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A B S T R A C T

In hybrid ac/multi-terminal medium-voltage dc (AC/MT-MVDC) systems with multiple voltage source convert-
ers (VSCs) and dc/dc converters, it is essential to attain accurate initial power flow (PF) and post-event power
distribution solutions efficiently. This paper proposes: (i) a novel sequential PF algorithm for hybrid AC/MT-
MVDC systems by a Fibonacci search-based Newton–Raphson (FSNR) approach with uniform MVDC bus type
definition, while considering power losses and varied control schemes of different converters; (ii) a zero
error steady-state post-event power distribution calculation method under droop control by the introduction
of dynamic I/V droop coefficients based on the FS algorithm. The FSNR approach simplifies the MVDC PF
derivation by only requiring the definition of the dc current bus type, effectively eliminating the need to
solve multiple sub-Jacobian matrices. Furthermore, the post-event power distribution analysis offers precise
power redistribution calculation approach following disturbances by considering both open- and closed-loop
operation in an MT-MVDC distribution system. The computational efficiency and validity of the proposed PF
algorithm, along with the accuracy of presented post-event power distribution calculation method are verified
through Python and RTDS real-time simulators in an extended MT-MVDC distribution network incorporated
with the IEEE 14/33/69 bus transmission/distribution systems.
1. Introduction

Medium-voltage dc (MVDC) systems within distribution grids fa-
cilitate the integration of dc devices while simultaneously enhancing
the power supply quality, reliability, and stability [1]. Voltage source
converters (VSCs) are the predominant ac/dc (dc/ac) converters, due
to the flexible power control ability and possible power delivery ca-
pability under weak grids [2]. Dc/dc converters are also prevalently
found in MVDC systems for MV/LV level change [3]. Many network
configurations are available in MVDC distribution systems, including
radial, ring and meshed structures with multiple VSCs and dc/dc con-
verters [1]. The VSC and dc/dc converter-connected MVDC terminals
can be interconnected in a variety of manners, forming multi-terminal
MVDC (MT-MVDC) systems [4–6].

To ensure static operational security and enhance system plan-
ning/design for future MVDC networks, it is essential to investigate
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the detailed power distribution within the MVDC network. This in-
cludes (1) the initial power flow (PF), and (2) the post-event power
distribution after acquiring the initial operational conditions. The PF
for ac distribution systems can be determined by backward/forward
sweep (BFS) [7], improved Newton–Raphson (NR) approaches [8],
etc. The conventional NR method is not suitable for radial MVAC
distribution systems due to the large ratio between the resistance and
reactance (R/X) in feeders. However, it can still be applied in the MVDC
PF determination of MT-MVDC systems since only line resistance is
considered.

In an MT-MVDC distribution system, multiple VSCs and dc/dc con-
verters are directly interlinked by different MVDC terminals. Therefore,
it is necessary to include the impact of power losses and diverse control
strategies of VSCs and dc/dc converters on the overall PF computation
for MVDC distribution systems. Current studies on PF for dc microgrids
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Nomenclature

 Current deviation coefficient after closing
tie switches

 Current deviation coefficient after discon-
necting lines

𝛥𝐼𝑐𝑜𝑟𝑑𝑐𝑚 DC current deviation
𝛥𝐾𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 I/V droop coefficient deviation
𝛿𝑑𝑟𝑜𝑜𝑝 Maximum allowable dc voltage diviation

ratio
𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 Dynamic I/V droop coefficient
𝛥 Left searching margin
𝛥 Middle value in each searching step
𝛥 Right searching margin
𝐶𝑐 Loss coefficients in VSCs
𝐺𝑑𝑐𝑚 Line conductance
𝐼𝑐 AC current in VSCs
𝐼𝑑𝑐𝑚 DC current at the LVDC link
𝐼𝑑𝑐𝑚 DC current at the MVDC link
𝐼𝑎𝑐𝑡𝑑𝑐𝑚 Actual DC current
𝐼𝑒𝑠𝑡𝑑𝑐𝑚 Estimated DC current
𝐼𝑑𝑐𝑟𝑒𝑓𝑚 DC current reference
𝐼𝑙𝑖𝑛𝑒 line current in MVDC systems
𝐼𝑡𝑖𝑒 Tie switch current in MVDC systems
𝐽𝑑𝑐𝑚 Jacobian matrix
𝐾𝑑𝑟𝑜𝑜𝑝 Droop coefficient
𝐾𝐼𝑉 𝑒𝑠𝑡,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 Estimated I/V Droop coefficient
𝐾𝐼𝑉 𝑣𝑖𝑟,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 Virtual I/V Droop coefficient
𝑃𝑐 AC active power at the converter side of

VSCs
𝑃𝑑𝑐𝑙 DC power at the LVDC link
𝑃𝑑𝑐𝑚 DC power at the MVDC link
𝑃 𝑝𝑟𝑒
𝑑𝑐𝑚 Pre-specified DC power

