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Abstract: Due to their efficient renewable energy consumption performance, AC/DC hybrid mi-
crogrids have become an important development form for future power grids. However, the fault
response will be more complex due to the interconnected structure of AC/DC hybrid microgrids,
which may have a serious influence on the safe operation of the system. Based on an AC/DC hybrid
microgrid with an integrated bidirectional power converter, research on the interaction impact of
faults was carried out with the purpose of enhancing the safe operation capability of the microgrid.
The typical fault types of the DC sub-grid were selected to analyze the transient processes of fault
circuits. Then, AC current expressions under the consideration of system interconnection structure
were derived and, on this basis, we obtained the response results of non-fault subnets under the fault
process, in order to reveal the mechanism of DC fault propagation. Subsequently, a current limitation
control strategy based on virtual impedance control is proposed to address the rapid increase in
the DC fault current. On the basis of constant DC voltage control in AC/DC hybrid microgrids, a
virtual impedance control link was added. The proposed control strategy only needs to activate
the control based on the change rate of the DC current, without additional fault detection systems.
During normal operations, virtual impedance has a relatively small impact on the steady-state char-
acteristics of the system. In the case of a fault, the virtual impedance resistance value is automatically
adjusted to limit the change rate and amplitude of the fault current. Finally, a DC fault model of
the AC/DC hybrid microgrid was built on the RTDS platform. The simulation and experimental
results show that the control strategy proposed in this paper can reduce the instantaneous change
rate of the fault state current from 19.1 kA /s to 2.73 kA /s, and the error between the calculated
results of equivalent modeling and simulation results was within 5%. The obtained results verify
the accuracy of the mathematical equivalent model and the effectiveness of the proposed current
limitation control strategy.

Keywords: AC/DC hybrid microgrid; bidirectional power converter; current limiting strategy; fault
propagation; mechanism analysis

1. Introduction

Hybrid AC/DC microgrid systems play a crucial role in the modernization of power
systems due to their ability to integrate renewable energy sources, improve system effi-
ciency, and enhance grid resilience [1-3]. The combination of AC and DC components in a
hybrid microgrid allows for increased flexibility, reliability, and controllability, making it a
promising solution for meeting the growing energy demands of modern society [4].

The occurrence of DC grounding faults [5] in hybrid AC/DC microgrid systems can
pose serious safety hazards and system instability. Factors such as multiple grounding
points, high DC system impedance, and a lack of fault-current-limiting devices contribute
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to the propagation of DC faults, leading to voltage fluctuations, equipment damage, and
potential system-wide disruptions. Understanding the mechanisms of DC fault propagation
in hybrid microgrids is essential for developing effective mitigation strategies to ensure the
reliable operation of these systems.

Research on the propagation mechanisms of DC grounding faults in hybrid microgrid
systems is currently focused on investigating the impacts of fault types, fault locations,
system parameters, and grounding configurations on fault propagation behaviors [6-8]. By
studying these factors, researchers aim to gain insights into the mechanisms that govern
fault propagation in hybrid microgrids and develop strategies to mitigate their effects.
Advanced modeling and simulation techniques have been employed to analyze fault
propagation dynamics and assess the effectiveness of different fault detection and isolation
methods [9-11].

Research on the characteristics of DC faults is mostly conducted in the context of
voltage-sourced converter high-voltage direct current (VSC-HVDC) systems [12,13], in-
cluding the proposal of control strategies and relay protection measures for commutation
failure issues. However, system modeling and mechanism analysis under commutation
failure conditions require further study. Typical DC fault characteristics include a sharp
increase in short-circuit current, necessitating not only consideration of current limiting
measures for DC lines but also addressing the impacts of DC faults on power converters
and AC equipment. One study [14] has analyzed the transient processes of pole-to-pole
short circuits and single-pole grounding faults in DC cable lines and proposed methods
for locating grounding faults, while others [15-17] presented models for calculating the
short-circuit current between poles in DC distribution networks but did not consider the
impact of DC faults on AC lines and converters. In [18], the diodes inside the converter
were replaced with controllable electronic tubes, thus achieving isolation of DC faults using
the converter, but at the cost of high investment and increased control complexity.

In the current research landscape, various approaches are being explored to suppress
fault currents in DC sub-grids within hybrid microgrid systems. Fault current limiters
(FCLs) are one of the primary methods used to limit fault currents and prevent damage
to system components [19-24]. Different types of FCLs, such as superconducting FCLs,
resistive FCLs, and hybrid FCLs, are being studied for their effectiveness in reducing fault
currents during fault events. Additionally, active fault current limiting techniques, includ-
ing current control strategies and power electronics-based solutions, are being developed
to actively control fault currents and enhance system protection.

Furthermore, researchers are investigating fault current mitigation strategies that
involve the coordination of protective devices [25-28], such as circuit breakers and fault
detection systems, to improve the speed and accuracy of fault detection and isolation in DC
sub-grid systems. Through integrating intelligent protection schemes and communication
technologies, researchers aim to enhance the reliability and safety of hybrid AC/DC
microgrid systems by effectively suppressing fault currents and minimizing the impact of
DC grounding faults. However, the fault current limitation control strategies mentioned
in the above studies require additional detection or control devices, which increases the
associated investment and maintenance costs and makes the system more complex.

