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A d‑axis based current differential protection 
scheme for an active distribution network
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Abstract 

The emergence of distributed generators has changed the operational mode and fault characteristics of the distribu-
tion network, in a way which can severely influence protection. This paper proposes a d-axis-based current differential 
protection scheme. The d-axis current characteristics of inverter-interfaced distributed generators and synchronous 
generators are analyzed. The differential protection criterion using sampling values of the d-axis current component 
is then constructed. Compared to conventional phase-based current differential protection, the proposed protection 
reduces the number of required communication channels, and is suitable for distribution networks with inverter-
interfaced distributed generators with complex fault characteristics. Finally, a 10 kV active distribution network model 
is built in the PSCAD platform and protection prototypes are developed in RTDS. Superior sensitivity and fast speed 
are verified by simulation and RTDS-based tests.
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1  Introduction
With increased numbers of distributed generators (DGs) 
being connected to the distribution network, the con-
ventional network has become an active distribution 
network. The emergence of DGs has changed the power 
flow and fault current characteristics of the network. 
On the one hand, DGs cause bi-directional power flow 
and uncertain magnitude and direction of load current 
and fault current, while on the other, the output cur-
rents of DGs that use solar and wind energy fluctuate 
[1–3]. Because of the above factors, it is difficult to set 
the threshold value for conventional overcurrent protec-
tion, and its protection range, sensitivity and reliability 
are severely affected. Inverter-interfaced distributed gen-
erators (IIDGs) are widely used because of their flexible 
control strategy [4, 5]. However, IIDGs have more com-
plicated fault characteristics than rotating-type distrib-
uted generators (RTDGs). Therefore, it is necessary to 

introduce a protection scheme for an active distribution 
network with different types of DGs. Recently, research-
ers have proposed three types of new protection schemes 
based on local, dual-terminal, and multi-terminal 
information.

Adaptive protection adjusts the threshold value in 
real-time under the current network topology to meet 
the protection requirements. In [6], an adaptive over-
current protection scheme is proposed, where the fault 
currents for all the simulated faults are saved. If there is 
a significant change in the network, the optimum pro-
tection settings are established. However, because of 
fluctuations in DG output, frequent recalculation of the 
setting value is required and this can be time-consuming. 
If a fault occurs during this period, the correct operation 
of the protection may not be guaranteed. In [7], a direc-
tional distance relay is proposed. This needs to know the 
voltage and current to calculate the setting value of the 
impedance. However, the acquisition of voltage informa-
tion is difficult in the existing distribution network.

Wide-area protection realizes the interaction of multi-
terminal information through the smart terminal unit. 

Open Access

Protection and Control of
Modern Power Systems

*Correspondence:  guibinzou@sdu.edu.cn

1 School of Electrical Engineering, Shandong University, Ji’nan, China
Full list of author information is available at the end of the article

http://orcid.org/0000-0001-6267-9993
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41601-022-00243-0&domain=pdf


Page 2 of 11Zang et al. Protection and Control of Modern Power Systems            (2022) 7:23 

In [8], a three-level hierarchically coordinated system is 
introduced to enable the protection. At the same time 
a backup protection strategy is proposed to solve the 
problem of communication interruption. In [9], the relay 
agents of different protected areas cooperate to perform 
protection function. However, wide-area protection has 
a high requirement on the reliability of communication, 
and highly depends on the stability of the master station. 
In addition, it cannot be extended to the entire distribu-
tion network.

To solve the problems in the above two types of pro-
tection, pilot protection schemes using peer-to-peer 
communication are proposed [10, 11]. Conventional 
phase-based current differential protection uses the 
three-phase current to construct a protection crite-
rion but this increases the burden of communication, 
whereas the protection method in [12] based on nega-
tive-sequence current cannot reflect all types of faults. 
Consequently, some pilot protection schemes based on 
the ratio of the positive sequence currents at both ends 
of the protected section are proposed in [13, 14]. These 
rely on the amplitude difference between the two ends. 
However, the protection may fail in two cases, i.e., in the 
section with generators at two ends with large DG capac-
ity on the load side, and when there is a fault with large 
transition resistance. For these problems, differential 
protection schemes based on current phasor are pro-
posed in [15–17], while a protection scheme only using 
the phase angle is proposed in [18]. However, the phase 
angle of fault current supplied by an IIDG is related to 
the voltage at the point of common coupling (PCC). 
Thus, when an internal fault occurs in the section pow-
ered by the system-side generator and IIDG respectively, 
the angle difference of the positive-sequence currents at 
both ends can be 130° at most, which may lead to the fail-
ure of the protection scheme [19]. Impedance differential 
protection schemes are proposed in [20–23], but these 
schemes require voltage information, which as we have 
said is difficult to acquire in the existing distribution net-
work. Based on the relationship between the current out-
put characteristics of IIDG and the voltage drop, a virtual 
multi-terminal current differential protection scheme is 
proposed in [24], although it still faces the problem of 
voltage information acquisition.

