
A
c
c

A
a

b

c

a

A
R
R
2
A

K
S
D
H

1

p
f
H

b
o
t

a
H
t
B
v
c
t
t

D

h
0

Electric Power Systems Research 158 (2018) 37–44

Contents lists available at ScienceDirect

Electric  Power  Systems  Research

journa l homepage: www.e lsev ier .com/ locate /epsr
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a  b  s  t  r  a  c  t

In  this  paper,  a new  HVDC  shunt  tap  is  proposed.  The  proposed  configuration  consists  of  a  unidirectional
hybrid  modular  DC–DC  converter  followed  by a voltage  source  converter  for  DC–AC  conversion  to feed
a  local  AC  network  connected  to the  tap  output  terminals.  The  proposed  DC–DC  converter  consists  of
a high-voltage  valve,  and  series-connected  unidirectional  half-bridge  Sub-Modules  (SMs).  Unlike  Marx
generator  circuit  concept,  the  DC–DC  conversion  in the  proposed  configuration  is  achieved  by enabling
eywords:
hunt tap
C–DC converter
ybrid modular converter

simultaneous  charging  of  series-connected  capacitors  (i.e. SMs  capacitors),  and  sequential  discharging
of  capacitors.  Compared  to Marx-generator  based  switched  capacitor  DC–DC  converters,  the proposed
configuration  has  a lower  number  of semiconductor  devices,  which  affects  positively  the  system  cost,
and  reduces  the  control  complexity.  Detailed  illustration,  design,  and  control  of the proposed  approach
are presented.  Simulation  results  are  presented  to validate  the  proposed  approach.

© 2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

In point-to-point HVDC systems, a small share of the total active
ower (less than 10% of the HVDC system power) can be tapped

rom the main HVDC circuit for local use of rural areas near to the
VDC transmission lines [1–5].

The cost of the employed tap should be kept low with a negligi-
le impact on the main HVDC circuit in case of failure/fault in any
f the tap components. Finally, the tap controller should not affect
he main HVDC circuit controller [6].

Shunt and series taps can be employed for tapping a limited
mount of power from the main HVDC circuit in point-to-point
VDC systems. Fig. 1 shows the basic operational concept of each

ap assuming that the tap power is 10% of the transmitted power.
ased on Fig. 1, it has to be noted that in the shunt tap, the input
oltage to the shunt tap circuit is the DC voltage of the main HVDC

ircuit (vtap ∼= Vdc), while its input current is low (itap = 0.1Idc). On
he other hand, the input current of series tap is the DC current of
he main HVDC circuit (itap = Idc), while its input voltage is relatively

∗ Corresponding author at: Department of Electrical Engineering, Qatar University,
oha, Qatar.

E-mail address: ahmed.elserogi@qu.edu.qa (A.A. Elserougi).

ttps://doi.org/10.1016/j.epsr.2018.01.004
378-7796/© 2018 Elsevier B.V. All rights reserved.
low (vtap ∼= 0.1 Vdc). Based on that, the shunt tap should withstand
the full DC voltage of the main HVDC circuit, which makes it more
expensive compared with the series tap. However, shunt tap is
more reliable. Different types of HVDC shunt tap have been pro-
posed in literature. In Ref. [7], a recent review for different types of
HVDC tap has been presented. The construction of main proposed
taps in literature can be categorized into (i) a DC–AC converter fol-
lowed by a step-down low frequency transformer [5,8–11], and
(ii) a DC–DC converter followed by a low-voltage voltage source
converter for DC–AC conversion [12,13].

