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Abstract

This paper presents comprehensive and realistic Hardware-In-the-Loop (HIL) tests of a physical relay and analysis of the test
results for evaluating the impact of HVDC systems (and converters in general) on the operation of distance protection. In the
established HIL test configuration, simulated voltage and current waveforms from a Real Time Digital Simulator (RTDS) are
injected to the relays via an analogue amplifier, and the relays’ tripping signals are input back to the RTDS to monitor their
tripping actions. During the HIL tests, the relay is configured with both MHO and QUAD characteristics, and it is tested under
a wide range of system operating conditions with different fault levels, fault types and locations, and HVDC control strategies.
The test results show that the integration of the HVDC system could lead to the compromised distance protection performance,
including failed tripping, delayed tripping and zone discrimination issues. Detailed analysis of the test results is presented, and it
is found that the main causes of the identified issues include: 1) under-reach/over-reach problem owing to the angle difference of
currents from local and remote ends in the event of resistive faults; 2) inaccurate impedance measurement problem due to identical
faulty phase currents during phase-to-phase faults with the constant reactive power control of HVDC system; 3) phase selection
issues owing to the abnormal increase of the superimposed currents during phase-earth fault with balanced current control (i.e.,
only injecting positive sequence current without any negative sequence component) of HVDC system. The results and analysis
presented in this paper will not only offer valuable evidence-based insights to understand the challenges of distance protection in
future converter-dominated networks, but also provide a useful reference, informing future research and development to address
these identified issues.

1 Introduction

The GB transmission system is expected to see a massive
increase of HVDC capacity and Non-Synchronous Generation
(NSG) in the coming decades to achieve the ambitious net-zero
carbon emission target by 2050 [1]. HVDC systems and NSG
units (e.g. wind and solar generation) are both interfaced with
the AC power networks via power electronic converters, which
have significantly different fault characteristics compared with
conventional Synchronous Generators (SGs), and their fault
responses are largely governed by the embedded controllers
[2]. Furthermore, due to the limited overcurrent capability of
semiconductor devices, the fault current contributed by the
converters is much smaller compared with SGs and is typi-
cally within 1.5 pu [3]. Therefore, the massive integration of
HVDC systems, and in general converter based NSG, presents
significant challenges for protection systems.

Distance protection plays a critical role in safeguarding
transmission networks during faults, which operates by com-
paring the measured impedance with the preconfigured zone
reaches. In [4], HIL tests are conducted to investigate the
HVDC system’s impacts on distance protection performance.
It was found that after the connection of a HVDC system, the

distance relay could potentially trip in the false zone and with a
longer delay (> 140 ms), particularly in the grid with low fault
level. However, this paper does not conduct detailed theoretical
analysis to explain the fundamentals of those observed issues.
As reported in [5][6], owing to the different fault responses of
converters from SGs, there will exist a large angle difference
between the fault currents from the local and remote ends of
the protected line, which can result in an inaccurate measure-
ment of the faulted loop impedance, and subsequently lead to
the over/under-reach issues of distance protection. The impact
of various control strategies on the distance protection (e.g.,
balanced current control, constant active power control and
constant reactive power control) has been considered in [7]. It
suggests that the constant reactive power controller [8] should
be avoided from the protection aspect as it can lead to the
computation issues in phase to phase impedance measuring ele-
ments of the distance relay. However, these papers only focus
on the accurate impedance measurement, without considering
the other critical protection elements such as the starting unit,
faulty phase selection unit, etc. Furthermore, the impact of dif-
ferent relay characteristics (e.g., MHO and QUAD) have not
been considered. In this paper, HIL tests of a physical relay

1

Hardware-in-the-loop tests and analysis of HVDC system's impact on distance protection performance

This is a peer-reviewed, accepted author manuscript of the following paper: Liu, D., Hong, Q., Dysko, A., Tzelepis, D., Booth, C., Cowan, I., & Ponnalagan, B. (Accepted/In 
press). Hardware-in-the-loop tests and analysis of HVDC system's impact on distance protection performance. 1-6. Paper presented at The 17th International Conference 
on AC and DC Power Transmission, 