Given the above problems, this paper analyzes the 
control strategy of an IIDG and its influences on the 
d-axis current characteristics of an IIDG. At the same 
time, the d-axis current characteristics of synchronous 
generators are also analyzed. A differential protection 
scheme based on the sampling value of d-axis current is 
constructed. A 10 kV active distribution network model 
is developed in PSCAD to verify the effectiveness of 
the proposed method. Finally, a protection prototype is 

developed and closed-loop tests using real-time digital 
simulator (RTDS) are carried out to further verify its 
practicability.

2 � Fault characteristics of d‑axis current
2.1 � Control system of IIDG
As shown in Fig.  1, an IIDG converts DC into AC 
through a three-phase inverter. As shown, udc is the DC 
voltage, L is the AC side inductance, C is the AC filter 
capacitor, while L and C form a LC filter. Ia, ib and ic 
are the abc three-phase currents. Pref and Qref, PAC and 
QAC are the reference values and actual output values of 
active power and reactive power on the AC side, respec-
tively. Idref, iqref, i’dref, i’qref are the reference values of the 
d-axis and q-axis currents before and after the current 
limiting module. Id and iq, ed and eq are the actual out-
put values of the d-axis and q-axis components of cur-
rent and voltage on the AC side, respectively.

An IIDG generally adopts a constant power (PQ) 
control mode. This is realized by a double closed-loop 
control strategy, including the outer power loop and 
the inner current loop [25]. The outer loop aims to con-
trol the power and generates the reference currents for 
the inner current loop control. The inner loop control-
ler generates the SPWM modulation signal to track the 
current commands. To realize the decoupling control 
of P and Q and simplify the design of the control sys-
tem, AC in the static abc coordinate system is usually 
converted to DC in the synchronous rotating dq coor-
dinate system [26]. Thus, in an IIDG, the d-axis current 
controls the active power P and the q-axis current con-
trols the reactive power Q.

In addition, an IIDG also has other control strategies, 
which make the fault characteristics of an IIDG differ-
ent from the RTDG, e.g.:

Fig. 1  Schematic diagram of IIDG control system



Page 3 of 11Zang et al. Protection and Control of Modern Power Systems            (2022) 7:23 	

•	 The overcurrent control requires that the maximum 
output current of the IIDG is only 1.2-2 times the rated 
current;

•	 The elimination of the negative sequence current con-
trol requires the output current of the IIDG to only 
contain a positive-sequence component even if an 
asymmetrical fault occurs in the feeder;

•	 Low voltage ride through (LVRT) control requires 
the IIDG to continue grid-connected operation after 
detecting the voltage drop at PCC for voltage support.

2.2 � D‑axis current characteristics of an IIDG
After a fault occurs at a feeder, the voltage at the PCC can 
drop sharply. Different voltage drops at the PCC lead to dif-
ferent control strategies of the IIDG. Generally, the IIDG 
mainly undergoes two processes after the occurrence of the 
fault: constant power control and LVRT control.

2.2.1 � Current change of IIDG under constant power control
When the voltage at the PCC after the fault (|U̇f  |) is larger 
than 0.9 times of the pre-fault value (0.9|U̇nor|), the IIDG 
is still in constant power control. At this time, to achieve 
maximum power point tracking, the power factor of the 
IIDG is 1, and the d-axis component of the fault current ( ̇I
d.f) and the q-axis component of the fault current ( ̇I q.f) are 
given as:

It can be seen from (1) that when the IIDG is in con-
stant power control, the d-axis current increases with the 
decrease of the voltage at PCC, and the q-axis current is 
always 0.