Based on an AC/DC hybrid microgrid with an integrated bidirectional power con-
verter, research on the interaction impacts caused by DC faults were carried out with the
purpose of enhancing the safe operation capability of microgrids. The typical fault types of
the DC sub-grid were selected, in order to analyze the transient process of fault circuits.
Then, AC current expressions under the consideration of system interconnection structure
were derived and, on this basis, we obtained the response results of non-fault subnets in
fault process, in order to reveal the mechanisms of DC fault propagation. Subsequently,
a current limitation control strategy based on virtual impedance control is proposed to
address the rapid increase in the DC fault current. On the basis of constant DC voltage
control in AC/DC hybrid microgrids, a virtual impedance control link is added. The
proposed control strategy only needs to activate the control based on the change rate of the



Processes 2024, 12, 1013

30f20

DC current, without additional fault detection systems. During normal operations, virtual
impedance has a relatively small impact on the steady-state characteristics of the system.
In the case of a fault, the virtual impedance resistance value is automatically adjusted to
limit the change rate and amplitude of the fault current.

The remainder of this paper is organized as follows. Section 2 presents the analysis
of the fault propagation mechanism in the DC sub-grid. Section 3 provides the current
limitation control strategy for DC fault currents. The simulation results are discussed in
Section 4. Conclusions are drawn in Section 5.

2. Analysis of Fault Propagation Mechanism in DC Sub-Grid

The main circuit structure of the AC/DC hybrid microgrid is shown in Figure 1. The
typical fault types of the DC sub-grid include inter-pole, short-circuit fault and single-pole
ground fault. The fault current on the DC sub-grid will rapidly increase until it reaches a
large value, due to the smaller equivalent impedance. To avoid burning out the insulated
gate bipolar transistor (IGBT) of the bidirectional power converter (BPC), the IGBT can be
immediately turned off at the moment of fault due to its self-protection function. However,
the AC sub-grid will supply a short-circuit current through freewheeling diodes, which
will not be able to isolate DC faults, thus affecting the safe and stable operation of the
entire system.
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Figure 1. Main circuit structure of AC-DC hybrid microgrid.

2.1. Response Characteristics of AC Sub-Grid in Case of Inter-Pole, Short-Circuit Fault in DC
Sub-Grid

A schematic diagram of the inter-pole, short-circuit fault is shown in Figure 2. During
the initial discharge stage of the fault, the DC capacitor voltage U, is greater than the
AC voltage. The BPC is equivalent to a second-order RLC discharge circuit, as shown in
Figure 2.
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Figure 2. Inter-pole, short-circuit fault of DC sub-grid.
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The equivalent damping of the DC sub-grid satisfies the condition of Rq. < 2+/Lgc/Cyc-
The capacitor voltage decays and oscillates to zero in an underdamping state. When Uy, is
below the AC voltage, it enters the AC feeding stage. At this time, the diode follows the
natural commutation principle of uncontrolled rectification. The AC power supply and DC
capacitor discharge to the fault point simultaneously, as shown in Figure 3. In the figure,
the red line represents the current flow paths.
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Figure 3. Short-circuit current path in AC feed stage.

When the DC voltage decays and oscillates to zero, the diode conducts simultaneously.
The opposing electromotive force of the short-circuit reactance in the DC sub-grid causes
all diodes of the BPC to conduct simultaneously, which reduced the DC voltage to zero.
The DC sub-grid forms a first-order discharge circuit and, due to the conduction of all
freewheeling diodes, the AC sub-grid is equivalent to a three-phase, short-circuit fault, as
shown in Figure 4.
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Figure 4. Equivalent diagram of all diodes conducting.

Taking the transient response of the short-circuit current in phase A of the AC sub-grid
during an inter-pole, short-circuit fault as an example, assuming that the voltage source
crosses zero at t = 0, the voltage in phase A is es; = Esa sinwt, Im\o\ is the instantaneous
current value of phase A, and 14, is the instantaneous value of the DC short-circuit current.
The current of phase A can be expressed as

HR+Rg)

L+Lg (1)

ia = Im sin(wt — @) + [Im‘o‘ —Im Sin(_(P)}e

where iq, is current of phase A, I, = Esa/ \/ (R+ Rg)2 +w?(L+ Lg)2 is voltage amplitude
of phase A, L is the filter inductance of the converter, R is the parasitic resistance of filter
inductance, Ry is equivalent resistance of AC power supply, and Ly is equivalent inductance
of AC power supply. The DC current iq. can be expressed as

, L
ige = Igce Rde 2)

where iq. is the current amplitude of phase A, L4 is DC inductance, and Ry, is DC resistance.

According to Equation (1), during the simultaneous conduction of diodes, the AC
short-circuit current consists of periodic and non-periodic components, and the DC short-
circuit current decays with time. Then, the system operates in steady state and the AC
short-circuit current of each phase shows sinusoidal variation with equal amplitude and
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a phase angle difference of 120°, due to the symmetry of the three-phase circuit. The
magnitude of the short-circuit current depends on the voltage amplitude of the AC power
supply and the total impedance of the AC/DC sub-grid short-circuit circuit.

