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The promising features of HVDC technology have led to the possibility of numerous renewable resources inte-
gration and enormous DC grids interconnection. In spite of the obstacles, these interconnections encounter such
as the necessity to block DC faults, achieving isolation between different schemes, the ability to maintain power
flow throughout different power flow profiles, and the interfacing with various infrastructures, the DC-Hub arises

Thyristors . . . . s

HvyDC to overcome these interconnection obstacles being the excellent approach to enhance the DC grid capabilities.
Power flow control This paper proposes a new monolithic modular thyristor-based multilevel converter, which serves as the
DC-Hub fundamental building block of the DC-Hub, offering advantages such as lower switch count, bidirectional power

flow, and DC fault blocking capability. Moreover, a control algorithm, for zero reactive power circulation in the
DC-Hub, is introduced. The proposed algorithm successfully mitigates the circulation of reactive power
throughout the entire range of power flow. A comprehensive mathematical analysis, optimum design of con-
verter parameters, and the proposed control technique, which suppress the circulating reactive power at full
range of power flow, are illustrated. Finally, simulation modelling and hardware test rig are established to

validate the claims of the DC-Hub at different normal and faulty scenarios.

1. Introduction

Recently, HVDC grids are considered the optimal solution around the
globe for remote transmission of bulk power as in [1]. Owing to their
uniqueness in the accessibility of offshore windfarms, enhanced power
flow control as in [2], and lower transmission losses. In order to meet the
rapid growth in load demand, the concept of the supergrid has drawn the
attention of the academic society. It is the ideal solution to tackle the
challenges that encounter the electrical schemes such as the capability to
interconnect massive and remote renewable resources and ensuring the
reliability and sustainability of HVDC grids unlike renewable sources
connected to weak AC grids as in [3].

Multiterminal HVDC technology is one of the visions for the devel-
opment of the supergrid, which encompasses a wide range of existing
topologies as in [4-7]. It is obvious that multiterminal configurations
still need further improvement, where their technical restrictions lie in
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the lack of:

— Interoperability between different HVDC vendors and topologies.
— Sustainable power flow during power reversal.

— Galvanic isolation among different networks.

— DC fault blocking capability.

- High voltage stepping.

Various converters were found in literature that interconnect mul-
tiport systems. Mainly, these converters are classified into non-isolated
and isolated multiport converters. The first category includes different
combinations of half-bridge and full bridge converters as shown in [8].
Another topology proposed in [9], it is based on a single-ended primary-
inductor capacitor (SEPIC) to provide three-port system. Nevertheless, it
is evident that it is only applicable in low power systems as well as it
does not fulfil the requirement of modularity. Other topologies
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mentioned in [10], but it is evident that the aforementioned lacks the
applicability in HVDC grids.

A family of non-isolated converters has been proposed in [11].
Mainly, these converters are derived from buck-boost topology as a
building unit in addition to voltage doubler circuits. However, this
family of converters lacks isolation, modularity and are limited to the
number of ports installed. The concept of DC-DC autotransformer has
been introduced in [12,13]. However, it lacks isolation owing to the
nature of single stage conversion. Also, only fraction of power is trans-
ferred as discussed in [12]. On top of that, this type of converters does
not satisfy the applicability of n-ports. Another idea proposed in [14],
which is based on multi-active bridge (MAB). However, it lacks isolation
due to absence of transformer. Also, it is not applicable in high voltage
applications. On top of that, it exhibits reactive power circulation at
partial power flow.

On the other hand, large number of isolated multiport topologies
were found in literature based on different structures, for instance, some
topologies are based on a single transformer to provide isolation as in
[15-17]. It can be observed that the input ports exhibit common ground
hence, this type of topologies are partially isolated. Reference [18]
proposed the concept of multi-transformer based DC-DC converters
(MTB). Mainly, it is composed of magnetically coupled dual active
bridges (DAB). This type of converters suffers from inability for future
insertion of new ports. Hence, it is not suitable for HVDC applications.
Another idea proposed in [19], where it relies on series connection of
DABs to form a closed ring. In spite of its open circuit failures tolerance,
the topology is susceptible to power interruption due to short circuit
faults at two ports or more. Additionally, the idea of multi-winding
transformer (MWT) has been used as in [18,20]. The power trans-
former is based on two stage conversion (DC-AC-DC). However, MWT
prevents future insertion of additional ports. Another technique pro-
posed in [21,22] that enables the utilization of series connection of
different sources to accommodate the integration of HVDC or MVDC. It
has been widely used in the PV systems as mentioned in [23,24].
Nevertheless, this idea suffers from reliability at time of losing one of its
modules. Also, the power mismatch due to different operating condi-
tions of PV modules lead to extra footprint as shown in[24].

Based on the aforementioned discussion, the main issue with the
existing research ideas in literature is the lack of modularity in the
converter unit of the DC-Hub. Moreover, AC link filter was restricted to
LCL filter to eliminate the circulating reactive power flow at rated power
flow. Hence, the current stresses are extremely high during partial
power flow.

