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Jun Liang, Senior Member, IEEE, Tibin Joseph , Member, IEEE, Rose King, Member, IEEE, and Andrzej Adamczyk 

Abstract—The current-carrying capability of dc lines is limited 
by their thermal and electric stress limits. Thus, the line current 
must be maintained within the permissible operational region to 
protect the lines from damage. In a dense dc grid, control over 
each line current cannot be achieved without including additional 
control devices. In this paper, a dual H-bridge current flow con
troller (2B-CFC) is used to manage the dc grid line power flow by  
providing dc voltage compensation in series with dc lines. A cen
tralized hierarchical control system is proposed to coordinate the 
operation between multiple CFCs. A novel voltage-sharing control 
scheme is demonstrated. It is shown that such a scheme reduces the 
workload on a single CFC by sharing the required control voltage 
between multiple CFCs, and, in addition, can be used to avoid con
trol conflicts among active CFCs during communication failure. 
An experimental platform consisting of a three-terminal dc grid 
and small-scale 2B-CFC prototypes has been developed to validate 
the concepts. For completeness, the CFC performance has been 
analyzed for overload conditions and when no communication ex
ists. Small-scale dc circuit breakers have been developed to study 
the CFC performance under a pole-to-pole fault. 

Index Terms—Current flow controller, dc line, dc circuit 
breaker, H-bridge, multi-terminal HVdc grids, voltage source con
verter. 

I. INTRODUCTION 

THE breakthrough in the development of solid-state semi
conductor valves in the 1970s has led to the installation of 

hundreds of point-to-point HVdc links around the globe. HVdc 
links are suitable for bulk power transmission over long dis
tances due to their lower losses and cost compared to ac links [1]. 
Particularly, voltage source converter (VSC) based HVdc links 
have been increasingly adopted due to their decoupled power 
flow control, black-start capability, control flexibility and re
duced footprint [2], [3]. It is desirable to connect additional VSC 
terminals to existing point-to-point links in a multi-terminal 
HVdc (MTdc) configuration to maximize power transfer and to 
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achieve an effective power flow management and operational 
reliability. It is expected that MTdc grids will facilitate a cross
border energy exchange between different countries and will 
enable reliable power transfer from offshore wind farms [4]. 

In HVdc systems, dc power can be transmitted via overhead 
lines (OHLs) or cables. Although cables are inherently suitable 
for underground or sub-sea transmission and pose a reduced 
visual and environmental impact compared to OHLs, OHLs are 
attractive owing to their high voltage and high power handling 
capabilities and lower cost [5], [6]. However, both dc cables 
and OHLs have intrinsic operational limits over the amount of 
power that can be transferred. These limits are determined by 
thermal and electric stress characteristics [7], [8]. 

In a very dense MTdc grid, power flow cannot be regulated 
independently as it is passively determined by the resistance 
between dc nodes. Since the line current distribution is uncon
trolled, some lines may carry excess current while the remaining 
ones may be under-utilized. System operation beyond thermal 
and stress limits could damage OHLs and cables and lead to 
cascaded failure. In a system with high power demand, such 
a transmission interruption could be very costly. This problem 
may be relieved through the installation of auxiliary lines, but at 
the expense of high capital and environmental costs. Moreover, 
an effective line current control can only be achieved with the 
inclusion of additional control structures to the system. 

Power flow controllers (PFCs) are power electronics based 
devices capable of providing dc line current control in MTdc 
grids [9]. Although one way to control dc line current is through 
the inclusion of a controlled series variable resistor [9], this 
approach offers a limited controllability and causes high power 
losses. In recent years, several voltage source-based PFCs have 
been proposed to eliminate the shortcomings of a resistive-based 
solution. These devices require an ac connection which can be 
established through a step-down transformer [10], [11]. Since 
these PFCs are electrically coupled to the dc side, the voltage 
difference between the transformer windings and the ground is 
equal to the rated dc voltage. Therefore, additional insulation 
is essential to decrease the capacitance between the windings 
and ground, but this may in turn increase the transformer size 
and winding resistance. In addition, voltage source-based PFCs 
generate significant current harmonics in the valve winding, 
leading to further power losses. To eliminate these issues, the 
device has to be powered inside the dc grid [12]–[15]. An inter 
dc grid powered PFC is referred to as a current flow controller 
(CFC) [12]. 
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Fig. 1. Topology of a 2B-CFC. 

