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Abstract- This paper centres on the performance of PI and 

hysteresis controllers for AC fault ride through for an MMC VSC 

- HVDC transmission system. In the simulated MMC converter

test system, a 600 MW VSC-HVDC transmission line connects

two farms, formed from combined offshore wind turbines and

wave converters, to the two onshore AC grids. The model in this

study included two 300kV DC submarine cables with a cable

length of 100km. In the reported simulation a three-phase to

ground fault, a single line to ground fault, a double line to ground

fault and a line-to-line fault were applied to the onshore AC

network. The simulation results reveal  reductions in DC voltage

overshoot and transient energy with the PI-based controller

(compared to the hysteresis controller) for 3- phase to ground,

line to ground and line - to - line to ground faults respectively,

with no difference for line-to-line faults.

Index Terms—PI, Hysteresis, FRT, VSC, HVDC, MMC 

I. INTRODUCTION

Power generated from renewable resources remains a major 

component in the provision of a sustainable energy quantity for 

the future [1]. Wind and wave power are two distinct 

renewable resources in the UK that can share the same 

environmental conditions with potential benefits [2]. The 

quantity of offshore wind power generation is on the increase 

in the UK. Wave power generation can also have a significant 

contribution if properly harnessed [3]. The UK has a target of 

15% renewable energy consumption by 2020 which translates 

to a 29 GW contribution from offshore wind power [4]. 

However, offshore wind power contributed 5GW to the UK’s 

electricity consumption at the end of 2016 [5]. Offshore wave 

energy is a major driver of the Scottish Government’s 100% 

renewable energy target, which translates to 14 GW by 2020 

[6]. Combining the power generated from offshore wind and 

wave farms can be an important contributor to achieving the 

Government’s target of supplying 15% of the UK’s energy 

from renewable generation by 2020 [7]. 

There are construction sites for several offshore wind farms 

in the UK since the commissioning of the Blyth pilot project 

in December 2000 [8]. One such construction site is the 

London Array project with an installed capacity of 630MW, 

which is the largest offshore wind farm in the world [9]. Wave 

energy has experienced measurable progress despite not being 

as developed as wind energy. A recent development in wave 

energy is the Land Installed Marine Power Energy Transmitter 

(LIMPET) project in Scotland, UK, which is a major boost to 

the country’s renewable energy [10]. According to the United 

Kingdom Department of Energy and Climate Change, the 

projected capacity of wave energy by 2020 is 250MW [11].  

      Wind power suffers from intermittency while wave power 

suffers from variability [12]. The progress of wave energy 

development is slow because it provides a low power output 

while requiring large infrastructure investment [13]. Wind 

power is one of the greatest renewable energy strengths of UK 

[14]. The incorporation of wave energy systems into offshore 

wind energy farms has the potential to enhance economies of 

scale in the power generation systems of the UK [15]. The 

power generation profile of a combined wind and wave energy 

farm showed more reliability than that of the single wind farm 

according to a study in [16]. Offshore wind and wave power 

are more cost-effective than onshore wind and seashore wave 

power because of their increased power capacities at reduced 

installation cost [17]. 

     The offshore AC grid of combined offshore wind and wave 

farms can be weak because of the fixed rating of power 

electronic converters capable of reducing the power system 

inertia of the offshore AC grid. The power system inertia is the 

response of the AC system to sudden frequency disturbance 

[18]. Another indicator of a weak AC grid is a poor short 

circuit level. The short circuit level refers to the maximum fault 

current permissible in a power system when a three-phase to 

ground fault occurs [19].   

    The DC voltage in an HVDC transmission network 

increases when an onshore AC grid fault occurs because of the 

inability of the onshore VSC converter to push active power to 

the onshore AC grid. Transient results from the rise in the DC 

voltage across the VSC capacitor in a short time [20]. There is 

a need to examine the transient behaviour of the capacitor 

voltage because of its impact on the devices within the HVDC 

transmission network [20]. Voltage overshoots result when the 

voltage rises across the capacitor over expected time [21]. The 

generation of transient voltage overshoots has impacts on the 

reliability and availability of the VSC converters, cables, and 

the filter capacitors [22]. Availability and reliability are major 

components in deciding the economic and technical 

capabilities of Round 3 offshore renewable generation. The 

values of availability and reliability influence the profitability 

and suitability of the DC grid network. 