The proposed monolithic modular thyristor-based DC-Hub (MMT-
DC-Hub) utilizes antiparallel thyristors in the upper arm to replace the
SMs and reduce the footprint of the converter unit. The lower arm of the
converter is constituted of HB-SMs and limited number of FB-SMs for
thyristor arm commutation. Thyristors are used in the upper arm owing
to their high overcurrent capability, lower conduction losses, higher
voltage rating and lower cost.

The main research contributions of this manuscript can be summa-
rized as follows:

1. Proposal of a novel modular thyristor-based multilevel converter:

¢ Introducing a novel architecture for the multilevel converter based

on thyristors.

e Serving as the fundamental building block of the DC-Hub.
Offering advantages such as lower switch count, and DC fault
blocking capability.

Enabling bidirectional power flow, allowing energy to be trans-
ferred in both directions.

Improving the reliability of power flow by utilizing the proposed
thyristor-based multilevel converter which Reduces conduction
losses, improving overall efficiency.

Enhancing the reliability of power flow, ensuring continuous
power transfer even during fault scenarios.
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2. Introduction of an innovative control algorithm for zero reactive

power circulation in the DC-Hub:

e Developing a novel control algorithm specifically designed for the
DC-Hub.

o Effectively suppressing the circulating reactive power across the
entire power flow range.

e Reducing current stresses during partial power operation, enabling
the use of semiconductors with a smaller footprint.

e Allowing for broader applicability compared to existing schemes
that only address circulating reactive power at rated power flow.

The claims of the paper are validated through three different cases.
Namely, the first scenario involves the power flow reversal at rated
value. The second scenario shows the zero reactive power circulation
during transition from rated to partial power demand. Lastly, DC fault
scenario is tested to verify the firewall to prevent fault spreading
through the DC-Hub. Simulated setup is built using MATLAB/SIMULINK
software package and a scaled down experimental prototype is built to
show the three different tests for validation.

The rest of the paper is organized as follows: Section II illustrates the
structure of the MMT-DC-Hub. Section III provides an equivalent power
circuit with comprehensive mathematical analysis and the crucial con-
ditions to suppress reactive power. Section IV provides LC filter deign as
well as the optimum sizing of arm inductance and SM capacitor. Section
V discusses the proposed control techniques to nullify the reactive power
circulation among all ports and modifies the SM’s capacitor sizing to suit
the proposed control technique. Section VI validates the proposed con-
trol technique of MMT-DC-Hub at different healthy and unhealthy cases
through a SIMULINK —based simulation while applying HVDC ratings.
Section VII provides an experimental validation under healthy and
faulty cases.

2. System overview of the proposed DC-hub

This section presents the architecture of the monolithic modular
thyristor-based converter, where it allows the interconnection among
multiple VSC-based HVDC networks. It is possible to construct each port
using a three-phase arrangement, but an H-bridge arrangement has been
chosen for the sake of simplicity as illustrated in Fig. 1.

Each leg of the converter consists of two arms, where a number of
back-to-back series-connected thyristors joined together to constitute
the upper arm to permit bidirectional current flow, while decreasing the
switch count with minimized conduction losses. Regarding the lower
arm, a hybrid MMC arm is used which consists of hybrid connection of
sub-modules (SMs). Moreover, most of the SMs are HB-SMs, while a
small amount of FB-SMs is used in order to enable the forced commu-
tation process of the thyristors in both healthy and faulty cases. The total
number of SMs in the hybrid MMC arm is as follows:

Ny =N, +N, @

where Ny, is the total number of SMs in hybrid MMC arm, N,, is the
number of HB-SMs which are responsible for delivering the rated DC
voltage, and Ny is the number of FB-SMs which are responsible for the
thyristor commutation in the hybrid MMC arm in the y converter,
respectively.

Furthermore, each converter is connected to VSC-based HVDC
network, and its AC side is connected to an LC filter and an isolating
transformer. Whereas the secondary of each transformer is connected to
the global AC bus.

Fig. 2 shows the single-phase equivalent circuit of each converter in
the proposed MMT-DC-Hub, where the variable capacitor represents the
MMC hybrid arm. Thus, the capacitance of the x arm in y* converter
(Carmxy) can be represented as follows:

Carmxy = CSMy/an (2)
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Fig. 1. Configuration of the proposed MMT-DC-Hub.
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Fig. 2. Circuit diagram of the proposed converter.
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where Cgyy is the SM capacitance in the y* converter and Ny is the
required number of inserted SMs in the x™ arm in y® converter.
Furthermore, the nominal voltage of the SM capacitor in the y* con-
verter (Ve_nominal_y) can be obtained as follows:

3

Vc-nominal_y = Vdcy/Nry

where Vj, is the DC-link voltage at the y# converter. Moreover, the
hybrid MMC x* arm voltage in the y* converter (Varmxy) can be obtained
as follows:

4

The following two equations represent node a and node g voltages
with respect to the hypothetical node u.

Varmsy = Ny Vacy /Nry

)

Vauy = Varmiy — Vdcy/2

(6)

Using (4) in (5), the required number of inserted sub-modules is
obtained as follows:

Vauy = Varmay — Videy /2

My = Ny (Vi +0.5) @
where vfmy represents the reference waveform of output voltage veyy.