𝑃 𝑡𝑎𝑟
𝑑𝑐𝑚 Target DC power

𝑃𝑑𝑐𝑟𝑒𝑓𝑚 DC power reference
𝑃𝑑 AC active power at MVAC bus
𝑃𝑔𝑒 AC active power of generators at HVAC bus
𝑃𝑙𝑜𝑠𝑠,𝑐 Power losses in VSCs
𝑃𝑙𝑜𝑠𝑠𝑚 Power losses in DC/DC converters
𝑃𝑙𝑜 AC active power of connected loads
𝑃𝑠 AC active power at the grid side of VSCs
𝑃 ′
𝑠 AC active power from the MVAC system

𝑄𝑐 AC reactive power at the converter side of
VSCs

𝑄𝑑 AC reactive power at MVAC bus
𝑄𝑔𝑒 AC reactive power of generators at HVAC

bus
𝑄𝑙𝑜 AC reactive power of connected loads
𝑄𝑠 AC reactive power at the grid side of VSCs
𝑄′

𝑠 AC reactive power from the MVAC system
𝑅𝑒 Equivalent resistance of AC transformer
𝑅𝑙𝑜𝑠𝑠𝑚 Equivalent resistance in DC/DC converters
𝑉𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑 Rated MVDC voltage

address convex approximation for optimal PF [9,10], explore the droop
characteristics of distributed generators (DGs) during both normal [11,
12] and island operations [13], and delve into the maximum power
point tracker (MPPT) control for DGs [14]. However, there is limited
2

analysis on the converter impact on PF. In HVDC transmission systems, u
𝑉𝑑𝑐𝑚 DC voltage at the MVDC link
𝑉𝑑𝑐𝑟𝑒𝑓𝑚 DC voltage reference
𝑋𝑒 Equivalent reactance of AC transformer
𝑌𝑏𝑟 Branch admittance matrix in the MVAC

system

only the VSCs are included in PF studies, either for sequential [15–17]
or unified algorithms solving ac and dc PFs [18,19]. In addition, various
types of dc buses are predefined for the computation in conventional dc
PF analysis of HVDC systems [17] and dc microgrids [11]. These types
include power buses, current buses, and voltage droop buses, with the
exception of the dc slack bus. The need to establish and solve multiple
sub-Jacobian matrices complicates the bus type definition process. A
simplified bus type definition is necessary for dc PF analysis, consid-
ering the significant number of converters featuring diverse control
modes in MT-MVDC distribution systems.

The post-event power distribution, for example after a station or
line failure, is also critical for static security assessment of MT-MVDC
systems [20]. Detailed power redistribution analysis for VSC-based
HVDC transmission systems after different system disturbances, such as
power/current reference changes [21,22], line disconnections [23,24]
and converter outages [20–23,25], has been discussed extensively in
the current literature. Nevertheless, further research on post-event
power distribution in MT-MVDC distribution systems is needed, taking
into account the differences in network structure and operation mode
between HVDC transmission and MVDC distribution systems.

This paper presents (i) a novel sequential PF algorithm for hybrid
C/MT-MVDC networks, utilizing a uniform MVDC bus type definition

hrough a Fibonacci search-based NR (FSNR) approach, while consid-
ring the effect of VSCs and dc/dc converters on the whole PF; (ii)
n accurate post-event power distribution analysis method to investi-
ate the steady-state power distribution for droop-controlled MT-MVDC
ystems.

The proposed PF algorithm incorporates external HVAC/MVAC and
mbedded MVDC systems, while the HVAC and MVAC PF are derived,
fter the convergence of MVDC PF, by BFS and NR methods, respec-
ively. Moreover, the FSNR MVDC PF computation method necessitates
nly the definition of the dc current bus, in addition to the slack bus.
he original dc power buses in VSCs and dc/dc converters are trans-
ormed into dc current buses by estimating the initial dc current values
ithin the power buses. These estimates are subsequently corrected
sing a modified Fibonacci search method [26], which incorporates
he 𝐴* algorithm [27] with heuristic search guide to enhance search
fficiency when correcting multiple arrays of dc current values. The
tilization of sequential method also enhances the integration of the
resented FSNR MVDC PF algorithm with existing ac algorithms, en-
uring the proposed sequential PF algorithm maintains robustness and
fficacy, even with expanding system configurations.

The post-event power distribution analysis method proposed for
T-MVDC systems considers a widely adopted open-loop operation

cheme with closed-loop design in distribution networks [28]. This
pproach ensures that the corresponding load terminals are initially
solated and interconnected during emergency conditions, thereby lim-
ting fault current and providing power supply reliability [29,30]. The
mplementation of this scheme is dictated by the normally open (NO)
r normally closed (NC) condition of tie switches (TSs) in switching sta-
ions [31]. Two generic closed loop operation modes are considered and
ested in RTDS real-time digital simulators, including: (1) normal closed
oop operation with multi-power source supply that TS is changed
rom NO condition to NC condition, and (2) closed loop operation
fter the outage of VSCs with power supply function. Dynamic I/V
roop coefficients are further presented for VSCs and dc/dc converters

sing P/V droop control. This ensures accurate power redistribution
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Fig. 1. VSC and dc/dc converter station models: (a) VSC, and (b) dc/dc converter.
calculations by directly correlating dc current and voltage, given that
the deviation in dc current linearly corresponds to the dc voltage
deviation.