HVDC Substation

VDC

Equivalent SG2

Amplifier

Distance Relay

GTAO

Fault

va ,vb ,vc
ia ,ib ,ic

Tripping signal

MMC_HVDC

RTDS Network Model

Overhead Line Under Investigation

Bus A

Bus B

Zeq3

Zeq2

Low Voltage Digital 
Input/Output Interface Panel

Network 
Models

Test 
results

Real Time Digital 
Simulation

Equivalent SG1
Zeq1

Fig. 1. Schematic of the studied network and the HIL arrangement.

will be presented, along with the theoretical analysis to investi-
gate the potential protection issues of the distance relay due to
the integration of HVDC systems (and converters in general).
Multiple factors, including different fault conditions, protection
characteristics, levels of system strength and HVDC control
modes, are all considered in this study.

The paper is structured as follows: Section 2 provides an
overview of the tested network and the setup of the developed
HIL test platform; Section 3 presents the mathematic analy-
sis of the faulted loop impedance and analyses the under/over
reach issues of distance protection; Section 4 presents studied
cases and analyses the tested results; Section 5 provides the
conclusions of this paper.

2 Overview of the Studied Network and HIL
Test Setup
2.1 Modelling of the studied network

The studied network and the setup of the HIL testing plat-
form are shown in Fig. 1. As presented in this figure, SG1 and
SG2 are the voltage sources connected to the protected line,
which represent the equivalent “lumped” synchronous genera-
tion sources at the busbars; Zeq1 and Zeq2 are the equivalent
impedances of SG1 and SG2, which directly determine the
fault levels at the Bus A and B; Zeq3 represent the equiva-
lent impedance of the HVDC unit with the grid, which can
be manually adjustable by the users to ensure the operating
stability of the HVDC unit; the MMC-HVDC represents the
Modular Multi-Level Converter (MMC) interfaced HVDC sys-
tem, where a flexible controller with the current references
described in (1) to (4) has been designed to realise differ-
ent control strategies (e.g., balanced current control, constant
active power control and constant reactive power control) and
inject the positive sequence reactive current during faults, fol-
lowing the requirements specified in the GB Grid Code [9], to
support the depressed voltage during faults.
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where i+dr, i+qr, i−dr and i−qr are the positive and negative sequence
current references in the dq frame; v+d , v+q , v−d and v−q are
the positive and negative sequence voltage references in the
dq frame; Kmode is a variable defined to control the operat-
ing modes of the HVDC system, which can operate with the
constant reactive power controller, balanced current controller
and constant active power controller when the values of Kmode

are set as 1, 0 and -1 respectively.
The current contributed by the proposed MMC-HVDC unit

is limited to 1.2 pu to avoid the overcurrent issues and the
distance relay installed at the HVDC side is investigated as
indicated in Fig. 1. Detailed information about the network
development can be found in the modelling report of the project
in [10].

2.2 Arrangement of the HIL testing platform

As illustrated in Fig. 1, the network model is developed in
RSCAD (a software package specially designed for RTDS) and
run in real time in the RTDS simulator. The secondary side
three-phase voltage and current waveforms at the relay point
are measured by the voltage and current transformer (VT and
CT) models [11] available in the RSCAD library, which are fur-
ther scaled down so that they fall into the output voltage range
of the analogue output GTAO card (i.e. +

−10 V). The output
signals from the GTAO card are amplified to the same voltage
and current levels as the outputs of the VT and CT using an
analogue amplifier. The amplified voltage and current are then
injected to the physical relay, which makes decisions on the
tripping actions based on the input voltage and current. If the
relay trips, the tripping signal will be transmitted back to the
RTDS simulator and recorded in the RSCAD.
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3 Theoretical Analysis of Distance Protection
Performance
3.1 Impedance measured by distance relay

The network shown in Fig. 1 is used to illustrate the deriva-
tion of the faulted loop impedance measured by the distance
relay. For the faults at the protected line, the impedance of dis-
tance relay is depicted in (5), which can be derived by applying
the Kirchhoff Voltage Law (KVL) from the faulted point to the
relay installation point.