With respect to the second category (which is the focus of this
paper), different DC–DC converters have been employed such as
DC–DC modular multi-level converter [12] and switched capacitor
DC–DC converters [13]. The switched-capacitor DC–DC converter
presented in Ref. [13] consists of a high-voltage valve and a number
of series-connected Sub-Modules (SMs), where each SM consists of
three Insulated Gate Bipolar Transistors (IGBTs) and a DC capacitor.
The construction of the SM allows connecting the SMs  capacitors in
series or in parallel. The series/parallel connection of capacitors is
used to apply Marx generator concept; where simultaneous charg-

ing of series-connected capacitors and simultaneous discharging of
parallel-connected capacitors are employed in the switched DC–DC
converter presented in Ref. [13].

https://doi.org/10.1016/j.epsr.2018.01.004
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsr.2018.01.004&domain=pdf
mailto:ahmed.elserogi@qu.edu.qa
https://doi.org/10.1016/j.epsr.2018.01.004
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Fig. 1. Basic concept of shunt and series tap assuming tap p

In this paper, the switched-capacitor DC–DC converter con-
ept is employed, but with a different SM configuration, where

 unidirectional half-bridge SM is employed. The unidirectional
alf-bridge SM consists of an IGBT, a diode, and a DC capacitor.

n the proposed unidirectional hybrid modular DC–DC converter,
imultaneous charging of series-connected capacitors, but sequen-
ial discharging of capacitors (one by one) are employed, instead
f the simultaneous discharging of parallel-connected capacitors
pproach presented in Ref. [13]. The proposed configuration can
chieve the desired DC–DC conversion with a lower count of semi-
onductor devices, which affects positively the system cost, and
educes control complexity.

A detailed illustration for the operational concept, design, and
ontrol of the proposed concept is presented. Finally, simulation
esults for the proposed concept are presented to validate the
eclared claims.

. The proposed HVDC shunt tap

.1. Architecture

The proposed HVDC shunt tap is shown in Fig. 2. The tap is con-
ected across the main HVDC system to feed a medium voltage

ocal AC network near to the HVDC transmission lines. The pro-
osed configuration consists of a unidirectional hybrid modular
C–DC converter followed by a two-level voltage source converter

or DC–AC conversion to feed the local AC network connected to
he tap output terminals.

The proposed unidirectional hybrid modular DC–DC converter
s responsible for stepping down the voltage from the DC voltage
evel of the main HVDC circuit (Vdc) to the desired DC voltage level
VdT), meanwhile the power is transferred from the high-voltage
ide (Vdc) to the low-DC side (VdT). While the two-level voltage
ource converter (VSC) is employed for DC–AC conversion to feed
he local AC network.

The two-level VSC is operated to ensure pumping the desired
ctive and reactive powers to the local AC network. Meanwhile,
he DC-link voltage of the VSC is controlled to maintain it within

 certain voltage level, i.e. DC-link voltage reference. The DC-link
oltage controller estimates the amount of power to be pumped
rom the main HVDC circuit through the proposed hybrid modular
C–DC converter to keep the power balance.

In the following subsection, the operational concept of the pro-
osed unidirectional DC–DC converter is presented to show how
he power is transferred through the converter from a high-voltage
ide (Vdc) to a low voltage side (VdT).

.2. Operational concept of the unidirectional hybrid modular
C–DC converter
The proposed unidirectional hybrid modular DC–DC converter
s called hybrid modular as it consists of a high-voltage valve (Sm),
nd unidirectional half-bridge SMs.
 10% of the sending end power (a) shunt tap, (b) series tap.

The high-voltage valve is implemented via series-connected
IGBTs with proper static and dynamic voltage sharing. The number
of employed SMs  (n) depends on the ratio between the volt-
ages of high-voltage side (Vdc) and low-voltage side (VdT), where
n > (Vdc/VdT).

The proposed hybrid modular DC–DC converter has a unidi-
rectional power transfer capability (from the high-voltage side to
the low-voltage side), via turning on and off the valve (Sm) with a
proper duty cycle (D). The duty cycle is controlled to ensure a certain
amount of current (itap) is pumped from the main HVDC circuit into
the tap. A smoothing inductance LH is employed to ensure operat-
ing with a smoothed tap current (itap), i.e. the shunt tap is acting as
a current source, as seen from the HVDC system, which facilitates
a seamless shunt operation.