In order to reduce the amount of voltage stress imposed on AC link
transformer, a quasi-trapezoidal waveform is chosen. For the sake of
controlling the magnitude and phase shift between the AC voltages, the
firing-angle (a) has been applied as an additional control variable.
Furthermore, Fig. 3 shows the reference voltage of nodes a and g with
respect to the hypothetical node u as well as the output voltage wave-
form of the y™ converter. The mathematical representation of the

reference waveform voltage is described in (8),

0, =ty <t <ty
(t—ty) Tty <t < Ty 4ty
1, Ti+ty <t<05T, —tyy —T1 — T
2NN'4+1,05T, —tyy — T1 — Tey < t < 0.5T, —ty — T
(—t+05T, —tyy)T;',0.5T, —tyy — T; <t < 0.5T, — ty
0,0.5T, — toy < t < 0.5T, + L,y
(= t+05T, +tyy)T;',0.5T, + tyy <t < 0.5T, + ty + T}
1,057, +tyy + T1 <t < Ty = T) — ty
(=T +ty) T Ty — Ti—ty <t < Tp — Ly

(®

where T; is the rise/fall time of the trapezoidal waveform, T, is the
commutation time of the FB-SM, T, is the periodic time, and the cor-
responding time to the firing-angle a, is given by t,, = % It is worth
mentioning that the rise and falling time of the trapezoidal waveform is
established based on the collective maximum of rise or fall time of the
rated sub-modules inserted to build the trapezoidal waveform peak, as
discussed in [25].

3. Power analysis of the proposed DC-Hub

This section provides comprehensive mathematical analysis of the
monolithic thyristor-based multiport DC-hub as well as the essential
conditions to eliminate the reactive power at rated power flow. The
power flow analysis is applicable whatever the configuration of the
converter used. Moreover, it discusses the transformation necessary to
accommodate the monolithic modular thyristor-based converter in VSC-
based DC-Hub.

3.1. Equivalent circuit analysis of the DC-Hub

Fig. 4 illustrates the simplified power circuit of the considered DC-
Hub, where fundamental harmonic analysis is adopted to simplify
derivation. Moreover, each converter generates a fundamental AC
voltage depicted as follows:
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Fig. 3. Key waveform of the reference output voltage.
Vagy = \/EV}Tsin(27rfot+¢Vy) = \/EV}’,Mysin(ZfrfotJr(pvy) 9

where, Vo, represents the fundamental component of y* port AC
voltage, V}' is the RMS value of the voltage fundamental component,
while V) represents the rated RMS value of voltage fundamental
component, M, is the modulation index, ¢,, is the relative phase shift,
and f, represents the operating frequency of all AC signals.

Additionally, the RMS value of the voltage fundamental component
can be obtained as follows:

VI =M,V = My Ve, /V2 ®)

In a d-q frame which is aligned to the global reference angle, the AC
voltage phasor Ve, of the instantaneous voltage Ve of y* port is
described below:

Vagy = M, V) 26, = M, V;cosh,, + M,V sing,, (C)]

Moreover, the fundamental AC bus voltage V, can be obtained by
applying KVL in loop 1 as follows:

Vagy — Vb = jwoLylagy = jwroLy I} (cOSGhy, + jsingy ) 10)
V)
Ingl L, .
— ~vn
Gl
Vagl —_— .
L, lag2
L AN ~_—
N—e C
| 9 —_—
| 3 e Vag2
i | <]
2oy [PNCBN -
L
Vagy | Loop 1 | -1
e — J
N—e

Fig. 4. Simplified power circuit of the proposed converter.
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where o, represents the fundamental angular frequency, L, represents
the filter inductance of y™ port, I} and ¢;, are the RMS value and phase
shift of the output current fundamental component with respect to AC
bus of y™ port.

Assuming that v, is the reference point with zero phase shift.
Therefore, the AC bus voltage can be simplified as a real component as
follows:

vb = Vb,real +jvb,imag = Vb,real = Vb (11)
Using (9) in (10), y™ port’s real and imaginary components of the output
current can be deduced as follows:

I'cospy, = M, Vising,, /w,L, 12)
Ising, = Vi, — M, Vicose,, /@oLy 13)
The apparent power for converter connected to y™ port can be calculated
as follows:

Sy =7,

M, Vysing,, — j(Vy — M, V;cosg,,)

oLy

= (Myv;cosqﬁvy + jMyV;sinqﬁvy) %
a4

where S, is the apparent power of y port. The active and reactive power

of the y" port are deduced by substituting (12) and (13) in (14) as fol-
lows:

VbMyV}’,sinqSVy
_ 15
= as)
(Myv;)2 — VsM, Vicosg,,
Q= (16)

oL,

It can be observed from (16) that the reactive power can be nullified by
maintaining the following criteria:

2
(MyV;) = VuM, V;cosg,, a7)

From the previous condition, the phase shift (¢Vy) is calculated as fol-

lows:

¢,y = acosM, V) /V; (18)

3.2. Sinusoidal to quasi-trapezoidal transformation

In order to accommodate the utilization of monolithic modular
thyristor-based converter in the VSC-based DC-Hub. It is mandatory to
transform the control variable from modulation index (M) to its
equivalent firing-angle (ay) in the quasi-trapezoidal waveform. On the
other hand, the equivalent phase shift of the AC voltage at port y (¢,y)
with respect to AC bus voltage remains unchanged.