ZM = VM

IM
= IL×ZL+(IL+IR)RF

IL
= ZL + (1 + IR

IL
)RF = ZL + ZE (5)

where ZM is the impedance measured by the relay; VM and
IM are the relay measured voltage and current; IL and IR are
the current infeed from the local (Bus A) and remote ends
(Bus B) of the protected line; ZL is the impedance of the line
between the fault and relay location; ZE is the error of the
measured impedance; RF is the fault resistance. The represen-
tation of IL and IR in (5) referring to the different impedance
measuring elements of distance relay are displayed in Table 1,
where the subscripts A, B and C refer to phases A, B and C;
L and R refer to the local and remote ends; K0 is the residual
compensation factor and Ig is the grounding current of relay.

Table 1 Representation of IL and IR of all impedance elements
Impedance Elements IL IR

AG ILA +K0Ig IRA −K0Ig
BG ILB +K0Ig IRB −K0Ig
CG ILC +K0Ig IRC −K0Ig
AB ILA − ILB IRA − IRB
BC ILB − ILC IRB − IRC
CA ILC − ILA IRC − IRA

3.2 Under/Over-reach issues of distance protection
As revealed by (5), an error impedance, ZE , is introduced to
the measured impedance of distance relay when the value of
RF is not zero. For the network dominated by the SGs, the
phase angles of IR/IL (represented as ∆ψ in the following
discussion) are typically small, thus the increase or decrease of
the imaginary part of the error impedance is generally negligi-
ble [12]. Therefore, the distance relay is largely immune to the
under-reach or over-reach issues as shown in Fig. 2 (a). How-
ever, the above scenario can change significantly when the fault
infeed from SG1 at Bus A is low and an HVDC system (and in
general converters) is connected, leading to the fault current IL
mainly contributed by the converter, thus its characteristics are
highly dependent on the converter control algorithm.

In the existing HVDC systems, the balanced current con-
trol is one of the most commonly used control strategies, so
it is used as the example to illustrate the fundamentals of the
over-reach and under-reach issues of distance protection with
integration of HVDC systems. The fault current contributed by
the HVDC system with balanced current controller is depicted
in (6) [13].

iP (t) =
√
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2
+ i+q

2sin
(
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(
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i+
d

)
+ θ+vd + θP

)
(6)

where iP is the phase current injected by the HVDC sys-
tem and P refers to phase A, B and C ; i+d and i+q are the

injected positive sequence currents in the dq axes; ω is the sys-
tem angular frequency; θ+vd is the initial angle of the positive
sequence voltage in the d axes; θP is the phase angle, i.e. 0◦,
−120◦ and 120◦ for phase A, B and C respectively. According
to (6), the angle of phase current injected by the HVDC unit
can vary between 0◦ to 360◦ (subject to the control strategy
being deployed), which leads to the angle of IR/IL, ∆ψ, in (5)
ranges from 0◦ to 360◦ as well. When the value of ∆ψ belongs
to 0◦ to 180◦, the under-reach issues will be observed in the dis-
tance protection as shown in Fig. 2 (b). The over-reach issues
displayed in Fig. 2 (c) will be introduced for the ∆ψ ranging
from 180◦ and 360◦ [13].
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 Fig. 2 Measured impedance of distance relay with (a) ∆ψ =

0◦, (b) ∆ψ ∈ (0◦, 180◦), (c) ∆ψ ∈ (180◦, 360◦)

