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Abstract—The need of efficient electric transmission systems, 

the rise of renewable energy production and battery storage 
systems has empowered the use of Modular Multilevel 
Converters (MMC) which allows a better performance than 
convenctional converters. However, the diagnosis of electrical 
faults in MMC is more challenging because more components are 
involved in the fault circuit. Particularly, ground faults (GF) are 
the most common type of faults in power systems and their 
diagnosis has not been widely studied for AC-DC converters, 
where most of the industrial relays fail. This paper proposes a GF 
location method for MMC based on a high value grounding 
resistor placed in its DC midpoint or AC neutral point. 
Measuring the voltage between its terminals, and performing its 
frequency analysis, the fault can be located. The novelty of this 
method resides in the location of the GF in the AC side, DC side 
or in a faulty submodule (SM) of the MMC. Numerous 
simulations were performed in a half-bridge three-phase MMC 
converter obtaining promising results. Afterwards, experimental 
tests in a 60 kVA 12-levels three-phases MMC were carried out, 
validating the method. The errors achieved are lower than 2 SM 
for fault resistances up to 11 kΩ.  
 
Index Terms— Electrical fault detection, Fault current limiters, 
Fault location, Frequency response, Multilevel converters, 
Voltage measurement. 

NOMENCLATURE 
C Capacity 
f0 DC component 
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f1 Fundamental frequency 
i Number of the phase 
If Fault current 
j Number of submodule 
K Attenuation factor 
Lfilter Inductive filter 
N Total number of submodules per arm 
R1, R2 Artificial midpoint resistances 
Rf Fault resistance 
Rgnd Grounding resistor 
t Time 
T Period 
UC Capacitor voltage 
UDC Total DC voltage 
uf Instantaneous voltage in the fault resistance 
Uf Voltage in the fault resistance 
Ugnd Grounding resistor voltage 
ugnd Instantaneous grounding resistor voltage 
Uin AC i-th-phase voltage 
uin Instantaneous AC phase voltage 
ULi Lower arm voltage of the i-th phase 

ULi1 
Lower arm voltage of the i-th phase above the 
fault position 

ULi2 
Lower arm voltage of the i-th phase below the 
fault position 

USMj Voltage in the j-th submodule 
UUi Upper arm voltage of the i-th phase 
Ux Voltage in the fault position 
x Fault position 
X Submodule in fault 
α Stopping conduction angle 
β Starting conduction angle 
ω Electric pulsation 

I. INTRODUCTION 
HE use of Modular Multilevel Converters (MMC) is 
nowadays widespread in power system applications 
such as in High Voltage Direct Current (HVDC) 

transmission links [1], battery energy storage systems [2], 
STATCOM [3] or wind renewable energy integration [4] 
among others due to their high performance in terms of AC 
current harmonic components and DC voltage modulations. 

MMCs are composed of submodules (SM) where a capacitor 
is placed with power electronic elements, such as IGBTs. 
Depending on the SM topology, different strategies of 
switching IGBTs will charge and discharge the capacitors 
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according to system requirements [5]. The more submodules 
the MMC has, the smoother the voltages and currents 
waveforms are. 

However, one of the difficulties that MMCs present is the 
fault location against electric faults due to their big quantity of 
elements [6]. Most of conventional relays are prepared to 
protect AC or DC sides of a converter but not both of them. 
When relays are operating in converter-based systems, 
commutation noises or the appearance of DC components in 
AC relays, which can saturate the current transformers, are 
common problems of these protections [7]. 

This paper is focused on ground faults (GFs), which are the 
most probable type of faults in power systems, and they are 
given mostly due to insulation degradation [8] between a 
conductor and ground. In ungrounded or high impedance 
grounding systems, a first fault does not provoke any damages 
as there is not returning path for the fault current, but if a 
second one occurs, the damages will be irreversible [9].  

In this research area, a lot of studies have been carried out 
for electrical machines [10], microgrids [11], transmission 
lines [1], solar photovoltaics [12], etc. In MMCs, GFs can 
appear at both sides of the converter. For the DC side of the 
converter, traveling waves and artificial intelligence 
techniques can be used for the fault location [1], but other 
methods such as active AC current or voltage injection in the 
DC system can be also implemented to achieve the same 
purposes [13]. If the system is ungrounded, for DC fault 
location, some methods wait to a phase-to-phase short circuit 
to activate the DC overcurrent relays instead of locating the 
first GF [14]. In case of having GFs in the AC side, some 
methods propose the AC voltage monitoring and tripping 
when a voltage sag appears accompanied by an instantaneous 
power reduction [14]. In [15], the authors propose utilizing the 
positive- negative- and zero-sequences to report GFs in the 
AC side or in the DC side of the MMC. Other possible 
techniques are based on overvoltage, power ripples and zero-
sequence voltage components during GFs if the MMC is 
ungrounded [16]-[17]. Other methods are based on the faulty 
SM capacitor overvoltage and zero sequence current 
measurements to detect faults in the power transformer AC 
side of the MMC [18]-[19]. However, these methods can be 
used only if the DC midpoint is rigidly grounded, i.e., in 
bipolar configurations. Furthermore, they require a lot of 
voltage measurements that are not commonly available in 
industrial MMC facilities. Finally, GFs can appear in the SM 
of the MMC. As far as it is known, no information about 
detection techniques for SM of MMCs has been found.  

In order to protect both sides of a power converter, authors 
previous developed a detection method able to discern 
between DC side faults and AC side faults in electric vehicles 
by high resistive impedance grounding the DC midpoint of the 
DC side [20]. An extension of the method for grid-connected 
variable speed drives was also studied in [9], placing the 
grounding resistor in the neutral of the main power 
transformer that fed the drive. With this method, the power 
converter discerning in case of a back-to-back configuration is 
possible. However, both methods were applied directly to six-
pulse IGBTs power converters; consequently, it was not able 
to locate the SM with GF. 