During turn-off period of the valve (Sm), the capacitors (C1 to
Cn) are connected in series, via turning-on the switches (S1 to Sn)
as shown in Fig. 3a. As a result, series-connected capacitors are
charged and the inductor discharges. The total voltage across the
series-connected capacitors will be higher than the DC voltage of
the main HVDC circuit (Vdc) due to the boosting action of high-
voltage valve switching with the existence of the inductance LH.
The voltage of each capacitor equals the total voltage across the
series-connected capacitors divided by their number (n).

The voltage of each capacitor is slightly higher than the DC-link
voltage of the VSC, so if the capacitors “C1 to Cn” are connected
sequentially across the DC terminal of VSC, the energy stored in
capacitors will be pumped into the VSC DC-link. The sequential
discharging of capacitors “C1 to Cn” is presented as follows.

During the turn-on period of the valve (Sm), the inductor LH
charges. Meanwhile the capacitors are connected sequentially
(one by one) across the DC-link of the two-level VSC as shown
in Fig. 3b–d via turning-on the switches (S1 to Sn) sequentially
(sequential discharging of capacitors “C1 to Cn”). The turn-on dura-
tion of valve Sm, which is DTs (where Ts is switching period), is
divided equally between the SMs, i.e. each SM is connected to the
DC-link of the two-level VSC for time duration of DTs/n.

It has to be noted that to avoid inrush current due to parallel
connection of capacitors during the sequential discharging period
(Fig. 3b–d), a limiting resistance (rlimit) is employed. The limiting
resistance is selected to ensure a limited current and insignificant
power losses through it.

The aforementioned sequence can be executed by keeping the
switching pattern of switches shown in Fig. 4. The corresponding
variation of system variables with the switching is also shown in
Fig. 4.

The inductor current increases during the turn-on period of the
valve Sm, while it decreases during the turn-off period of the valve
Sm. The inductance (LH) should be selected properly to ensure a low-
ripple input current from the main HVDC circuit (itap). On the other
hand, the capacitors “C1 to Cn” are discharged sequentially during

the turn-on period of valve Sm, while they are charged simultane-
ously during turn-off time of the valve (Sm) due to connecting them
in series. It has to be noted that during the discharging of capac-



A.A. Elserougi et al. / Electric Power Systems Research 158 (2018) 37–44 39

LH

Vdc

 -VdT+
Two-Level 

VSC

AC Network

Circuit

Proposed Shunt 
Tap

 -VC1+  -VC2+  -VCn+

itap
Sm

S1
D1

S2

D2

Sn
Dn

Dx Dy
rlimit

Vdc

Unidirectional Hybrid 
modular DC/DC 

converter

C1 C2 Cn

Cdc

osed H

i
(
s
t
p
V

b
b
a
t

3

p
s
v

P

w
t
a
h

r

P

w
a

4

s
t
m
r
t
t

Fig. 2. The prop

tors “C1 to Cn”, the voltage of two-level VSC DC-link capacitance
VdT) increases, as the capacitors “C1 to Cn” discharge their energy
equentially in it. While during the charging of capacitors “C1–Cn”,
he voltage of two-level VSC DC-link capacitance decreases due to
umping its energy to the local AC network through the two-level
SC.

To ensure a successful operation, the proposed converter should
e operated with a proper duty cycle (D) to ensure the power
alance condition. This can be done by estimating the proper oper-
tional duty cycle with the help of DC-voltage controller at the DC
erminals of the VSC as illustrated in the following section.