By equating the RMS value of the fundamental component of voltage
waveform with its quasi-trapezoidal equivalent, the following can be
obtained:

My Vi, _ 4Vay

cosa 19
NG 2 y 19
Consequently, the equivalent firing-angle (a,) is modelled as follows:
M,
ay = acos% (20)
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Moreover, the output AC current exhibits a phase shift with respect to
the AC bus voltage due to the presence of d-q components of the current.
Hence, the RMS value of the output current can be defined by using (12),
(13) and (20) as below:

(21)

e Vi — 2V, V;cosa,cosg,,
Y ng}z,
Furthermore, the output current phase shift with respect to the AC bus
voltage ((/)iy) can be obtained as follows:

4 .
FVjcosaysing,,

¢iy — atan (22)

Vi — 2Vrcosay,cos,,
Hence, the relative phase shift of the output current with respect to the
output voltage (qﬁry) can be computed as follows:

4 .
FVjcosaysing,,

&, = ¢Vy — atan (23)

Vy — 2Vrcosaycosg,,
4. Optimum design of MMT-based converter parameters

In this section, a detailed analysis of the inductor and capacitor
design of the LC filter is provided as well as the hybrid MMC arm
capacitor and its inductor sizing.

4.1. Design of LC filter

The AC filter inductance L, is designed to obtain the rated power
(P)',), where M, = 1. Therefore, the general formula for designing the
inductance for the converter can be deduced from (15) as follows:

L, =V, V}',sinqbw / w(,P; 24)

where P} is port y rated active power and Vj is the rated bus voltage.
Moreover, using (18), it is possible to rearrange (24) as follows:

v
L, = V;V;sinacos FZ/LUOP;, (25)
On the other hand, the AC filter capacitance is designed to
compensate the reactive power at rated power flow. Furthermore, by
applying KCL at node F, the capacitor voltage can be calculated as
follows:

Tagy (26)

M=

N
JjwoVy Z G =
y=1

T
X

where Cy is the filter capacitor of port y. Using the port’s current in (12)
and (13), while regarding that each port capacitor C, is designed to
compensate the reactive power generated by its own inductance Ly, the
capacitor voltage becomes:

Vi, — My Vicosgp,,

0, V;Cy = ol
oLiy

(27)

By substituting (18) and (25) in (27), the filter capacitor of the
converter can be deduced as follows:

P;(w—(%f)

v

= (v )2V'sinacosf
o,
o(Vp) Vy A

(28)
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4.2. SMs’ capacitance design

The SM capacitor of the hybrid MMC arm plays a crucial role in
diminishing the voltage ripple in the MMC arm. Based on the trapezoidal
voltage reference illustrated in (8), the general formula of capacitor
voltage ripple is expressed as follows:

1 Ty (1)

A = 1 2
Ve Yy CSMy Nty armxydt ( 9)

Furthermore, due to the connection of LC filter at the output AC side
of each converter, it is safe to assume that the current is in the form of
sinusoidal waveform, which can be described as follows:

lagy = V2I'sin (ot + b, ) (30)

Moreover, the crucial intervals that lead to transient states in the SM
capacitor are the rise/fall periods, the firing-angle period and commu-
tation time. However, it is safe to assume that the impact of the rise/fall
time is insignificant with respect to the commutation time and the firing-
angle period. Hence, the rise/fall periods are neglected. Furthermore, it
is evident that the MMC arm current and thyristor current share the
same AC current function described in (30). Hence, by using (8) and (30)
in (29), the capacitor voltage ripple can be obtained as follows:

AV Ve Ny
= = t
Y CanNy /0 > sm(wo

T

2[)_ T -ty
+ ¢,,)dt + /T:

Nysin(wot
7 Ti-Ty —ty

+ ¢ )dt+/ %&sin(w t+ ¢,)dt (31)
Ty Tp 2 0 Ty

2 ay

By solving and simplifying (31), the SM capacitor voltage ripple
becomes:

Vam
— m (Niycose,, + Niycos (¢, — ay) — Nycos (¢, — (woTey

AV,
+ ay) ) — Nyycosaycosg,, )
(32)
While the required percentage of the SM capacitor’s voltage ripple
can be determined as follows:
_ AVyNy
Vdcy

k (33)

Thus, the resultant SM capacitance can be given by:
_ V2ITN,y
a)okaCyNty

+ay) ) — Nycosaycosd,, )

Csmy (Niycose,, + Niycos (¢, — ay) — Nyycos (¢, — (woTey

(34

4.3. Arm inductance design

The function of the arm inductor in the hybrid MMC arm is to
diminish the circulating current. Furthermore, it limits the current fall
rate below the ramp rate of thyristor and above minimum fall rate of
current throughout commutation period. Fig. 5 shows a simplified cir-
cuit which is used to analyze the circulating current during transient
period. Moreover, by applying KVL in loop 2, the following equation can
be obtained:
icirexy 1