2.2. Response Characteristics of AC Sub-Grid in Case of Single-Pole Ground Fault in DC Sub-Grid

The single-pole ground fault of the DC sub-grid is shown in Figure 5. During the initial
capacitor discharge stage of the single-pole ground fault, the positive voltage u, of the DC
sub-grid is greater than the AC phase voltage, and the BPC is equivalent to a RLC discharge
circuit. When up, decays below the AC phase voltage, the system operates in AC feedback
mode, as shown in Figure 6. The AC sub-grid will still offer the power supply to the DC
sub-grid, due to the normal operation of the AC sub-grid. When the positive electrode
potential remains at zero due to grounding, the negative electrode potential u, changes
from —0.5u4. to —ug4., and the potential difference between the positive and negative poles
remains at uc.
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Figure 5. Positive cable ground fault of DC sub-grid.
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Figure 6. Single-pole ground-fault AC feed-in stage.

In the AC feedback stage, the anode of the lower bridge arm diode is connected to
the negative pole of the DC sub-grid. The negative potential of DC sub-grid is —ug.. This
will result in the lower bridge arm diode being in an off state. The cathode potential of the
upper bridge arm diode is close to 0, and the change in anode potential is consistent with
the AC source, so its conductivity is closely related to the change in AC voltage value. It
can be divided into six stages, as shown in Table 1 and Figure 7.

Table 1. Diode conduction at each stage.

Stage Diode Conduction
I D1, D5
i D1
11T D1, D3
v D3
\Y D3, D5

VI D5
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Figure 7. Segmented schematic.

For the fault situation of stage I, the short-circuit current path is shown in Figure 8.
The short-circuit current ip, of phase A can be expressed as

di a ‘ —
(L+ Lg) g + (R+ Rg)ipa =
Esa sin(wt + asa) — Up sin(wt + ap)

)

where ag, and a;, are the initial phases of the voltage source of phase A and positive
electrode capacitor voltage, respectively.
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Figure 8. Diode conduction of each bridge arm in stage I.

The short-circuit current can be deconstructed into periodic iy; and non-periodic iy
components by solving first-order, non-linear Equation (3):

iDa = ipl + a1 4)
where the periodic components can be expressed as
Esa — U
iy = s, TP (5)
JwL+R+Zg

The periodic component of the short-circuit current can be rewritten using the node
voltage method, as follows:

2 1 Ees + Esc

I\, = —=8%2 7 6
ij+R+ZS+Z%C) P jwL+ R+ Z, ©)

(

where Z%C is the equivalent impedance of the internal resistance and voltage stabilizing
capacitor in the DC sub-grid.

Z3 = (1/j2wCq.)/ / (Zac/2 + Rg) @)

Due to the fact that the internal resistance of the DC sub-grid is much smaller than the

equivalent impedance and the filter impedance of AC sub-grid, the term Eg = —(Esa + Esc)
can be ignored. At the same time, for the sake of simplicity in calculation, the initial phase
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angle is set to 0. Therefore, the periodic component of the steady-state, short-circuit current
can be approximated as

P (2Z§¢+jwL+R+Zg)Esa+ZacEgy
1 = - -
P (2Zg+]wL+R+zg)(]wL+R+zg) ] )

~ E — ;
~ ij+§g+Zg = Iy sin(wt — @)

At time t = 0, the current of phase A is I,(0), and the expression for the non-periodic
component is
a1 = [1a(0) — I sin ple /7. 9)

The duration of stage I is approximately one-sixth of a cycle, which is 3.33 ms. There-
fore, the fluctuation of non-periodic components is not significant in a short period of time,
so it is approximated as the value at t = 0:

igt = I2(0) + Iy sin @. (10)
The formula for the total current in stage I can be obtained from Equations (8) and (10):
ipal = 1a(0) + Im sin ¢ + I, sin(wt — ¢). (11)

During stages I to III, the voltage of phase A is positive, and the corresponding steady-
state, short-circuit current is positive. In stages IV to VI, the voltage of phase A becomes
negative, and the steady-state, short-circuit current is also negative, which can be replaced
by —In. According to the above derivation process, the expression for the total current of
phase A in stages Il to VI is

ipait = Ta(t1) + In(sin @ + sin(w(t — 1) — @))
IDalll = Ia(i'2) + Im(sin ¢+ sin(w(t — i‘z) — QD))
iDatv = la(t3) — Im(sin g +sin(w(t — t3) — ¢)) . (12)
iDav = la(t4) — Im(sin ¢ + sin(w(t — t4) — @))
ipavi = la(t5) — Im(sin ¢ +sin(w(t — t5) — ¢))