2.2.2 � Current change of IIDG under LVRT control
When the IIDG detects that | U̇f| has dropped below 0.9|U̇
nor|, LVRT control starts. According to the requirements 
of LVRT, the IIDG gives priority to output reactive cur-
rent (q-axis current) during the fault to support the AC 
voltage. Meanwhile, to ensure the balance of active power 
of the grid, the IIDG needs to output as much active cur-
rent (d-axis current) as possible within the capability of 
the inverter. The fault current output characteristics of the 
IIDG are given as:
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where İ f is the fault current, kq is the reactive power 
support coefficient, and Imax is the maximum current 
allowed by the IIDG. From (2), the output current of the 
IIDG is related to the drop of the voltage after a feeder 
fault. The current phasor after the feeder fault is further 
illustrated in Fig. 2.

Based on the analysis in Sect. 2.2.1, when | U̇ f|>0.9|U̇
nor|, the output power factor of IIDG is 1 to make full 
use of energy generation, i.e., the output current of 
IIDG ( ̇Inor) only contains the d-axis component ( ̇I
d.nor), and İd.nor = İnor After the fault, U̇ f has a β angle 
offset relative to U̇nor. The output characteristic of İ
f is related to the IIDG control strategy, and it rotates 
in a fan-shaped area whose radius is Imax, as shown 
by the dotted line in Fig.  2a. İ ’f and İ ’’f correspond to 
the different output states of İ f. In the following, İ ’d.f, 
İ ’’d.f represent the d-axis currents for different voltage 
drops. Controlled by LVRT, the angle between İ f and U̇
f increases with | U̇ f| decreasing. In the fan-shaped area 
in red shown in Fig. 2a, | ̇Id.f |>|İd.nor|, while in the fan-
shaped area in blue in Fig. 2b, | ̇I  d.f|<|İd.nor|. When the 
angle between İ f and U̇ f rotates from 0° to 90°, there is a 
critical state that | ̇Id.f|=|İd.nor|, and the q-axis current İ
q.f satisfies:

Fig. 2  Output current phasor of IIDG: a When the voltage drop is 
small; b When the voltage drop is large
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From the requirements of the grid connection regula-
tions, when the voltage drop exceeds 10%, for every 1% 
voltage drop, at least 2% of the q-axis current needs to be 
provided to support the voltage, i.e., the current output 
of IIDG is controlled as:

The relationship between the critical voltage value Uf.0 
and U̇nor is further derived from (3)–(4), as:

Affected by the current limiting module in the IIDG 
control system, Imax∈(1.2|İnor|, 2|İnor|). In this paper: 
Imax=1.2|İ nor|, and (5) can be simplified as Uf.0=0.624|U̇
nor|. Thus, when the voltage drop is small, | U̇ f |>0.624|U̇
nor|, and | ̇I ’d.f | increases compared with | ̇Id.nor|. In addi-
tion, when | U̇ f |>0.624|U̇nor|, the situation of | ̇I ’f |=Imax 
exists, İ ’q.f satisfies (4) while İ ’d.f satisfies:

From (4) and (6), it can be deduced that | ̇I ’f |=Imax 
when | U̇ f |=0.84|U̇nor|.

When | U̇ f |<0.624|U̇nor|, İ ’’f rotates in the fan-shaped 
area in blue in Fig. 2b, and | ̇Id.f |<|İd.nor|, | ̇I ’’f |=Imax. In 
such a condition, I’q.f satisfies (4), while I’d.f satisfies:

From (4) and (7), it can be seen that when | U̇ f|=0.4|U̇
nor|, the critical state of | ̇Iq.f| =Imax is reached. When the 
voltage drop exceeds 60%, | U̇ f|< 0.4|U̇nor|, | ̇I ’’d.f | =0.

The changes of the d-axis current with different voltage 
drops at the PCC are shown in Fig. 3.

The angle γ of the output current supplied by IIDG is:

From the analysis above, γ varies from 0° to 90° under 
different voltages at the PCC. As the condition of faults is 
unpredictable, consequently, γ is random.