4 Case Studies – HIL Tests
4.1 Information of the studied cases and relay settings

The parameters of the protected line as illustrated in Fig. 1
are listed in Table 2 and the information of the studied cases
is shown in Table 3, where FLSG1 and FLSG2 are the fault
infeeds from SG1 and SG2 respectively; BI, CP and CQ refer to
the balanced current control [14], constant active power control
[15] and constant reactive power control [8]. In Table 3, case 1
and case 2 are used as the reference cases, where the network
only contains SGs. Case 3 to case 5 are used to investigate the
impact of HVDC control modes on the distance protection per-
formance, where the fault infeed from SG1 is set as 0 MVA.
Based on the test results of case 3 to case 5, the relay fails to
trip when the HVDC system uses the balanced current control
(case 3). Therefore, case 6 is designed, where the SG1 with
839 MVA fault level (same as the HVDC capacity), to evaluate
the impacts of synchronous compensation. In case 7 and 8, AB
faults are applied and the fault level of SG1 are set as 0 MVA.
In case 9 and case 10, actual system fault levels of two substa-
tions in Scotland (i.e. the Spittal and the remotely connected
substation) are implemented to test the distance protection per-
formance and the relay performance with three phase faults are
studied in case 11 and 12.

Table 2 Parameters of the protected line
Parameter Defination Values

L Length of the protected line 12.1 km

r1,r0
Positive and zero sequence

resistance per km
r1=0.0378 Ω/km
r0=0.159 Ω/km

l1,l0
Positive and zero sequence

inductance per km
l1=1.324 mH/km
l0=3.202 mH/km

c1,c0
Positive and zero sequence

capacitance per km
c1=8.964 nF/km
c0=6.48 nF/km
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Table 3 Information of the studied cases
Cases FLSG1 FLSG2 HVDC Control Fault Condition

1 839 MVA 3000 MVA N/A AG, 15%, 2 Ω
2 839 MVA 3000 MVA N/A AB, 15%, 2 Ω
3 0 MVA 3000 MVA BI AG, 15%, 2 Ω
4 0 MVA 3000 MVA CP AG, 15%, 2 Ω
5 0 MVA 3000 MVA CQ AG, 15%, 2 Ω
6 839 MVA 3000 MVA BI AG, 15%, 2 Ω
7 0 MVA 3000 MVA BI AB, 15%, 2 Ω
8 0 MVA 3000 MVA CQ AB, 15%, 1e-9 Ω
9 1836 MVA 1372 MVA BI AG, 15%, 2 Ω

10 1836 MVA 1372 MVA BI AB, 15%, 2 Ω
11 0 MVA 3000 MVA BI ABCG, 15%, 2 Ω
12 1836 MVA 1372 MVA BI ABCG, 15%, 2 Ω

Table 4 Settings of the studied physical relay
Parameters Name Distance Relay Settings

Characteristic Memory-polarised MHO QUAD
Polarising Factor, p p=1 NA
Reach Setting, Zr Zone 1: 80 %; Zone 2: 120 %

Residual Compensation Factor, K0 K0=0.48∠− 6.4◦

Time Delay, tde Zone 1: 0 ms; Zone 2: 400 ms
Right Resistive Reach N/A 6.72 Ω
Left Resistive Reach N/A 1.68 Ω

Directional Angle N/A 30◦

Tilt Angle N/A -3◦

Table 5 HIL testing results of the studied physical relay
Cases MHO characteristic QUAD characteristic

Relay Trips ? Tripping Time Relay Trips ? Tripping Time
1 YES 38 ms YES 50 ms
2 YES 26 ms YES 29 ms
3 NO NA NO NA
4 YES 74 ms YES 68 ms
5 YES 63 ms NO NA
6 YES 90 ms YES 73 ms
7 YES 74 ms NO NA
8 NO NA NO NA
9 YES 25 ms YES 19 ms

10 YES 18 ms YES 19 ms
11 YES 48 ms YES 468 ms
12 YES 43 ms YES 42 ms

4.2 Protection settings of physical relay

In this paper, two typically used protection characteristics, i.e.
MHO and QUAD, with the settings presented in Table 4 are
employed in the distance relay. For the MHO characteristic,
the memory polarising technique is applied to address the reli-
ability issues in the case of the close-up faults, where vectors,
S1 and S2, used in phase comparator are depicted as (7) and (8)
[16].