In summary, the main contributions in this paper are:

1. MVDC and MVAC/HVAC PFs in a hybrid AC/MT-MVDC network
are sequentially addressed using a novel proposed sequential PF
algorithm. Moreover, the impacts of VSCs and dc/dc converters
on the overall PF are explicitly introduced.

2. Bus type definition is simplified by the FSNR approach for the
MVDC PF calculation where only the dc current bus type is
considered. The MVDC PF calculation requires fewer iterations,
as the Jacobian matrix remains constant.

3. Post-event power distribution is examined in detail for MT-
MVDC distribution networks. This analysis is conducted under
closed-loop operation, considering scenarios such as TS closure
and the outage of sending-end VSCs along with their correspond-
ing line disconnections.

4. Zero error power redistribution calculation is ensured by the
FS method-based dynamic I/V droop coefficients. P/V droop
coefficients for P/V droop controlled-converters are substituted
by I/V droop coefficients to obtain a linear relationship between
dc current and voltage deviation values.

The remainder of this article is structured in the following manner.
Section 2 introduces the converter modeling and droop control de-
scription. Section 3 discusses the initial PF determination. The detailed
power distribution analysis method under two operation modes is
elaborated in Section 4, following with case studies in Section 4 for
verifying the computation correctness and efficiency of expanded PF
algorithm, and the accuracy of proposed power distribution analysis
method. Section 5 draws the conclusion.

2. Converter modeling & droop control description

2.1. Converter modeling

In order to develop a detailed PF analysis considering HVAC, MVAC
and MVDC networks, the modeling of generic VSCs and dc/dc convert-
ers will be first explored in this section. Simplified PF models are used
to study the power losses of VSCs and dc/dc converters [17,32,33].

2.1.1. Voltage source converter
Fig. 1(a) shows the VSC station model including HVAC transmission

or MVAC distribution system bus, converter bus, MVDC link and equiv-
alent impedance of ac transformer (𝑅𝑒𝑖 + 𝑗𝑋𝑒𝑖). The generalized power
losses derivation method for VSC-based HVDC systems [34] can also be
used in MVDC networks as:

𝑃𝑙𝑜𝑠𝑠,𝑐𝑖 = 1,𝑐𝑖 + 2,𝑐𝑖 ⋅ ||𝐼𝑐𝑖|| + 3,𝑐𝑖 ⋅ ||𝐼𝑐𝑖||
2 , (1)

where 1,𝑐𝑖, 2,𝑐𝑖, 3,𝑐𝑖 represent the coefficients of no-load, linear,
quadratic losses, and 𝐼𝑐𝑖 is the converter ac current which is calculated
as:

𝐼 =
√

(𝑃 2 +𝑄2 )∕𝑉 2 =
√

(𝑃 2 +𝑄2 )∕𝑉 2, (2)
3

𝑐𝑖 𝑐𝑖 𝑐𝑖 𝑐𝑖 𝑠𝑖 𝑠𝑖 𝑠𝑖
where 𝑃𝑠𝑖, 𝑄𝑠𝑖 and 𝑃𝑐𝑖, 𝑄𝑐𝑖 are the active power and reactive power at
the grid side and converter side, respectively, 𝑉𝑠𝑖 and 𝑉𝑐𝑖 refer to the
corresponding voltages. Furthermore, the active power injected into the
VSC is:

𝑃𝑐𝑖 = 𝑃𝑑𝑐𝑚,𝑖 + 𝑃𝑙𝑜𝑠𝑠,𝑐𝑖 = 𝑉𝑑𝑐𝑚,𝑖𝐼𝑑𝑐𝑚,𝑖 + 𝑃𝑙𝑜𝑠𝑠,𝑐𝑖, (3)

where 𝑉𝑑𝑐𝑚,𝑖 and 𝐼𝑑𝑐𝑚,𝑖 are the dc voltage and dc current at the MVDC
link, respectively. Moreover, the active/reactive power at the VSC bus
can also be represented as:
{

𝑃𝑐𝑖 = 𝑃𝑠𝑖 − 𝑅𝑒𝑖 ⋅ (𝑃 2
𝑠𝑖 +𝑄2

𝑠𝑖)∕𝑉
2
𝑠𝑖

𝑄𝑐𝑖 = 𝑄𝑠𝑖 −𝑋𝑒𝑖 ⋅ (𝑃 2
𝑠𝑖 +𝑄2

𝑠𝑖)∕𝑉
2
𝑠𝑖

(4)

2.1.2. DC/DC converter
Dc/dc converters are used in an MVDC network to achieve dc

voltage level change facilitating the access of different devices with
dc interfaces. An equivalent dc/dc converter model is used as shown
in Fig. 1(b) for simplifying the converter power loss analysis. The dc
power at the medium voltage side (𝑃𝑑𝑐𝑚) is expressed as (5), and the
converter losses can be calculated as (6).

𝑃𝑑𝑐𝑚,𝑘 = 𝑉𝑑𝑐𝑚,𝑘𝐼𝑑𝑐𝑚,𝑘 = 𝑃𝑑𝑐𝑙,𝑘 + 𝑃𝑙𝑜𝑠𝑠𝑚,𝑘, (5)

𝑃𝑙𝑜𝑠𝑠𝑚,𝑘 = 𝑅𝑙𝑜𝑠𝑠𝑚,𝑘 ⋅ 𝐼
2
𝑑𝑐𝑚,𝑘 = 𝑅𝑙𝑜𝑠𝑠𝑚,𝑘 ⋅ (𝐼𝑑𝑐𝑙,𝑘∕𝛼)2, (6)

where 𝑅𝑙𝑜𝑠𝑠𝑚,𝑘 refers to the equivalent dc/dc converter resistance, and
𝛼 is the transformation ratio.