. IGBTs switching losses

In this part, the switching losses of the involved IGBTs in the
roposed unidirectional hybrid modular DC–DC converter are pre-
ented. Based on Figs. 3 and 4, the switching losses of high-voltage
alve (Sm) are given by;

swSm
∼= 0.5

Vdc
(1 − D)

(
itap + PVSC/DVdT

)
fs

(
ton + toff

)
(1)

here fs is the switching frequency of the high-voltage valve Sm,
on and toff are its turn-on and turn-off times, PVSC is the average
ctive power drawn from the VSC DC-link, D is the duty cycle of the
igh-voltage valve Sm, and VdT is the DC-link voltage of the VSC.

On the other hand, the switching losses of IGBTs in the unidi-
ectional half-bridge SMs  (PswHB) is given by;

sw HB ∼= 0.5VC (n − 1)
(
itap +

(
PVSC/DVdT

))
fs

(
ton + toff

)
(2)

here VC is the capacitor voltage, and ton and toff are the turn-on
nd turn-off times of the involved IGBTs in SMs.

. Closed loop control of the proposed configuration

Fig. 5 shows the closed loop controller for the proposed HVDC
hunt tap, which consists of two parts, the VSC active and reac-
ive power controller (Fig. 5a) and the controller of the hybrid
odular DC–DC converter (Fig. 5b). With respect to the active and
eactive power control of VSC, different methods can be employed
o ensure pumping the desired active and reactive powers into
he local AC network such as dq-reference frame-based active and
VDC shunt tap.

reactive power control in Ref. [14], and the power angle control
in Refs. [15,16]. This part is out of the paper’s scope where any
conventional technique can be employed to generate the reference
three-phase voltages of the VSC. Then the VSC modulating signals
can be estimated simply by dividing the extracted reference three-
phase voltages by 0.5 VdT. Finally, the gate pulses of VSC can be
generated by comparing the extracted modulating signals with a
proper carrier. It has to be noted that power angle control is applied
in the presented work to ensure pumping the desired active and
reactive power to the local AC network.

As the two-level VSC is pumping the desired active power to the
local AC network, the DC-link capacitor decreases. To replenish the
DC-link voltage, a proper amount of power should be drawn from
the main HVDC link circuit. This can be done by employing a PID-
based DC-voltage controller on the VdT voltage as shown in Fig. 5b,
to estimate the amount of power (Pref) to be pumped from the main
HVDC circuit into the VSC DC-link capacitance through the hybrid
modular DC–DC converter. The power reference (Pref) is given by;

Pref = (VdT ref − VdT )G1 (s) (3)

where G1 (s) is the transfer function of the first PID controller (volt-
age controller). Then the power reference (Pref) is divided by (Vdc)
to estimate the reference DC current to be drawn by the tap (iref).
The difference between the extracted reference and actual currents
is fed to a PID controller to extract the suitable duty cycle. The
extracted duty cycle is given by;

D = (iref − itap)G2 (s) (4)

where G2 (s) is the transfer function of the second PID controller
(current controller). Finally, with the help of the extracted duty
cycle and switching period (Ts), the gate pulses of the involved
switches in the hybrid modular DC–DC converter can be generated
with the same pattern shown in Fig. 4 to ensure sequential dis-
charging and simultaneous charging of capacitors “C1 to Cn” with
the operation.

5. Design of the proposed configuration components
In this section, the design of high voltage inductor (LH), SM
capacitors, VSC DC-link capacitance, and limiting resistance are
presented.
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.1. High-voltage inductor
The inductance (LH) should be selected to ensure a certain ripple
ontent (�itap) in the input current of the tap (itap). During the turn-
r (a) charging of series-connected capacitors “C1–Cn”, (b)–(d) sequential discharging

on period of the valve (Sm), the relation between the inductance
value and change in the current can be expressed by,
Vdc = LH
�itap
DTs

(5)
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(6)

Based on Eq. (6), for desired peak-to-peak ripple current, suit-
ble inductance can be selected. To ensure transferring of power
wer control of VSC and (b) control of the hybrid modular DC–DC converter.

from high-voltage side into the low-voltage side, the duty cycle of
the high-voltage valve should fulfil the following condition,
D > 1 −
(
Vdc
nVdT

)
(7)
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Table 1
Simulation parameters.