S1 = V + pVmem (7)

S2 = V − IZR (8)
where p is the memory polarising factor, which is set as 1

in this test; Vmem is the memory polarised voltage, which is
typically the phase voltage several cycles before the fault; ZR

is the relay setting impedance. For the relay with the memory-
polarised MHO characteristic, it will consider the fault being
within the protection zone if the angle between vector S1 and
S2, marked as θ, is larger than 90◦ as indicated in (9).

θ = ang

(
S1

S2

)
> 90◦ (9)

4.3 Test results of distance relay with MHO based relay

The testing results are shown in Table 5. Based on the Grid
Code [9], the faults in the transmission network with voltage

level being greater than 200 kV should be isolated no more
than 140 ms. Assuming a circuit breaker (CB) operating time
to be approximately 50 ms, thus the maximum allowed operat-
ing time of relay is selected as 90 ms in this study. In practice,
some other delays will be introduced in the fault isolation pro-
cess and in some cases, the operating time of CB will be longer
than 50 ms, therefore, the required time of 90 ms is intention-
ally set at the high end, so that any operating time observed
in the tests longer than this value will indeed indicate com-
promised performance that is not acceptable for transmission
system protection. The cases with protection issues of MHO
relay are analysed in detail from Section 4.3.1 to 4.3.3.

4.3.1 Analysis of issues observed in Case 3: In case 3, the
relay does not trip as it should. The value of angle θ of the
investigated relay is plotted in Fig. 3, which determines the
tripping action of the relays as discussed in Section 4.2. As
the internal functional blocks and signals of the physical relay
are largely inaccessible, the plotted angles θ in the following
cases are from an analysing tool developed the RSCAD soft-
ware by the authors based on the relay manual. Therefore, there
could be some differences between the actual θ in the physical
relay and the presented angle θ. Based on the results shown
in Fig. 3, the relay should trip as the value of θ is larger than
90°. From a further investigation, it was found that the failed
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Fig. 3. Angle θ of case 3

Fig. 4 Phase currents and calculated superimposed currents
measured by relay, (a) case 3, (b) case 6.
relay operation is due to the conflict between phase selection
and impedance measurement units. For the studied relay, the
faulted phase is selected by the magnitudes of the three phase-
to-phase superimposed currents, i.e., ∆IAB , ∆IBC and ∆ICA,
and any superimposed current greater than 80 % of the largest
superimposed current is included in the phase selection logic.
For the investigated AG fault, the relay will detect this fault if
the superimposed currents, ∆IAB and ∆ICA, both increase to
a similar value and the value of ∆IBC closes to zero. How-
ever, by observing the superimposed currents as shown in Fig.
4 (a), all of those three superimposed currents are larger than
the current threshold of phase selection logic, i.e., RMS value
of 1.26 A (80 % of the largest superimposed current). Such phe-
nomenon is caused by the converter’s control during fault, and
as a result, the conflict between the impedance measuring ele-
ment and phase selection element blocked the tripping action.

4.3.2 Analysis of issues observed in case 6: From the results
in Table 5, the studied relay fails to trip in case 3. Therefore, in
case 6, the SG1 with the fault level of 839 MVA is connected at
the HVDC side to increase the local system fault level to assist
the operation of distance relays. Based on the results in Fig. 4
(b), after the connection of SG1, the value of ∆IAB and ∆ICA

are both greater than the current threshold, i.e., 2.69 A (RMS
value). Therefore, the AG fault can be detected by the phase
selection unit of the relay. In this condition, distance relay trips
after 90 ms of the fault.

4.3.3 Analysis of issues observed in case 8: In case 8, the stud-
ied relay fails to trip in a bolted AB fault when the HVDC

employs the constant reactive power control, which is illus-
trated in Fig. 5. From Fig. 5 (a), it is clear that the currents
in phase A and B are almost in phase and with the same
magnitude during the AB fault. Therefore, the value of the
denominator in (10) will be close to zero, which causes the
numerical instability of the impedance measurement as shown
in Fig. 5 (b). This instability can also be reflected by the mea-
sured angle θ as displayed in Fig. 6, where the values of the
angle θ experience a significant oscillation during the fault
period. In this case, the relay fails to trip. More information
about this issue can be found in [7].