The MMC converter topology is a relatively new HVDC 

converter technology for synthesising high voltage from the 

switching of several voltage levels [23]. This modularity 

eliminates the series connection of IGBTs [24-25]. With this 

arrangement, it is now possible to manufacture converters of 

ratings above 1GW capacity [26].  This paper presents the 

comparative analysis of PI and hysteresis controllers for 

chopper resistor based DC overvoltage control for fault ride 

through of 31- level MMC VSC HVDC systems. The 

simulation study was carried out using MATLAB 

/SIMULINK.    

II. AC FAULT RIDE THROUGH

      Fault ride-through (FRT) capability refers to the ability of 

an onshore VSC-converter to remain connected to the DC grid 

when a fault occurs at the onshore AC grid [27]. This capability 

permits the VSC-converter to stay connected to the grid even 

with a voltage change at the point of common coupling of the 

onshore AC grid during faults [28].  

VSC based HVDC is a technology capable of operating at a 

low AC grid voltage [29]. Transients in the DC grid capacitors 

caused by lack of active power export of the VSC to the 

onshore grid are a serious concern on HVDC networks when 

AC faults occur at the onshore grid [30]. The power imported 

from the offshore wind farms remains unaffected during an 

onshore AC grid fault because the offshore wind turbine 

network is decoupled from the onshore AC grid by the DC link. 

This results in power imbalance that increases the voltage in 

the DC network. The VSC- HVDC capacitors that 

accommodate the trapped active power require protection 

within a predefined time limit of the fault. Even though the grid 

connection of wind farms with VSC based HVDC is the most 

cost-effective option for a submarine transmission distance of 

over 50 km, fault ride-through capability is still a crucial 

obligation for the adoption of VSC- HVDC transmission 

networks [29].  

Fault- ride- through strategies are necessary for the reliable 

protection of VSC based HVDC transmission. A reliable 

protection system is an essential contributor to the integration 

of offshore renewable energy through HVDC link. The 

available techniques for FRT are power reduction, energy 

storage and power dissipation.  

Achieving FRT by means of power dissipation involves the 

installation of resistor - based DC choppers close to the 

onshore VSC station. This technique is the most realistic for 

FRT implementation. The resistor-based DC chopper is a 

voltage-controlled power electronic device for managing the 

dissipation of any undelivered power due to onshore AC faults 

[31-33]. The rating of the DC choppers and resistor banks must 

be the same as that of the rating of the VSCs to accommodate 

the trapped offshore wind and wave power [33].  

 The power dissipation technique has been considered in this 

paper for the onshore fault ride through of MMC VSC HVDC 

systems.   

III. SIMULATION MODEL

A. Offshore Wind and Wave farm details 

A 200MW offshore wind farm normally comprises of 100

units of 2 MW turbines. Horizontal upwind turbines were 

employed in this work because their rotors face the wind to 

eliminate tower wind shades [34]. The ocean waves often 

fluctuate and the capability to obtain optimum power is 

restricted [35]. The most employed means of reducing the 

power fluctuation is to aggregate a number of incoherent wave 

energy converters (WEC) [36]. Aggregating 64 incoherent 

WECs resulted in a reduction in power variation from 3.6 to 1 

as reported in [37]. The Darrieus turbine parameters in [38] 

were re-parameterized for the simulation study. 

B. MMC VSC HVDC transmission system for combined offshore

wind and wave farms 

     This section presents the simulation details of the 4-

terminal MMC VSC-HVDC system. A controllable three-

phase voltage source connected to a 600MVA, 460kV/370kV 

transformer modelled the combined offshore wind and wave 

farms. This simulation study employed a 31- level MMC for 

acceptable harmonic attributes. The design calculation for the 

submodule capacitors considered a 10% ripple voltage. This 

study employed a rating of ± 300kV for a current flow of 2 kA 

for the VSC-HVDC transmission system as suggested by 

National Grid. The model design of this simulation study 

employed two 300kV DC submarine cables with a cable length 

of 100km. The short circuit ratio of the voltage source and the 

phase reactor were 3.5 and 15% respectively.  