2.2. Droop control description

A VSC in an MVDC system is able to achieve active and reactive
power control functions. The active power control can be modeled into
the control of (i) ac active power, (ii) dc power, (iii) dc current and (iv)
dc voltage, while (i) reactive power control or (ii) ac voltage control
can be realized in the reactive power control function [17]. Similar to
the control modes in VSCs, dc current/power and dc voltage control
can be adopted in the dc/dc converters to regulate the forward/reverse
power and the dc voltage, respectively [5,35]. In addition, P/V or I/V
droop control can be adopted in different VSC and dc/dc converters
that all converters coordinate to balance the dc voltage in an MT-
MVDC distribution system, hence the system reliability can be further
improved.

When the VSCs in an MT-MVDC distribution system adopt droop
control under steady-state operation, (7) can be established [17]. In
addition, similar droop control expression can also be applied in dc/dc
converters as (8) [11], and the dc power can be either in the LVDC or
MVDC link.
{

(𝑃 𝑃𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 − 𝑃 𝑃𝑉

𝑑𝑐𝑚,𝑖) +𝐾𝑃𝑉 ,𝑣𝑠𝑐
𝑑𝑟𝑜𝑜𝑝,𝑖 (𝑉

𝑃𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 − 𝑉 𝑃𝑉

𝑑𝑐𝑚,𝑖) = 0

(𝐼𝐼𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 − 𝐼𝐼𝑉

𝑑𝑐𝑚,𝑖) +𝐾𝐼𝑉 ,𝑣𝑠𝑐
𝑑𝑟𝑜𝑜𝑝,𝑖 (𝑉

𝐼𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 − 𝑉 𝐼𝑉

𝑑𝑐𝑚,𝑖) = 0
(7)

⎧

⎪

⎨

⎪

𝑃 𝑃𝑉
𝑑𝑐𝑚∕𝑙,𝑘 +𝐾𝑃𝑉 ,𝑑𝑐∕𝑑𝑐

𝑑𝑟𝑜𝑜𝑝,𝑘 (𝑉 𝑃𝑉
𝑑𝑐𝑚,𝑘 − 𝑉 𝑃𝑉

𝑑𝑐𝑟𝑒𝑓𝑚,𝑘) = 0

𝐼𝐼𝑉𝑑𝑐𝑚,𝑘 +𝐾𝐼𝑉 ,𝑑𝑐∕𝑑𝑐
𝑑𝑟𝑜𝑜𝑝,𝑘 (𝑉 𝐼𝑉

𝑑𝑐𝑚,𝑘 − 𝑉 𝐼𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝑘) = 0

(8)
⎩
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Fig. 2. Static characteristic of droop control in MT-MVDC distribution systems: (a) P/V and I/V droop control in VSCs and dc/dc converters, (b) structure of droop controller in
the VSC, and (c) structure of droop controller in the dc/dc converter.
Eqs. (9) and (10) for VSCs can be further derived when dc power/
current and dc voltage deviations (𝛥𝑥𝑑𝑐𝑖 = 𝑥𝑑𝑐𝑖 − 𝑥0𝑑𝑐𝑖) are considered
after different system disturbances.

𝛥𝑃 𝑃𝑉
𝑑𝑐𝑚,𝑖 − 𝛥𝑃 𝑃𝑉

𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 = 𝐾𝑃𝑉 ,𝑣𝑠𝑐
𝑑𝑟𝑜𝑜𝑝,𝑖 (𝛥𝑉

𝑃𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 − 𝛥𝑉 𝑃𝑉

𝑑𝑐𝑚,𝑖) (9)

𝛥𝐼𝐼𝑉𝑑𝑐𝑚,𝑖 − 𝛥𝐼𝐼𝑉𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 = 𝐾𝐼𝑉 ,𝑣𝑠𝑐
𝑑𝑟𝑜𝑜𝑝,𝑖 (𝛥𝑉

𝐼𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 − 𝛥𝑉 𝐼𝑉

𝑑𝑐𝑚,𝑖) (10)

Similarly, (11) and (12) can also be obtained in dc/dc converters.

𝛥𝑃 𝑃𝑉
𝑑𝑐𝑚∕𝑙,𝑘 = 𝐾𝑃𝑉 ,𝑑𝑐∕𝑑𝑐

𝑑𝑟𝑜𝑜𝑝,𝑘 (𝛥𝑉 𝑃𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝑘 − 𝛥𝑉 𝑃𝑉

𝑑𝑐𝑚,𝑘) (11)

𝛥𝐼𝐼𝑉𝑑𝑐𝑚,𝑘 = 𝐾𝐼𝑉 ,𝑑𝑐∕𝑑𝑐
𝑑𝑟𝑜𝑜𝑝,𝑘 (𝛥𝑉 𝐼𝑉

𝑑𝑐𝑟𝑒𝑓𝑚,𝑘 − 𝛥𝑉 𝐼𝑉
𝑑𝑐𝑚,𝑘) (12)

The droop constants for P/V and I/V droop control can be defined
as (13) and (14), respectively [22].