In this paper, a GF detection and location method is 
proposed for MMCs. The method is also based on a high value 
grounding resistor placed on the neutral of the AC side of the 
MMC or in the midpoint of the DC side of it. In any case, the 
voltage is measured between the grounding resistor terminals 
and analyzing its frequency spectrum, the GF can be located in 
the AC side, in the DC side or in the faulty SM inside the 
converter. The method was briefly presented in a conference 
[21] and it also granted a Spanish Patent [22]. In this 
manuscript, the experimental validation of the method and a 
deeper theoretical understanding are presented. 

The main advantages of the method are: 
• The current is limited through a high value grounding 

resistor, then, the fault location can be done in steady 
state allowing the healthy operation of the MMC. 

• Only three voltage measurements (AC voltage, DC 
voltage and grounding resistor voltage) are needed to 
estimate the GF parameters in terms of position and 
fault resistance. 

The paper is structured as follows: Section II describes the 
operation principles of the proposed GF location method. 
Then, Section III describes the simulation setup and analyze 
different GF results. Finally, Section IV concludes the paper 
summing up the main ideas of the manuscript. 

II. METHODOLOGY 
This section describes the operation principles of the 

proposed method. In Fig. 1, a typical configuration of a half-
bridge (HF) or full-bridge (FB) three-phase monopole MMC 
is shown for two different grounding types, but other many 
configurations of SM could be adopted. In Fig. 1.a, a high 
value grounding resistor, Rgnd, has been placed in the AC 
neutral of the secondary of the main power transformer. It 
limits the fault current. Also, the voltage is measured between 
its terminals, Ugnd. As the fault current is limited to low values, 
it is not necessary to actuate in a very short period of time 
allowing the steady-state observation of the fault and not 
requiring high computational costs or low response time. In 
case of not having access to this point, Fig. 1.b shows an 
alternative connection to an artificial midpoint (an artificial 
neutral point in the AC side could also be used). 

In order to explain the operation principles of the location 
method with the greatest simplicity possible, a HF-MMC case 
study will be used with a DC midpoint grounding. 

A. Expected voltage in the grounding resistor attending to the 
fault position 
From Fig. 2.a, the healthy state relationship between the DC 

voltage, upper and lower arm voltages and AC voltage of the 
i-th phase can be stated as:  

𝑢𝑢𝑈𝑈𝑈𝑈 =
𝑈𝑈𝐷𝐷𝐷𝐷

2
− 𝑢𝑢𝑖𝑖𝑖𝑖 (1) 

𝑢𝑢𝐿𝐿𝐿𝐿 =
𝑈𝑈𝐷𝐷𝐷𝐷

2
+ 𝑢𝑢𝑖𝑖𝑖𝑖 (2) 

Afterwards, a fault case can be analyzed. In Fig. 2.b, an 
example for a lower arm fault is plotted. However, different 
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Fig. 1.  Proposed grounding resistor emplacement and system analysis with a GF in a submodule [(a): grounding resistor placed in the AC neutral; (b): grounding 
resistor placed in a DC artificial midpoint (R1 = R2)]. 

fault locations can be studied. Beforehand, the extreme faults 
are analyzed, i.e., DC positive pole, DC negative pole and AC 
side. The second Kirchhoff law is applied to the fault circuits 
obtaining the expressions (3) to (5), respectively:  

𝑈𝑈𝐷𝐷𝐷𝐷
2

+ 𝑢𝑢𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑢𝑢𝑓𝑓 = 0 (3) 

𝑈𝑈𝐷𝐷𝐷𝐷
2

− 𝑢𝑢𝐿𝐿𝐿𝐿 − 𝑢𝑢𝑈𝑈𝑈𝑈 + 𝑢𝑢𝑓𝑓 − 𝑢𝑢𝑔𝑔𝑔𝑔𝑔𝑔 = 0 (4) 

𝑈𝑈𝐷𝐷𝐷𝐷
2

− 𝑢𝑢𝑈𝑈𝑈𝑈 + 𝑢𝑢𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑢𝑢𝑓𝑓 = 0 (5) 

From (1) and (2) it can be stated that:  
𝑈𝑈𝐷𝐷𝐷𝐷 = 𝑢𝑢𝐿𝐿𝐿𝐿 + 𝑢𝑢𝑈𝑈𝑈𝑈 (6) 

Additionally, the fault current, If, that flows through Rf is the 
same that circulates through Rgnd, then:  

𝐼𝐼𝑓𝑓 = −
𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔
𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔

=
𝑈𝑈𝑓𝑓
𝑅𝑅𝑓𝑓

 (7) 

If the system is healthy, i.e., GF does not exist, Ugnd will be 
null as there is no fault current. However, once the GF fault 
happens it can occur in three different zones. Consequently, 
applying the corresponding equations (6) and (7) into (3),(4) 
and (5), the final expressions (8) to (10) are obtained, 
respectively:  

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔 =
−𝑈𝑈𝐷𝐷𝐷𝐷/2

(1 + 𝑅𝑅𝑓𝑓/𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔)
     ;      𝑥𝑥 = 100% (8) 

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔 =
+𝑈𝑈𝐷𝐷𝐷𝐷/2

(1 + 𝑅𝑅𝑓𝑓/𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔)
    ;       𝑥𝑥 = 0% (9) 

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔 =
−𝑈𝑈𝑖𝑖𝑖𝑖

(1 + 𝑅𝑅𝑓𝑓/𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔)
     ;      𝑥𝑥 = 50% (10) 

On the one hand, DC side faults can appear, which will 
cause a returning path from the faulty pole to Rgnd. The sign of 
Ugnd will have opposite polarity to the pole in fault. i.e., if a 
GF happens at pole (+), x = 100%, Ugnd (f0) will have negative 
value as it is stated in (8) and previously validated in [9],[20]. 
The analogous reasoning can be applied to the negative pole 
faults as seen in (9). 

