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Abstract

For multiple distributed generation units (DG unit) parallel system, excessive fault current has adverse effects on the safe
and stable operation of the utility grid. As a result, a fault current limitation control of multiple DG units is developed in
this paper to limit the fault current of related fault branch and ride through the associated fault conditions. The injection fault
current amplitude and phase angle of each DG unit for grid-side converter are controlled through the point of common coupling
(PCC) voltage support and fault current limitation to limit the total current amplitude at the corresponding fault location. The
validity of the proposed control strategy has been verified by simulation and hardware-in-loop (HIL) experiment results.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In recent years, the wide use of renewable energy like wind energy and solar energy has become a feasible
method to alleviate the energy crisis and environmental problems. As an effective way to realize the active distributed
network, microgrid (MG) can help to solve the grid connection problem of a large number and diverse types of
distributed generation units (DG units). Most of the DG units are connected to MG through grid-side converter
(GSC). When multiple converters are running in parallel, the characteristics of power grid during fault and the
fault ride through control strategy of converters are particularly important [1]. Compared with balanced faults,
unbalanced grid faults account for a larger proportion in grid. When an unbalanced fault occurs, the GSC current
may be distorted and resulting in more serious stability problems. Also, unbalanced faults will also lead to the sharp
deterioration of power quality, including injected power ripple and current harmonics [2]. Therefore, the control for
unbalanced faults is particularly important in multiple distributed renewable generations.
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For the multiple DG units, the master—slave control and centralized control have high requirements for the master
control unit and central controller, while the inverters in decentralized logic control have the same control status,
in which droop control and virtual synchronous generator control are more widely studied [3]. In [4], an adaptive
virtual impedance approach is developed to improve power distribution accuracy. And a modified droop control
strategy is utilized to realize the power distribution of various converters with different fault degrees. A two-layer
hierarchical control strategy is proposed in [5]. Voltage and current control loops, classic droop control loops,
and virtual impedance control loops are all part of the main control layer. The sub control layer is a negative
sequence component droop control. A hybrid control method is proposed by combining passive switching function
and frequency droop control in [6]. Besides the droop control and virtual synchronous generator control, some
fault ride through schemes based on specific control objectives have also been investigated. Ref. [7] has proposed
a strategy to keep the power angle and other variables in memory during the fault period to deal with the voltage
phase shift during the fault period of droop control or virtual synchronous machine control. Ref. [8] proposes a
comprehensive autonomous coordinated control scheme that can meet the maximum asymmetric voltage support
with voltage, current, and power constraints being considered.

In order to limit the short-circuit fault current, grid splitting operation and bus splitting operation, or series
reactor and high short-circuit impedance transformer are usually used. However, these measures reduce the stability
and reliability of power system operation and have a great impact on the normal operation of system [9]. Thus, in
order to improve the utilization of DG units, ensure the stable operation of the power grid during the fault period,
and improve its transmission quality and efficiency, a fault current limitation control (FCLC) for fault ride through
multiple distributed renewable generations under unbalanced conditions is proposed in this paper. Simulation and
hardware-in -loop (HIL) experiments show that the proposed strategy can reduce the total fault current at the fault
points by changing the amplitude and phase of the fault current of each DG unit through the control of converters.

2. PCC voltage support control

The equivalent structural diagram of MG connected to utility grid is shown in Fig. 1. Different distributed
generation units are connected to PCC through grid-side inverter and LCL filter. The amplitudes and phase angles
of fault currents injected by microgrid and utility grid, are represented by I, I, and 6;, 0, respectively. I and 6
are the amplitude and phase angle of the total fault current at the fault branch. The joint fault current is composed
of the fault current injected by the microgrid and the utility grid. The MG injection current is composed of those
of each DG unit.
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Fig. 1. Structural diagram of microgrid connected to utility grid.

This work proposes a fault ride through control approach based on fault current limitation control to increase
the utilization of DG units, transmission quality and efficiency and grid stability during fault conditions.

In case of unbalanced fault conditions, the over-voltage or low-voltage protection scheme at PCC voltage is
achieved as [10]:

Umax = max {Ua’ Ub» UL} =< USE[

max

Unin = min {Uay Uy, Uc} > Ut

min

ey

where U,, Uy, U, are the PCC voltage amplitudes. U, and U} are the set maximum and minimum limit of the

three-phase PCC voltage amplitudes (usually, 0.9-1.1p.u.).
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The minimum and maximum values of the three-phase PCC voltage during the fault are:

Unin = min(Uy, Up, Uo) = V(U2 + (U2 + 2(UH)(U Amin @)
Unax = max(Uy, Uy, Uo) = v (U)? + (U~ + 22U (U )dman
where Amin and Anax can be expressed as:
. 2 2
Amin = min ( cos(y), cos(y — ?), cos(y + ?)
2 2 3
Amax = max | cos(y), cos(y — ?), cos(y + ?)