In the formula, I,(ty) is the instantaneous value of phase A current at time f, and,
whenk =1, 2, or 3, I, (tx) can be expressed as

n<k
Li(ty) = L(0) + kImsing + Y Imsin[w(ty — th—1) — @]. (13)

n=1
When k =4 or 5, I, (#y) can be expressed as:

n<k

Li(ty) = I(0) = (6 —k)Imsing — Y Imsin[w(tn — ta—1) — ¢). (14)
n=4

The AC voltage source is a sine wave with a phase difference of 120°. According to
the stage division in Figure 7, the duration of each stage is one-sixth of one cycle. Therefore,
Equations (13) and (14) can be simplified as follows:

n<k T
L(te) = L(0) + kImsing + ) Iy sin( 5 — ?), (15)
n=1
n<k T
Li(ty) = 1(0) = (6 —k)Imsing — Y In sin(g —¢). (16)

n=4
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A new cycle will start from time f5. The phase A voltage still corresponds to the
variation process of stages I to VI. The expression for the fault current of the AC-sub-grid
at this moment is

Ii(te) = Li(ts) + Imsin ¢ + I, sin(% - q)). (17)

According to Equation (16), it can be deduced that
. . (TT
Ii(ts) = L,(0) — Imsin ¢ — I, sm<§ - (p). (18)
Substituting Equation (18) into Equation (17) yields

L(te) = 1(0). (19)

According to Equation (19), after six stages of variation, the value of the phase A
current at the end of the cycle ¢ is exactly equal to the current value at the beginning of the
cycle (t = 0); that is, the fault current of each cycle will cycle through the variation process
of stages I to VL.

In summary, under the premise of a single-pole ground fault in the DC sub-grid and
normal operation of the AC sub-grid, the BPC utilizes AC voltage changes to achieve
energy conversion during the transient stage, and the conduction circuits corresponding to
different voltage values are also different. By deducing expressions for the fault current in
each stage, it can be seen that the initial current value of the (n + 1)th cycle is equal to the
initial current value of the n-th cycle. The AC current lags behind the voltage and exhibits
periodic changes. Furthermore, due to the unidirectional conduction characteristics of
diodes, the AC current in each phase is positive.

3. Current Limitation Control Strategy for DC Fault Current

From the analysis of fault characteristics of the DC sub-grid in Section 2, it can be seen
that the DC short-circuit current shows the characteristics of high numerical value and
instantaneous rate of change, due to the small equivalent impedance in the DC sub-grid,
which brings great challenges to the design and operation of DC circuit breaker. In addition,
the DC fault identification speed is limited, and it is difficult to suppress the damage of
the short-circuit current to the switching devices by only locking the converter. Moreover,
the operating characteristics of AC/DC hybrid microgrid do not allow all converters to be
locked at the same time. For DC short-circuit current protection, a control system for power
converters can also be designed to enable hybrid microgrid systems to have the ability to
limit fault currents.

When a fault occurs on the DC sub-grid, the power transmission direction is from
the AC to the DC sub-grids. BPCs work in the rectification state. This paper introduces a
virtual impedance control method to feed the stored energy of the DC capacitor into the AC
sub-grid based on the constant DC voltage control method, which can reduce the growth
amplitude and change rate of the DC fault current.

3.1. Principle of Current Limitation Control Strategy

The BPC operates in a rectification state, and usually adopts voltage and current dual-
loop control. The function of the voltage control loop is to control the DC bus voltage, while
the function of the current control loop is to control the current according to the reference
value output by the voltage control loop. Figure 9 shows the equivalent circuit diagram of
a hybrid microgrid system during an inter-pole, short-circuit fault, where Req is the virtual
resistance, 7 is the DC current, and the physical meanings of the other parameters are the
same as those in Section 2.
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Figure 9. Equivalent circuit diagram of inter-pole, short-circuit fault.

For ease of calculation, the internal resistance Zg of the AC power supply is ignored.
According to Figure 9, without considering the virtual resistance, the power converter
operates in a rectification state and the mathematical model in the dq coordinate system is

4

eoq = Lf + Rig — wliq + 1, (20)
dig . ,

sq = La + Rig + wlig +uq (21)

where e5q and esq are the d- and g-axis voltage values of the AC power supply, respectively.

Due to the coupling of the d- and g-axis variables in the above equation, an e;4 and esq
feedforward decoupling control strategy is adopted. Under the action of the current loop
regulator controlled by PI, the control equations of u4 and 1 are as follows:

ki, . . .
ug = —(kpi + f)(ldref —ig) — wLiq + ey, (22)

kii . . .
Ug = _(kpi + ?)(lqref - 1q) +wlig + €sq- (23)

Decoupling control of the current inner loop is achieved through Formulas (20)~(23),
as shown in Figure 10.

e
+l sd
. — ® Uqg
Ldref +’<:) —>| PI
_> ea
Iq
PWM > ¢,
Iq
_ —> e,
igrer —2()—> PI

+T€sq

Figure 10. Current loop decoupling control block diagram.

It is assumed that the electromotive force vector eqq of the power grid coincides
with the d-axis in a two-phase rotating coordinate system, and the component eq of the
electromotive force vector on the g-axis is 0. Meanwhile, the current reference value given
by the g-axis is usually 0 in voltage and current dual-loop control. Due to the symmetry of
d-axis and g-axis current control, the design of a current regulator will be illustrated using
d-axis current control as an example. Considering the small inertia characteristics of delay
and PWM control in current signal sampling, the decoupled ig control block diagram is
shown in Figure 11.
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Figure 11. Diagram of d-axis current control loop.