On the other hand, AC side GFs can happen, then Ugnd will 
acquire an AC waveform with the frequency of the grid as 
stated in (10). To detect it, a Fast Fourier Transform (FFT) can 
be done in Ugnd in order to extract the phasor at the grid 
fundamental frequency f1. As it happened in the DC poles, eq. 
(10) and previous investigations corroborate that the faulty 
phase can be detected by comparing the first harmonic phasor 
phase voltage, Uin, with Ugnd (f1) phasor, where the faulty AC 
phase’s voltage, Uin, will be in counterphase with Ugnd [23]. 

With the same described procedure, from the intermediate 
fault of Fig. 2.b, the following final expression is reached:  

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔 =
−𝑈𝑈𝑖𝑖𝑖𝑖 + 𝑈𝑈𝐿𝐿𝐿𝐿1

(1 + 𝑅𝑅𝑓𝑓/𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔)
 (11) 

If (11) is compared to (10), it can be noticed that in the 
lower arm, the effect of the SMs above the fault should have 
an added effect to the fault location.  

By contrast, considering:  
𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑈𝑈𝐿𝐿𝐿𝐿1 + 𝑈𝑈𝐿𝐿𝐿𝐿2 (12) 

If the circuit is analyzed from the bottom the equivalent 
expression (13) is reached:  
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𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑈𝑈𝐷𝐷𝐷𝐷/2 − 𝑈𝑈𝐿𝐿𝐿𝐿2

(1 + 𝑅𝑅𝑓𝑓/𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔)
 (13) 

In an intermediate case, the GF can appear in a SM. In this 
case, Ugnd will have f1 and f0 components as an intermediate 
case between AC side and DC side. The proportion of f1 and f0 
components in Ugnd will vary attending to the number of 
capacitors, C, that define the distribution UUi1 + UUi2. 

In order to define ULi1 and ULi2, Fig. 3 shows a period of the 
lower arm commutation of “N” HF-SM considering Nearest 
Level Control (NLC), which considerably ease the theoretical 
definition of the SM waveforms [24].. This way, the voltage 
waves in each “j-th” SM can be defined as:  

𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆 = �
0         ;      ∀𝑡𝑡 ∈ �𝛼𝛼𝑗𝑗,𝛽𝛽𝑗𝑗�             

𝑈𝑈𝐶𝐶𝐶𝐶      ;∀𝑡𝑡 ∈ �0,𝛼𝛼𝑗𝑗) ∪ (𝛽𝛽𝑗𝑗 , 2𝜋𝜋�
 (14) 

with UCj being UDC / N, and considering that:  

𝛼𝛼𝑗𝑗 =
𝜋𝜋
2
− �𝑗𝑗 −

1
2
� ·

𝜋𝜋
𝑁𝑁

     ;      𝑗𝑗 = 1,2, … ,𝑁𝑁 (15) 

𝛽𝛽𝑗𝑗 =
𝜋𝜋
2

+ �𝑗𝑗 −
1
2
� ·

𝜋𝜋
𝑁𝑁

     ;      𝑗𝑗 = 1,2, … ,𝑁𝑁 (16) 

In MMCs it is a common practice to have a voltage 
balancing control for the capacitors of each SM in order to 
maintain all of them in the same voltage or approximately, UCj 
= UC [24]. It is possible by changing the conduction time of 
each capacitor attending to the period of the wave. In Fig. 3, 
the second and third plots correspond to the same SM voltage, 
but in different periods of the ULj voltage. Finally, an average 
model of the commutations can be assumed as a half-period 
conducting and a half-period by-passed (see in the fourth plot 
of Fig. 3) after a number of periods equal to the number of SM 
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Fig. 2.  Equivalent circuit of the i-th phase in a MMC [(a): healthy state of the 
MMC; (b): faulty state of the MMC with a GF in the lower arm]. 

of the lower branch UUi. If a decomposition of this wave is 
performed in DC component and fundamental frequency in a 
Fourier Series, the following expression is reached:  

𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑈𝑈𝐷𝐷𝐷𝐷
2𝑁𝑁

+
𝑈𝑈𝐷𝐷𝐷𝐷
2𝑁𝑁

· 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 (17) 

Despite that, NLC modulation has been chosen to explain the 
fault location method, other modulation techniques could be 
implemented without having considerable variations in the 
first harmonic and DC component of USMj [25]. 

It must be noticed that UUi1 and UUi2 are the addition of the 
SM that are above and below the fault respectively. Then:  

𝑈𝑈𝐿𝐿𝐿𝐿1 = �𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆

𝑋𝑋

𝑗𝑗=1

     ;      𝑈𝑈𝐿𝐿𝐿𝐿2 = � 𝑈𝑈𝑆𝑆𝑆𝑆𝑆𝑆

𝑁𝑁

𝑗𝑗=𝑋𝑋+1

 (18) 

Introducing these equations (17) and (18) into (11) or (13) 
the following conclusion can be reached:  

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔 =
−�𝑈𝑈𝑖𝑖𝑖𝑖 − 𝑋𝑋𝑈𝑈𝐷𝐷𝐷𝐷2𝑁𝑁 � · 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗 + 𝑋𝑋𝑈𝑈𝐷𝐷𝐷𝐷2𝑁𝑁

(1 + 𝑅𝑅𝑓𝑓/𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔)
 (19) 

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔 =
�1 − 𝑋𝑋

𝑁𝑁�
𝑈𝑈𝐷𝐷𝐷𝐷

2 − 𝑋𝑋𝑈𝑈𝐷𝐷𝐷𝐷2𝑁𝑁 · 𝑒𝑒𝑗𝑗𝑗𝑗𝑗𝑗

(1 + 𝑅𝑅𝑓𝑓/𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔)
 (20) 

From (1) and (2), if the arm voltages are balanced, the Uin 
voltage has an amplitude of UDC/2. Taking it into account, in 
(19), a linear progression is given if the fault is changing its 
position. The fault will have 0% of DC component, Ugnd (f0), 
and maximum AC component, Ugnd (f1), for a fault in the AC 
side (X = 0), but it will decrease linearly to a fault in the N-th 
SM (X = N), where the AC component will be extinguished. 
Inverse reasoning can be applied in (20). Additionally, 
dividing the AC part of (19) per (10) or the DC part (20) per 
(9), it must be highlighted that the percentage of AC and/or  
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Fig. 3.  From top to bottom: Lower arm theoretical waveform considering 
NLC; SM1 applied voltage for a determined period; SM1 voltage for another 
different period considering voltage balancing; SM1 average voltage. 
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DC reached in Ugnd do not depend on the Rf value. Finally, in 
Fig. 4, the theoretical voltage distribution along the MMC is 
depicted. 