In [12], the concept of a dual H-bridge CFC (2B-CFC) was 
presented, with its operation and control being further exam
ined in [16]–[19]. An average model and a small signal stability 
based model of a 2B-CFC have been presented in [18] and 
[20], respectively. Although a 2B-CFC has been experimentally 
tested in [17], a constant dc voltage source and active loads 
were used to represent the converters. Therefore, the interaction 
between the CFC and VSCs was not experimentally verified. To 
bridge this gap, the operation and control of a 2B-CFC is exper
imentally validated in this paper using a three-terminal meshed 
MTdc test-rig. The CFC operation is analyzed using monopole 
and bipole configurations. A novel centralized hierarchical con
trol scheme is introduced to coordinate the operation between 
multiple 2B-CFCs. To the knowledge of the authors, the in
teraction between multiple CFCs has only been discussed in 
[21]. Moreover, a new control strategy is proposed to increase 
the grid control flexibility during CFC overloading and absence 
of communications, with the CFC performance being assessed 
under such conditions. Although the fault performance of a 
2B-CFC has been previously studied in [19] through software 
simulations, such an initial approach has been extended in this 
paper to experimental studies. Small-scale solid-state dc circuit 
breakers (DCCBs) have been implemented to assess the device 
performance under pole-to-pole dc faults, with the interaction 
between the DCCB and the 2B-CFC during fault conditions 
being analyzed. 

II. DUAL H-BRIDGE CFC 

A 2B-CFC consists of two electrically coupled H-bridges 
connected in series with dc lines (see Fig. 1, where H-bridges 
B1 and B2 are connected with lines L12 and L13 , respectively). 
Switches Q1 and Q2 are formed by two anti-series connected 
IGBTs and are placed in parallel with B1 and B2 , respectively, 
to avoid interruptions in the grid current flow and thus ensure 
the safety of the dc grid upon CFC internal failure. In this 
configuration, the power taken from L12 is equal to the power 
added to L13 , or vice versa. 

In the following subsection, the device operation is explained 
assuming that current flows from terminal T1 to terminals T2 

and T3 unless mentioned otherwise. 

A. Operation 

The 2B-CFC has the operation modes described below. 
1) Zero Compensation (ZC) Mode: In this mode of opera-

tion, the required line current reduction or increment is zero and 
thus the series dc voltage compensation is zero. Therefore, B1 

Fig. 2. Operation under the ZC mode. 

Fig. 3. Operational stages of a 2B-CFC under the CC mode: (a) Charge 
mode 1; (b) charge mode 2; (c) discharge mode. 

and B2 must be bypassed. Although this could be achieved by 
turning on switches S12 and S14 of B1 , and S22 and S24 of 
B2 , the ZC mode is implemented instead by turning switches 
Q1 and Q2 on (as shown in Fig. 2). The reader is referred to 
Section V-D for further insight on this. 

2) Current Control (CC) Mode: A required line current re
duction or increment is achieved in this mode by providing a 
negative or positive dc voltage compensation in series to the 
controlled dc line. The magnitude of the inserted dc voltage is 
regulated by switching the H-bridge voltage. The active switch 
on each H-bridge is determined by the control objective and line 
current directions. If current flows from terminal T1 to T2 and 
from T1 to T3 , switches S12 and S21 of B1 and B2 are modu
lated to reduce the current on line L12 , while all other switches 
(S11 , S13 , S14 , S22 , S23 and S24) are maintained off. However, 
when the current flow is reversed (i.e., from T2 and T3 to T1), 
S11 of B1 and S22 of B2 must be modulated instead to reduce 
the current in L12 while the remaining switches (S12 , S13 , S14 , 
S21 , S23 and S24) are kept off. For additional insight on the four 
quadrant switching selection of a 2B-CFC, the reader is referred 
to [19]. 

http:VSCswasnotexperimentallyverified.To
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Fig. 4. Switching waveforms for the CC mode. 

Fig. 3 shows the operational stages of the CFC during the 
CC mode when current flows from terminal T1 to terminals T2 

and T3 . The switching states of the controlled switches and the 
corresponding changes on the bridge voltages VB 1 and VB 2 are 
shown in Fig. 4. When switches S12 and S21 are off (Fig. 3(a)), 
the line currents flow through the naturally commutated diodes 
and charge the capacitor rapidly. The voltages across terminals 
T1 and T2 , and T1 and T3 , are equal to the inserted dc voltages 
VB 1 and VB 2 , respectively. These are given as: 

VB 1,a  = V C, VB 2,a  = V C, (1) 

where V C is the average value of capacitor voltage VC. This  
operation results in a decrease in currents i12 and i13 . 

When S21 is on and S12 is off, bridge B2 is bypassed and B1 

charges the dc capacitor (see Fig. 3(b)). In this case, 

VB 1,b  = V C, VB 2,b  = 0. (2) 

As a result of such a positive voltage injection in series with line 
L12 , current i12 decreases while i13 increases to maintain the 
power balance. 