in which, y = o™ — ¢~
The amplitudes of maximum reference values and minimum reference values of the PCC voltage are determined
by the set maximum and minimum limits of the PCC voltage as:

ref set
Umm Umm
ref set set
U = mln(UmaX, Umm + Umax — Umin)

max

“4)

Substituting (3) and (4) into (2), the reference values of the three-phase PCC voltage’s positive and negative
sequence components are expressed as:

J— e T 2
Ut = AWZA; B’ A = hima (USE) = i (V)

g where | B = <U::,a> ()’ )
Uref: 2C = x_)"min

3. Fault current limitation control

The following analysis is performed on a parallel system with two DG units to obtain the phase angle reference
value of each distributed generation unit’s GSC output fault current. Fig. 2 shows the relationship between fault
currents and phase angles. In Fig. 2, I; and I, are the fault currents injected by the GSC, I, is the fault current
injected by the utility grid. And /; is the total fault current at the fault branch, consisting of I,, I; and I;. Change
the amplitude and phase angle of fault currents injected by two distributed generation units to I|_ref, I> rer and 61 s,
0> ref. The total fault current will turn to /¢ new Which consists of Ig, I1 rer and I e, and the amplitude is controlled
by the amplitude of I,.

Fig. 2. Relationship between fault currents.

Thus, if there are k distributed generation units in parallel, the corresponding total fault current is expressed
as [11]:

74/ 74/ /-
Ifmew - I:/ +Zlk _ref (6)
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where Z;J/lgw is the total fault current at fault branch under FCLC, I ; /= is the fault injection current from utility

grid, qut/ef is the reference value of fault injection current of the ky, DG unit.
From Section 2, the reference value of fault injected reactive current of each DG unit can be calculated, and the

fault current amplitude at fault point and that injected by the utility grid is controlled to be same as:

it/
sin(6, ,.¢) "
[ =171
where /. and 6 ; are the fault injection current’s amplitude and phase angle of the kth DG unit.
Further, (7) can be expressed as: ) i
f;/— [cos(@}ri;w) - cos(@;“/—)] = Z IA,:;/; cos |:7r - 9;/— _ arccos Zlﬁ%
. k=1 ) " 5 N
Ig+/* [sin(eﬁ/;w) - sin(@g”*)] = kX: I,:;/e; sin |:71 — 9;/, — arccos (ﬁ)}
=1

where 9; /= and 9;{1;“, are the phase angle of fault injection current of utility and total fault current under FCLC.

From (7) and (8), the positive- and negative-sequence components of phase angle reference values for each DG
unit can be expressed as:

/e

- 1 . 1 +k _ref . — —

OIL/Cf =5 {n + arcsin |: ;A(-r)/— —sin (0;/ — Af) — 9;/ )
g

The amplitude reference value and phase reference value of the reactive current infused by the DG units can be

obtained, and the PWM signal of each GSC can be obtained through the current control loop. The principal control

diagram of FCLC is shown in Fig. 3.
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Fig. 3. FCLC’s principal control diagram.

The control process is described as follows. The coordinate transformation, positive and negative sequence
separation, and phase detection are applied to obtain the PCC voltage. The PCC voltage reference value and the
injection reactive current reference value of each DG unit are calculated according to the PCC voltage regulation
control, to support the PCC voltage and limit the PCC voltage within the allowable value range. Then, by limiting the
total fault current amplitude to the fault current amplitude injected by the utility grid, the phase angle reference value
of the fault injection current of each DG unit is obtained. The reference value of the inverter fault injection current
in the two-phase static coordinate system can be obtained if the reference value of the reactive component of the
inverter injection current and the phase reference value’s positive and negative sequence components is determined.
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Compared with the current value of the inverter in the two-phase static coordinate system, the PWM control signal
can be obtained through the PR controller and Park transformation to control the inverter of each DG unit.

4. Simulation and experimental verification

4.1. FCLC simulation

The simulation model of the parallel system with two GSCs is built, and the results of FCLC and those without
FCLC are compared. Table 1 presents the main simulation parameters.

Table 1. Main simulation parameters.