A three-phase to ground fault, a single line to ground fault, a 

double line to ground fault and a line-to-line fault were applied 

to the onshore AC network at 1s, 3s, 5s and 7s respectively. 

The submarine XLPE cables considered in this study are in 

accordance with industrial specifications by ABB [39-41].  

C. MMC-VSC HVDC control 

In the MMC converter test system, a 600 MW VSC-HVDC

transmission line connects two farms, formed from combined 

offshore wind turbines and wave converters, to the two onshore AC 

grids.  

D. Modelling considerations 

The duration of the changes associated with the fault

occurrence is in hundreds of milliseconds [42]. The 

Electromagnetic Transient (EMT) high-frequency simulation 

of the constituent parts is suitable for fault analysis, due to its 

transient capability. The work in this paper involves the 

investigation of the transients which are evaluated in 140 

milliseconds for the power dissipation technique [43].  

E. Design of Hysteresis voltage controller 

Hysteresis controllers are very common because of their

ease of implementation. A Hysteresis controller configuration 

has a logic to either completely switch on or off. The hysteresis 

controller normally operates as a feedback loop scheme.  

The hysteresis controller is a single input-single output 

device that permits an output to oscillate between two pre-

defined boundaries. The controller has a switch offset point 

above which the controller stays on and a switch on point 



below which the controller stays off. For the Hysteresis 

application, the switch on point must exceed the switch off 

point. The control signal of the Hysteresis controller is 

discontinuous whose operation is in a bang-bang manner for 

variable system applications. One of the disadvantages of this 

controller is its variable switching frequency, which can be 

detrimental to the operation of the power switch, in terms of 

the switching losses. In this controller, the error signal 

determines the ripple in accordance with the Hysteresis band. 

The Hysteresis band (window) controls the switching 

frequency [44].  

F. Design of PI-based voltage controller 

A PI controller is a type of feedback controller generally

employed in electrical systems to maintain process parameters 

about set point, by reducing the error signal to a near-zero 

value [41]. The PI control effectively combines the regulation 

of proportional and integral terms for instantaneously keeping 

the system changes within specified limits. The performance 

of a PI or two-mode controller depends on its response speed 

and the steady state error. Equation 1 presents the analytical 

expression for a PI controller: 

  𝑃 = 𝐾𝑝 ∗ 𝑒𝑝 + 𝐾𝑖 ∫(𝑒𝑝 ∗ 𝑑𝑡) + 𝑃𝑥(0)          (1) 

Where P is the controller output, ep is the error, Kp is the 

proportional gain, Ki is the integral gain and Px (0) is the 

controller’s output at the start of the operation.  

   The simulations involved a range of reference DC voltages 

for the fault ride through DC voltage control of the PI and 

hysteresis controllers. The Ziegler-Nichols tuning technique 

was employed to obtain the optimum gain of the PI controller 

(Ku) and the oscillation period (Tu) as 0.00333 and 0.667

respectively. The values (Ku) and (Tu) resulted in PI controller

gains of: KP = 0.0015 and K𝑖  = 0.006. A cut-off frequency of

2 kHz was applied for the PI- controller. 

G. Onshore AC grid

A voltage source in series with inductive impedance can

represent the onshore AC grid [45]. Most of the onshore high-

voltage AC grids in the UK have 400 kV nominal rating [46]. 

The threshold SCR for a strong AC grid is 3 [47]. The SCR of 

the onshore AC grid in this paper was 3.5 for MMC-based 

converters for high and moderate strength [48]. The grid 

impedance is an indicator of the short-circuit ratio (SCR) of the 

Point of Common Coupling (PCC) at the AC grid [49] The 

values of the onshore AC grid resistance and inductance for the 

MMC converters were therefore set to 4.43Ω and 283 mH 

respectively.   

H. Sub-module capacitor details 

Equation 2 shows the expression of the sub-module

capacitor of MMC converter similar to [50]: 

𝐶𝑆𝑀 =
2𝑆𝑁𝐸𝑀

𝑁𝑉𝐶
2  (2) 

Where  𝑆𝑁 , N and 𝐸𝑀 are the nominal power of the HVDC,

number of modules and capacitor module energy respectively. 