Conversely, a negative voltage must be inserted in series with 
L13 to increase line current i13 . This can be achieved by switch
ing on both S12 and S21 (see Fig. 3(c)). During this period, the 
capacitor is discharged into L13 and 

VB 1,c  = 0, VB 2,c  = −V C. (3) 

As shown in Fig. 4, continuous switching of S12 and S21 gen
erates a pulsed positive voltage (VB 1) across the CFC terminals 
T1 and T2 and a pulsed negative dc voltage (VB 2) across T1 and 
T3 . This increases i13 and also decreases i12 . 

The average bridge voltages V B 1 and V B 2 can be derived 
from (1)–(3) as follows: 

VB 1,a  · Toff,21 + VB 1,b  · (Ton,21 − Ton,12 )
V B 1 = 

Ts 

V C · Toff,21 + V C · (Ton,21 − Ton,12)= 
Ts 

= V C(1 − D1) (4) 

Fig. 5. Capacitor voltage controller. 

VB 2,a  · Toff,21 + VB 2,c  · Ton,12
V B 2 = 

Ts 

V C · Toff,21 − V C · Ton,12= 
Ts 

= V C(1 − D1 − D2) (5) 

where D1 is the duty cycle of switch S12 , D2 the duty cycle of 
S21 , Ts the switching period, Ton,ab the turn-on time of switch 

Ton,12 Ton,21Sab , Toff ,ab the turn-off time of Sab , D1 = and D2 = .T s T s 

The relationship between V B 1 and V B 2 with line currents i12 

and i13 can be represented by: 

PB 1 = PB 2 , 
(6)

V B 1 · i12 = V B 2 · i13 

where PB 1 and PB 2 are the powers of H-bridges B1 and B2 , 
respectively. 

3) Voltage Control (VC) Mode: Operation under a VC mode 
is achieved by disabling the line current control loop. This way, 
the capacitor voltage is regulated regardless of the line current 
value. To achieve this, the duty cycle of one switch must be 
set to 1 while the other switch adjusts its duty cycle so that 
the voltage is maintained constant. For instance, when current 
flows from terminal T1 to terminals T2 and T3 , the duty cycle 
of switch S21 must be set to 1 while switch S12 adjusts its duty 
cycle. Since S21 is on, the CFC takes only two switching states 
(see Fig. 3(b) and (c)). The VC mode usually takes place under 
the voltage sharing method presented in Section III. For further 
information on the detailed operation and control of a 2B-CFC 
under a VC mode, the reader is referred to [19], where a single 
modulation strategy is employed to achieve current control by 
varying the voltage across the capacitor. 

B. Controller Design 

A master-slave (or dual modulation) scheme [19] has been 
adopted to control a 2B-CFC connected with L12 and L13 (see 
Fig. 1). The capacitor voltage Vc and line current i13 are con
trolled independently by modulating switches S12 and S21 , re
spectively. The CFC capacitor voltage control loop is depicted 
in Fig. 5, where the grey rectangle encompasses the unregu
lated open loop dynamics. The dynamics of the dc lines are 
represented by transfer functions Gp1(s) and Gp2(s): 

1 1 
Gp1(s) =  , Gp2(s) =  . (7)

L12s + R12 L13s + R13 

http:seeFig.3(b)).In
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TABLE I 
SPECIFICATIONS AND PARAMETERS OF THE TEST-RIG 

Devices Specifications Operating Rating 

VSCs Rated power 2 kW 
Rated ac voltage 140 V 
Rated dc voltage 250 V 

Topology Two-level, Symmetrical monopole 
AC inductors Lg 1 , Lg 2 , Lg 3 2.2 mH 
DC lines L12  2.4 mH 

L13  5.8 mH 
L23  11.8 mH 

Equivalent R12  0.26 Ω 
Equivalent R13  0.78 Ω 
Equivalent R23  0.98 Ω 

DC capacitors Cg 1 , Cg 2 , Cg 3 1020 µF 

TABLE II
 
SPECIFICATIONS AND PARAMETERS: 2B-CFCS
 

Devices Specifications Operating rating 

CFC 

DC capacitor 
Switching frequency 

Rated power 
Rated dc voltage 

C 
fsw 

40 W 
5 V 

4400 µF 
2000 Hz 

DC terminal voltages VDC 1 , VDC 2 and VDC 3 are signals which 
affect the capacitor voltage dynamics in open loop. For control 
system design, these dc voltages are assumed as disturbances. 
By applying block diagram reduction techniques, the overall 
plant transfer function Gv (s) relating the capacitor voltage VC 

(output) to the duty cycle D1 of switch S12 (input) is obtained:   
(L12 + L13)s + (R12 + R13)

Gv (s) =  Kc · 
L12s + R12  
1 · (8)

L13Cs2 + R13Cs + 1

A controller Gk (s) is proposed to ensure an adequate closed-
loop performance:     

s + zc s + zp
Gk (s) =  K (9) 

s + pc s

Controller Gk (s) in (9) consists of a proportional-integral 
(PI) structure cascaded with a lead compensator, where zp is the 
zero of the PI controller, zc and pc are the zero and pole of the 
lead compensator, and K is the overall controller gain. Such a 
control structure, if designed properly, is sufficient to provide 
high stability margins, eliminate the steady-state error and reject 
disturbances. 