B. Fault location estimation 
Attending to the proportion among Ugnd (f0) and Ugnd (f1) the 

faulty SM can be detected in percentage of arm, x, where x = 
0% at the negative pole, x = 50% in the AC side and inductive 
filters and x = 100% in the positive pole (see Fig. 4). As 
Ugnd (f1) and Ugnd (f0) will decrease proportionally to the 
increase of Rf, the proportion among them is not affected by 
this fact and also the variation of these proportion are linear 
with x. Then, the position can be estimated with the equation 
shown in (21): 

x = 100%
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Fig. 4. Ugnd distribution in AC and DC component for every fault position, x, 
in the MMC [K is referred to the attenuation factor (1+Rf/Rgnd)]. 

Start

ugnd(t)

FFT in Ugnd to acquire
Ugnd(f0) and Ugnd(f1), and measure 

Uin and UDC

Ugnd(f1) = 0?
Ugnd(f0) ≠ 0?

Fault in the DC side. 
Fault (+): if Ugnd(f0)  < 0
Fault (-): if Ugnd(f0) > 0

Ugnd(f1) ≠ 0?
Ugnd(f0) = 0?

Fault in the AC side. 
Faulty phase “i”: Uin in 

counterphase with Ugnd(f1)

Fault inside the MMC.
Use eq. (21) to solve the 

fault position

Rf is estimated using 
eq. (23)

Rf is estimated using 
eq. (24)

Rf is estimated using 
eq. (25)

End

Alarm with 
information about 

Rf, x

No

Yes

Yes

No No

Yes

Ugnd(f1) ≠ 0?
Ugnd(f0) ≠ 0?

Ugnd ≠ 0?

 
Fig. 5.  Algorithm of the proposed GF location method. 

𝑥𝑥 =
1
2
−

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓0)

2 · ��𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓0)� + 𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓1)�
 (21) 

With this equation: 
• In case of having faults in the AC side, Ugnd (f0) will be 

null, then x = 0.5. 
• In case of fault in the DC side, Ugnd (f1) will be null and 

attending to the Ugnd (f0) polarity x = 0 or 1. 
• In case of MMC inside faults, Ugnd have a DC and AC 

proportion that will allow the submodule position 
estimation. 

B. Fault resistance estimation 
Once the fault location is estimated, the fault resistance, Rf, 

can be calculated from the voltage divider between Rgnd and Rf 
in the faulty point as displayed in (22) in case of AC neutral 
grounding (the DC midpoint configuration must also consider 
R1 or R2 in the voltage divider): 

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔

𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔 + 𝑅𝑅𝑓𝑓
· 𝑈𝑈𝑥𝑥 (22) 

According to the next expressions extracted from (22), the 
fault resistance is estimated for the AC side case (23), the DC 
side cases (24) or the submodule cases (25), respectively: 

𝑅𝑅𝑓𝑓 = −
𝑈𝑈𝑖𝑖𝑖𝑖 − 𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓1)

𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓1) · 𝑅𝑅𝑔𝑔𝑔𝑔𝑑𝑑      ;      𝑖𝑖𝑖𝑖 𝑥𝑥 = 0.5 (23) 

𝑅𝑅𝑓𝑓 =
𝑈𝑈𝐷𝐷𝐷𝐷

2 − �𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓0)�

�𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓0)�
· 𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔      ;      𝑖𝑖𝑖𝑖 𝑥𝑥 = 0 𝑜𝑜𝑜𝑜 1 (24) 

𝑅𝑅𝑓𝑓 =
��𝑥𝑥 − 1

2�𝑈𝑈𝐷𝐷𝐷𝐷� − �𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓0)�

�𝑈𝑈𝑔𝑔𝑔𝑔𝑔𝑔(𝑓𝑓0)�
· 𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔     ;     𝑖𝑖𝑖𝑖 𝑥𝑥 ≠ 0.5 (25) 

The analogous reasoning could be performed for an artificial 
DC midpoint grounding obtaining equivalent equations 
considering also the R1 and R2 influence in the Rf estimation. 

With this process, the method is able to locate the fault 
position and estimate its severity in terms of fault resistance 
with only three voltage measurements (the grounding resistor 
voltage, the AC phases voltages, and the total DC voltage). To 
sum up the fault diagnosis methodology, Fig. 5 displays the 
operation algorithm. 

III. SIMULATIONS 
In order to validate the method, numerous simulations have 

been carried out in Matlab Simulink using a monopolar three-
phase MMC with HF submodules. 

A. Simulation Setup 
The simulation setup can be seen in Fig. 6. In this setup, the 

monopole three-phase MMC is composed by 10 SM per 
branch symmetrically divided and in HB configuration using 
IGBTs. Each SM has a capacitor of C = 3300 μF.  

The transformer (with Yyn0 configuration) feeds the 
converter from the grid with Uin = 50 V and the DC side 
voltage is imposed from the other side at UDC = 150 V, which  
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Fig. 6.  Simulation setup with AC neutral grounding configuration [(up-left side of the picture): MMC general scheme; (red): MMC arms AC-DC connection; 
(green): 5 HF-SM of the upper part of phase C arm; (blue): HF-SM configuration]. 