Vay = Loy a +

C / icircxydt + Ve_initial + icircxyRLay (35)
armxy
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where Ryq is the parasitic resistance of the arm inductor. Considering
(35), the differentiation of both sides results in:
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where ( is the maximum ramp rate of thyristor current and Ty is the
thyristor turn-off time.
Based on (39) and (40) a minimization problem is established to

i p 1 . o minimize the circulating current subject to constraints of (40). Thus,
ay lcircxy + lcircxyRLﬂ}' +Cilﬂim)(}’ =0 (36) . g . . e e . .
armxy lagrange multiplier technique is used to solve the minimization problem
The natural response of (36) can be deduced as follows: as follows:
. N, Vdc ithy1 2
. 2kVay it . ( Ht L=ig A - & 41
ey = ——Ye 2oy sin (37 cirey-max I,N, ° T,_T, (41)
H 2L,
The aforementioned formula is solved with respect to Ly, Ny, Tey
H= /R, — 4LoyCpp,
2
4L
_p2 ay
Rypqyatan (%) C RL‘I}’ + C 1 R2 4Lay
-—a anmxy R?, Lay T Carmy
2ka£xye
H
Ryqyatan (&) 2RL‘1)’ atan ( RLay)
T C R? Loy :
dL 4kVier € armxy \ 'Lay T Comyy N,V
Ak Viexy 4 . +A=2 =0 (41)
dLﬂ}’ 2 2 LayN ry
_R2 ALay _R2 4Lay
CﬂmeyR%ay 1- w Rigy 1- Lﬂlyzzcm
‘Lay Lay
Moreover, by differentiating (37) with respect to time and equating it
to zero. The instant at which the circulating current is at its peak can be dL iy, 5,
deduced as described below: ar. — A T30
@ (TCy - Tf)
2L, H
P =—at 38
Leircxy —max H al anRLay ( ) d-L =2 Vdcy _ 0
. . . . dNy LoyNiy
Therefore, using (38) in (37) to find a relation that computes the
peak of the circulating current as follows: dL _ NoVay - iy, ) o
di Ly N, Ty —T;

—R,
. 2kVyey —2 atang-, .
Leirexy_max = —H € Loy *sinatan

(39
-Lay

It can be observed that the peak value is affected by the voltage
ripple factor k and the arm inductance Lq,,. It can be solved numerically
to evaluate the required arm inductance at the chosen peak value of
circulating current.

Moreover, by using the criteria discussed in [26], the number of SMs
which is dedicated for thyristor commutation (FB-SMs) can be deter-
mined as follows:

ithy_LZy < Ncdecy < C

< (40)
Toy =Ty = LgyNyy

Loop 2 Lcirexy
4{ }_W‘
L'd.V RLay

Carmy

Fig. 5. Leg’s simplified circuit during transient.

5. Proposed active power flow control with zero reactive power
circulation technique

This section illustrates extensively the proposed algorithm of nulli-
fying the reactive power circulation in full range of active power flow.
Additionally, it illustrates the necessary derivation and modification on
SM capacitor sizing to achieve sizing equation that is independent of
number of ports.

Mainly, the proposed technique is based on varying the voltage at the
common AC bus (V;) by solving the power flow equations to find the
required values for the control variables (a, and byy) that satisfy the
power references. It can be observed that the active power flow formula
as in (15) is a multivariable function, where P, = f( Vb,ay,dyvy). Similarly,
the reactive power flow is a multivariable function as in (16), where
Qy = g(Vs, ay, ¢,y). On other hand, the AC bus voltage is implicitly a
function of 2n variables, where V, = h(a1,¢,;, . 0n. $,,). Therefore,
the proposed algorithm is based on solving 2n+1 equations, where the
equations used are listed below:

e AC bus voltage as in (26) as h(a1,¢,1,**,n, Py)
e Active and Reactive power flow as shown in (15) and (16).

The control hierarchy can be summarized in 3-Level system. The first
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level is for monitoring, where it is responsible to handle on-time mea-
surements of DC link at each port as well as the ports that are currently
connected to the DC-Hub. Additionally, it is fed by the required power
flow reference values. The second level is known as lower brain func-
tion, where it is responsible to calculate and determine the required
values for the control variables of each port, as illustrated in Section 3,
based on the data collected by the monitoring level. Consequently, this
level represents the main innovative aspect of the control algorithm
since it assumes responsibility for mitigating reactive power circulation
under any operating condition. The third level is responsible for wave-
form generation depending on the evaluated control variables and
handles the balancing algorithm to provide proper switching sequence
of IGBTs and thyristors. It is worth noting that the utilized balancing
algorithm corresponds to the sorting method commonly employed for
the conventional MMC [27-29]. An overall block diagram that explains
and summarizes the proposed control algorithm is shown in Fig. 6. Based
on the proposed algorithm, sizing of capacitors in SM is affected by

nullifying each ((ﬁ,y) as follows:

V2N,

— wokVayNy (N, — Nyycosay + Nycosay, — Nycos(woTey + ay) )

CSMy
(42)

Also, by substituting (18), (20) and (21) in (41), the sizing is modified
into the following

4Ny cosay, /cos—2¢,, — 1
7@2L,kNy,
+ay))

Comy = (N — Npycosay + Nycosa, — Nycos(wo Ty

(43)
6. HVDC simulation validation

This section validates the proposed algorithm of zero reactive power
circulation in the isolated monolithic modular thyristor-based DC-Hub
in the field of HVDC using MATLAB/SIMULINK model. The simulation
model is based on 3-port system with 401-Level, where each hybrid
MMC arm has 400 HB-SMs and 40 FB-SMs. DC link voltage of 500 kV is
chosen for all VSC-based HVDC networks. The parameters used in
simulation are summarized in Table 1, where the SMs’ capacitance is
designed based on (42). Furthermore, the LC filter of each port is based
on the criteria depicted in (25) and (28). Different healthy operation
scenarios are studied for validation.