Let the parameters in Gp1(s), Gp2(s), and Gv (s) be defined 
as in Tables I and II. Fig. 6 shows the open loop frequency 
response of Gv (s). The bandwidth of the uncompensated system 
is 1000 rad/s and this value is kept when Gk (s) is used. It 
can be also observed in Fig. 6 that the uncompensated system 
exhibits a poor phase margin (≈4 deg). While the PI controller 
is used to achieve a zero steady-state error, the lead compensator 
significantly improves the phase margin to ≈68 deg to ensure 

Fig. 6. System open loop frequency response (Bode plot): Uncompensated 
system Gv (s) and compensated system Gk (s)Gv (s). 

Fig. 7. Line current controller. 

a good performance during transients and solid-state switching 
(or quadrant selection). Additionally, the CFC capacitor voltage 
loop considers a feedback loop with a proportional gain Kf to 
limit the initial overshoot in the capacitor voltage (see Fig. 5). 
Since the initial voltage across the capacitor is zero, the capacitor 
voltage controller would adjust the initial duty cycle of the 
controlled switch to zero. However, since line current flows 
through the capacitor, this is rapidly charged, which could lead to 
an overvoltage across its terminals. The feedback compensation 
provided by proportional gain Kf limits the initial overshoot by 
moving the duty cycle of the controlled switch towards unity. 

Fig. 7 shows the line current control loop. Since plant Gi(s) 
is a first order function, a PI controller is used. It should be high
lighted that a first order filter with a cut-off frequency of 200 Hz 
has been employed with the voltage and current controllers to 
eliminate measurement noise. The control parameters can be 
found in the Appendix. 

III. COORDINATED CONTROL OF MULTIPLE CFCS 

In a complex dc grid, flexible current regulation cannot be 
achieved with a single CFC. This shortcoming can be relieved 
by installing CFCs at different locations. Under such a scenario, 
a centralized control scheme is essential to coordinate the op
eration among the devices. Fig. 8 illustrates the hierarchical 
control system when multiple CFCs are employed in a meshed-
connected MTdc system. The control system consists of a 

http:function,aPIcontrollerisused.It
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Fig. 8. CFC hierarchical control. 

Fig. 9. Voltage sharing: (a) Single CFC; (b) multiple CFCs. 

centralized remote control centre (RCC) along with multiple lo
cal controllers (LCs). Each CFC is assigned to an LC. The RCC 
monitors the grid power flow and calculates the required voltage 
and current reference values prior to scheduled power changes, 
energy trade or system maintenance (for instance, involving the 
disconnection of a dc cable). By employing a Broyden-based 
power flow algorithm [22], [23], the CFC with the minimum 
capacitor voltage will be assigned to control the line current 
since a small capacitor voltage implies lower power losses due 
to smaller ripple. 

The LCs include the following control layers: system control, 
application control, CFC control and firing control. The system 
control layer establishes a secure bi-directional data transmis
sion link with the RCC. In addition, it monitors the status of 
each control layer and sends this information back to the RCC. 
The application control layer accepts the voltage and current 
reference values set by the RCC and passes the reference values 
to the CFC control layer through a set of limiters. The CFC 
control layer is implemented as an array of PI controllers and 
control blocks. It provides the duty cycle to the firing control 
layer by processing the references and local measurements. The 
firing control layer generates the firing pulses to the individual 
semi-conductor valves. 

A. Voltage Sharing - CFC Overloading 

The operational range of a CFC can be maximized by in
creasing the capacitor voltage level. However, such an approach 
could in turn increase the device footprint and cost. This issue 
can be overcome by sharing the required dc voltage between 
multiple CFCs. 

Fig. 9 shows an upgraded dc network with a single CFC and 
with two CFCs. If a single CFC is used (Fig. 9(a)), dc voltages 
V B 1 and V B 2 are required in series with lines Lij and Lik 

to achieve the desired current on line Lij . Let  V B 1 > VC,max, 
where VC,max is the maximum voltage allowed across the CFC 
capacitor. For this scenario, the required line current reduction 
or increment cannot be achieved. However, when two CFCs are 

Fig. 10. Offline voltage and current reference calculation. 

included into the dc network (Fig. 9(b)), the required capacitor 
voltage can be shared between the CFCs in an n : m ratio. The 
relationships between the required series dc voltages and the 
capacitor voltage are given by: 

n(V B 1 + V B 2) ≤ VC,max , m(V B 1 + V B 2) ≤ VC,max, (10) 

where n ≤ 1 and m ≤ 1, with n + m = 1. 
When more than one CFC is deployed in a common dc line, 

the control objectives must be established carefully to avoid 
potential conflicts. Only a single CFC in CC mode is permitted 
at any given load condition; however, operation of multiple 
CFCs in VC mode is allowed. 