2.3 � D‑axis current characteristics of synchronous motors
Synchronous generators, which have similar fault char-
acteristics to RTDGs, are the main power source of the 
distribution network. To correspond with the output 
characteristics of an IIDG and simplify the analysis of 
the fault characteristics of an active distribution network, 
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the Park Transform is used to convert the abc-aixs cur-
rent into the dq0-axis current. The relative positions of 
the dq-axis and the abc-axis in the synchronous genera-
tor are shown in Fig. 4. In Fig. 4, ωs is the angular veloc-
ity of the rotating magnetic field of the stator winding, ω 
is the angular velocity of the rotor, and ωs= ω in a syn-
chronous generator. Iam, Ibm, Icm represent the respective 
amplitudes of the three-phase current, and θA is the ini-
tial angle between the a-phase current axis and the refer-
ence axis. Thus, the three-phase current can be expressed 
as sine functions varying with time, as:

According to the Park Transformation, the dq-axis cur-
rent can be obtained from the abc-axis current, as:

(9)
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Fig. 3  Changes of d-axis current with different voltage drops at the 
PCC

Fig. 4  Relative position of the dq-axis and the abc three-phase 
current axis in the synchronous generator
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In (10)–(12), I(k) is the current value of the k-th sam-
pling point, PIabc is the Park Transformation matrix, ∆t 
is the sampling interval, and θ is the angle between the 
d-axis and the reference axis in the initial state. The 
key element of the Park Transformation is the intro-
duction of a time-varying rotation angle k ω ∆t to con-
struct a rotating coordinate system. This shows that 
the sampling values at different moments correspond 
to different transformation angles.

From (9)–(12), the relationship between the d-axis 
current Id and the three-phase current can be further 
derived as:

Under normal conditions, the system is in a three-
phase symmetrical state, and the amplitudes of the 
three-phase currents are equal, i.e., Iam=Ibm=Icm. In 
this case, Id =[(Iam+Ibm+Icm) sin (θA —θ)]/3. As Iam, 
Ibm, Icm, θ, θA are all constant values, Id becomes a DC 
quantity [27].

When a symmetrical fault occurs in the feeder, the 
three-phase system remains symmetrical once reach-
ing steady state during the fault, Iam, Ibm, Icm increase 
symmetrically, and thus Id increases. Under such a 
condition, Id is equivalent to changing from one DC 
state to another DC state with a larger amplitude.

When an asymmetrical fault occurs in the feeder, Iam, 
Ibm, Icm are not equal after reaching steady state during 
the fault. The phase current increases, Id increases but 
contains a double frequency component. Thus, Id is 
equivalent to changing from the DC state to the dou-
ble frequency AC state.

Figure  5 shows the characteristics of Id when dif-
ferent types of faults occur. As can be seen, when the 
fault occurs at 0.4 s, regardless of the fault type, Id 
increases rapidly and enters into another DC state or 
double frequency AC state. Assuming that the phase-
a current axis coincides with the d-axis in the initial 
state, θ=θA, Id =0. Thus, Id can be considered to only 
appear after a fault, which means Id has similar prop-
erties to the fault component and contains an obvious 
fault characteristic.
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3 � D‑axis current‑based differential protection
Figure  6 shows a simple active distribution network, 
where RM and RN are relays that perform the protection 
function. They are installed on the system side and the 
load side, respectively. İd.M and İd.N represent the respec-
tive positive directions of the d-axis currents flowing 
through RM and RN.

Based on Kirchhoff’s current law, and referring to the 
form of conventional ratio differential protection, a novel 
differential protection criterion based on the d-axis cur-
rent is constructed.

Under normal conditions, based on Kirchhoff’s current 
law, | ̇Id.M+İd.N|=0, | ̇Id.M+İd.N|<|İd.M−İd.N|. When an 
internal metallic short-circuit fault occurs, İd.M and İd.N 
are provided by the synchronous generator on the system 
side and IIDG on the load side with the same direction, 
respectively. Under this condition, | ̇Id.M+İd.N|>|İd.M−İd.

N|.
According to the analysis in Sect.  2, | ̇Id.N| increases 

in a short time after the fault under constant power 
control. The increase of | ̇Id.N| is conducive to the 
establishment of the relationship | ̇Id.M+İd.N|>|İd.M−İ

d.N|. In this process, if IIDG detects | U̇ f |<0.9|U̇nor|, 

Fig. 5  D-axis current waveforms of synchronous motor after the fault 
(a) Symmetrical fault (b) Asymmetrical fault

Fig. 6  Simple active distribution network
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it will perform LVRT control. When 0.624|U̇nor|<|U̇
f|<0.9|U̇nor|, the gap between | ̇Id.M+İd.N| and | ̇Id.M−İ

d.N| increases whereas İd.N decreases as | U̇ f| decreases 
for 0.4|U̇nor|<|U̇ f |<0.624|U̇nor|. The d-axis current sup-
plied by IIDG is reduced to 0, when | U̇ f|<0.4|U̇nor|, and 
the active distribution network can be regarded as a 
network powered only by the grid-side source. In this 
condition, İd.N is the crossing current provided by the 
grid source, and is affected by the upstream equiva-
lent impedance, transition resistance, downstream 
line impedance, and load impedance. The relationship 
between İd.M and İd.N can be expressed as: İd.N=α İd.M, 
| ̇Id.M+İd.N|≈|İd.M|−|α İd.M|, | ̇Id.M−İd.N|≈|İd.M|+|α İd.