TABLE I 
SIMULATION SETUP PARAMETERS 

Element Parameter Magnitude 
AC Three Power Source UAC 120 V (ph-gnd) 

Power Transformer 

R1 0.01613 Ω 
L1 0.00205 H 
R2 0.00250 Ω 
L2 0.00032 H 
RFe 4032.3 Ω 
Lμ 12.835 H 

U1n/U2n 120/50 V/V 

AC Filters Rfilter 0.1 Ω 
Lfilter 0.008 H 

SM Capacitors C 3300 μF 
Rc 6000 Ω 

DC side UDC 150 VDC 
RDC 0.1 Ω 

Grounding elements Rgnd 4700 Ω 
R1= R2 4700 Ω 

 

has been modeled as its Thevenin equivalent, UDC = 150 V, 
RDC = 0.1 Ω. 

The AC side of the inverter has a power transformer with its 
neutral point accessible and where a Rgnd = 4.7 kΩ has been 
placed (see Fig. 6), however, some simulations have 
considered the DC midpoint grounding with Rgnd = R1 = R2 = 
4.7 kΩ. This way, the maximum possible fault current is 
limited up to 16 mA. The simulation elements’ characteristics 
can be seen in Table I. 

In this simulation setup, the MMC works as an AC current 
source and its control is performed in two level current 
regulation loops according to [26], i.e., the grid current loop, 
that regulates the power flow of the MMC and the circulating 
current loop that manages the capacitors energy. 

B. Healthy state simulations 
Previously to the fault simulations, a healthy state one has 

been carried out. The results can be observed in Fig. 7, where  
 

 
Fig. 7.  Healthy simulation time domain voltage waveforms [Ugnd = 0 V].  

the AC phase voltages, Uan, Ubn and Ucn, are balanced, UDC 
has a value of 150 VDC, and Ugnd has null value. It is because 
no fault current flues through Rgnd. Then, when the voltage 
measured in Ugnd will be lower than a certain threshold, the 
method will not actuate. A low threshold setting will be more 
sensitive to high impedance GFs, but an excessive low 
threshold could cause undesirable method’s actuations. 

C. AC Side GFs simulations 
Once the healthy state method has been corroborated, some 

GFs have been simulated. First, AC side GFs were tested. In 
Fig. 5, an example of AC side GF for the phase “b” and Rf = 
2.2 kΩ is plotted in time domain (Fig. 8.a) and in frequency 
domain (Fig. 8.b). As it is shown, phase in fault can be 
detected because Ugnd is in counterphase with the faulty phase 
voltage, in this case Ubn, which also experience a reduction in 
comparison with the healthy phases. Also, only f1 component 
appears in the Ugnd frequency spectrum after performing a 
FFT. 

D. DC side GFs simulations 
For DC side GFs, only 0 Hz component appears in the FFT 

as well as commutation components. In Fig. 9, two GFs have 
been simulated. Fig. 9.a shows a fault in the DC(+) pole for Rf 
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= 2.2 kΩ, where Fig. 9.b shows a fault in the DC(-) pole for 
the same Rf. It can be clearly observed that the Ugnd polarity is 
inverse to the pole in fault. Finally, Fig. 9.c shows the FFT 
corresponding to the Fig. 9.a, where only Ugnd (f0) is measured. 

E. Submodules GFs simulations 
Despite their lower probability, GFs in submodules can also 

appear. Fig. 10 shows an example of GF simulation in the 
SM3+ (or 80% of the arm) of the phase “a” with Rf = 2.2 kΩ. 
In Fig. 10.a, the fault can be discerned in the phase “a” as Ugnd 
is in counterphase with Uan, and also this phase-voltage has 
suffered a reduction in comparison with the healthy voltages. 
Then, in Fig. 10.b, after performing the FFT of Ugnd and Uan, 
an SM GF can be diagnosed as Ugnd (f0) and Ugnd(f1) appears. 
With both values and applying (1), the percentage of MMC 
arm where the fault is taking placed can be estimated. 

Table II collects other simulation results with different fault 
resistances and other fault locations. In this table, fault 
position and Rf estimation is also provided for AC neutral and 
DC midpoint connections. Looking to Table II, it can be seen 
that the fault position estimation has good accuracy even for 
high fault resistances. The fault resistance will imply lower 
Ugnd measures and also lower Uin variations. This way, it is 
recommended to detect the AC phase in fault by observing the 
first harmonic angle difference between Uin and Ugnd instead 
for comparison among phase voltage modules as it will have 
better results for high impedance faults. Also, the accuracy in 
the Rf estimation for the AC connection is good enough. This 
Rf estimation loses accuracy when it is performed from the DC 
artificial midpoint (with R1 = R2 = 4.7 kΩ). Finally, it might be 
highlighted that Rf estimations have better results using eq. 
(24) or (25). 

 
 
 
 

 
(a) 

 
(b) 

Fig. 8.  GF in the AC side of the MMC [Faulty phase = “b”; Rf = 2.2 kΩ; (a): 
time domain voltage; (b): frequency domain voltage]. 

 
(a) 

 
(b) 

 
(c) 

Fig. 9.  GF in the DC side of the MMC, voltage measurements [Rf = 2.2 kΩ; 
(a): Fault in the DC(+) pole, time domain; (b): Fault in the DC(-) pole, time 
domain; (c): frequency domain for the DC(+) fault case]. 

 
(a) 

 
(b) 

Fig. 10.  GF in the SM3(+) of the MMC [Faulty phase = “a”; Rf = 2.2 kΩ; (a): 
time domain voltage; (b): frequency domain voltage]. 
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TABLE II 
SIMULATION RESULTS 

Simulation 
(Fault position) 

AC neutral point grounded Rgnd = 4.7 kΩ 
(Fault estimation) 

DC artificial midpoint grounded Rgnd = R1 = R2 = 4.7 kΩ 
(Fault estimation) 

Position Rf Ugnd 

(0 Hz) 
Ugnd 

(50 Hz) Uin UDC x Rf Ugnd 

(0 Hz) 
Ugnd  

(50 Hz) Uin UDC x Rf 

 [kΩ] [V] [V] [V] [V] [%] [kΩ] [V] [V] [V] [V] [%] [kΩ] 
0 2.2 51.19 0.112 67.99 150.01 0.11 2.171 38.10 0.2394 67.99 149.97 0.31 2.143 