6.1. Bidirectional power flow at rated power

This subsection shows the uninterruptible operation of power flow
reversal at the rated value of each port. The active and reactive power
flow of ports 1, 2 and 3 are shown in Fig. 7 part (a). It can be observed
that the power flow is from port 1 to ports 2 and 3 then the power flow is
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Table 1

Simulation prototype parameters.
Parameter Description Value
P, Rated power of port 1 500MW
Py, =Ps Rated power of ports 2 and 3 250MW
Vi1 = Viaea = Vies DC link voltage of port 1, 2 and 3 500kV
3 Rated RMS Voltage of common AC bus 430kV
f Switching Frequency 450Hz
Thyristor part number 5STP 12F4200 -
Ly LC Filter inductance of port 1 58mH
L, =13 LC Filter inductance of ports 2 and 3 117mH
C LC Filter capacitance of port 1 0.65uF
Cy, =Cs3 LC Filter capacitance of ports 2 and 3 0.325uF
ng =nNp =N Transformer turns ratio 1:1
Ty =Tp =Tp Trapezoidal rise time 10us
Tawelt Sub-module step time 0.025us
T =Ty =Tes Thyristor commutation Time 500pus
Ny =Ny =Ng Total number of SMs per arm 440
N1 =N =Ng3 Number of SMs for rated DC-link voltage 400
Csmn SM capacitance of bridge 1 8.3mF
Csm2 = Csus SM capacitance of bridge 2 and 3 4.1mF

reversed at t = 0.5 s smoothly without any interruption.

Moreover, the reactive power is maintained at zero before and after
power reversal. Furthermore, the DC link voltages and currents of each
port are shown in Fig. 7 part (b). It is evident that the current reverses its
polarity corresponding to direction of power flow. The DC link voltages
remain unchanged due to the nature of VSC-based HVDC networks.

6.2. Partial power flow

This subsection validates the proposed algorithm during partial
power flow. In this case, a step-change in the magnitude of the power
flow from port 1 to ports 2 and 3 is applied. The amount of power flow is
shown in Fig. 8 part (a). It can be observed that the rated power flow is
from port 1 to ports 2 and 3, where it exhibits zero reactive power during
rated power flow. After that, a step-change in the amount of power is
applied at t = 0.5 s. It is notable that the reactive power remains zero.
Furthermore, the AC output voltages along with AC bus voltage are
shown in Fig. 8 part (b), where a change in firing-angle is observed at t
= 0.5 s to accommodate the change in the magnitude of power flow.
Additionally, it is evident that the capacitors’ ripple in the SMs are
maintained less than the criteria 10 % as shown in Fig. 8 part (c).

6.3. DC pole-to-pole fault

This subsection provides evidence that proves the capability of the
continuous power flow in face of DC pole-to-pole fault at one of the
ports. The power is assumed to be from port 1 to ports 2 and 3. A DC
pole-to-pole fault is applied at port 2. The DC link voltages and currents
are shown in Fig. 9 part (a). It can be observed that at the instant of fault
initiation, the DC current of port 2 increases but limited by fault
detection. Whereas the controller inserts the FB-SMs with their negative
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Fig. 6. Power flow control algorithm.
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Fig. 7. Simulation of performance behavior of the proposed DC-DC converter at bidirectional power flow, (a) active and reactive power flow and (b) DC link voltages
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voltage polarity to suppress the rate of rise of the short-circuit current

and force turn off the thyristors where the power flow is updated as Tra“iirzésswn L
shown in Fig. 9 part (b). At the instant of fault detection, the FB-SM VSC-based e ANERL
voltage is reversed to limit the current and force turn-off the upper NI:n\;]c?ril f MMT 1 ”‘;}TEE
arm thyristors in bridge 2 as depicted in Fig. 9 part (c). E I
Transmission £
7. Experimental setup validation 50T line 3 L 1,
-based — 2
o . o HVDC aVed) MMT 2 mg
A hardware test rig is designed for further validation of the proposed Network 2 I
control'techniqufz. Tl.le block d'iagram of th'e overall expe.:ri{nental prf)- Transmission
totype is shown in Fig. 10, while the experimental test rig is shown in line L 1
Fig. 11. The hardware test rig is composed of 3 ports, where converters VSC-baéed e ¥e
are based on 3-Level for simplicity. Each hybrid MMC arm has 2 HB-SMs NI:thv]o)rk 3 U MMT3 | G, T
and 1 FB-SMs. Two thyristors connected back-to-back, are used for each Z
upper arm. A DC link voltage of 150 V at all three grids. The parameters 5
are listed in Table 2. Moreover, the LC filter is based on the criteria 3

provided in (25) and (28). Healthy scenarios are employed at different
power flow conditions. Also, an unhealthy scenario is tested to verify the
capability of DC fault blocking and reliability of the proposed DC-Hub
based on monolithic modular thyristor-based converter.
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Table 2