𝐾𝑃𝑉
𝑑𝑟𝑜𝑜𝑝 = (𝑉𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑𝛿𝑑𝑟𝑜𝑜𝑝)−1𝑃𝑑𝑐,𝑟𝑎𝑡𝑒𝑑 (MW∕kV), (13)

𝐾𝐼𝑉
𝑑𝑟𝑜𝑜𝑝 = (𝑉 2

𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑𝛿𝑑𝑟𝑜𝑜𝑝)
−1𝑃𝑑𝑐,𝑟𝑎𝑡𝑒𝑑 (kA∕kV), (14)

where 𝑃𝑑𝑐,𝑟𝑎𝑡𝑒𝑑 and 𝑉𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑 is the rated dc power and rated MVDC
voltage of each converter, respectively, and 𝛿𝑑𝑟𝑜𝑜𝑝 refers to the maxi-
mum allowable dc voltage deviation ratio [25]. Fig. 2 shows the static
characteristic of droop control in a four-terminal MVDC distribution
system considering VSCs and dc/dc converters. The dc power/current
and voltage in VSCs and dc/dc converters after different system dis-
turbances would deviate according to respective droop characteristics.
The detailed analysis will be elaborated in Section 4.

3. Initial power flow determination

In the proposed hybrid AC/MT-MVDC PF algorithm, the ac PF of the
connected HVAC/MVAC grid is solved after obtaining the MVDC PF by
a sequential method. The PF equations of VSCs and dc/dc converters
are included in the MVDC PF computation. Moreover, a novel FSNR dc
PF algorithm is proposed to simplify bus type definition and avoid the
solution of multiple sub-Jacobian matrices in the MVDC PF calculation.
Single dc current bus type is employed by assuming the type of dc
power bus to be dc current bus. The additional P/V and I/V droop
buses [15,17] are respectively considered as dc power and current
buses in this section, owing to the similarity of Jacobian matrices. The
proposed PF algorithm inherits the convergence performance as the
conventional NR algorithm, since all initial values are constant in each
search step.
4

3.1. MVDC power flow

Multi-initial dc power and/or current values are known in VSCs and
dc/dc converters with constant dc power, current and droop control
modes. When the dc current at the LV side of a dc/dc converter is
a known value, the dc current at the MV side can be derived by the
transformation ratio (𝐼𝑑𝑐𝑚,𝑘 = 𝐼𝑑𝑐𝑙,𝑘∕𝛼). However, the dc power at the
MV side of a dc/dc converter cannot be obtained directly with known
dc power value at the LV side if the converter losses cannot be ignored.
In order to initialize the MVDC PF, the dc power at the MV side is first
assumed to be the corresponding dc power value at the LV side as:

𝑃𝑑𝑐𝑚,𝑘(0) = 𝑃𝑑𝑐𝑙,𝑘, (15)

where subscript (0) refers to the initial values of the corresponding
MVDC buses.

One dc voltage (the first VSC-connected bus is assumed to be a slack
bus), 𝑓 dc power and 𝑔 dc current are known values to initialize the
MVDC PF. The MVDC PF can be solved by the conventional NR method,
obtaining 𝑛−1 dc voltages [25]. Only dc power or current bus is defined
in the case of 𝑓 = 0 or 𝑔 = 0. However, it is necessary to define two
types of buses (dc power and current buses) when 𝑓 ≠ 0 and 𝑔 ≠ 0
in conventional dc PF solving algorithm, and multiple sub-Jacobian
matrices have to be constructed and solved [25]. In order to simplify
the definition of different types of buses and the solution of multiple
Jacobian matrices, a single dc current bus-based FSNR approach is
presented to solve the MVDC PF with the initial condition of one dc
voltage and multiple dc power or current. The dc current injected to
dc buses with one known dc voltage and 𝑛 − 1 known or estimated dc
currents can be expressed as:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝐼𝑑𝑐𝑚,1 =
𝑛
∑

𝑗=1
𝐺𝑑𝑐𝑚1𝑗

𝑉𝑑𝑐𝑚,𝑗 ,

𝐼𝑑𝑐𝑚,𝑖 =
𝑛
∑

𝑗=1
𝐺𝑑𝑐𝑚𝑖𝑗

𝑉𝑑𝑐𝑚,𝑗 (𝑖 = 2, 3,… , 𝑛),
(16)

where 𝐺𝑑𝑐𝑚 is line conductance. The relationship between column
vector 𝜟𝑰𝒅𝒄𝒎 and 𝜟𝑽 𝒅𝒄𝒎 can be established by mismatch Eqs. (18)
based on (16) and (17).

𝛥𝐼𝑑𝑐𝑚,𝑖 = 𝐼𝑑𝑐𝑚,𝑖 −
𝑛
∑

𝑗=1
𝐺𝑑𝑐𝑚𝑖𝑗

𝑉𝑑𝑐𝑚,𝑗 = 0 (17)

𝜟𝑰 = 𝑱 𝑰 𝜟𝑽 = 𝑮 𝜟𝑽 (18)
𝒅𝒄𝒎 𝒅𝒄𝒎 𝒅𝒄𝒎 𝒅𝒄𝒎 𝒅𝒄𝒎
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Fig. 3. Time complexity of Fibonacci search method.

