
And the lines currents are iterated automatically. In summary,
the transient characteristics of various system structures have
been analyzed. Also, accurate transient models have been
established.

Voltage source converters (VSCs) and various DC/DC
converters are the most commonly used converters in DC
microgrids. Firstly, as analyzed in [18]-[22], the transient
current being injected from VSCs can be divided into three
parts: 1) The discharge current of DC-link capacitor of VSCs;
2) The discharge current provided by the line inductance
through the freewheeling diode in VSCs; 3) Short circuit
current provided by the AC system through the freewheel-
ing diode in VSCs. Unlike VSCs, there are various DC/DC
converter topologies connected with different control objects.
The numerical analysis for a DC microgrid with PV was
derived in [23]. The results show that the contribution of PV
to faults cannot be neglected. Bidirectional chopper circuit is
normally used to connect with an ES in DC microgrid [24].
The analysis in [24] shows that the ES contributes to faults
when the ground faults occur. The equivalent circuits at dif-
ferent stages of DC/DC converters connected with PV and
ES were established in [25]. Moreover, comprehensive com-
parisons among them have also been investigated. Overall,
there have existing researches on the transient modeling of
converters in the faulty situation. However, the currents being
injected from converters were ignored during the period from
fault occurrence to fault detection in previous researches,
which reduces the accuracy of fault transient model.

The period from fault occurrence to fault detection
is the most important stage on fault transient analysis.
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And depending on the severity of fault, the time scale of this
period ranges from a few milliseconds to tens of milliseconds.
For better performance on fault detection, location and iso-
lation, it is necessary to consider the contribution of currents
being injected from converters. Since the fault is not detected,
the switches in converters are not blocked at this period. And
the control systems keep the normal control strategy at this
period. To figure out the contribution of fault current being
injected from converters, it is necessary to analyze the control
effect of converters on the fault transient characteristic.

Under this situation, the transient modeling and anal-
ysis of power electronic converters in faulty DC micro-
grids are accomplished in this paper. The main contributions
of this paper can be described as following: 1) The tran-
sient responses of power electronic converters (VSC, boost
circuit, buck circuit and bidirectional chopper circuit) are
modelled and analyzed; 2) A transient modeling method
for faulty ring-type DC microgrids is proposed. In addi-
tion, the proposed method can be implemented by computer
automatically and applied in fault detection, fault location and
other situations easily.

The rest of this paper is organized as follows: Section II
presents the transient fault analysis problem for DC micro-
grids; Section III analyzes the transient characteristics of
DC/AC converter and DC/DC converter in a faulty ring-type
DC microgrid; The numerical analysis of the error between
the transient calculation model and the Control-hardware-
in-loop (CHIL) test system is completed in Section IV;
Section V draws the conclusion.

Il. PROBLEM STATEMENT

A. RING-TYPE DC MICROGRID WITH DISTRIBUTED
ENERGIES ACCESS

The classic ring-type DC microgrids connected with the dis-
tributed energies is taken as the case study in this paper. The
schematic of the ring-type DC microgrid is shown in Fig. 1.
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This system connects to a variety of AC units and DC units.
The AC grid and wind farm (WD) are AC units connected to
the DC microgrids by VSCs. While, the PV, battery, super
capacitor and DC load are DC units connected to the DC
microgrids by various DC/DC converters (including boost
circuit, buck circuit and bidirectional chopper circuit).

Enable isolation

devices
Normal operation Faulty operation |
I To Threak I Teal |
to hL 173 B -
Fault Fault Fault Fault
Occurs Detected Isolated Located

FIGURE 2. Post-fault process in a DC microgrid.

B. POST-FAULT PROCESS OF THE DC MICROGRID

Fault detection, fault isolation and fault location are the three
basic elements of fault protection. And the moments of fault
detection, fault isolation, fault location is shown in Fig. 2.
Assuming that a fault occurs at #y. Firstly, the fault will be
detected at 71 by the fault detection devices. Once the fault
is detected, the fault isolation devices will be enabled and
the switches in converters will be blocked immediately. The
fault isolation devices will isolate faulty line at #, to ensure
the normal operation of other healthy lines. While the fault
position will be located at 73 to ensure the fault be repaired
timely. The accurate transient modeling of the DC microgrid
during the period from fault occurrence to fault detection is
helpful for the selection of the threshold in fault detection and
the selection of the parameters of isolation devices. Mean-
while, the faulty currents and nodes voltages obtained by the
transient modeling can be used as reference signals compared
with the sampled signals in fault location. The use in fault
detection and fault location can be found in [26]. While,
the use for the selection of parameters of isolation devices
can be found in [27].
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| DC
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FIGURE 3. Relationship between DC microgrid and converter.

The control systems in converters will keep their normal
control strategies during the period from fault occurrence to
fault detection. And the control systems affect the changes
of the currents i.,, being injected from converters. However,
as shown in Fig. 3, the currents iy, are ignored during
the period from fault occurrence to fault detection in previ-
ous researches [18]-[25], which will reduce the accuracy of
fault transient analysis. Thus, it is necessary to establish a
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transient calculation model that considers the currents icyy,
which are related to the effect of control systems in different
converters.

IIl. TRANSIENT ANALYSIS OF FAULTY DC MICROGRID
The transient characteristic of converters is analyzed in this
section. Firstly, the transient models of each converter are
established. Secondly, to analyze the accuracy of the tran-
sient models of converters in a whole DC microgrid, the tran-
sient model of each converter is combined to achieve the
transient model of the ring-type DC microgrid.
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FIGURE 4. The topology and control diagram of VSC.