Hardware prototype parameters.
Parameter Description Value
12 Rated power of port 1 400W
P, = Ps Rated power of ports 2 and 3 200W
Vier = Viee = Vaes DC link voltage of ports 1, 2 and 3 150V
f Switching Frequency 450Hz
Thyristor part number BT152 -
Ly LC Filter inductance of port 1 3.9mH
Ly = L3 LC Filter inductance of ports 2 and 3 7.9mH
C LC Filter capacitance of port 1 5.4uF
Cy = Cs LC Filter capacitance of ports 2 and 3 2.7uF
n Transformer turns ratio 1:1
Tp = Tp = T3 Trapezoidal rise time 10us
Tawent Sub-module step time Sus
Ta = Ty = Te3 Thyristor commutation Time 200us
Ny Number of thyristors per Arm 2
Ny = Np = Ng Total number of SMs per arm 3
Ny = N = N3 Number of SMs for rated DC link voltage 2
Csin = Csy2 = Csus SM capacitance of bridges 1, 2 and 3 330uF
Larm Arm inductance 360uH
Py Rated power of port 1 400w

7.1. Bidirectional power flow at rated power

To verify the bidirectional power flow capability with zero reactive
power, the power flow between port 1, 2 and 3 is reversed at the rated
value. The active and reactive powers are shown in Fig. 12 parts (a) and
(b), respectively.

It can be inferred from the result that the power flow reversal is
uninterruptible and zero reactive power is maintained after reversal.

Tek ety §00Hz Nois Fiter
T T T

Tek prety

Moreover, the AC output voltages and AC bus voltage are shown in
Fig. 12 part (c). It can be observed that the phase shift changes its sign
with respect to AC bus for power reversal whilst the firing-angles are
maintained constant.

7.2. Partial power flow

The direction of power flow is assumed from port 1 to ports 2 and 3.
A step change is applied, where the amount of power is reduced to half
the rated value for all ports. The active and reactive power are shown in
Fig. 13 parts (a) and (b).

It can be observed that the change in active power is instantaneous
which proves the continuity of power flow against any step change in its
magnitude. On top of that, the reactive power remains zero before and
after the step change. The output AC voltages and AC bus are shown in
Fig. 13 part (c). It can be inferred that the firing-angle changes corre-
sponding to accommodate the change in power flow magnitude.

7.3. DC pole-to-pole fault at one of the ports

The power flow is assumed from port 1 to ports 2 and 3 where a DC
fault occurs at port 2. The amount of active power flow at ports 1, 2 and
3 are shown in Fig. 14 part (a). As well as the submodule voltage
behavior of the faulty port is shown in Fig. 14 part (b).

It can be observed that at the instant of the fault detection, the
central control unit changes the reference value of port 1 to supply only
port 3. On the other hand, The MMC arm voltage of FB-SM and the
corresponding thyristor current in converter of port 2 are depicted in
Fig. 14 part (b). It is clear that the MMC arm generates negative voltage
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Fig. 12. Experimental results at rated power flow reversal, (a) active power flow at ports 1,2 and 3, (b) reactive power flow at ports 1,2 and 3, and (c) output AC

voltages and AC bus.
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Fig. 13. Experimental results at partial power flow, (a) active power flow at ports 1,2 and 3, (b) reactive power flow at ports 1,2 and 3, and (c) output AC voltages
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Fig. 14. Experimental results at DC pole-to-pole fault, (a) Active power flow of ports 1, 2 and 3, and (b) FB-SM voltage and thyristor current.

at the instant of fault detection, where the thyristor current is decreased
to zero. Henceforth, reliability of power flow is achieved during fault.

8. Comparative study

An extensive comparative analysis is conducted to highlight the
advantageous features of the proposed monolithic building unit
compared to other pre-existing building units, specifically with regard to
number of IGBTs, total semiconductor losses, overall semiconductor
cost, and number of SM capacitors. The converters subjected to com-
parison encompassed HB-MMC [30], FB-MMC [31,32], CTB [33,34],
TAC /SSMMC [35-37], and TH-MMC (third variation described in the
patent) [38,39]. It is important to note that the comparison is performed
under the assumption of a single-phase configuration. The loss assess-
ment is carried out at the rated power, employing the trapezoidal
waveform technique in conjunction with the LCL filter for all studied
converters. As a result, the current and the voltage are in phase, main-
taining zero reactive power circulation at the rated power. Additionally,
due to the utilization of the trapezoidal waveform control, semi-
conductor switching occur exclusively during the ramp time of the
waveform, rendering it negligible for all converters.