Moreover, less number of iterations is required for the dc current bus
type-based MVDC PF calculation, since the Jacobian matrix 𝑱 𝑰

𝒅𝒄𝒎 is
constant in the iteration process. Two stage calculation is employed in
the proposed FSNR dc PF algorithm.

3.1.1. Current estimation stage (stage 1)
In stage 1 (current estimation), the dc current for converter 𝑢 with

known dc power is estimated as (19) when a single dc current-based
bus type is used.

𝐼𝑒𝑠𝑡𝑑𝑐𝑚,𝑢 =
𝑃 𝑝𝑟𝑒
𝑑𝑐𝑚,𝑢

𝑉𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑
, (19)

where 𝑃 𝑝𝑟𝑒
𝑑𝑐𝑚,𝑢 is the pre-specified dc power values for certain VSCs and

dc/dc converters. In the following stage (stage 2), correction iteration
is conducted since there is a dc current deviation (𝛥𝐼𝑐𝑜𝑟𝑑𝑐𝑚,𝑢) between the
estimated and actual dc current 𝑢. Hence, the actual dc current can be
expressed as:

𝐼𝑎𝑐𝑡𝑑𝑐𝑚,𝑢 = 𝐼𝑒𝑠𝑡𝑑𝑐𝑚,𝑢 + 𝛥𝐼𝑐𝑜𝑟𝑑𝑐𝑚,𝑢 =
𝑃 𝑝𝑟𝑒
𝑑𝑐𝑚,𝑢

𝑉𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑
+ 𝛥𝐼𝑐𝑜𝑟𝑑𝑐𝑚,𝑢, (20)

where 𝛥𝐼𝑐𝑜𝑟𝑑𝑐𝑚,𝑢 = 0 in the initial external iteration leading to 𝐼𝑎𝑐𝑡𝑑𝑐𝑚,𝑢(0) =
𝐼𝑒𝑠𝑡𝑑𝑐𝑚,𝑢. It is worth noting that the convergence of the internal NR
algorithm is not affected by the external FS algorithm, since 𝐼𝑎𝑐𝑡𝑑𝑐𝑚,𝑢
maintains a constant value during each search step.

3.1.2. Current correction iteration stage (stage 2)
In the correction iteration stage, a modified Fibonacci search method

is employed to obtain the accurate dc current values. The Fibonacci
search is an improved binary search method, which can reduce the
number of total correction iterations due to its logarithmic time com-
plexity ((log2  ),  is input size) in the worst case as shown in Fig. 3.
Moreover, the best-case performance of Fibonacci search is (1) [26].

Fig. 4(a) and (b) show the Fibonacci global array based Fibonacci
number ( 𝑖𝑏𝑜( ′)) and element distribution, respectively. It is essential
to confirm that the search algorithm remains effective when simultane-
ously conducting searches across multiple arrays (estimated dc current
values). The proposed FSNR approach utilizes a modified Fibonacci
search scheme, in which the 𝐴* algorithm [27] initially executes the
value closest to the target to expedite the search process when multiple
values need correction, as illustrated in Fig. 4(c). The search range
is obtained by the maximum allowable dc current deviation for the
terminal 𝑢 with known dc power, which is determined by the dc voltage
deviation ratio 𝛿𝑑𝑟𝑜𝑜𝑝. Thus, the left and right margins for MV terminals
are defined as (21), and the middle value 𝛥𝐼𝑚,𝑢 in each searching step
should follow (22).

⎧

⎪

⎪

⎨

⎪

⎪

𝛥𝐼𝑚,𝑢 =
−𝑃 𝑝𝑟𝑒

𝑑𝑐𝑚,𝑢𝛿𝑑𝑟𝑜𝑜𝑝
𝑉𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑 (1 + 𝛿𝑑𝑟𝑜𝑜𝑝)

𝛥𝐼𝑚,𝑢 =
𝑃 𝑝𝑟𝑒
𝑑𝑐𝑚,𝑢𝛿𝑑𝑟𝑜𝑜𝑝

(21)
5

⎩

𝑉𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑 (1 − 𝛿𝑑𝑟𝑜𝑜𝑝)
𝛥𝐼𝑚,𝑢 = 𝛥𝐼𝑚,𝑢 +  𝑖𝑏𝑜( ′ − 1) − 1 (22)

The accurate dc current for certain VSCs and dc/dc converters with
known dc power can be derived by setting the known dc power as
iteration target values (𝑃 𝑝𝑟𝑒

𝑑𝑐𝑚,𝑢 = 𝑃 𝑡𝑎𝑟
𝑑𝑐𝑚,𝑢). If the deviations between

the target values and obtained dc power are acceptable as (23), the
corresponding dc currents in (16) will be substituted by the corrected
values.