SM4─ 2.2 40.96 10.30 57.61 150.01 10.1 2.177 30.47 7.818 56.25 149.98 10.2 2.158 
SM3─ 2.2 30.70 20.60 47.32 150.00 20.1 2.172 22.79 15.52 44.73 149.98 20.3 2.136 

AC 2.2 0.001 44.61 20.88 147.66 50.0 2.500 0.871 28.71 23.71 149.31 48.5 5.035 
SM1+ 2.2 -10.23 40.69 27.24 150.00 60.1 2.223 -9.207 19.69 38.45 149.87 65.9 5.114 
SM3+ 2.2 -30.76 20.62 47.30 150.01 79.9 2.162 -22.79 15.51 44.70 149.98 79.8 2.167 
DC(+) 2.2 -51.18 0.096 67.97 150.01 99.9 2.175 -38.10 0.239 67.94 149.97 99.7 2.145 
SM3+ 0 -46.70 28.55 37.94 149.54 81.0 0.030 -29.19 19.03 38.16 149.55 80.3 0.246 
SM3+ 4.7 -22.52 14.98 53.01 150.03 80.0 4.702 -17.99 12.10 49.92 150.02 79.9 4.669 
SM3+ 10 -14.40 9.504 58.52 150.06 80.1 10.05 -12.40 8.239 55.77 150.04 80.0 10.01 

 

IV. EXPERIMENTAL TESTS 
To additionally validate the proposed fault location method, 

experimental tests were carried out in a 60-kVA 12-levels FB 
three-phase MMC. 

A. Experimental Setup 
The experimental setup of the 60-kVA 12-levels FB three-

phase MMC (1) can be seen in Fig. 11. The experimental 
setup consists of a MMC (1) fed from a 200 kVA – 50 Hz AC 
microgrid (2) following the electrical scheme of Fig. 1.b. The 
grid and the MMC are galvanically isolated through a main 
power transformer without neutral accessible. 

During the tests, the operating AC and DC voltages were set 
to 120 VAC and 300 VDC, respectively. The MMC has its 
terminals for AC connections and DC positive and negative 
pole connections accessible (3). Additionally, the FB-SMs (4) 
have the terminals of their capacitors accessible for the three 
phases. A SM scheme in the upper-right side of Fig. 11 is 
shown. As examples, in the right side of Fig. 11, the lower 
arm SM terminals of phase “A” (5A) and “B” (5B) are shown. 

In order to protect the entire system, three equal resistors, R 
= 5 kΩ, have been installed. They limit If up to 40 mA in the 
worst case. Two of them, R1 = R2, are utilized as an artificial 
DC midpoint grounding (6). The third one will be used as Rgnd 

(7). Also, five resistors of 2.2 kΩ (8) have been connected in 
series they will emulate different Rf. With a by-pass system 
(9), this fault resistance can be changed among the following 
values: 0, 2.2, 4.4, 6.6, 8.8 and 11 kΩ. If no by-pass is 
performed, Rf = 11 kΩ. On the other hand, attending to the 
number of by-passed resistors the Rf decreases up to 0 Ω in 
steps of 2.2 kΩ. The GFs were implemented (10) by 
connecting the Rf to a AC, DC or SM terminal of the MMC.  

The MMC control is executed from a computer (12) utilizing 
OPAL-RT. With the OPAL-RT, Ugnd is measured utilizing a 
voltage transductor (11) and collecting the measurement in 
real time with the rest of telemetry in the computer (12). From 
this telemetry, the measurements of Uan, Ubn, Ucn and UDC have 
been collected to carry out the method with a sample 
frequency of 10 kHz and with a record time length of 200 ms. 

B. Healthy state test 
A healthy condition test was conducted in order to 

corroborate that Ugnd is close to 0 V and to calibrate the 
measurements, regarding to the DC component. The healthy 
state test can be seen in Fig. 12. The MMC main parameters 
were UDC = 300 V, Uin = 120 V and id = 10 A. Furthermore, 
the voltage of each arm was set to 300 Vdc, thus, USMj = 25 V 
each. The voltage in each SM capacitor was  
 

 
Fig. 11.  Experimental setup [(1): 60-kVA 12-levels FB three-phase MMC; (2): 200 kVA microgrid; (3): AC and DC side connections of the MMC; (4): FB-SM; 
(5): SM terminals; (6): Artificial DC midpoint; (7): Grounding resistor; (8): Fault resistors; (9): Fault resistance selector; (10) GF connection; (11): Voltage 
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transducer; (12): Computer]. 

 
Fig. 12. Healthy state experimental test [UDC = 300 Vdc, Uin = 120 Vpeak; AC 
current in “d” axis = 10 A]. 

 

Fig. 13.  UAC, UDC, Uarm and USMj distributions along the lower arm of the 
phase “a” in the MMC measured from the DC(-) pole. 

measured to ensure the linear behavior of the MMC arms (see 
Fig. 13). In the worst case, USMj differences up to 2.04V were 
noticed, i.e., less than 8.1% of the USMj average value.  

C. AC Side GFs tests 
Numerous GFs were performed in the AC terminals of the 

MMC (x = 50 %). Considered faults were Rf = [0, 2.2, 4.4, … 
11] kΩ for the three phases, which are a total of 18 tests.  

 
 

 
(a) 

 
(b) 

Fig. 14.  GF experimental test in the AC side of the MMC [Faulty phase = 
“a”; Rf = 2.2 kΩ; (a): time domain voltage; (b): frequency domain voltage]. 

A fault in the phase “a” with Rf = 2.2 kΩ is shown as 
example of this type of faults in Fig. 14. As it can be seen, 
Ugnd is in counterphase with Uan, which allows discerning the 
faulty phase. Additionally, from Fig. 14.b it can be known that 
the fault is in x = 50 % as no Ugnd(f0) appears. 

It must be highlighted, that Uan does not suffer attenuation, 
as the Uin voltage measurements are the phase-to-neutral 
voltage but not phase-to-ground voltages of the main power 
transformer. However, the measurements are also valid for the 
fault location. 