A. MODEL OF AC/DC CONVERTERS IN FAULTY

DC MICROGRID

VSC normally works as DC/AC converter to connect with
AC grids or WFs in DC microgrids. The topology and control
diagram of VSC is shown in Fig. 4. DC-link voltage control
is used in VSC, which connects with AC grids, to stabilize
DC-link voltage. While active power control is used in VSC,
which connects with WFs, to regulate active power. More-
over, the double closed loop control with PI controllers is the
commonly control method used in VSC.

The transient analysis of VSC is divided into three stages.
The first stage is the establishment of the relationship
between output (reference voltage of AC side, which defines
as Uy, and UZ,) and input (including DC-link voltage Ugc,
active power P, reactive power Q,, current of AC side i
and voltage of AC side Uy) in control system. The second
stage is the establishment of the relationship between output
(modulation current of VSC, which defines as U.4 and U.y)
and input (U;; and UZ,) in modulation. The third stage is the
establishment of the relationship between output (Py¢, Quc, is
and injection current ic,) and input (U, and Ugy) in
hardware circuit.

The first stage: the output Uy, and U/ in difference form
can be expressed as:

Upg (k) = uca1 (k) + ucaz(k) + uca3(k) 0
Uc*q(k) = Ucgql (k) + uch(k) + Mcq3(k)

150761



IEEE Access

L. Kong, H. Nian: Transient Modeling Method for Faulty DC Microgrid Considering Control Effect

where
T Tc? + (T + 2)e + 1
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eq(k) = Kpg - [—— - igq(k)+ ——— - igy(k—1)]
CTi4 CTi4

—H/thz(k -1
Mcq3(k) = —wLgcisq(k)

where Kpa and tio are proportional coefficients and integral
time constants of PI controller «, R stands for P,. in active
power control, R stands for U, in DC-link voltage control,
c = 2/T, Ty is sample time, w is AC frequency, L, is
inductance of AC lines.

The second stage: since the modulation of the VSC maybe
saturate after fault, the output (Ucq, Usy) of modulation is

not equal to input (U}, Uc*q) after U} > Upc /3. Thus,

in the second stage, the output U, and U, in difference form
can be expressed as:

U ) = Ve ) Uz ®)
V3w wor + Wy o “
, U (k

ch (k) _ Udc (k) cq( )

V3w wr + Wy oy

The third stage: the expressions of Puc, Quc, ia, ig and icoy
can be expressed as (5) according to [28]:
Pac(k + 1) = Usd(k) . isd(k)
Qac(k + 1) = - sd(k) ' isq(k)

. . AT
isa(k + 1) = isa (k) +
Lac

[@Lacisg(k) + Usa (k) = Uea (k)] )
AT
isq(k +D= isq(k) + L_ac[_wLacisd(k) - ch(k)]
Uca(k) - isa(k) + ch(k) . isq(k)
Uac(k)

icov(k +D=
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Through the iteration calculation of (1), (4) and (5),
the changes of state variables in VSC before fault detection
can be calculated.

B. MODEL OF DC/DC CONVERTERS IN FAULTY

DC MICROGRID

Unlike VSC, there are various topologies of DC/DC convert-
ers connected with different objects. This Part analyzes the
transient characteristics of PV, ES (battery and super capaci-
tor) and DC load. Meanwhile, the transient characteristics of
converters corresponding to the DC units are also analyzed.

iy ic T4
3 .
oy

g |
Ly --}1-
+ w ]
U !..| | ::J DC
7 I L Cp @ |microgrid|
L= |

FIGURE 5. The topologies of boost circuit.

1) PHOTOVOLTAICS AND ITS CONVERTERS

Boost circuit is normally worked as DC/DC converter in
DC microgrid to connect with PVs. The topologies of boost
circuit are shown in Fig. 5. To maximize PV power transmis-
sion, Incremental conductance method, which is a popular
maximum power point tracking (MPPT) method, is used
as the control strategy of boost circuit. The description of
incremental conductance method can be found in [29].

The characteristic of PV can be expressed as:

a(uprtipv-Rs) Upy + Iy - R
ip\,:Np.]p—Np.]o|:g Ny-AKT _1j|_PVR—ZVS
Y

Q)

where I, is the short circuit current of PV, Iy is the reverse
saturation current of diode, R, and Ry, are series and parallel
internal resistances, g is elementary charge, A is the quality
factor of diode, K is Boltzmann constant, 7" is temperature,
Ny and N,, are the number of series and parallel photovoltaic
cells.

According to (6), the ratio of the rate of the change of
current dij,, and voltage dUp, can be expressed as:

_athlo | ruwe) 1

dipy (k + 1) N,AKT Ry

dUpy (k + 1) - (1 Ry gNpIoR; q(Ul"’(")*'R-?‘iPV(")))
—_— e

> Ns-AKT

Ry, N,AKT
(N

The DC-link voltage Uy decreases immediately after fault
occurs. Because the transient characteristics of Uy, changes
rapidly, and the regulation of closed-loop of MTTP has hys-
teresis, Uy, will drop along with Ug.. According to the I-U
curve of a single PV cell shown in Fig. 6, the working point of
the PV system shifts to the left. Therefore, a constant current
source is used to replace the output current of PV. Finally,
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FIGURE 6. /-U and P-V characteristic curve of PVs: a) I-U characteristic
curve, b)P-V characteristic curve.

ipy and Up, can be expressed as:

iy (k + 1) & iy 0)
Upy (k+1) = Uge (k) - (1 — 8pv (k))
where Uy is the DC-link voltage, g, is the duty cycle of

IGBT.
And the change of duty cycle g, can be expressed as:

®

di i
gpv (k + 1) = gpy (k) + Agpy if oo

du, U
diyy e ©)
gy (k + 1) = gpy (k) — Agpy ldepv + Upr >0

where the constant value Agp, is the rate of change in duty
cycle. Because the step size of the change of duty cycle has
little influence on efficiency [30], fixed step size is used for
the change of duty cycle.