Parameter Value

Voltage of high-voltage side,
Vdc

25 kV

Reference voltage of VSC
DC-link, V*dT

10 kV

Number of submodules, n 3
Submodule capacitance 2 mF  (pre-charged

voltage = 10 kV)
VSC DC-link capacitance 10 mF (pre-charged

voltage = 10 kV)
Switching periodic time of the
valve (Sm), Ts

1 ms

VSC switching frequency 5 kHz
Smoothing inductor, LH 0.25 H
Limiting resistance, rlimit 0.04�
Local AC network Three-phase constant

impedance load 9.4 + j9.4 �
Modulating signals peak of VSC Step changes from 1 to 0.707 at

t = 3 s

PID1 transfer function, G1(s) 1 × 104 + 4×104

S +
(

1×105

1+ 100
S

)

PID2 transfer function, G2(s) 1 × 10−4 + 1×10−3

S

2 A.A. Elserougi et al. / Electric Pow

The critical value of duty cycle can be used in component selec-
ion.

.2. Submodules’ capacitors

During the turn-off period of high-voltage valve (Sm), the SMs
apacitors (Ci) are connected in series to be charged. The capaci-
ance (Ci) can be selected to ensure a certain voltage ripple content
�vc). The relation between the capacitance value and its voltage
hange can be expressed by,

tap = Ci
�vc

Ts (1 − D)
(8)

.e.

i = itap
Ts (1 − D)
�vc

(9)

Based on the desired peak-to-peak voltage ripple (�vc), the suit-
ble SM capacitance can be selected.

.3. DC-link capacitance of two-level VSC

The DC capacitor size is characterized as a time constant, which
quals the ratio between the total energy stored energy in it at the
ated voltage to the converter nominal apparent power, i.e.

 =
1
2CdcV

2
dT

SVSC
(10)

The time constant is the time needed to charge the capacitance
dc from zero to VdT when the converter is supplied with a constant
ctive power of SVSC [17].

To limit the capacitors inrush current peak and to maintain
lmost constant current level during sequential connection period,

 high time constant is required.

.4. Limiting resistance

The limiting resistance is employed to limit the capacitors inrush
urrents during the sequential connection. The power dissipated
n the limiting resistance should be insignificant to ensure efficient
peration. Eq. (11) gives the expression for the power dissipated

n the limiting resistance; assuming that the capacitances are high
nough to assume almost constant current (Ix) passes through them
uring the sequential connection.

Ri = DI2x Ri (11)

Based on the power invariance condition, the current level Ix is
iven by,

x = Vdcitap
DVdT

(12)

i.e. the limiting resistance is given by,

i =
˛PVSCDV

2
dT(

Vdcitap
)2

(13)

where  ̨ is the ratio between the dissipated power in Ri to the
ctive power of VSC load, PVSC is the active power of the VSC load.

. Simulation

A simulation model has been built for the proposed shunt tap

Fig. 2) along with the proposed closed loop controller (Fig. 5b)
o investigate its performance during different active and reac-
ive power levels pumped to the local AC network. The simulation
arameters are given in Table 1. The parameters are selected
based on the aforementioned equation to satisfy the desired spec-
ifications (�itap < 20 A, �vc < 40 V, time constant � = 180 ms,  and