D. DC side GFs tests 
In order to validate the DC (-) and DC (+) pole faults (x = 1 

and 0, respectively), faults with Rf = [0, 2.2, 4.4, … 11] kΩ 
were tested. A set of 12 faults was performed to analyze this 
event. 

Fig. 15 shows two different GFs considered in the 
experimental tests. One of the faults of the figure was 
performed in the DC (+) pole with Rf = 2.2 kΩ. When this 
fault was performed, the Ugnd (f1) component was not 
measured. By contrast, Ugnd (f0) component appears (see Fig. 
15.b). The polarity of Ugnd (f0) suggests that the fault is in the 
DC(+) fault as it happened in simulations and previously 
suggested in the methodology. The voltage of this fault 
reaches Ugnd (f0) = -75 V. The other fault corresponds with a 
fault in the DC (-) pole with Rf = 0 kΩ. This fault has opposite 
polarity to the pole in fault as well and a higher magnitude in 
Ugnd (f0), which reaches up to 100 V. The difference between 
both magnitudes is due to the voltage drop in Rf, which is 
negligible for the second case. 

E. Submodules GFs tests 
Finally, 864 fault tests in the SM of the MMC were 

performed. These tests were carried out for Rf = [0, 2.2, 4.4, … 
11] kΩ in the black and red terminals of the SM connections,  

 
(a) 

 
(b) 
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Fig. 15.  GF experimental tests in the DC side of the MMC, voltage 
measurements [(a): A fault in the DC(+) pole, Rf = 2.2 kΩ, and a fault in the 
DC(-) pole, Rf = 0 kΩ, time domain; (b): both faults in frequency domain]. 

 
(a) 

 
(b) 

Fig. 16.  GF experimental test in the SM7+ of the MMC [Faulty phase = “c”; 
Rf = 2.2 kΩ; (a): time domain voltage; (b): frequency domain voltage]. 

of the 24 SM per phase (12 for the upper arm and 12 for the 
lower arm) for the three phases of the system. An additional 
group of 6 tests varying the operating conditions of UDC [300, 
330, 360 V] and UAC [75, 100, 120 V] have been also 
included. These parameters have not significantly affected the 
location results. 

One example is shown in Fig. 16. The example case 
corresponds to a fault with Rf = 2.2 kΩ in the SM7+ of the 
phase “c”. It can be seen that in Fig. 16.a, Ugnd is in 
counterphase with Ucn, also it has DC negative component, 
which implies that the fault is in the DC(+) pole. As it is an 
hybrid case, it implies that the fault is concatenated inside the 
upper arm of the phase “c”. From Fig. 16.b, both Ugnd (f0) and 
Ugnd (f1) appear. Introducing both values in the location 
equation (21) considering the sign of Ugnd (f0) as negative, the  
 

 
Fig. 17.  Experimental fault location estimations for all the fault positions in 
the SM of the MMC. 

fault position is estimated as x = 85.2 %. It implies that the 
SM8+ is estimated as the faulty SM. However, the real 
location  that corresponds with SM7+ is x = 79.16%. 

In Fig. 17, the 864 fault cases for GFs in the SMs are plotted 
distinguishing between red and black terminals faults. In this 
figure, the real fault location is in the X-axis, while the 
estimated x is plotted in the Y-axis. In an ideal case, the line 
xreal = xestimated should be given. In this figure, the ideal 
location and the deviations of ±1 and ±2 SMs are also 
plotted. On the one hand, from the figure, the set of tests 
performed at the red terminals of each SM for the different Rf 
are prone to have excess errors up to +2 SM. On the other 
hand, the black terminal GF locations have deficiency errors 
up to -1 SM. Despite this, the dispersion provoked by Rf is 
almost negligible, as it can be seen that all the points follow a 
narrow and defined progression from x = 0 to x = 1. An 
example of numerical results is plotted in Table III, where the 
results of x estimation, deviation error and Rf estimation of the 
black terminals of the phase “a” are plotted for all the Rf.  

TABLE III 
EXPERIMENTAL RESULTS: BLACK TERMINAL POSITIONS IN PHASE “A” 

Xreal 
xreal 

 

[%] 

xestimated   [%] SM deviation Rf   estimated   [kΩ] 
Rf =  

0  
kΩ 

Rf = 
2.2  
kΩ 

Rf = 
4.4  
kΩ 

Rf =  
6.6  
kΩ 

Rf =  
8.8  
kΩ 

Rf =  
11  
kΩ 

Rf =  
0  

kΩ 

Rf = 
2.2 
kΩ 

Rf = 
4.4 
kΩ 

Rf = 
6.6 
kΩ 

Rf = 
8.8 
kΩ 

Rf = 
11 
kΩ 

Rf =  
0  

kΩ 

Rf =  
2.2  
kΩ 

Rf =  
4.4  
kΩ 

Rf =  
6.6  
kΩ 

Rf =  
8.8  
kΩ 

Rf =  
11  
kΩ 

DC(+)/ 
SM12+ 100.00 100.00 99.99 99.99 100.00 100.00 100.00 0 0 0 0 0 0 0.01 2.20 4.32 6.39 8.65 10.31 

SM11+ 95.83 96.31 96.28 96.61 96.34 96.54 96.40 0 0 0 0 0 0 0.62 3.23 5.84 8.50 11.29 14.11 
SM9+ 87.50 88.85 89.02 88.97 88.77 88.52 88.19 0 0 0 0 0 0 0.95 3.64 6.41 9.28 12.13 15.04 
SM7+ 79.17 80.25 80.92 80.57 80.20 80.14 79.96 0 0 0 0 0 0 1.31 4.16 7.02 10.02 13.05 16.07 
SM5+ 70.83 71.71 71.92 71.98 71.70 71.46 71.16 0 0 0 0 0 0 1.73 4.75 7.82 10.93 14.17 17.35 
SM3+ 62.50 61.79 62.73 62.17 61.93 61.39 61.12 0 0 0 0 0 0 2.20 5.36 8.64 11.94 15.37 18.79 
SM1+ 54.17 50.24 51.88 51.27 50.70 50.10 49.72 -1 -1 -1 -1 -1 -1 2.71 6.01 9.46 12.95 16.56 19.85 