The current control loop should have both good current following performance and
anti-interference performance. However, when the anti-interference performance of the
control system is enhanced, the following performance will decrease. To further improve
the performance of control system, a composite control strategy that utilizes feedforward
compensation to suppress disturbances can be adopted, as shown in Figure 12.

—k,
+ esd
+ [ * 1

idref k. _kPWM id
4 LR ————— >
2RI oy 15T s+1 SL+R

v

Figure 12. Diagram of composite current control loop.

In order to balance the following performance and anti-interference performance
of the current control loop, the PI regulator is designed according to a typical Type I
system, and the proportional and integral control parameters are calculated using the
following formulas:
i — Rt
P 3Tokpwm’
k R

ki= 2= 2
T 3Tskpwm @)

(24)

where . = L/R.
The control purpose of the voltage control loop is to stabilize the DC capacitor voltage.
To simplify control system design, when the switching frequency is much higher than
the AC power supply frequency, only the low-frequency component of the switching
function S; (i = a, b, c) is considered, and the high-frequency harmonic component of PWM
is ignored:
Sa = 0.5+ 0.5m cos(wt — ¢)
Sp, = 0.5+ 0.5m cos(wt — ¢ — 120°) (26)
Sc = 0.5+ 0.5m cos(wt + ¢ — 120°)

where ¢ is the initial phase angle of the fundamental wave of the switching function, m is
the duty cycle of PWM modulation, and m = 1 when the power transmission efficiency of
the converter is at its maximum.

According to Figure 9, the KCL equation for DC capacitor nodes can be expressed as

dutge

Cdt

= Sala + Sbib + Scic — Z‘l‘ (27)

Setting i; = 0 in the control process and applying the Clark transform to formula (27),
the following can be obtained:

= 35— (28)
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When deriving the control expression for the voltage loop, the maximum value of Sd
is taken as 0.5 and the expression in the frequency domain is

SClge = 1a(s) ~ 1(5). (29)

Based on the above analysis, the voltage loop control structure diagram is shown in
Figure 13, where G;(s) is the current loop transfer function.

)| L
U cref(S . 1 J 1 U C
aeeS) k +ki—> —G.(s) E + — d(si
+° e Ts+1 4 |14e(s) sC

Figure 13. Diagram of voltage control loop.

In Figure 9, a virtual resistor connected in series with the original DC impedance is
added to the DC sub-grid, and the DC capacitor voltage is represented as

Uge(s) = (Req + Zgc) i (s). (30)

The equivalent resistance value of the virtual resistor feedforward control is

TS

eq — Tfs+1ll (31)

where T¢ is the time constant of a low-pass filter, which is set at one-tenth of the switching
frequency, and 7; is the differential coefficient of ij.

The normal and fault operation status of the DC sub-grid can be determined based on
the instantaneous rate of current change, and the resistance value of the virtual resistor can
be adjusted accordingly.

When the DC sub-grid is operating normally, Req approaches 0. When a DC fault
occurs, the Req value increases to limit the short-circuit current. After the differential
section, a limiting section for Req needs to be added to avoid excessive virtual resistance
affecting the stable operation of the system. The overall control diagram of the virtual
resistor is shown in Figure 14.

T.s
: ]
| A
Udcref(sS

k. 1 3 + B 1 Udc(s)
kv > G (s) ] — X— —
+_? " ] T.s+1 ) I () sC

Figure 14. Control block diagram based on virtual resistance.

3.2. Virtual Resistor Parameter Design

The virtual resistance control strategy can adjust the resistance value according to
the DC current change rate. However, when the Req value is too small, the effect of
suppressing the short-circuit current cannot be significantly achieved. When the Req
value is too large, the capacity requirement for the power converter is increased and the
instantaneous response speed of the system will also slow down. From the perspective
of power transmission, there is a relationship between Req and the output power of the
converter. The maximum resistance value can be set as
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P Py

Req -3 ( < Reqmax - T) (32)
gl N

where Py is the rated power and ijy is the rated DC current.

When a DC sub-grid experiences an inter-pole, short-circuit or a single-pole ground
fault, the transient process goes through the capacitor discharge stage without the consider-
ation of virtual resistors. This process can be represented using a second-order differen-
tial equation:
dudc
dr
where Ly, and Ry, are the total inductance and total resistance in the short-circuit
circuit, respectively.

The initial value of the DC voltage at the moment before the fault is Uy and the initial
value of the DC current is Iy. The expression for the fault current is expressed as

du
LacCac g5 + RacCac gy +ttac =0 (33)

wil[?dc e~ sin(wqt) — %e*ﬂ sin(wt — @) (34)

i(t) = ige(t) —ic(t) =

where T = Ryqc/Lge, M = /T2 + w?, wy = \/1/(deCdc) — (R4e/Lgc)? and ¢ = arctan(w1 /7).