Moreover, when the control system of boost circuit is
saturated, g,, needs to be modified by:

if gpv(k) > &pv max

. (10)
if gpu(k) < gpvmin

8pvmin;

The expressions of variables in PV and its converters can
be expressed as:

{ ipy (k + 1) = iy (k)

11
icov (k + 1) = (1 = gpy (k) - ipy (k) (an

DC
microgrid|

FIGURE 7. The topology and control diagram of bidirectional chopper
circuit.

2) ENERGY STORAGE AND ITS CONVERTERS

The bidirectional chopper circuit is normally worked as
DC/DC converter to connect with ESs in DC microgrids. The
topology of bidirectional chopper circuit is shown as Fig. 7 a).
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DC-link voltage control is normally used in bidirectional
chopper circuit to stabilize DC-link voltage. And the control
diagram is shown as Fig. 7 b). Batteries and super capacitors
are two complementary ESs. The batteries have high energy
density but have slow power regulation speed. In contrast, the
super capacitors have fast power regulation speed but have
low energy density.

Since the life of batteries decreases as the number of
charges and discharges increases, the high frequency compo-
nent of inputs is generally filtered out in the control system of
batteries. Because the short circuit fault is a high frequency
power fluctuation, the output of control system for battery is
considered unchanged from fault occurrence to fault detec-
tion. Thus, the expression of i.,, can be expressed as:

Lcov (k + 1) = lcoy (k)
bt (k) - [Upr (0) — gpe (k) Uac (k)]
+ .
Ly

AT
12)

where gj; is the output of control system, Uy, is the voltage
of battery, Ly, is the inductance of DC line.

The power regulation speed of super capacitors is fast.
Once a fault occurs in DC microgrid, the super capaci-
tor injects power immediately to suppress the dropping of
DC-link voltage. The transient analysis of bidirectional chop-
per circuit for super capacitors is similar to the transient
analysis of VSC and also can be divided into three stages.

The first stage is the establishment of the relationship
between output g and input (Uy. and iy ) in control system.
The expression of g} can be expressed as:

gi(k) = g (k) + g (k) (13)
where
2
Ti5TieC” + (Tis + Tig)c + 1
gsl(k)=Kp5'Kp6'[l ' : 21
Ti5Ti6C
(Uge — Uge(k))
2 — 21i5Ti6Ct
+ 2T (U, — Uaelk — 1)
Ti5Ti6C N
+TiSTi6C —(us + g+ 1 (14)
Tj5 TigC?
(U, — Ugelk — 21+ 2g51(k — 1) — g1 (k — 2)
I+ctis I—ctis
gs2(k)=—Kpe - [ “ige(k)+ ige(k—1)]
CTi6 CTi6
+gs2(k — 1)

where Kpo and tio are proportional coefficients and integral
time constants of PI controller «, ¢ = 2/Ty, Ty is sample time.

The second stage is the establishment of the relationship
between output g; and input g¥ in modulation. The expression
of g, can be expressed as:

&smax» ifg}k(k) > &smax
gstk) = g?(k), if gymax > gf(k) > &smin (15)
&smin> ifgjf(k) =< &smin

150763



IEEE Access

L. Kong, H. Nian: Transient Modeling Method for Faulty DC Microgrid Considering Control Effect

The third stage is establishment of the relationship between
output (Us, isc and iz, ) and input g in hardware circuit. The
expressions of those above variables can be expressed as:

AT .
Usctk +1) = Uge(k) — C_ ~Ige(k)

sc

. . A (16)
isc(k + 1) = ige(k) + I [Use(k) — gs(k) - Uge(k)]

icov(k + 1) = gs(k) - isc(k)

L ;_5—%-‘ ] |
+ A +
DC = = DC
Loadll " U_]d Cua ® Ca Ui‘ microgrid|

FIGURE 8. The topology and control diagram of buck circuit: a) topology
of buck circuit, b) control diagram of buck circuit.

3) DC LOAD AND ITS CONVERTERS
Buck circuit is normally worked as DC/DC converter in DC
microgrid to connect with DC load. The topology and control
diagram of buck circuit is shown in Fig. 8. DC-link voltage
control is normally used to stabilize voltage Uj; of DC load.
Similar to the derivation of bidirectional chopper circuit for
super capacitors, the transient analysis of buck circuit for DC
loads can also be divided into three stages.
The first stage is the establishment of the relationship
between output g;‘ and input (Uy. and iy ) in control system.
The expression of gf can be expressed as:

g/ (k) = g (k) + gra(k) (17
where

2
Ti7Ti8c” + (ti7 + Tig)c + 1
gn(k) = Kp7 - Kpg - [— . zl
Ti7Ti8C
(U — Una(k))
2— 2‘['7T'8C2
+ T WUy — Utk — 1)

Ti7Ti8C

+Ti7fi802 — (@ tmuge+1 (18)
Ti7TigC?
Uy = Ua(k =2)]1 + 2gn(k = 1) — gk — 2)
1 +ctg . 1 —ctg
gnk) = —Kpyg - [ = (k) + :
cTi8 CcTi8

gk — D]+ gtk — 1)

where Kpa and tio are proportional coefficients and integral
time constants of PI controller o, c = 2/Ty, T is sample time,
Uy is the voltage of DC load, ij4 is the current of DC load.
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The second stage is the establishment of the relationship
between output g; and input g; in modulation. The expression
of g can be expressed as:

&1 max, ifg}k(k) > &1 max
gitk) = { g/ k), if grmax = &' (k) > gimin (19)
&l min» ifg?‘(k) = &/ min