The sub-module capacitance value computed to meet the 10% 

ripple voltage was 583uF.  

I. HVDC Cable modelling

DC cable circuit modelling involves bipolar configuration

of the positive and negative DC voltages. This configuration 

ensures the improved reliability of the DC grid for the 

operation of a pole in the case of a defect in the other pole [51]. 

The DC transmission system can be represented by a pole that 

can contain the information of the two poles. This 

simplification was employed in a study in [52] with series 

resistance, capacitance and inductance.  Individual branches of 

the cable can be shown by a pi-section. A lumped parameter 

model which considers the lumping together of the resistance, 

inductance and capacitance to form pi-section was considered 

in this model. The consideration is suitable for the analysis in 

this work because the simulation was based on a time step of 

50us and the XLPE cable is longer than 10km [53]. The cable 

parameters significantly impact on the performance of the 

HVDC transmission. 

IV. RESULTS AND DISCUSSION

This section presents the simulation results of the parametric 

analysis for MMC VSC – HVDC based DC voltage control for 

two controllers. Figures 1 and 2 show the DC voltage response 

of the onshore AC grid side 1 for the two controllers for the 

respective faults for DC voltage set - point of 1.07 pu. Table 1 

summarises the DC voltage overshoot reduction of the two 

controllers, reflecting that the PI-based control achieved lower 

overshoots for the ground faults while there was a balanced 

result for the line-to-line fault for the two controllers.  

Table 1: Summary of simulation results for DC voltage 

overshoot during FRT with controller set point of 1.07 pu 

Fault PI control Hysteresis 

Voltage Overshoots 

(pu) 

Voltage Overshoots 

(pu) 

Three-

phase to 

ground 

1.08 0.03 1.085 0.035 

Single 

phase to 

ground 

1.24 0.19 1.25 0.2 

Line to 

line to 

ground 

1.127 0.077 1.13 0.08 

Line to 

line 

1.25 0.2 1.25 0.2 



Figure 1: Onshore Grid Side DC Voltage (PI) 

   The DC voltage overshoot reductions computed from the 

reflected values in Table 1 of the PI-based controller over the 

hysteresis controller is presented in Table 2. 

Table 2: summary of DC voltage overshoot reduction 

achieved by PI controller over hysteresis controller 

Fault type Voltage overshoots 

reduction (%) 

Three- phase to ground 14.3 

Single line to ground 5 

Line to Line to ground 3.75 

Line to Line 0 

     The selection of protection methods affects the failure rate 

of DC submarine cables [54-56]. Table 3 presents the 

computed Mean - Time - Between - Failures (MTBF), Mean - 

Time - To Failure (MTTF) and Mean -Time - To - Repair 

(MTTR) for the evaluation of offshore submarine HVDC cable 

performance [57]. The three indices are presented in Table 3 

where the PI controller showed improvements over   the 

hysteresis controller.  

Table 3: Summary of computation of parameter indicators 

for the simulation study 

Indicators Three - 

phase to 

ground 

(PI) 

Single 

line to 

ground 

(PI) 

Line to 

Line to 

ground 

(PI) 

Line to 

Line 

Failure rate 

(%) 

1 0.35 0.263 0 

MTBF 

(years) 

2.38 0.752 0.557 0 

MTTF 

(years) 

2.38 0.752 0.557 0 

Availability 

(%) 

0.23 0.09 0.058 0 

Reliability 

(%) 

16.69 5.24 3.6 0 

Figure 2: Onshore Grid Side DC Voltage (Hysteresis) 

    The results of the MMC based transmission system showed 

that for ground faults, the PI-based controller presented lower 

DC voltage overshoots than the hysteresis controller did. 

However, for the line-to-line fault, the two controllers 

presented comparable responses.     

V. CONCLUSION

       In this simulation study, the performance of two FRT 

controllers was presented. The comparison of the transient 

performances of PI-based and hysteresis-based DC voltage 

control showed that the PI-based response produced a lower 

DC voltage overshoot response than hysteresis control for 

ground faults while the hysteresis-based response produced a 

lower DC voltage overshoot response than PI control for line-

to-line fault.  
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