M|, where α is the branch coefficient and is related to 
the network topology parameters after the fault. In this 
case, the restraint coefficient Kres (Kres<1) is introduced 
to ensure that the relationship of | ̇Id.M+İd.N|>|İd.M−İd.

N| is still valid.
The selection of Kres will affect the sensitivity of the 

proposed protection scheme. To improve the sensitivity 
for an internal fault, the value of Kres needs to be low. On 
the contrary, to improve the reliability of the protection 
for an external fault, the value of Kres needs to be high. 
In fact, the selection of Kres may use the margin of exter-
nal faults to ensure the reliability in the case of internal 
faults. Therefore, it is necessary to comprehensively con-
sider the influence of branch load and transition resist-
ance. According to Kirchhoff’s law, the value of | ̇Id.M+İ

d.N| is almost 0 when an external fault occurs, and there 
is a large difference between | ̇Id.M−İd.N | and | ̇Id.M+İd.N|. 
Thus, the margin can be used to choose a suitable value 
of Kres. The purpose of the arrangement is to ensure the 
effectiveness when the voltage at the PCC drops severely 
and when a fault with a large transition resistance occurs. 
In this paper, Kres=0.2.

In addition, to obtain the d-axis current, it is neces-
sary to perform a coordinate transformation of different 
angles for each sampled value. To affect this, the differen-
tial current (Idiff) and the restraint current (Ires) based on 
the d-axis current sampling value are defined as:

Ignoring the influence of the crossing current, İd.N is 
completely provided by IIDG. From the protection crite-
rion shown in (14)–(15), when an internal fault occurs, 
the large value of İd.N is beneficial to the judgment of the 
faulty section. This means, if RTDG is connected to the 
distribution network, the performance of the proposed 
criterion is better than with IIDG. Therefore, to verify its 
effectiveness, the simulation and prototype test carried 

(14)Idiff (k) =
∣

∣Id.M(k)+ Id.N (k)
∣

∣

(15)Ires(k) = Kres ·
∣

∣Id.M(k)− Id.N (k)
∣

∣

out in Sects. 4 and 5 will be based on the distribution 
network model with IIDG.

We assume that the protection criterion based on a sin-
gle sampling point is easily affected by the fault initiation 
angle and noise, and the sums of Idiff and Ires of all sam-
pling points in a time window are calculated to identify 
the faulty section. Each data window includes X sampling 
points, and the cumulative differential current (Sdiff) and 
restraint current (Sres) can be expressed as:

When Sdiff >Sres, an internal fault is identified. To ensure 
the speed and reliability of the protection scheme, half 
a cycle is selected as the length of the time window. 
According to the analysis in Sect. 2, when an asymmet-
ric fault occurs, the d-axis current is double-frequency 
AC. Therefore, in a 50 Hz system, 5 ms is selected as the 
length of the time window. The flow chart of the protec-
tion scheme is shown in Fig. 7.

The proposed protection scheme is based on Kirch-
hoff’s current law, and its theoretical basis is that the 
currents at both ends of the section are synchronized in 
the same reference coordinate system. In practice, the 
periodically changing phase angle obtained by the bus 
voltage through PLL is often used as the rotation angle 
of the Park Transformation. However, considering the 
lack of voltage transformers in distribution networks and 
the oscillation of voltage after fault occurrence, voltage 
is only used to calculate the initial phase angle θ0, and 
then kω∆t+ θ0 is selected as the rotation angle φ in the 

(16)Sdiff =
x+X−1
∑

k=x

Idiff (k)

(17)Sres =
x+X−1
∑

k=x

Ires(k)

Fig. 7  Flow chart of the protection scheme
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proposed scheme. To ensure that the calculation results 
of the d-axis current are in the same coordinate system, 
the rotation angle of the sampling point at the same time 
should be equal. Due to the complex topology of the dis-
tribution network and a large number of branches, the 
cost of installing GPS at every node is high. Therefore, a 
built-in time synchronization algorithm in the relay is a 
more economical solution to this problem.