 ̨ = 0.005).
In the presented case, the active and reactive powers are reduced

from 2 MW/2  MVAR to 1 MW/1  MVAR at t = 3, the corresponding
simulation results are shown in Fig. 6 assuming that the SMs’ capac-
itors as well as VSC DC-link capacitor are pre-charged with 10 kV.
Fig. 6a shows the voltage of VSC DC-link (VdT), where the voltage
is kept constant at 10 kV with the operation, which guarantees the
power balance between the power pumped to the local AC network,
and the power pumped from the main HVDC circuit to the VSC DC-
link through the hybrid modular DC–DC converter. Fig. 6b shows
the voltages of capacitors “C1 to Cn”, where the voltages are slightly
higher than VdT, i.e. the power is pumped from the high-voltage
side to the low-voltage side. The zoomed-in view of variation of
capacitors voltages with the operation is shown in Fig. 6c where
the capacitors are discharged sequentially (one by one) and charged
simultaneously. It is clear that (i) the peak-to-peak ripple voltage is
as desired (i.e. less than 40 V), and (ii) there is a voltage difference
between the voltages of SMs’ capacitors, this is due to the increasing
of DC-link voltage (VdT) during the sequential discharging period.

Fig. 6d shows the power reference (Pref) extracted from the DC-
voltage controller at the DC terminals of the VSC. It is clear that the
extracted reference power changes with the variation of the power
pumped to the local AC network fed by the VSC, i.e. power balance
is achieved.

Fig. 6e shows the corresponding input tap current (itap), where
the current is a continuous DC current with a low ripple content
(less than 20 A, as defined in the specifications). Fig. 6f shows the
duty cycle (D) of valve Sm which is extracted from the tap cur-
rent controller. Fig. 6g and h show the current passing through the
limiting resistance (rlimit), while the input current of VSC at its DC
terminals is shown in Fig. 6i and j, where the current is discontin-
uous and its peak equals the load current peak.

The generated phase currents at the AC side of VSC are shown in
Fig. 6k. Finally, the active and reactive power pumped to the local
AC network fed by the VSC are shown in Fig. 6l (the reactive power
pumped to the AC network has the same profile of the active power
as a load with 0.707 lagging power factor is employed).
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Fig. 6. Simulation results. (a) DC-link voltage of VSC, (b) voltages of SMs’ capacitors, (c) zoomed-in version of voltages of SMs’ capacitors, (d) reference power to be drawn
from  the main HVDC circuit, (e) input DC current to the shunt tap, (f) duty cycle of the valve Sm, (g) current passes through the limiting resistance, (h) zoomed-in view for the
c view 
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urrent  passes through limiting resistance, (i) VSC input DC current, (j) zoomed-in 

ower  pumped to the local AC network fed by the VSC.

. Conclusion

In this paper, a transformer-less HVDC shunt tap is proposed.
he proposed tap consists of a unidirectional hybrid modular
C–DC converter followed by a two-level VSC. The proposed
ybrid modular DC–DC converter provides a DC–DC conver-
ion with a lower count of semiconductor devices compared to
he Marx-generator switched capacitor DC–DC converters, where
imultaneous charging and sequential discharging of capacitors
re employed with the help of a unidirectional half-bridge SMs.
he proposed hybrid modular DC–DC converter is responsible

or stepping down the voltage and injecting the power from
he high-voltage side to the low-voltage side, while the VSC is
esponsible for DC–AC conversion to feed the local AC network
onnected to the tap output terminals. In the presented work,
of the VSC input current, (k) VSC output phase currents, and (l) active and reactive

the VSC is operated to ensure pumping the required active and
reactive powers to the local AC network connected to it, where
the VSC is absorbing the required energy from its DC-link capac-
itance. To replenish the DC-link capacitance of VSC, a certain
amount of power should be pumped from the main HVDC cir-
cuit into the VSC DC-link through the hybrid modular DC–DC
converter. To achieve that, DC-voltage controller at the VSC DC-
link is employed to determine the power level to be absorbed
from the main HVDC circuit. The input tap current is controlled to
ensure drawing this amount of power. The current control deter-
mines the proper duty cycle of the involved high-voltage valve.

A detailed illustration of operational concept, closed loop control,
and design of the proposed configuration are presented. Finally,
simulation results are presented to validate the proposed configu-
ration.
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