Inter-pole, short-circuit faults and single-pole ground faults are serious metal short-
circuit faults. The resistance value in the faulty circuit is almost zero; therefore, Equation (34)
can be simplified as

()= o Iysin(w;f— ©
zl(t)—msm(wlt) Ipsin(wn t 2). (35)

After differential calculation, the change rate of the current i;(f) can be obtained as

di; Uy 7T
_— = — t) — I — = .
TR cos(wqt) — wqly cos(wqt 2) (36)

The initial stage of capacitor discharge can be approximated as

di U
=0 (37)
dt Lgc

In order to ensure that the interference generated by virtual resistors is minimal during
normal system operation and as the virtual resistors have a significant current limiting
effect when the system malfunctions, the differential coefficient of Equation (31) is set as

di Uy
T = Reqmax/a = Reqmax/LidC- (38)

U is calculated by substituting the rated DC bus voltage value. When a fault occurs
in the DC sub-grid, the change rate of the DC current is large and the virtual resistance
value can reach its maximum value, Reqmax. The energy in the DC capacitor is fed into
the AC sub-grid through a power converter. When there is a small disturbance in the DC
sub-grid during normal operation of the system, the change rate is also relatively small,
compared to when there is a fault, which ensures that the interference caused by the virtual
resistance is relatively small.

4. Simulation Analysis

To verify the accuracy of the analysis of interaction effects of DC sub-net grid faults and
the effectiveness of the fault suppression strategies mentioned above, hardware for use with
the loop real-time simulation platform was built based on the RTDS (RTDS Technologies
Inc., Winnipeg, MB, Canada) platform. The bidirectional power converter can be connected



Processes 2024, 12, 1013

13 of 20

to the Novacor host through analog output cards and digital input cards. The main wiring
diagram is shown in Figure 15, and the structure of the AC and DC hybrid microgrid is
shown in Figure 1. The model parameters are provided in Table 2.

Master computer

Figure 15. Test setup based on RTDS platform.

Table 2. Simulation model parameters.

Parameters Value
DC voltage e4¢ 600 V
AC voltage es 220V, 50 Hz
Equivalent impedance of DC sub-grid Z4. 0.10,0.12mH
DC stabilized capacitor Cg4, 470 uF
Filter L, R, C 2mH, 1 x 10~ O, 300 pF
Equivalent impedance of AC sub-grid Zg 0.75 0, 4.8 mH
Current inner loop control parameters kpi, ki 39.87,10.05
Voltage outer loop control parameters kpy, kru 1.1,20
Virtual resistance maximum value Regmax 120

When the DC sub-grid operates in a fault state with a DC bus voltage of 600 V and the
AC sub-grid operates normally; the bidirectional power converter operates in a rectification
state. Figure 16 shows the waveform of AC current response when an inter-pole, short-
circuit fault occurs in the DC sub-grid. During the stage of simultaneous conduction of the
diodes, the AC sub-grid is equivalent to a three-phase, short-circuit fault and the AC current
rapidly increases to a three-phase, short-circuit current. As the non-periodic components
of the current decay, the three-phase current exhibits a sinusoidal symmetric waveform
in a steady state. The calculated and simulated current amplitudes under steady-state
conditions are 67.24 A and 65.5 A, respectively, with an error of 2.66%, which generally
conforms to the current expression in Equation (25).

100 - /ic

50 y

-50 [-\ \

; Iy I‘.
_100 [ "-‘ 'v'\l'
PRI #

=150 i

05 0.52 0.54 0.56 0.58
t/s

0.6 0.62

Figure 16. AC current waveform of inter-pole, short-circuit fault.
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The waveform of phase A fault current when a single-pole ground fault occurs in the
DC sub-grid is shown in Figure 17. Based on the analysis in Section 2 of this paper, the
diodes work in an uncontrolled rectification state, and the AC short-circuit current changes
unidirectionally during the AC feeding stage. The peak fault current in the calculation
result is 76.1 A; slightly higher than the simulation result of 73.06 A, with an error of 4.11%.

T T T T
or e Calculated results
N . N X . Simulation results
gﬂ 50
-8
0

0.64 0.66 0.68 0.7 y 0.72 0.74 0.76 0.78
S

Figure 17. AC current waveform of single-pole ground fault.

In the theoretical analysis process, the influence of internal resistance Zg. on the DC
sub-grid is not considered. When considering its impact on short-circuit current, the growth
rate of the short-circuit current will be slower than the decay rate. The current expression
in Equation (17) can be modified to

L(tg) = Ia(t5)+1;nsm<p+1;nsm(g ~9) (39)
where I}, < Iy. The fault current in stage VI will decay to 0 and, due to the unidirectional
conduction characteristic of the diode, the current will remain at 0 until the next cycle
repeats the change process of six stages again. Figure 18 shows the corresponding relation-
ship between AC voltage phase B and the fault current in stages I-VI. From the graph, it
can be seen that 0.664 s is the start time of the cycle, and each stage takes 3.33 ms. The fault
current value in stage I is 0, which is due to the impedance characteristics in the circuit.
The measured fault current response lags behind the AC voltage by 3.63 ms.