Compared with the phasor-based protection schemes, 
this sample-based protection scheme does not require a 
Fourier Transform, so has an excellent performance in 
terms of speed. In addition, the proposed protection is 
suitable for distribution networks with an IIDG in which 
γ is random, while it also reduces the burden of commu-
nication compared with conventional three-phase cur-
rent differential protection. Also, it has no requirement 
for voltage transducers, which reduces investment cost.

4 � Simulation analysis
4.1 � Simulation model
To verify the effectiveness of the proposed protection 
scheme, the simplified active distribution network model 
shown in Fig. 8 is used. Sections N1N3 and N3N4 are pow-
ered by double-sided sources, and therefore conventional 
overcurrent protection schemes may not be applicable. 
In the proposed protection method, relays are arranged 
at both ends of the sections to identify the faulty section, 
while R3–R6 are relays that perform the protection func-
tion. In China, the 10 kV distribution network is neutral 
ungrounded. Thus, when single-phase grounding faults 
occur, the system can continue to operate for 2 hours. 
Therefore, only the phase-to-phase faults are simulated.

The system reference voltage is 10.5 kV, the reference 
capacity is 200 MVA, and the IIDG capacity is 1 MW. 
f1–f5 are located at the midpoints of sections N1N2, N1N3, 
N3N4, N4N5, and N1N6, respectively. The feeders are 
mixed configurations of cables and overhead lines. The 
lengths of feeders 1–3 are 3.75 km, 12.93 km, and 2.78 
km, respectively. Section N1N2 is entirely composed of 
overhead lines with length of 1.87 km. Sections N1N3, 
N3N4 N4N5, and N1N6 are entirely composed of cables, 
with lengths of 0.7 km, 0.8 km, 5.42 km, and 2.78 km, 
respectively. In the simulation, section N3N4 is taken as 

the object to be studied, and feeder 2 is drawn in detail 
in Fig.  8 while the other feeders are simplified as lines 
and loads. In the simulation, Kres = 0.2, the sampling fre-
quency is 5 kHz, the system frequency is 50 Hz, and the 
time window length is 5 ms.

4.2 � External faults
Three-phase short-circuit external faults are set at f1, f2, f4 
and f5 respectively to verify the effectiveness of the pro-
posed protection scheme. The faults occur at 0.4s, and 
Sdiff and Sres are calculated according to (14)–(17). The 
simulation results are shown in Table 1 and Fig. 9.

As shown, for external three-phase faults, Sres increases 
while Sdiff only has small changes, and Sdiff is much 
smaller than Sres. The results verify that the proposed 
protection scheme will not make a misjudgment when 
severe three-phase short-circuit external faults occur.

4.3 � Internal faults
Symmetric short-circuit faults are set at f3, and the results 
are shown in Fig. 10. It can be seen that, for an internal 
three-phase fault, both Sdiff and Sres increase, but Sdiff is 
much larger than Sres, which meets the protection crite-
ria within a very short time. The protection scheme can 
reliably distinguish the faulty section from the healthy 
sections.

Asymmetric faults are also applied at f3, including a 
two-phase fault and a two-phase-to-ground fault (with-
out or with transition resistance Rf). The simulation 
results are listed in Table 2.

As can be seen from Table 2, the proposed protection 
scheme can correctly identify the faulty section for inter-
nal faults. When a two-phase-to-ground internal fault 

Fig. 8  Active distribution network model with IIDG

Table 1  Simulation results of N3N4 for three-phase short-circuit 
external faults

Fault location Sdiff /kA Sres/kA Result

f1 0.010 0.057 External fault

f2 0.032 0.776 External fault

f4 0.013 24.99 External fault

f5 0.008 0.046 External fault

Fig. 9  Protection performance for fault at f4
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with a large transition resistance (e.g., 50 Ω) occurs, the 
sensitivity is slightly reduced, but the proposed scheme is 
still reliable with a sensitivity coefficient greater than 1.5. 
Therefore, the proposed protection scheme is suitable for 
short-circuit ground fault situations with large transition 
resistance.

As the distance between the fault point and the PCC 
will affect the voltage at the PCC, which indeed affects 
the current fault characteristics of the IIDG, three types 
of faults are set at different distances from the PCC and 
the results are shown in Table 3. f3’ and f3’’ are located at 
1% and 99% from section N3N4, respectively. According 
to Table 3, the change of the fault location has little effect 
on the sensitivity of the protection scheme. Even if the 
fault occurs at the beginning or the end of the protected 
section, the protection scheme can still identify the faulty 
section correctly.