Symbol Quantity Value Symbol Quantity Value
L Inductance of LCL filter 6.42 mH Un Rated grid voltage 311V
C Capacitance of LCL filter 15 uF Cac DC capacitor 40 uF
Rg/Lg Line impedance from UG to fault point 0.2 ©/1.18 mH M Rated output capacity of GSCl1 10 kVA
R:/Lt Line impedance from MG to fault point 1.5 /1 mH A Rated output capacity of GSC1 20 kVA
Ugc DC voltage 700 V fs Switching frequency 10 kHz

The running time is set from 0.05s to 0.25s. The ground fault of phase A occurs at 0.1s, and it is cleared at 0.2s.
Fig. 4 shows the three-phase AC voltage and its amplitude at PCC under FCLC and without FCLC. As shown in
Fig. 4(a) and Fig. 4(c), the amplitude of phase C’s voltage at PCC without FCLC strategy rises to 355 V, and the
amplitude of phase B’s voltage falls to 260 V, exceeding the upper and lower limitation of PCC voltage. When a
fault occurs, the three-phase PCC voltage is controlled within the permissible range by the PCC voltage regulation
support control, as shown in Figs. 4(b) and 4(d). The amplitude of phase C’s voltage increases to 340 V, and the
amplitude of phase B’s voltage decreases to 280 V. Thus, the effectiveness of the control strategy in adjusting
the three-phase PCC voltage amplitude is verified. The results also show that the PCC voltage is better than that
presented in [8].
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Fig. 4. PCC voltage results with and without FCLC. (a) PCC voltage without FCLC; (b) PCC voltage with FCLC; (c) voltage amplitude

without FCLC; (d) voltage amplitude with FCLC.
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Fig. 5. Fault current without FCLC. (a) GSCI injection fault current; (b) GSC2 injection fault current; (c)utility grid injection fault current;

(d) total fault current at fault bus.
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Fig. 6. Fault current with FCLC. (a) GSC1 injection fault current; (b) GSC2 injection fault current; (c) utility grid injection fault current;

(d) total fault current at fault bus.

Fig. 5 shows the injection fault currents of the system without FCLC, including GSCI1 fault injection current,

GSC2 fault injection current, utility grid injection fault current, and the total fault current. When a phase ground
fault occurs, the fault injection current amplitude of GSC1 and GSC2 increases to 35 A, the amplitude of the utility
grid injection fault current increases to 180 A, and the total fault current rises to about 250 A.

Fig. 6 shows the injection fault current of the system with FCLC. The amplitude of GSC1 injection fault current
decreases to 26 A and the phase angle is 20° ahead. The amplitude of GSC2 injection fault current rises to 50
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A, and the phase angle lags 20°, the utility grid injection fault current remains unchanged. The total fault current
amplitude at the fault bus decreases to 180 A. By changing GSC1 and GSC2 injection fault current’s amplitude
and phase angle, the amplitude of total fault current is reduced, which has validated the effectiveness of FCLC.

4.2. HIL experiment

The HIL experiment is performed on dSPACE 1104 to further verify the effectiveness and correctness of the
proposed FCLC strategy. Fig. 7 presents the experimental platform.

— AC side current Sensors

Fig. 7. The HIL experimental platform.

In order to simplify the experiment, the rectification and energy storage of DG units are replaced by DC voltage
sources. The main parameters are shown in Table 2.

Table 2. Main parameters in HIL experiment.

Symbol Quantity Value Symbol Quantity Value
L GSC1 inductance 4 mH S Rated output capacity of GSCI1 10 kVA
Ly GSC2 inductance 4 mH S> Rated output capacity of GSC2 15 kVA
Ci GSC1 capacitance 10 uF Un Rated grid voltage 155 vV
C GSC2 capacitance 10 uF fs Switching frequency 5 kHz

During the experiment, a single-phase-ground fault is performed, the single-phase voltage and the faulty phase
current at PCC are measured. The voltage and current results with and without FCLC are shown in Fig. 8. As
shown in Fig. 8(a) and Fig. 8(c), the single-phase PCC voltage amplitude and faulty phase current reach 55 V and
16 A, respectively. By adopting the FCLC strategy, the voltage and current amplitude are controlled as Fig. 8(b) and
Fig. 8(d) shown. Results show that the single-phase PCC voltage amplitude drops to 48 V, and the faulty current
amplitude is limited to 11 A. So, it can be found that the experimental and simulation results are basically consistent,
which also verifies the correctness of the theoretical analysis and the effectiveness of the proposed FCLC method.

5. Conclusion

In this paper, the short-circuit fault problem of multiple renewable DG units connected to the utility grid is
analyzed. The PCC voltage support control is used to limit the PCC voltage during the fault conditions. And
the fault current limitation control is proposed to change each DG unit’s current amplitude and phase angle to
limit the corresponding current of fault branch. Compared with the power system that without the FCLC strategy,
the proposed FCLC strategy makes the three-phase voltage at PCC point controlled within the allowable range,
effectively reduces the total fault current amplitude at the fault point and avoids the damage or even more serious
consequences of relevant equipment in the fault line. The effectiveness of the proposed control approach has been
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Fig. 8. Voltage and current results with and without FCLC. (a) single-phase PCC voltage without FCLC; (b) single-phase PCC voltage with
FCLC; (c) faulty phase current without FCLC; (d) faulty phase current with FCLC.

verified by both simulation and experimental results. It can be found that the proposed control method can be used
in renewable energy power generations to increase the system reliability.
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