150 | ,
100
50

I/lb/V
(]

=50

-100

FEN, 0
SR INEREENANERENF ARRY EAAEARERAAEE
BRI 00 0 O 0 O O O

=150 |

0.664 0.66730.6706 0.674 0.67730.6806 0.684
t/s

Figure 18. Corresponding relationship between AC voltage and fault current in stages I-VI of phase B.
The calculation formula for hysteresis angle is expressed as

w(LdC + L+ Lg)
Rgc + R+ Rg

@ = arctan (40)
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Substituting the relevant parameters in Table 2 into Equation (40), the lag angle of the
AC current is obtained, while the lag time measured using the oscilloscope was converted
into an angle of 65.3°. This basically verifies the correspondence between the simulation
results and theoretical calculations.

Figure 19 compares the current waveforms of the freewheeling diode for inter-pole,
short-circuit faults and single-pole ground faults. The transient processes of both types
of faults in the DC sub-grid passed through the capacitor discharge stage and the AC
feedback stage. However, the diode current of inter-pole, short-circuit faults shows a
sharp overcurrent phenomenon, compared to that of a single-pole ground fault, which
is about three times that under normal operations. The difference lies in the capacitor
discharge stage, where the capacitor voltage under both types of faults meets the condition
of oscillation and zero crossing due to the system’s underdamping state. However, in the
case of a single-pole ground fault, there is AC sub-grid support, and the voltage of the
non-fault pole can maintain Udc but not zero. Therefore, it will not enter the third stage,
similar to the simultaneous conduction of diodes, and the AC current will not reach the
value of the three-phase, short-circuit current.

210 | _ 150
la . . .
1 Iy I
o | R
\ Iy ac
< \ \/
2707 \ [
0 /(\ ,/_J LJ L i
-70" -50
0.5 . .
0.5 ts 0.55 0.6 E/SOSS 0.6
(a) (b)

Figure 19. Current waveform of freewheeling diode. (a) Inter-pole, short-circuit fault. (b) Single-pole
ground fault.

To verify the impact of virtual impedance control on the normal operation of the
system, a comparison was made among the waveform changes of the AC three-phase
current, DC voltage, and DC current without current limitation control and with current
limitation control.

According to Figure 20, it can be seen that, when the system is operating normally and
no current limitation control strategy is added, the amplitude of the AC current is 73.5 A.
After adding a current limitation control strategy, the amplitude of the AC current is 70.2 A.
Thus, the current change rate is 4.76%. The data show that the current limitation control
strategy slightly weakens the AC current response.

a b—c¢

/\ )/\ /\ [\ ------ With current limitation control
000 =
\/

0.1 0.15 0.2

0.25 0.3 0.35

t/s

Figure 20. Comparison diagram of AC current with and without current limitation control strategy.
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According to the DC current waveforms in Figure 21, the peak and steady-state values
of current variation without the current limitation control strategy are 95.2 A and 50.7 A,
respectively; meanwhile, when adding a current limitation control strategy, the peak and
steady-state values of the current are 80 A and 50 A, respectively. It can be seen that
current-limiting control also weakens the response effect of the DC current, but it has a
suppressive effect on the initial current overshoot during operation of the system.

100 I {
R0 - Without current limitation control | _|
With current limitation control
S 60 A~ E
40
20 | | | |
0.05 0.1 0.15 0.2 0.25 0.3

t/s

Figure 21. Comparison diagram of DC current with and without current limitation control strategy.

According to the DC voltage comparison chart shown in Figure 22, the overshoot
and steady-state values of DC voltage without current limitation control are 610 V and
600 V, respectively. After adding the current limitation control strategy, these two values
are 648 V and 600 V, respectively. It can be seen that current limitation control has a certain
degree of impact on the voltage response during the initial operation of the system. After
the system reaches a steady state, the steady-state values of each electrical quantity are
generally the same.

700 Without current limitation control
Zo With current limitation control
S 600 -
500 1 | 1
0 0.05 0.1 0.15 0.2 0.25 0.3

t/s

Figure 22. Comparison diagram of DC voltage with and without current limitation control strategy.

The inter-pole, short-circuit fault of the DC sub-grid occurs 0.4 s after the system
reaches a stable operating state. Figures 23-25 show waveforms of AC three-phase current,
DC current, and DC voltage with and without current limitation control under the fault.

400 - - — Phase A,B,C — — — With qtirrent limitation cantrol

—400! \ v v | vV v \ , Vv \. vV ,
0.4 0.45 0.5 0.55 0.6 0.65 0.7
t/s

Figure 23. Three-phase current waveform with and without current limitation control under
fault operation.
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[ [ [ . Without current limitation control
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Figure 24. DC current waveform with and without current limitation control under fault operation.
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Figure 25. DC voltage waveform with and without current limitation control under fault operation.