In summary, the protection scheme can correctly 
reflect all the fault types at different locations of the 
feeder fast and with superior sensitivity. Also, the scheme 
is less affected by the transition resistance.

4.4 � Simulation results under closed‑loop model
A further simulation is conducted of the looped distribu-
tion network as shown in Fig. 11 [28]. The parameters in 
Fig. 11 are the same as those of feeder 2 in Fig. 8.

Section N3N4 is selected for study and three-phase 
short-circuit faults are set at f6, f8 and f9 to verify the 
effectiveness in the case of severe external faults, while 
different types of internal faults with different transition 
resistances are set at f7. Simulation results are shown in 
Tables  4 and 5. Similar to the simulation results of the 
open-loop network, the results show that the proposed 
protection scheme can correctly distinguish the faulty 
section in the closed loop network model.

4.5 � Simulation results for single‑phase grounding faults
To verify the performance of the proposed protection 
method under a single-phase grounding fault, the neu-
tral point of the distribution network model in Fig. 8 is 

Fig. 10  Protection performance for fault occurring at f3

Table 2  Simulation results of N3N4 when asymmetric faults 
occur at f3

Fault type Rf /(Ω) Sdiff /kA Sres /kA Result

Two-phase 0 134.07 26.41 Internal fault

Two-phase-ground 0 127.57 25.17 Internal fault

5 18.77 3.78 Internal fault

50 2.22 0.52 Internal fault

Table 3  Simulation results of internal faults occurring at the 
beginning and the end of N3N4

Fault location Fault type Sdiff /kA Sres /kA Result

f3’ ABC 256.79 50.71 Internal fault

AB 158.13 31.21 Internal fault

AB-g 148.81 29.42 Internal fault

f3’’ ABC 194.70 38.29 Internal fault

AB 116.47 22.87 Internal fault

AB-g 111.75 21.97 Internal fault

Fig. 11  Active distribution network model in closed loop

Table 4  Simulation results of N3N4 in closed loop network 
model when external faults occur

Fault location Sdiff /kA Sres/kA Result

f6 0.011 9.692 External fault

f8 0.012 23.287 External fault

f9 0.014 6.588 External fault

Table 5  Simulation results of N3N4 in closed loop network 
model when internal faults occur at f7

Fault type Rf /(Ω) Sdiff /kA Sres /kA Result

Three-phase 0 246.146 34.430 Internal fault

Two-phase 0 152.949 21.421 Internal fault

Two-phase-ground 0 143.238 20.011 Internal fault

5 18.437 2.423 Internal fault

50 2.115 0.175 Internal fault
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grounded. Section N3N4 is also selected for study, and 
internal single-phase grounding faults are applied. The 
simulation results in Table  6 show that the proposed 
protection method is reliable for single-phase grounding 
faults in the distribution network with neutral grounding.

5 � Prototype development and testing
To further verify the speed and practicability of the pro-
posed protection scheme, based on the protection crite-
rion described above, relay prototypes with protection 
functions are developed. They can monitor the three-
phase current of the feeder in real-time and have a time 
synchronization function. They adopt a sudden change 
of phase current to start, and when the currents of three 
consecutive sampling points meet (18), the relay proto-
types activate. In (18), i(t) is the sampling value of phase 
current at time t, T is the power frequency period, and IN 
is the rated current.

In addition, the relay prototypes adopt a ping-pong 
time synchronization algorithm, and start to perform 
the time synchronization before entering the differential 
protection calculation. When the time error is less than 
a sampling interval, the fault identification program is 
executed.

5.1 � Prototype development and platform construction
The prototype is composed of four plug-in boards: 
power supply/open-in board, acquisition board, open-
out board, and management board. The management 
board is the core of the prototype and has functions such 
as data processing and logic control, mainly composed 
of two parts: the programmable logic device FPGA and 
the AM5716 processor. The FPGA collects data of each 
analog quantity channel, while the AM5716 performs 
data processing and storage functions, and realizes data 
interaction with the FPGA.