B. Voltage Sharing - Communication Failure 

In HVdc systems, fibre optic and power line communication 
are widely employed for data acquisition and to dispatch control 
signals. As a result of technological advancements, these com
munication modalities have become faster and more reliable in 
recent years. However, a dc grid cannot just rely on wired-based 
communication links as they are vulnerable to natural disasters 
and human errors. 

An MTdc grid should remain operational in case of any com
munication failure. Although the RCC sets the references for 
each CFC (and their status), the LCs should be designed to de
tect overloading conditions and to trigger the CFCs accordingly 
when communication is lost. In this case, local measurements 
should be employed. As highlighted previously, preassigned 
control objectives (i.e., modes of operation) must be established 
carefully among the active CFCs – with a single CFC acting in 
CC mode only. Current and voltage references are calculated 
offline using look-up tables, as shown in Fig. 10, where the dc 
line currents are used as inputs. For instance, if two CFCs are 
used, the CFC in a VC mode contributes half of the required 
capacitor voltage while the other half is approximately provided 
by the CFC in CC mode. 

IV. MTDC CONTROL AND CONFIGURATION 

The three-terminal meshed MTdc grid shown in Fig. 11 is 
used to validate the operation and control of 2B-CFCs. The 
VSC terminals have been arranged in a symmetrical monopole 
configuration and rated at ±125 V and 2 kW. To establish a 
bipole operation, CFC modules A and B are installed in series 
with both the positive and negative poles of lines L12 and L13 . 
A master-slave control scheme for VSCs has been adopted to 
maintain the grid power balance [4]. It uses a classical dq ref
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Fig. 11. Three-terminal MTdc grid with embedded CFCs. 

Fig. 12. Experimental setup. 

erence frame scheme to regulate the dc voltage or active and 
reactive power. 

Fig. 12 shows the experimental setup of the MTdc test-rig 
with embedded 2B-CFC prototypes. Each VSC is connected to 
an ac system through a phase reactor and a transformer. Auto-
transformers connected to the 415 V ac power supply represent 
the ac grids. A dSPACE DS1005 system is used to control the 
test-rig. Simulink-based real-time interface control blocks are 
used to implement the control scheme. Real-time operation is 
enabled through the ControlDesk 3.2 graphical user interface. 
For completeness, the specifications and parameters for the test
rig and the 2B-CFCs are provided in Tables I and II. 

V. SIMULATION AND EXPERIMENTAL VALIDATION 

The results reported in this section have been expressed in 
per unit considering the following power, voltage and current 
bases: 2 kW, 125 V, and 8 A. VSCs 1 and 3 are initially set to 
inject 0.8 and 0.2 p.u. into the MTdc grid, whereas VSC 2 has 
been designated as a slack busbar that maintains the grid power 
balance (i.e., maintains a constant dc voltage). 

A. Transition to CC Mode During System Transients 

A test to assess the performance of 2B-CFCs following ramp 
changes in power is carried out both through a simulation 
and with the experimental platform. To this end, the three-
terminal dc grid equipped with CFCs has been modeled in 
Simulink/SimPowerSystems. The CFCs are placed at the posi
tive and negative poles of lines L12 and L13 . CFC operation is 
coordinated using an RCC and each CFC is equipped with an 
LC. The RCC determines the state of each CFC by calculating 
the required CFC capacitor voltage to maintain the line current 
at a desired value. 

In general, a CFC is used to maintain the line current of a given 
line at or below 1 p.u. However, it should be highlighted that in 
scaled systems such as in the experimental test-rig in Fig. 12, 
the forward voltage drop on the semiconductor switches affects 
the current flow between electrical nodes. During the capacitor 
charging mode of the CC mode, a maximum of two diodes, each 
with a forward voltage drop between 0.8–1 V, are inserted into 
the conduction path. The capacitor voltage required to achieve 
an optimum line current distribution may be very small and 
of a magnitude similar to the diode’s forward voltage drop. 
Therefore, to build enough voltage across the capacitor and to 
demonstrate the CFC performance, a large current reduction 
must be achieved. In this case the current reference is set to 
0.5 p.u., but this value may be just below 1 p.u. in a real system. It 
must be emphasized that the RCC could be used to determine the 
optimal CFC current references to achieve the best line current 
distribution in complex dc grids so that grid power losses are 
minimized [24]. 