The third stage is the establishment of the relationship
between output (Uyy, ijg and ics) and input g; in hardware
circuit. The expressions of those above variables can be
expressed as:

AT
Uik + 1) = Uy (k) + I (Wi (k) /ria — ijq (k)]

AT
ik + 1) = k) + 71U = 16 - Uaelh)] (20)
icov(k + 1) - gl(k) . ild(k)

C. TRANSIENT ANALYSIS OF FAULTY DC MICROGRID
According to [27], there are only two kinds of variables
(nodes voltages and lines currents) in system structures of DC
microgrids. And the difference expressions of nodes voltages
and lines currents can be expressed as:

N
icov_i (k) — Z iir (k)
i G+ 1) =iy ()2 B =1 (’Z) —a(-R
I

where u; is the voltage of node i, i; is the current of line /, ij is
the current from node i to node k, iz, ; is the current from
converter of node 7, C; is the capacitance of node i, R; and L;
are the resistance and inductance of line /.

[ Line-p |
|<— Line-p I—k— Line-p2 —>|
Node-m 't Noden__ ' Nodek
+ + +
Uy —— Fault [, A

FIGURE 9. Faulty line in DC microgrid.

Taking pole-to-pole short circuit fault as an example and
supposing a fault occurs on line p. The faulty line is shown
in Fig. 9. A faulty node n and two DC lines pj, p are
denoted following the occurrence of the fault. The voltage of
node n and currents of lines p1, p» can be expressed as (22).
The difference expressions of other nodes voltages and lines
currents still use (21).

up (k +1) = (ipl (k) — ip2 (k)) - Reauir
Uy (k) —uy (k)_ipl (k) - Ry

ipl (k+ 1)=ip1 k)+ " AT
p .
ipz k+1) = ip2 (k)+u" (k) —ug (kL);llﬂ (k) - Rp2 AT
P
(22)

VOLUME 8, 2020



L. Kong, H. Nian: Transient Modeling Method for Faulty DC Microgrid Considering Control Effect

IEEE Access

where uy,, u,, uy are the voltages of node n, m, k; iy; and iy
are the currents of line py and p7; Ry is the fault resistance;
Rp1, Ry and Ly, Ly are the resistances and inductances of
line p; and p,. AT is the size of iteration step.

Based on the above analysis, the transient analysis pro-
cess of a ring-type DC microgrid is iterated by three parts:
transient modeling of AC units and their converters; transient
modeling of DC units and their converters; and transient
modeling of variables in system structures of DC microgrids.
Finally, the process of transient analysis of a DC microgrid is

shown as Fig. 10.

DC/AC converters connected [~ —~
to different units: updating of |® |
state variables in DC/AC
converters.

v

DC/DC converters connected —
to different units: updating of =
state variables in DC/DC —'—

converters. —

DC Line Model: updating of]
node voltages, branch currents.

Ring-Type
DC Microgrid

FIGURE 10. Transient analysis process of ring-type DC microgrid.

IV. NUMERICAL ANALYSIS

The transient calculation models are coded as M-code in
Matlab. And the faulty DC microgrid is run in Typhoon 602+
CHIL test system. The accuracy of the transient calculation
models is validated by the comparison with the CHIL test sys-
tem. In addition, to decouple the analysis of each converter’s
modeling, the converters are connected to the ideal DC grid
respectively. To verify the accuracy of converters’ models in
a whole DC microgrid, the converters are connected through
a ring-type DC microgrid.

A. CONTROL-HARDWARE-IN-LOOP TEST SYSTEM

The experiment platform based on CHIL is shown as
Fig. 11. Firstly, the experiment scenarios of DC micro-
grid are designed in CHIL platform of Typhoon 602+.
And the time step of Typhoon 602+ is 1us. Meanwhile,
the control systems of various converters are implemented
in TMS32028335DSP+ Spartan 6XC6SLX16FPGA control
board and the modulation frequency is 10kHz.
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FIGURE 11. Experiment platform based on CHIL.
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FIGURE 12. The Structure of Test System of AC/DC and DC/DC converters.

B. VALIDATION OF TRANSIENT MODELING

OF CONVERTERS

1) STRUCTURE AND PARAMETERS OF TEST SYSTEM

The structure of test system of AC/DC and DC/DC converters
are shown as Fig. 12. And the test system can be divided into
four parts. Firstly, part 1 is the connected AC or DC units,
including AC grid, WF, PV, ES (battery and super capacitor)
and DC load. Secondly, part 2 is the converters corresponding
to various units: AC grid uses VSC controlled by DC-link
voltage control, and the voltage is set as 1000V; WF uses VSC
controlled by active power control, and the output power is set
as 100kW; PV uses boost circuit controlled by MPPT; ES uses
bidirectional chopper circuit controlled by DC-link voltage
control, and the voltage is set as 1000V; DC load uses buck
circuit controlled by DC-link voltage control, and the voltage
of DC load is set as 300V. Thirdly, part 3 includes the DC-link
capacitor and DC line. The capacitance of capacitor is set as
8000uF. The length, resistance and inductance of DC line is
set as 3km, 0.2Q2 and 4mH. Finally, part 4 is a DC voltage
source, which is used as an equivalent for the DC microgrid.
And the voltage Uyyy is set as 960V.

It is assumed that pole-to-pole faults occur at midpoint of
DC line. And to simulate different fault degrees, the fault
resistance takes the values of 142, 1m<2, 0.1%2, 0.2Q2 and
0.4Q2. And transients characteristics of this test system are
analyzed through CHIL test system, calculation model pro-
posed in this paper and calculation model ignoring i.,. More-
over, the absolute error is used to compare the calculation
results and CHIL results.