AC 50.00 45.38 46.37 45.91 45.51 45.05 44.64 -1 -1 -1 -1 -1 -1 1.73 4.40 7.07 9.73 12.31 14.84 
SM1- 45.83 42.12 42.85 42.31 42.21 41.51 41.40 -1 -1 -1 -1 -1 -1 1.79 4.47 7.11 9.80 12.35 14.97 
SM3- 37.50 33.07 33.66 33.42 32.92 32.55 32.54 -1 -1 -1 -1 -1 -1 1.43 4.03 6.60 9.13 11.62 14.19 
SM5- 29.17 24.61 25.26 25.01 24.67 24.38 24.94 -1 -1 -1 -1 -1 -1 1.02 3.53 6.00 8.43 10.80 13.28 
SM7- 20.83 17.08 17.29 17.05 17.14 17.28 16.99 -1 -1 -1 -1 -1 -1 0.76 3.11 5.53 7.90 10.21 12.46 
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SM9- 12.50 9.93 10.17 10.02 10.07 10.17 9.52 -1 -1 -1 -1 -1 -1 0.42 2.77 5.08 7.36 9.65 11.77 
SM11- 4.17 3.24 3.30 3.21 3.23 3.11 3.11 0 0 0 0 0 0 0.17 2.44 4.70 6.90 9.05 11.14 
SM12-/ 
DC (-) 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0 0 0 0 0 0 0.03 2.26 4.47 6.68 8.83 10.82 

From the results collected in Table III, the maximum 
location error is reached in the higher Rf and close to x = 50 %. 
The maximum error observed is 5.36% in x = 50 % and Rf = 
11 kΩ, which implies a deviation of one SM and an additional 
error of 1.20 %. In the middle of Table III, the deviation of 
SM estimation can be observed. The bigger errors are reached 
in the lower arm x estimations. Finally, in terms of Rf 
estimation, the accuracy of the estimation decreases from the 
DC(+) and DC(-) to the AC side. The closer is the fault to the 
AC side, the higher is the estimation error.  

V. DISCUSSION OF THE RESULTS 
From the experimental and simulation results, different 

observations can be performed.  
The first one is related to the fault position, x, estimation. 

GFs in the simulations were perfectly observed since no 
problems with resolutions and measurement accuracies exist. 
However, in experimental tests, some deviations have been 
observed around x = 50 % when the GFs have been done in 
the SM. This fact is due to the resolution of the Ugnd (f0) 
measurement when the fault is close to the AC side, which 
value directly affects eq. (21). However, this problem does not 
affect faults directly performed in the AC side, where Ugnd (f0) 
is 0 V.  

The second observation comprises the location error 
committed in the experimental tests, which varies between +2 
SM and -1 SM. The fact of having an error of an entire SM of 
difference is due to the switching position of the SM, which 
can vary one the real GF position a 4.16% in case of the 
experimental tests, i.e., 1 out of 24 SMs. In Fig. 18, the errors 
are recalculated attending to the two possible positions of each 
SM, the direct or reverse feeding of the SM (see Fig. 19.a and 
Fig. 19.b respectively). It implies that a systematic error of 
4.16% is delimit between both possibilities and it can be taken 
as uncertainty in the GF position estimation.  

Another appointment must be done around the Rf estimation. 
From the experimental results, the severity estimation 
becomes less accurate as it is farther from the DC(+) and  
 

 
Fig. 18.  Uncertainty error caused due to the fault position variation inside the 
SM [Red terminals case study].  
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Fig. 19.  SM feeding [(a): direct feeding; (b): reverse feeding]. 

DC(-) poles. However, also appears in the simulation results, 
where the severity of the GFs near the AC side are not well 
estimated. Facts like the DC midpoint displacement in the 
event of a fault, the low circulating currents through R1, R2 and 
Rgnd and the already existing x estimation error add error to the 
Rf estimation. For this reason, the use of direct DC midpoints 
(see Fig. 2) or AC neutral groundings through Rgnd (see Fig. 
1.a) is strongly recommended instead of using artificial DC 
midpoints (see Fig. 1.b). 

Despite the location errors, the ground fault location method 
allows to easily estimate the faulty phase and with an 
admissible accuracy the SM in fault. This will save a lot of 
time during the MMC maintenance. Furthermore, the fault 
estimation can give an approximation about the severity of the 
defect and the urgency of the maintenance.  

VI. CONCLUSIONS 
The use of MMCs is becoming a significant technology in 

power systems as for example in HVDC systems. However, 
the use of many power-electronic elements makes difficult 
their GF diagnosis.  

This paper proposed a GF location method based on AC 
neutral or DC midpoint high resistance grounding for the fault 
location. Measuring the grounding resistor voltage, Ugnd, the 
AC phase voltages and DC total voltage the fault location can 
be totally discerned. The fault will be in the AC side if Ugnd 
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has only fundamental frequency component, and analogously 
for the DC side. A combination of AC and DC components 
will only appear in Ugnd when the fault is taking place in a SM. 
Comparing this voltage with the phase voltages, the faulty AC 
phase, or the voltage polarity the faulty DC pole, is discerned.  

The method has been validated through simulations in a HB 
5-levels three-phase MMC achieving accurate results in the 
position and severity estimation. It has been also validated 
though experiments in a 60 kVA FB 12-levels three-phase 
MMC reaching location errors comprised between (-1 SM, +2 
SM). Despite the severity estimation has presented more 
inaccuracies than in simulations, the results have proven that 
the diagnosis made by the method is suitable for saving a lot 
of time during the maintenance of the equipment.  

However, this investigation lead the doors open to further 
works that should be focus on the experimental validation of 
the method utilizing an AC neutral grounding configuration 
and in the design of a fault tolerant control taking the 
information of the diagnosis method into account. 
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