The simulation (left) and experimental results (right) are 
shown in Figs. 13–15. Initially, both CFCs operate in a ZC 
mode, with switches Q1 and Q2 being turned on. At t = 2  s, 
the power reference of VSC 1 is ramped up from 0.8 to 1.4 p.u. 
(see Fig. 13(a)). As it can be observed in Fig. 13(b) and (c), line 
currents i12+ and i12− surpass the maximum thermal current 
limit (of 1 p.u.). Following the overload detection, the LCs are 
activated to decrease the currents to 0.5 p.u. to achieve a better 
line current distribution. As a result, the terminal voltages of 
the converters have increased further to maintain the grid power 
balance (Fig. 13(d)). It can be observed both in simulation and 
experimental results that the terminal voltage of the master con
verter (VDC 2) deviates from its reference value to prevent the 
VSCs from entering into over-modulation. 

It can be noticed that a small mismatch in the line current 
distribution occurs when comparing simulation and experimen
tal results. This is due to forward voltage drops in diodes and 
converter power losses in the experimental platform. In the sim
ulation, the voltage drops have been fixed to 0.8 V, with con
verter switching losses being neglected. Therefore, more power 
is injected into the dc grid in the simulation, which results in a 
different line current distribution compared to that in the exper-
iment. Since the same current reference is employed for both 
cases, the required series dc voltage compensation is slightly 
higher in the simulation given that an additional current reduc
tion is required. 

Figs. 14 and 15 provide the voltage profiles of the CFCs. 
For the experiment, the capacitor voltages are maintained at 
0.035 p.u., as shown by Figs. 14(a) and 15(a). Such voltage 
value is determined by the RCC. However, the required capac
itor voltage is 0.004 p.u. higher for the simulation as a result 
of the grid’s initial current distribution and voltage profile (the 
RCC uses instantaneous grid measurements to determine the 
capacitor voltage). During the CC mode, average dc voltages 
V B 1 and V B 2 are inserted in series with lines L12+ and L13+ , 
respectively. This is shown in Fig. 14(b). Since the line current 
flows in an opposite direction, the signs of the inserted dc volt
ages in series with L12− and L13− (see Fig. 15(b)) are opposite 
with respect to those shown in Fig. 14(b). In the ZC mode, fixed 
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Fig. 13. DC grid response for a ramp change in power. Simulation (left) and 
experimental (right) results: (a) VSC active power; (b) dc line current (positive 
pole); (c) dc line current (negative pole); (d) dc terminal voltage. 

Fig. 14. Response of the CFC located at the positive pole for a ramp change in 
power. Simulation (left) and experimental (right) results: (a) capacitor voltage; 
(b) inserted average dc voltages. 

Fig. 15. Response of the CFC located at the negative pole for a ramp change in 
power. Simulation (left) and experimental (right) results: (a) capacitor voltage; 
(b) inserted average dc voltages. 

Fig. 16. DC grid with two CFCs. 

dc voltages are observed across bypass switches Q1 and Q2 due 
the forward voltage drop of the diodes. 

In this test case, the results have shown that a CFC can be 
used to protect a dc line during line overloading by controlling 
the line current below its thermal limit. Additionally, a CFC 
could be employed to reduce the amount of wind power curtail
ment through the rescheduling of grid power flow [24]. Another 
application of a CFC is to interrupt current on a specific dc line 
to facilitate its maintenance without interrupting the dc grid op
eration. Although it is expected that a CFC would incur some 
power losses, its benefits outweigh this shortcoming as the de
vice can serve multiple purposes. It could be argued that the use 
of CFCs in dc grids may be economically feasible; however, an 
economic feasibility analysis is out of the scope of this paper 
and requires further investigation. 

B. Coordinated Operation of Multiple CFCs 

In this experiment, the coordination between two 2B-CFCs 
is examined when no communication between the LCs and the 
RCC exists. Fig. 16 depicts the system configuration for this 
test. CFC A is installed between the positive poles of lines 
L12 and L13 , whereas CFC B is installed between the positive 
poles of L13 and L23 . The voltage sharing method described in 
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Fig. 17. DC grid response: (a) VSC active power; (b) dc line current (positive 
pole); (c) dc line current (negative pole); (d) dc terminal voltage. 

Section III is adopted to provide the required current control. 
Both CFCs are initially operated in a ZC mode. At t = 2  s, the 
power reference of VSC 1 is ramped up from 0.8 to 1.4 p.u. Since 
there is no communication between the CFCs and the RCC, 
the LCs determine the reference set-points and dictate the CFC 
control following the detection of an overload condition. CFC A 
is set to operate under a CC mode while CFC B operates under 
a VC mode. In CFC B, switches S11 and S22 are modulated 
during the VC mode as the current flows from T2 to T1 and T3 

to T1 . As discussed in Section II, the duty cycle of switch S22 

is set to 1 and switch S11 is controlled to build up the capacitor 
voltage. 