ZAB =
VA − VB

IA − IB
(10)

(a) (b)  
Fig. 5 Results of case 8, (a) input currents, (b) impedance
locus.

 

Fig. 6. Angle θ of Case 8.

4.4 Test results of distance relay with QUAD characteristic

The HIL test results of QUAD based relay are displayed in
Table 5. Based on the investigation, some observed issues are
caused by the same reasons as analysed in the Section 4.3 (e.g.,
the phase selection issue in case 3, the impedance measuring
issues in case 8). Therefore, to avoid repetition, only the results
of the case 5, case 7 and case 11 will be analysed in this section.

4.4.1 Analysis of issues observed in case 5: In case 5, the relay
fails to trip the AG fault when the HVDC uses the constant
reactive power control. Presently, it is unclear the root cause
for the failed operation due to the lack of information of the
internal logics of the relay. This represents a part for future
research involving engagement with the manufacturers.

4.4.2 Analysis of issues observed in case 7: In case 7, the relay
does not trip during the AB fault when the HVDC employs
the balanced current control strategy. To further investigate the
source of this issue, the angle difference of the currents from
both sides has been displayed in Fig. 7 (a). From the figure, the
value of the ∆ψ equals to -82.63° and in the studied case, the
fault level of remote-end network is almost three times of the
local HVDC system. Based on the analysis in the Section 3.2,
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in this condition, the measured reactance of the distance relay
will experience a severe error, which results the impedance
locus appears at the reverse side of the protective zone as
shown in Fig. 7 (b). This clearly shows that the introduction of
the converter-based sources with current characteristic different
from conventional voltage source can lead to severe impedance
measurement issues.

(a) (b)  
Fig. 7. Results of case 7, (a) angle ∆ψ, (b) impedance locus.

(a) (b)

Stage Ⅰ Stage Ⅱ  

 
Fig. 8. Results of case 11, (a) angle ∆ψ, (b) impedance locus.

4.4.3 Analysis of issues observed in case 11: In case 11, an
ABCG fault is applied in the protected line. Based on the
results in Table 5, the relay suffers from the zone discrimina-
tion issue, i.e. it trips in zone 2 for the fault at 15 % of the line.
Given that the three-phase voltage of network drops to almost
zero in the case of ABCG faults, the phase-locked loop (PLL)
of the HVDC system cannot track system voltage effectively,
which causes the severe oscillation of ∆ψ as shown in Fig. 8
(a). As stated in Section 3.2, the varying ∆ψ will further intro-
duce the increase (positive ∆ψ) or the decrease (negative ∆ψ)
of the measured impedance of distance relay as shown in Fig. 8
(b), which results in the zone discrimination issues of the relay.

5 Conclusions
In this paper, comprised distance protection performance
(e.g., failed tripping, delayed tripping and zone discrimination
issues) with the integration of HVDC systems (and converters
in general) has been identified via the HIL tests of one physical
relay. To further understand the sources of the observed protec-
tion issues, theoretical analysis was conducted. Based on the
results, it can be concluded that the connection of HVDC sys-
tem can, 1) introduce the under/over reach impedance measur-
ing issues owing to the uncertain angle of the currents injected
by the HVDC system; 2) unstable impedance measuring issues
caused by the identical current phases of the two faulted phases
in the case of AB faults when the HVDC employs the constant
reactive current control; and 3) faulted phase selection issue
owing to the different fault current characteristics of convert-
ers from SGs. Furthermore, different protection characteristics
(MHO and QUAD) are also considered in this paper, and it

was found that owing to the dynamic expansion of the protec-
tive zone of the memory-polarised MHO, the relay with MHO
characteristic could have a better performance than the QUAD
based distance relay in the events of faults locating close to the
relay and driven mainly by converters from the relay side.
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