‖𝜳 𝒖‖∞ < 𝜀𝑝, and (23)

𝜳 𝒖 = [𝑃 𝑡𝑎𝑟
𝑑𝑐𝑚,1 − 𝐼𝑎𝑐𝑡𝑑𝑐𝑚,1𝑉

𝑎𝑐𝑡
𝑑𝑐𝑚,1,… , 𝑃 𝑡𝑎𝑟

𝑑𝑐𝑚,𝑢 − 𝐼𝑎𝑐𝑡𝑑𝑐𝑚,𝑢𝑉
𝑎𝑐𝑡
𝑑𝑐𝑚,𝑢]

−1.

In addition, the dc power at MV sides of dc/dc converters should
be updated if the initial dc power values at the LV sides are known
when considering converter losses. The current dc power deviation at
the LVDC buses of dc/dc converters is calculated as:

𝛥𝑃𝑑𝑐𝑙,𝑘(0) = 𝑃𝑑𝑐𝑚,𝑘(0) − 𝑃𝑙𝑜𝑠𝑠𝑚,𝑘(0) − 𝑃𝑑𝑐𝑙,𝑘(0), (24)

then 𝛥𝑃𝑑𝑐𝑙,𝑘(0) is added to 𝑃𝑑𝑐𝑚,𝑘(0) as (25) to update the dc power values
at MVDC buses.

𝑃𝑑𝑐𝑚,𝑘(1) = 𝑃𝑑𝑐𝑚,𝑘(0) − 𝛥𝑃𝑑𝑐𝑙,𝑘(0) (25)

The MVDC PF is finally solved when 𝛥𝑃𝑑𝑐𝑙,𝑘 is in the scope of accep-
tance as:
{

𝛥𝑃𝑑𝑐𝑙,𝑘(𝑛) = 𝑃𝑑𝑐𝑚,𝑘(𝑛) − 𝑃𝑙𝑜𝑠𝑠𝑚,𝑘(𝑛) − 𝑃𝑑𝑐𝑙,𝑘(𝑛)

𝑃𝑑𝑐𝑚,𝑘(𝑛+1) = 𝑃𝑑𝑐𝑚,𝑘(𝑛) − 𝛥𝑃𝑑𝑐𝑙,𝑘(𝑛).
(26)

Following the algorithm flowchart in the left box of Fig. 5, the MVDC
PF for MT-MVDC systems is finally solved.

3.2. HVAC and MVAC power flow

In the proposed sequential AC/MT-MVDC PF algorithm, the HVAC
or MVAC grid PF is computed following the convergence of MVDC PF.
Conventional NR and BFS PF methods [7,13] are employed to solve
the ac PF of connected HVAC transmission systems and MVAC distri-
bution networks, respectively. Unlike the ring structure-based HVAC
transmission systems, MVAC distribution systems primarily consist of
radial structures, in which there is a single path from the source to any
load bus. Additionally, MVAC distribution systems serve as secondary
networks that distribute power from connected HVAC or MVDC systems
through ac substations. Consequently, an MVAC distribution network
can be considered an equivalent ac load for the interconnected HVAC
and MVDC systems (Fig. 6).

The MVAC PF can be effectively addressed using the conventional
BFS method, where the backward and forward sweep processes accu-
rately adjust currents and voltages, respectively [7]. In the backward
process, voltage vector 𝑽 𝒓 and current vector 𝑰𝒓,𝒊𝒏 at the MVAC bus
𝑟 are used to derive voltage vector 𝑽 𝒍 and current vector 𝑰 𝒍,𝒐𝒖𝒕 at the
MVAC bus 𝑙 (Fig. 7) as:

⎧

⎪

⎨

⎪

⎩

𝑽 𝒍 = (𝒀 𝒓𝒍
𝒓,𝒃𝒓)

−1(𝑰𝒓,𝒊𝒏 − 𝒀 𝒓𝒓
𝒓,𝒃𝒓𝑽 𝒓),

𝑰 𝒍,𝒐𝒖𝒕 = 𝒀 𝒍𝒍
𝒓,𝒃𝒓𝑽 𝒍 + 𝒀 𝒍𝒓

𝒓,𝒃𝒓𝑽 𝒓,

𝑰𝒓,𝒊𝒏 = 𝑰𝒃𝒓,𝒊𝒏 − 𝑰𝒃𝒓,𝒐𝒖𝒕 − 𝑰𝒓,𝒐𝒖𝒕,

(27)

where 𝒀 𝒓,𝒃𝒓 is the admittance matrix of branch 𝑟. Moreover, voltage
vector 𝑽 𝒍 and current vector 𝑰 𝒍,𝒐𝒖𝒕 at the MVAC bus 𝑙 are then used to
update the values of voltage vector 𝑽 𝒓 and current vector 𝑰𝒓,𝒊𝒏 at the
MVAC bus 𝑟 in the forward sweep process following:

⎧

⎪

⎨

⎪

⎩

𝑽 𝒓 = (𝒀 𝒍𝒓
𝒓,𝒃𝒓)

−1(𝑰 𝒍,𝒐𝒖𝒕 − 𝒀 𝒍𝒍
𝒓,𝒃𝒓𝑽 𝒍),

𝑰𝒓,𝒊𝒏 = 𝒀 𝒓𝒓
𝒓,𝒃𝒓𝑽 𝒓 + 𝒀 𝒓𝒍

𝒓,𝒃𝒓𝑽 𝒍,

𝑰𝒓,𝒐𝒖𝒕 = 𝑰𝒃𝒓,𝒊𝒏 − 𝑰𝒃𝒓,𝒐𝒖𝒕 − 𝑰𝒓,𝒊𝒏.