The RTDS closed-loop test platform is shown in 
Fig. 12. The information in the simulation model is out-
put through the GTAO board of the RTDS, and is con-
nected to the acquisition board of the prototype through 
the power amplifier. After the collected analog signals 

(18)
�i(t)− i(t − T )|−|i(t − T )− i(t − 2T )� ≥ 0.1IN

have undergone low-pass filtering and analog-to-digital 
conversion, the management board performs data pro-
cessing. Then, the signals are sent out through the open-
out board, which is connected to the GTFPI board of the 
RTDS to control the switch on and off of the simulation 
model. At the same time, the GTFPI board outputs the 
switch control signal to the relay, which is connected to 
the power supply/open in the board of the prototype to 
feedback the switch status. Adjacent prototypes rely on 
optical fiber communication.

5.2 � RTDS closed loop test
The active distribution network model in Fig.  8 is built 
in RTDS, and relay prototypes are arranged at both ends 
of section N3N4. Internal faults are set at f3 and various 
types of faults are tested for 15 times. The operation time 
of the prototype is shown in Fig. 13 and Table 7.

It can be seen from Fig. 13 and Table 7 that when a two-
phase-to-ground fault with a large transition resistance 
occurs, the operation time of the prototype will increase 
slightly, but all can operate quickly within 20 ms. In com-
parison, the protection schemes proposed in [15, 16, 29] 
operate in the case of internal faults within 50 ms, 47 ms 
and 60 ms, respectively. This indicates that the protection 
scheme proposed is faster than the others.

The currents on both ends of the section N3N4 and the 
operation of relays under different conditions are shown 
in Figs. 14 and 15, where the three-phase currents flow-
ing through R5 and R6 and the operation of R5 and R6 
are recorded. For R5 and R6, “1” means that the switch is 
closed, and “0” is the operation signal to open the switch. 

Table 6  Simulation results of N3N4 when single-phase 
grounding faults occur at f3

Fault phase Rf /(Ω) Sdiff /kA Sres /kA Result

A 0 17.793 3.494 Internal fault

B 50 1.830 0.456 Internal fault

C 100 0.461 0.167 Internal fault

GTAO

GTFPI

Analog Analog Through

Switch On and Off Signal

State of the 

RTDS

Local Switch

Power Amplifier

Relay

State of the Switch

Acquisition 
Board

Management 
Board

Relay Prototypes 

Open-out
Board

Optical Fiber 
Communication

Open-in
Board

(a)

Real-Time Digital 
Simulator

Relay Prototypes

Power Supply 
Amplifier

(b)

Fig. 12  Test platform structure: a Schematic; b Actual photos
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The results show that the developed relay prototypes can 
quickly distinguish the faulty section from the healthy 
sections.

6 � Conclusion
This paper analyzes the d-axis current characteristics 
of a synchronous generator and IIDG under fault con-
ditions, and proposes a novel differential protection 
scheme based on the d-axis current. The scheme uses 
the sampling values of the d-axis currents at both ends 
of the section to calculate the differential and restraint 
currents, and accumulates sampling point information 

to improve reliability. Through theoretical analysis, 
simulation verification, and RTDS closed-loop testing, 
the following conclusions can be drawn:

(1)	 The fault characteristics of an IIDG are complex, 
and conventional protection schemes face chal-
lenges. In response to this problem, a novel current 
differential protection scheme based on d-axis cur-
rent is proposed.

(2)	 The simulation results show that the proposed 
protection scheme can correctly identify the faulty 
section and reflect all fault types, and is applicable 
under large transition resistance. However, when 
an internal three-phase short-circuit fault occurs, 
the voltage at the PCC drops significantly and the 
d-axis current supplied by the IIDG may become 
0. In this case, the effectiveness of the protection 
method depends on the restraining coefficient.

(3)	 The results from RTDS closed-loop tests show that 
the protection prototype is able to operate quickly 
within 20 ms in the event of an internal fault.

(4)	 Compared with conventional phase-current-based 
differential protection schemes, the proposed 
scheme only needs to transmit the d-axis current. 
This reduces the burden of communication.
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Fig. 13  Operation time of the prototype

Table 7  Average operation time under different fault conditions

Fault type Operation time/ms

R5 R6

Three-phase short-circuit 12.73 13.40

Two-phase short-circuit 13.33 13.87

Two-phase-to-ground short-circuit 13.40 13.53

Two-phase-to-ground short-circuit (Rf=5Ω) 15.40 13.67

Two-phase-to-ground short-circuit (Rf=10Ω) 15.40 14.73

Fig. 14  Fault record for an internal three-phase fault of section N3N4

Fig. 15  Fault record for an internal phase A to B fault of section N3N4
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