It can be seen, from Figure 23, that the peak value of three-phase AC current without
current limitation control increased from 73.5 A to 387 A after the occurrence of an inter-
pole, short-circuit fault, while the fault current amplitude after adding current limitation
control is 182 A. According to analysis of the transient process of inter-pole, short-circuit
faults in the previous text, it is equivalent to a three-phase, short-circuit fault occurring in
the AC sub-grid during the stage of simultaneous conduction of diodes. The denominator
of the expression for AC current calculation includes DC resistance. The decrease in the
amplitude of the AC current indicates that the virtual impedance current limitation control
begins to take effect as the change rate of the DC fault current increases. The DC current
limitation control strategy also alleviates the problem of AC overcurrent, to a certain extent.

Figure 24 shows the current waveform under the fault state of the DC sub-grid. In the
figure, the black lines represent the current curve without current limitation control, while
the blue lines represent the current curve with current limit control. It can be seen, from the
graph, that when current limitation control is introduced, the duration of the fluctuation
of DC current lasts for 0.05 s after the fault occurs and then continues to increase to the
steady-state value of 260 A. When there is no current limitation control, the duration of
fluctuation after the DC fault occurs lasts for 0.018 s and rapidly increases to a steady-
state value of 345 A. Thus, the virtual-impedance-based, current-limiting control strategy
proposed in this paper can reduce the DC short-circuit current from 345 A to 260 A under
fault conditions, and its transient impact is also alleviated. In contrast, Figure 25 shows
the voltage waveform under the fault state of the DC sub-grid, and the meaning of lines
is the same as in Figure 24. Similarly, the DC voltage drops linearly from a steady-state
value of 600 V to 0 V at the time of fault occurrence without current limitation control
added. After adding current limitation control, the time for the DC voltage to decrease
from 600 V to 0 V is extended to 0.05 s. The current limitation control strategy can reduce
the change rate of the fault current from 19.1 kA/s to 2.73 kA /s. In summary, employment
of the proposed current limitation control strategy can effectively reduce the impact of
fault currents and reduce the impact of transient voltage drops, greatly protecting key
equipment in the microgrid from the impact of faults.

Figure 26 shows the variation in the d-axis current with and without current limitation
control. After the fault occurred, the d-axis current rapidly increased under the traditional,
consistent DC voltage dual-loop control, and the direction of energy transmission remained
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consistent with that before the fault occurred. The energy stored in the capacitor also
discharges towards the fault point, which causes a short-term overshoot of 0.418 s. After
adding current limitation control, the iy changes in the opposite direction and the stable
value is opposite to the sign when no fault occurs. The addition of the current limitation
strategy reduces the discharge of capacitors towards the fault location and then feeds
energy to the AC sub-grid, which will limit the growth of the fault current.

200 N = Without current limitation control
SV ll \\, —  With current limitation control
200 |
g 100
0
—-100
0.3 0.35 0.4 0.45 /0.5 0.55 0.6 0.65 0.7
f/s

Figure 26. Current inner loop, d-axis, current-control waveform.

5. Conclusions

This study investigated the DC fault propagation mechanism and proposed a current
limitation control strategy. The analyzed mechanism and fault suppression strategy were
then simulated and verified based on the RTDS hardware using a loop real-time simulation
platform. The summary is as follows.

This paper used inter-pole, short-circuit faults and single-pole ground faults in the DC
sub-grid as examples to analyze the transient changes in the fault circuit and derive the
expressions of AC short-circuit currents affected by DC faults. The expression of the AC
current under an inter-pole, short-circuit fault in the DC sub-grid was similar to that of a
three-phase, short-circuit fault current in the AC sub-grid, while the AC short-circuit current
under the single-pole ground fault lagged behind the AC power supply and exhibited
the characteristics of periodic variation. Meanwhile, the error between the calculated
short-circuit current expression derived from theory and the simulation results did not
exceed 5%. In addition, the fault current under inter-pole, short-circuit faults increases
more rapidly and has a larger amplitude, compared to that for single-pole ground faults,
which are more likely to cause equipment damage.

This paper proposed a current limitation control strategy to address the rapid increase
in current caused by DC faults. On the basis of constant DC voltage control in AC/DC
hybrid microgrids, a virtual impedance control link was added. The proposed control
strategy only needs to activate the control based on the change rate of the DC current,
without additional fault detection systems. During normal operations, virtual impedance
has a relatively small impact on the steady-state characteristics of the system. In the case of
a fault, the virtual impedance resistance value is automatically adjusted to limit the change
rate and amplitude of the fault current. Through simulation verification, the proposed
current limitation control was found to not affect the normal operation of the system and
could effectively slow down the current change rate and amplitude in the event of a DC
fault. Under the framework of the DC fault current limitation control strategy, the increase
in the fault current decreased and its change rate decreased from 19.1 kA /s to 2.73 kA/s.

A PI controller was adopted for the control framework in this paper. However,
PI controllers operate on the control error of the previous moment and do not predict
future control errors, which limits their control performance. In addition, it is difficult to
simultaneously meet the requirements of overshoot and response time under the PI control
architecture. Therefore, in subsequent research, the focus will be on predictive control
algorithms based on virtual impedance and active disturbance rejection control algorithms,
which can simultaneously meet the requirements of response time and overshoot.
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