Fig. 18. CFC A response: (a) capacitor voltage; (b) inserted average dc 
voltages. 

Fig. 19. CFC B response: (a) capacitor voltage; (b) inserted average dc 
voltages. 

Fig. 17 shows the dc grid response. Following the change 
in set-point power (see Fig. 17(a)), L12+ and L12− become 
overloaded. This is illustrated in Fig. 17(b) and (c). Once this 
condition is detected, CFC B is enabled to provide half of the 
required voltage compensation (0.016 p.u.). CFC A is enabled 
at t = 4  s to decrease i12+ to 0.5 p.u. so that a better current 
distribution is achieved. It should be emphasized that since no 
CFC is placed on the negative pole, L12− remains overloaded. 
The voltage profiles of the CFCs are shown in Figs. 18 and 19. It 
should be recalled that two diodes are inserted in series with the 
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Fig. 20. DC grid arrangement under line current reversal. 

Fig. 21. DC grid response during line current reversal: (a) VSC active power; 
(b) dc line current (positive pole); (c) dc terminal voltage. 

capacitor during a charging mode (see Fig. 3(b)). In this case, 
a voltage drop of 0.0065 p.u. (0.8 V) is observed across each 
diode. As a result, the inserted average bridge voltages V B 1 of 
CFCs A (Fig. 18(b)) and B (Fig. 19(b)) are higher than their 
capacitor voltages. The voltage across each capacitor is nearly 
the same as the CFCs share the required voltage in a 1:1 ratio 
(see Figs. 18(a) and 19(a)). 

It should be highlighted that the experiment presented in this 
section is an example which demonstrates the need to install a 
CFC in the positive and negative poles. 

C. Line Current Reversal 

In this experiment, a 2B-CFC is used to reverse the current 
flow in a dc line. Fig. 20 shows the test circuit arrangement, 
where the CFC is installed between the positive poles of lines 
L12 and L13 . Fig. 21 shows the dc grid response. Initially, the 

Fig. 22. CFC response during line current reversal: (a) capacitor voltage; 
(b) inserted average dc voltages. 

CFC is in CC mode and line current i13+ is regulated at 0.25 p.u. 
During this period, switches S12 and S21 are modulated to pro
vide independent capacitor voltage and line current control. At 
t = 2  s, the CFC is requested to reverse the current on line 
L13+ from 0.25 to −0.25 p.u. Since the active switch on each 
H-bridge is determined by the control objective and line current 
directions, switches S13 and S22 are modulated following the 
current reversal. 

Fig. 22 shows the CFC dynamics. The capacitor voltage is 
regulated at 0.04 p.u. (see Fig. 22(a)). As shown in Fig. 22(b), an 
average dc voltage V B 1 is inserted in series with line L12+ and 
a voltage V B 2 with L13+ . Since initially the line currents are 
in the same direction, V B 1 and V B 2 have opposite polarities to 
maintain the power balance between bridges. A positive voltage 
must be inserted in series with L13+ to decrease the current flow. 
Following the reversal of i13+ , currents i12+ and i23+ now flow 
in opposite directions and, thus, V B 1 and V B 2 have the same 
polarity to maintain the power balance between the bridges. 

It should be emphasized that for this example the main ob
jective is to reverse the current flow in a dc line. Therefore, 
although this may not be acceptable in practice, changes on 
other line currents are not warranted further discussion. 

D. DC Fault Performance 

In MTdc grids, dc faults could lead to large transient currents 
due to the low dc side impedance. Therefore, the performance of 
a CFC under dc faults must be assessed to adequately protect the 
device. CFC protection is mainly determined by the fault current 
magnitude and the response time of bypass switches. In line with 
this, an experiment is carried out to evaluate the performance of 
a 2B-CFC under a pole-to-pole fault. As shown in Fig. 23, the 
fault is applied between the positive and negative poles of line 
L12 . Small-scale solid-state based DCCBs (as shown in Fig. 24) 
are installed at each end to interrupt the fault current. MOVs are 
connected across the bypass switches and the CFC capacitor to 
protect the device against overvoltages. 

http:DCCBs(asshowninFig.24
http:L13.Fig.21
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Fig. 23. Pole-to-pole fault location. 

Fig. 24. Schematic of a solid-state DCCB. 

TABLE III 
SYSTEM STATE DURING DC FAULT 

Time System state 

t0 Pole-to-pole fault applied 
t1 Fault detected by CFC, bypass switches 

activated and control signals disabled 
t2 Opening of DCCBs 

Among the DCCBs proposed in the literature, hybrid 
DCCBs exhibit high efficiency and an acceptable interruption 
time. With these devices, the losses during the normal operation 
are minimized through the use of an ultra-fast disconnector and 
a load commutating switch [25], [26]. However, for the exper
iment conducted in this section, solid-state DCCBs have been 
adopted due to their simplicity. Given that the main objective of 
the experiment is to study the performance of a 2B-CFC under 
a dc fault, solid-state DCCBs serve the purpose in spite of their 
power losses. It should be noted that a response time of 5 ms 
has been used to emulate that of a hybrid DCCB. 