The errors of Uy and igz. are related to i.,,. However,
the currents i, being injected from converters are ignored
in previous researches [18]—[25]. Thus, the modeling method
of ignoring the currents i, is used for comparison. And the
structure of test system using pervious researches’ modeling
method is shown as Fig. 13.
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FIGURE 13. The structure of test system in pervious researches.
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2) VALIDATION OF VSC CONNECTED WITH AC GIRD

Taking the fault resistance of 0.1<2 as an example, the wave-
form of DC-link voltage Uy, line current ij. and i, (filtered
through 500Hz) of the test system connected with AC grid are
shown as Fig. 14. And the errors of the proposed calculation
model and the calculation model ignoring i.,, compared with
the CHIL test system are shown in Fig. 15. It can be found that
icoy Obtained by calculation model is similar to i.,, obtained
by CHIL. The current i.,, has the maximum error at the
period from 3ms to 8ms. And the maximum error of i,y is
less than 10A. Furthermore, since i.,, is considered in the
calculation of U, and i4., the maximum errors of Uy. and
i4c by calculation method and CHIL are 10.87V and 11.07A.
Otherwise, the errors of Uy and iyz. will reach 124.98V and
126.57A when i, is not considered in calculation method.
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TABLE 1. The error of Uy and iy, under different fault resistances.

The Error of U,. under Different Fault Resistances
Fault Ignored Injected Current Considering Control System
Resistance  Max Min Avg Max Min Avg
1uQ 107.71 1.33 59.82 6.90 0.15 2.80
1mQ 111.21 3.33 62.46 9.91 0.37 4.53
0.1Q 124.98 2.67 63.99 10.87 1.07 4.68
0.2Q 135.84 2.00 64.59 11.45 0.69 5.01
0.4Q 147.67 2.00 65.54 17.28 0.63 6.10
The Error of i,. under Different Fault Resistances

Fault Ignored Injected Current Considering Control System
Resistance Max Min Avg Max Min Avg
1pQ 128.77 0 46.64 9.92 0 3.87

1mQ 131.57 0.15 45.54 8.47 0.09 2.90
0.1Q 126.57 0.08 4431 11.07 0.09 3.64
0.2Q 120.13 0.18 42.86 12.97 0.08 4.00
0.4Q 112.24 2.56 40.46 12.92 0.22 4.44

The more detailed error results under different fault resis-
tances (1x2, ImS2, 0.12, 0.2 and 0.4Q2) are shown in
Table 1. When i.,, is not considered in calculation method,
the maximum errors of Uy, are greater than 107V and the
average errors of Uy, are greater than 59V. The maximum
errors of iy, are greater than 112A, and the average errors of
ige are greater than 40A. On the contrary, when the transient
characteristics of VSC and the corresponding injected current
icoy are considered, the maximum errors of U, are less than
18V and the average errors of Uy, are less than 6V. The
maximum errors of igz. are less than 13A, and the average
errors of iy are less than SA.
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FIGURE 16. Waveform of DC-link voltage Uy, line current ig. and icoy.

3) VALIDATION OF VSC CONNECTED WITH WF

Taking the fault resistance of 0.1<2 as an example, the wave-
form of DC-link voltage Uy, line current iy, and i, (filtered
through 500Hz) of the test system connected with WF are
shown as Fig. 16. And the errors of the proposed calculation
model and the calculation model ignoring i.,, compared with
the CHIL test system are shown in Fig. 17. It can be found that
the trend of i.,, calculated by the proposed method is similar
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to that in CHIL test system. The error of i, is less than 5A
within 7ms from fault occurs. And the maximum error of i.,,
is less than 15A within 10ms from fault occurs. Furthermore,
since i.,, is considered in the calculation of U, and iy,
the maximum errors of Uy, and iy are 27.78V and 14.39A.
Otherwise, the errors of Uy and iz will reach 167.98V and
138.91A when i, is not considered in calculation method.

The more detailed error results under different fault resis-
tances (1u2, ImS, 0.1, 0.2 and 0.4Q2) are shown in
Table 2. When i.,, is not considered in calculation method,
the maximum errors of Uy, are greater than 139V and the
average errors of Uy, are greater than 74V. The maximum
errors of iy, are greater than 109A, and the average errors of
ige are greater than 40A. On the contrary, when the transient
characteristics of VSC and the corresponding injected current
icoy are considered, the maximum errors of Uy are less than
42V and the average errors of Uy, are less than 19V.The
maximum errors of igz. are less than 24A, and the average
errors of ij. are less than 11A.

TABLE 2. The error of Uy, and iy under different fault resistances.

The Error of U,. under Different Fault Resistances

Fault Ignored Injected Current Considering Control System
Resistance  Max Min Avg Max Min Avg

1pQ 191.07 2.67 94.40 41.05 2.67 18.57
ImQ 188.23 3.33 91.55 38.10 3.33 15.74
0.1Q 167.98 3.33 83.83 27.78 3.33 12.80
0.2Q 151.50 3.33 74.40 18.31 2.70 11.89
0.4Q 139.67 333 75.06 18.92 3.33 15.06

The Error of i,. under Different Fault Resistances

Fault Ignored Injected Current Considering Control System
Resistance  Max Min Avg Max Min Avg
1pQ 154.43 0 49.56 23.10 0 10.92
ImQ 154.20 2.43 49.36 17.01 0 7.94
0.1Q 138.91 0.53 47.12 14.39 0 5.11

0.2Q 12480  13.18 50.00 19.47 2.61 9.52
0.4Q 109.81 0.21 40.58 12.00 0.23 451

4) VALIDATION OF BOOST CIRCUIT CONNECTED WITH PV

Taking the fault resistance of 0.12 as an example, the wave-
form of DC-link voltage Uy, line current i, and i, (filtered
through 500Hz) of the test system connected with PV are
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FIGURE 19. Error of DC-link voltage Uy, line current iz and icov.