The calculations for average conduction losses are derived from [40]
and can be expressed as follows:

1 [T

Pcandavg = ﬁ (44)

Pcondinst (t) dt

where the instantaneous conduction losses (Dcondins) €an be obtained as
follows:

10

Peondingt () = Veona (L (£) )ix(£)D(t) (45)
where i.(t) represents the instantaneous current flowing through the
power devices, D(t) represents the duty ratio, which relies on the utilized
modulation technique, while the conduction voltage (v.ong) can be
derived as follows:

Vcond(ix(t) ) = VcandO (Tref) + ix(t)rcond(Tref) (46)
The coefficients V,ongo and reong are acquired from the datasheet of each
semiconductor device, while Ty is uniformly set to 125 degrees for all
devices used. The comparative analysis is conducted using practical ABB
devices, as described in Table 3. A 60 MW system with a 30 kV DC link
is established, with a switch or thyristor voltage of 2 kV. The summary of
the comparative analysis among these converters is presented in Table 4.

When considering the number of SM capacitors, HB-MMC and FB-
MMC employ the highest quantity, while the other topologies use
approximately half the count, except for the CTB topology, which has
the lowest count. However, it should be noted that the CTB converter has
a significant drawback of requiring two DC link capacitors. In terms of
cost considerations, the FB-MMC has the highest cost, while the pro-
posed converter and TAC/SSMMC offer the most economical solutions.
Additionally, the proposed converter has the lowest overall semi-
conductor losses and only requires two arm inductors per bridge. Based
on the aforementioned discussion, it is clear that the proposed converter
demonstrates the lowest total semiconductor losses and the least overall
semiconductor cost. This highlights that the proposed building unit is a
superior solution for the DC-Hub for interconnecting different VSC-
based HVDC networks. To summarize the strength points of the



M.G. Abdel-Moneim et al.

International Journal of Electrical Power and Energy Systems 160 (2024) 110122

Table 3
ABB semiconductors parameters.
Semiconductor type IGBT Module5SNA Bidirectional Thyristor5STB 18 N4200  Phase Control Thyristor5STP 12F4200  Diode5SDF 13H4501
1500G450350
IGBT Diode
Max voltage (V) 4500 4200 4200 4500
RMS Current (A) 1500 3020 1860 1900
On-state voltage (V) at 125 °C at 1500 A 3.55 2.8 1.4 1.85 2.1
On-state resistance at 125 °C (mQ) 0.1 0.1 0.285 0.545 0.48
Cost/unit ($) 2162.41 1691.39 296.53 741.86
Table 4
Key feature comparison of considered converters.
Converter Type HB-MMC FB-MMC CTB [33,34] TAC/SSMMC [35-37] TH-MMC [39,41] Proposed converter
[30] [31,32]
No. of SM Capacitors 30 x 4 30 x 4 15 x 2 30 x 2 15 x 4 33 x2
Type of SWs IGBT IGBT IGBT IGBT IGBT, SCR, Diodes IGBT & SCR
No. of Bidirectional Thyristors None None None None None 30x2
=60
No. of Thyristors with Antiparallel Diodes None None None None 15 x 4 =60 None
No. of Limb Inductors 4 4 2 2 4 2
No. of DC Link Capacitors None None 2 None None None
Losses of HB-SMs 283.18 kW None None 141.85 kW None 165.4 kW
Losses of FB-SMs None 509.1 kW 0.442 kW None 254.54 kW None
Director Switches None None 282.66 kW 141.33 kW None None
Losses of Thyristors None None None None 103.36 kW 66.73 kW
5
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Fig. 15. Bar chart representation of (a) total number of IGBTs, (b) overall semiconductor cost and (c) overall semiconductor losses.

proposed system, Fig. 15 parts (a), (b) and (c) highlights the advantages

of the proposed building unit in points of total number of IGBTSs, overall
cost and overall semiconductor losses.

9. Conclusion

In this paper, a new approach has been proposed for a modular
multilevel converter unit in the VSC-based DC-Hub, utilizing thyristor
arms to reduce the number of semiconductors while maintaining lower

11
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losses and enabling bidirectional power flow. The design of the LC
reactive power filter was also discussed in detail. Furthermore, a novel
control technique was introduced to eliminate reactive power circula-
tion across the entire power range, resulting in reduced semiconductor
footprint. The implementation of a forced-commutation technique en-
ables DC fault blocking capability, enhancing power flow reliability and
ensuring uninterrupted power supply even during emergencies at one
port. When a faulty bridge is detected, it is blocked, and the central
control unit adjusts its reference accordingly based on power sharing
requirements. Additionally, a comprehensive mathematical derivation
was provided to ensure the modularity of the DC-Hub building unit and
optimal parameter sizing. To validate the proposed control algorithm,
MATLAB/SIMULINK simulations and a small-scale experimental model
are developed. Finally, a comparative study was held among the pro-
posed converter in comparison with HB-MMC, FB-MMC, CTB, TAC and
TH-MMC, it was proven that the proposed converter unit is superior in
the aspects of total number of IGBTs being used (1 32) while the closest
one is the TAC which required a total of (1 80) which highlights that the
proposed building unit is approximately 30% less IGBTs. Also, it was
shown that the proposed building unit yields the smallest semiconductor
losses (232.1kW), whereas the closest converters are HB-MMC, CTB and
TAC with losses (283.18kW) which highlights that the proposed build-
ing unit for DC-Hub yields reduced losses approximately (20%).
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