A communication-less single-ended protection strategy is 
used to detect the fault. The DCCBs and bypass switches are set 
to open and close, respectively, if the rate of change in line cur
rent is >800 p.u./s and the current magnitude is above 1.3 p.u. 
In addition, if the voltage across the CFC capacitor is 30% above 
the rated value, the CFC will be switched to a bypass mode to 
protect it against overvoltage. The system states during the fault 
are provided in Table III. 

Fig. 25 shows the fault current through the CFC. During pre
fault conditions, the CFC is set to control line current i13 at 
0.5 p.u. and capacitor voltage VC at 0.04 p.u. (5 V). After the 
fault is applied at t = t0 , the magnitude of line current i12 rapidly 
increases and i13 decreases, while the CFC capacitor voltage and 
bridge voltages increase (Fig. 26). This occurs as the CFC tries 
to maintain the line current at the reference value since the fault 
has not been detected yet. At t = t1 , the fault is detected by the 
local protection system and the CFC transitions from a CC to ZC 
mode. The capacitor voltage remains constant as the H-bridges 

Fig. 25. Fault current through CFC. 

Fig. 26. CFC voltage profile. 

Fig. 27. DCCBs voltage profile. 

are bypassed. Fig. 27 shows the voltage profiles of the DCCBs. 
The fault current is interrupted at t = t2 by opening the DCCBs. 
As it can be observed, the voltage across each DCCB is equal 
to the pole voltage. 

The results presented in this section have clearly shown that 
the protection of the 2B-CFC is mainly determined by the 
response time of the bypass switches Q1 and Q2 and of the 
DCCBs. A CFC is expected to act independently of a DCCB 
during a fault as no communication between them exists. In the 
presence of a slow DCCB, the bypass switches should have a 
high current rating. 

It should be highlighted that a CFC can be operated in ZC 
mode by activating the switches of the H-bridges, but instead 
such an operation is implemented using external bypass switches 
(see Section II-A2). Although at first glance it could seem that 
the use of the additional switches is redundant, these are essen
tial to ensure the correct operation of the dc grid and to protect 
CFC modules. Given that a CFC is a series-connected device, it 
should be adequately protected during fault conditions. There
fore, instead of subjecting the H-bridges of the CFC to full dc 
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fault currents until fault clearance, additional parallel branches 
with bypass switches are used instead to carry the fault current. 
Additionally, in the event of an internal CFC failure, the device 
must be bypassed to avoid any interruption to the line current 
flow and this is easily done with the additional switches. 

VI. CONCLUSION 

In this paper, the operation and control of 2B-CFCs have been 
experimentally validated in a meshed MTdc grid test-rig against 
simulation results. The results demonstrate that a CFC can be 
used to improve the grid reliability by limiting the line currents 
below thermal limits. A good agreement has been observed 
between the experimental and simulation results. 

A control scheme has been proposed to achieve an effec
tive transition from the ZC to the CC mode. Additionally, a 
centralized hierarchical control scheme has been presented to 
coordinate the operation between multiple CFCs in the MTdc 
grid. It has been shown that when multiple CFCs are employed, 
the workload of a CFC that has reached its maximum operating 
point can be reduced by sharing the dc voltage compensation 
among the other CFCs. Potential control conflicts between ac
tive CFCs can be eliminated by restricting the operation of a 
single CFC in CC mode and the remaining CFCs in VC mode. 

For completeness, the performance of the 2B-CFC has been 
studied under the presence of a pole-to-pole dc fault. It has been 
observed that a fast protection system is required to protect the 
device against overvoltages and overcurrents. 

APPENDIX 

The PI controllers are represented in the form: K(s) = Kp + 
Ki/s. 

Two-level VSCs: Current: Kp = 45, Ki = 45000. DC volt
age: Kp = 0.2, Ki = 20. Active power: Kp = 0.2, Ki = 20. 
Reactive power: Kp = 0.3, Ki = 10. 

−32B-CFC: DC line current: Kp = 12×10 , Ki = 1.2. 

−35 × 10 s + 1
Capacitor voltage: Gk (s) = 14  

2.1 × 10−4s + 1  

−313 × 10 s + 1  × 
s 

CFC Gain: Kc = 5000. Feedback compensation loop gain: 
Kf = 0.09. 
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Monterrey, Mexico City, M éxico, in 2002, the M.Sc. 
degree in electrical engineering from the Instituto 
Politcnico Nacional, Mexico City, M éxico, in 2005, 
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