shown as Fig. 18. And the errors of the proposed calculation
model and the calculation model ignoring i, compared with
the CHIL test system are shown in Fig. 19. It can be found
that ripples exist in i.,, obtained by CHIL, and the frequency
is SkHz. This is because the duty cycle in control system
varies by a fixed step size. Since the boost circuit is simplified
by mean value model, the ripples are not reflected in the
proposed calculation model. Despite the ripples, the error is
less than 4A within 10ms after fault occurs. Furthermore,
since i.,, is considered in the calculation of U,;. and i4,
the maximum errors of U, and i;. are 5.40V and 7.62A.
Otherwise, the errors of Uy, and igz. will reach 85.72V and
101.58A when i, is not considered in calculation method.
The detailed error results under different fault resistances
(12, Im2, 0.122, 0.222 and 0.42) are shown in Table 3.
When i, is not considered in calculation method, the maxi-
mum errors of Uy, are greater than 85V and the average errors
of Uy, are greater than 50V. The maximum errors of iy are
greater than 88A, and the average errors of iy. are greater
than 35A. On the contrary, when the transient characteristics
of boost circuit and the corresponding injected current i,
are considered, the maximum errors of Uy, are less than 13V
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TABLE 3. The error of Uy and iy, under different fault resistances.

The Error of U,. under Different Fault Resistances
Fault Ignored Injected Current Considering Control System
Resistance Max Min Avg Max Min Avg
1pQ 95.90 3.67 59.06 12.13 2.32 7.87
ImQ 91.09 2.40 55.25 8.15 0.67 4.05
0.1Q 85.72 3.00 50.28 5.40 0.05 1.93
0.2Q 92.09 1.00 55.22 5.73 1.00 3.25
0.4Q 92.93 2.33 55.11 6.06 0.71 2.57
The Error of i, under Different Fault Resistances

Fault Ignored Injected Current Considering Control System
Resistance Max Min Avg Max Min Avg

1pQ 117.43 0 41.57 13.77 0.16 6.40

ImQ  112.87 0 41.88 8.86 0 2.99

0.1Q 101.58 9.59 44.14 7.62 0.08 2.80
0.2Q 101.46 0.18 38.65 6.83 0.03 2.52
0.4Q 88.90 0.09 35.76 6.10 0.08 2.04

and the average errors of Uy, are less than 8V.The maximum
errors of iy are less than 14A, and the average errors of ig.
are less than 7A.
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FIGURE 20. Waveform of DC-link voltage Uy, line current ig. and icoy.

5) VALIDATION OF BIDIRECTIONAL CHOPPER CIRCUIT
CONNECTED WITH ES

Taking the fault resistance of 0.1<2 as an example, the wave-
form of DC-link voltage Uy, line current ige and i.,, (filtered
through 500Hz) of the test system connected with battery are
shown as Fig. 20. And the errors of the proposed calculation
model and the calculation model ignoring i.,, compared
with the CHIL test system are shown in Fig. 21. Because
the life of batteries decreases as the number of charges and
discharges increases, the high frequency component of inputs
is generally filtered out in the control system of batteries.
The short circuit fault is a high frequency power fluctuation.
Therefore, in the proposed calculation model, the output of
control system for battery is considered unchanged from
fault occurrence to fault detection. Although the approximate
processing of control system results in a monotonic increase
of i.y,’s error, the error is less than 10A within 10ms after

150768

>

S —

S 100F [ igmoing

= -

A i . ot
0 —

s 0 2 4 @ 6 8 10

«

= L |2 Calculati

F1000 |5 ning 2,

S sof

g 0 ?~ S VS N e o

|0 2 4w 6 8 10

< 10

g st

5

=0 & 1 1

a0 2 4 @y 6 8 10

Time/ms

FIGURE 21. Error of DC-link voltage Uy, line current iy and icov-

fault occurs Furthermore, since i.,, is considered in the cal-
culation of Uy and i;., the maximum errors of Uy and iz,
are 27.72V and 12.53A. Otherwise, the errors of U and iy,
will reach 135.64V and 126.57A when i, is not considered
in calculation method.

The detailed error results under different fault resistances
(12, ImS2, 0.122, 0.22 and 0.4€2) are shown in Table 4.
When i.,, is not considered in calculation method, the max-
imum errors of Uy are greater than 132V and the average
errors of Uy, are greater than 61V. The maximum errors of iy,
are greater than 107A, and the average errors of iy are greater
than 40A. On the contrary, when the transient characteris-
tics of bidirectional chopper circuit and the corresponding
injected current i.,, are considered, the maximum errors of
U, are less than 28V and the average errors of Uy, are less
than 8V.The maximum errors of i . are less than 13A, and the
average errors of ij. are less than 7A.

TABLE 4. The error of Uy and iy under different fault resistances.

The Error of U,. under Different Fault Resistances

Fault Ignored Injected Current Considering Control System
Resistance  Max Min Avg Max Min Avg
1uQ 143.41 3.67 66.32 25.20 0.03 6.16

1ImQ 140.56 3.67 65.10 27.99 0.01 6.26

0.1Q 135.64 2.33 61.56 27.72 0.07 7.51

0.2Q 136.50 3.00 64.48 21.80 0 5.43

0.4Q 132.01 3.00 63.56 18.34 0.01 4.70
The Error of i,. under Different Fault Resistances

Fault Ignored Injected Current Considering Control System

Resistance  Max Min Avg Max Min Avg
1pQ 143.43 0.66 47.93 7.38 0 2.07
ImQ  137.85 1.23 49.06 10.93 0.16 3.21
0.1Q 126.57  9.59 49.56 12.53 0.27 6.96

0.2Q 117.51 0.30 43.29 10.63 0.13 2.44
0.4Q 107.57 3.90 4091 7.19 0.03 3.49

Taking the fault resistance of 0.12 as an example, the
waveform of DC-link voltage Uy, line current ige and iqyy,
(filtered through 500Hz) of the test system connected with
SC are shown as Fig. 22. And the errors of the proposed
calculation model and the calculation model ignoring i,y
compared with the CHIL test system are shown in Fig. 23.
It can be found that the trend of i, calculated by the proposed
method is similar to that in CHIL test system. The maximum
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error of i, occurs within 1ms after fault occurs, and the value
is less than 5A. The error of i.,, is reduced and maintained
within 2A from 1ms to 10ms. Furthermore, since i.,, is con-
sidered in the calculation of Uy, and i4., the maximum errors
of Uy and iy are 10.36V and 7.45A. Otherwise, the errors
of Uy and iy will reach 39.39V and 40.57A when i.,, is not
considered in calculation method.

The detailed error results under different fault resistances
(12, ImL2, 0.122, 0.22 and 0.4€2) are shown in Table 5.
When i, is not considered in calculation method, the maxi-
mum errors of Uy, are greater than 41V and the average errors
of Uy, are greater than 19V. The maximum errors of iy are
greater than 36A, and the average errors of iy are greater
than 13A. On the contrary, when the transient characteris-
tics of bidirectional chopper circuit and the corresponding
injected current i.,, are considered, the maximum errors of
U, are less than 12V and the average errors of Uy, are less
than 4V. The maximum errors of i;. are less than 8A, and the
average errors of ij. are less than 3A.

6) VALIDATION OF BUCK CIRCUIT CONNECTED

WITH DC LOAD

Taking the fault resistance of 0.12 as an example, the wave-
form of DC-link voltage Uy, line current i, and i, (filtered
through 500Hz) of the test system connected with DC load are
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TABLE 5. The error of Uy and iy under different fault resistances.

The Error of U,. under Different Fault Resistances

Fault Ignored Injected Current Considering Control System
Resistance  Max Min Avg Max Min Avg
1pQ 72.74 0 20.45 10.14 0 3.81
1ImQ 69.90 1.33 20.87 9.65 0.10 3.63
0.1Q 39.39 2.66 20.82 10.36 0.02 3.71
0.2Q 41.09 0.66 19.93 11.22 0.04 4.02
0.4Q 45.67 1.33 23.12 10.01 0.01 3.28
The Error of i,. under Different Fault Resistances
Fault Ignored Injected Current Considering Control System
Resistance  Max Min Avg Max Min Avg
1uQ 44.77 0.04 15.47 7.40 0.11 2.34
1ImQ 44.53 0.05 15.52 7.36 0 241
0.1Q 40.57 0.06 14.61 7.45 0.33 2.49
0.2Q 37.46 0.04 13.85 7.36 0.05 2.14
0.4Q 36.98 0.33 14.56 6.36 0.11 2.69
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FIGURE 25. Error of DC-link voltage Uy, line current iy and icoy-

shown as Fig. 24. And the errors of the proposed calculation
model and the calculation model ignoring i, compared with
the CHIL test system are shown in Fig. 25. It can be found that
the trend of i.,, calculated by the proposed method is similar
to that in CHIL test system. The error of i, is less than SA
within 8ms from fault occurs. And the maximum error of i,
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is less than 15A within 10ms from fault occurs. Furthermore,
since i.,, is considered in the calculation of U, and iy,
the maximum errors of Uy, and iy are 7.74V and 14.33A.
Otherwise, the errors of Uy and ij. will reach 123.62V and
116.25A when i.,, is not considered in calculation method.

The detailed error results under different fault resistances
(12, ImS2, 0.122, 0.22 and 0.42) are shown in Table 6.
When i.,, is not considered in calculation method, the max-
imum errors of Uy are greater than 111V and the average
errors of Uy, are greater than 57V. The maximum errors of iy,
are greater than 97A, and the average errors of iy, are greater
than 34A. On the contrary, when the transient characteristics
of buck circuit and the corresponding injected current i,
are considered, the maximum errors of Uy, are less than 8V
and the average errors of Uy, are less than 5V.The maximum
errors of iy are less than 13A, and the average errors of iy,
are less than 7A.

TABLE 6. The error of Uy, and ig. under different fault resistances.

The Error of U,. under Different Fault Resistances
Fault Ignored Injected Current Considering Control System
Resistance Max Min Avg Max Min Avg
1pQ 111.75 0.43 57.04 7.68 0.01 4.79
ImQ 113.21 0.43 58.20 7.41 0.03 5.01
0.1Q 123.62 0.44 62.78 7.74 0.20 3.10
0.2Q 124.73 0.67 60.40 5.85 0.05 2.01

0.4Q 118.39 0.45 58.89 6.99 0 1.58
The Error of i,;. under Different Fault Resistances
Fault Ignored Injected Current Considering Control System

Resistance Max Min Avg Max Min Avg
1pQ 115.51 0.12 39.69 12.14 2.18 5.02
1mQ 115.71 0.09 39.62 11.83 2.73 541
0.1Q 116.25 0.15 38.55 14.33 2.38 6.97
02Q  109.19  0.12 36.97 7.00 1.02 3.42
0.4Q 97.60 0.38 34.13 5.33 0.18 2.17

7) COMPARISON OF TRANSIENT MODEL OF

DIFFERENT CONVERTERS

The errors of Uy and iy are related to i.,,. However,
the currents i.,, being injected from converters are ignored
in previous researches [18]-[25]. And i.,, is influenced by
the control of converters. For example, the control target is
DC-link voltage when converter connects to SC. To sup-
press the decrease of the DC-link voltage after fault occurs,
the modulation ratio increases rapidly. This causes the drop
of izy. Thus, the average errors of Uy, and iy are only 21.04V
and 14.80A even if i, is ignored when converter connects
to SC. On the contrary, the control target is selected as active
power when converter connects to WFE. The control reduces
VSC’s AC side voltage U, to increase active power delivery,
and i.,, increases continuously after the fault. As a result,
the average errors of Uy, and i4z. reach 83.85V and 47.32A
if i¢py 1s ignored when converter connects to WF. Compared
with the previous researches which ignores the control effect
of converters and injected current i.,,, the method proposed
in this paper can always guarantee the calculation accuracy in
the fault transient analysis.
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C. VALIDATION OF TRANSIENT MODELING

OF DC MICROGRID

1) PARAMETERS OF RING-TYPE DC MICROGRID

The ring-type DC microgrid shown in Fig. 1 is taken as the
test system. The parameters and control targets of control
systems in converters are the same as those in Part B, Section
I'V. In addition, both the bidirectional chopper circuits connect
with ESs and the VSC connects with AC grid adopt DC-link
voltage control. To prevent the conflicts of their control,
the control systems in battery and SC only operate when the
DC-link voltage is 50V away from 1000V (lower than 950V
or higher than 1050V).

The circuit parameters of DC microgrid include DC-link
capacitances, lines resistances and inductances. The DC-link
capacitances of all converters are set as 8000uF. The resis-
tances and inductances of lines are shown in Table 7. More-
over, the pole-to-pole faults are assumed to occur at midpoint
of DC line. And the fault resistance is set as 0.1€2.

TABLE 7. Resistances and inductances of DC lines.

Line  Resistance Inductance  Line  Resistance Inductance
1-2 0.20Q 3.00mH 3-6 0.24Q 3.60mH
1-4 0.05Q 0.75mH 4-5 0.20Q 3.00mH
2-3 0.25Q 3.75mH 5-6 0.18Q 2.70mH
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FIGURE 26. Waveform of currents on fault line 3-6.

2) CALCULATION ACCURACY
Taking the fault occurrence at the midpoint of line 3-6 as an
example, the waveform of the currents i3¢_je; and i3e_rigns at
fault line 3-6 are shown in Fig. 26. In addition, the currents
calculated by the proposed method and currents calculated in
the case of ignoring i.,, are also shown in Fig. 26. And the
errors of the proposed calculation model and the calculation
model ignoring i.,, compared with the CHIL test system are
shown in Fig. 27.

It can be found that the trend of i36_je; and i3¢_signs calcu-
lated by the proposed method are the same as that in CHIL test
system. And the maximum errors of i3¢_j; and i3¢_rigns are
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FIGURE 27. Error of currents on fault line 3-6.

12.22A and 11.74A respectively. On the contrary, the errors
of i36_tesy and i36_rign; Will reach 97.30A and 95.47A when
icov 1S not considered.

The more detailed error results under different faulty con-
ditions are shown in Table 8. It can be found that, after
considering the i.,, that changes with the control systems, the
errors of calculated fault currents are reduced. The average
error decreased from 76.56A to 6.77A.

TABLE 8. The Error of currents of faulty DC lines under different faulty
conditions.

Faulty Conditions — Left (uplt: A) Right (unit: A)

Min Avg Max Min Avg
left 10224 0.67  79.87 12.23  0.55 7.94

Line 12— bt 11121 133 8043 1134 047 7.3
Line14_left 12023 631 8932 1035 0.7 _ 645
right 11734 532 8649 1043 034 642
Linen3_left 10143 348 67.67 9.88 008 652
right _100.80 443 68.83 _ 9.67 024 _ 631
Line3.g_left 9730 533 7457 1222 005 720
right 9547 537 7079 1174 031 _ 6.64
Linodws_left 1123 523 7535 967 053 635
right 1163 564 7834 1023 056 695
‘ left 1078 3.56__ 7242 945 023 6.7
Line 5-6

right 1044 433 7464 932 0.75 6.43

3) CALCULATION EFFICIENCY

Referring to the analysis method in [21], the calculation
efficiency of the proposed calculation method is analyzed.
Using PC with Intel(R) core(TM) i7-8700 CPU @3.20 GHz
as the experiment platform. The proposed calculation model
for the six-terminal ring-type DC microgrid is coded as
M-code in Matlab 2018b. The transient characteristics of
variables are analyzed, and the time range is 10ms after fault
occurs. The time spent under calculation model is 4.23ms.
On the other hand, the DC microgrid is also simulated by
Matlab/Simulink with 1us time step. The short-circuit fault
occurred at t = 1.0 s, and we observe the simulation results
from 1.0s to 1.01s (time range is also 10ms). The time spent
under simulation is 2.45s. The comparison shows that the
transient model proposed in this paper is over 413 times
faster than simulation. This validates the proposed method
can analyze the faulty DC microgrid efficiently.
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TABLE 9. The time spending under calculation model and simulation.

Calculation model Simulation
4.23ms 2.45s

Speedup factor
413.71

V. CONCLUSION

Through the analysis in this paper, it is proved that the control
effect in converters has contributions on the fault transient
characteristic of DC microgrid. Therefore, the influences of
the control systems are being considered in the establishment
of the transient calculation model in this paper. In detail,
the transient characteristics of different converters (including
voltage source converter, boost circuit, bidirectional chopper
circuit and buck circuit) with different units (including AC
grid, wind farm, photovoltaic, energy storage and DC load)
are being analyzed. And then the transient model of ring-type
DC microgrid, connecting with AC/DC units by different
converters, is established. By comparison with the CHIL test
system, the transient model proposed in paper improves the
transient analysis accuracy significantly and enhances the
computational efficiency.
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