(28)
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Fig. 4. Modified Fibonacci search method: (a) Fibonacci global array, (b) array element distribution, and (c) flowchart of the modified Fibonacci search scheme.
In the HVAC transmission systems, the active/reactive power equa-
tions in HVAC buses are respectively expressed as:

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑃𝑔𝑒,𝑖 − 𝑃𝑙𝑜,𝑖 − 𝜉𝑃𝑠𝑖 − 𝜁𝑃 ′
𝑠𝑖 − 𝑉𝑖

𝑛
∑

𝑗=1
𝑉𝑗(𝐺𝑖𝑗×

cos 𝜃𝑖𝑗 + 𝐵𝑖𝑗 sin 𝜃𝑖𝑗) = 0,

𝑄𝑔𝑒,𝑖 −𝑄𝑙𝑜,𝑖 − 𝜉𝑄𝑠𝑖 − 𝜁𝑄′
𝑠𝑖 − 𝑉𝑖

𝑛
∑

𝑗=1
𝑉𝑗(𝐺𝑖𝑗×

sin 𝜃𝑖𝑗 − 𝐵𝑖𝑗 cos 𝜃𝑖𝑗) = 0,

(29)

where 𝑃𝑔𝑒,𝑖 and 𝑄𝑔𝑒,𝑖 are active and reactive power of generators at
HVAC bus 𝑖, 𝑃𝑙𝑜,𝑖 and 𝑄𝑙𝑜,𝑖 are active and reactive power of connected
loads, 𝑃 ′

𝑠𝑖 and 𝑄′
𝑠𝑖 are total consumed active and reactive power from

connected MVAC distribution systems at HVAC bus 𝑖 (Fig. 6(a)). Coeffi-
cient 𝜉 or 𝜁 = 1 and 𝜉 or 𝜁 = 0 refer to the HVAC buses with and without
connection of VSCs or MVAC distribution systems, respectively.

In the HVAC PF derivation process, the injected/consumed ac-
tive/reactive power (𝑃𝑠𝑖, 𝑃 ′

𝑠𝑖, 𝑄𝑠𝑖, 𝑄′
𝑠𝑖) from MVDC and MVAC distri-

bution networks at HVAC buses should be acquired first. The reactive
power 𝑄𝑠𝑖 can be obtained directly when VSCs adopt constant 𝑄𝑠𝑖
control, or adapts the reactive power output by a constant ac voltage
(𝑉𝑠𝑖) control mode [17]. In addition, the active and reactive power at
HVAC bus 𝑖 from connected MVAC systems can be derived from:
{

𝑃 ′
𝑠𝑖 = 𝑃𝑑𝑖 + 𝑅′

𝑒𝑖 ⋅ (𝑃
2
𝑑𝑖 +𝑄2

𝑑𝑖)∕𝑉
2
𝑑𝑖,

𝑄′
𝑠𝑖 = 𝑄𝑑𝑖 +𝑋′

𝑒𝑖 ⋅ (𝑃
2
𝑑𝑖 +𝑄2

𝑑𝑖)∕𝑉
2
𝑑𝑖.

(30)

Although the accurate active power 𝑃𝑠𝑖 cannot be directly obtained, it
can be first estimated to be the MVDC power 𝑃𝑑𝑐𝑚,𝑖 and will be updated
from the up-to-date HVAC PF [15]. The detailed MVAC and HVAC PF
calculation flowchart is shown in the right part of Fig. 5.

4. Power distribution analysis under different operating modes

Similar to ac distribution systems, MVDC distribution networks
can also adopt the scheme of open-loop operation with closed-loop
design [29] that corresponding MVDC terminals are initially isolated
and connected together by TSs for allowing power supply of all loads
after certain power failures [31]. Two generic closed-loop operation
modes for MVDC distribution systems are considered in this section,
including (i) normal closed-loop operation with multi-power source
6

supply (operation mode 1 - Fig. 8(a)), and (ii) closed-loop operation
after the outage of VSCs with power supply function (operation mode 2
- Fig. 8(b)). The proposed power redistribution analysis method only
considers the relationship between dc current and voltage by the in-
troduction of dynamic I/V droop coefficients, even when mixed P/V
and I/V droop control schemes coexist within the same system. This
approach allows for precise power redistribution calculations, given the
linear relationship between dc current and voltage deviations.

4.1. Generic closed-loop operation mode 1: Normal operation with multi-
power source supply

Assuming TSs are open in the initial operation state (open-loop
operation), the power would be redistributed within the MVDC network
after closing the TS. All TS-connected MVDC buses have identical
voltages, when TSs are closed in one switching station, if ignoring the
losses of switches.

It can be considered there is very small resistance between different
TS-connected MVDC buses [31], hence the (i) system conductance
𝐺𝑑𝑐𝑚,𝑖𝑗 and (ii) network current distribution are changed together. The
network currents are redistributed after the closing of TSs. The initial
MVDC terminal current without closing TSs is:

𝐼 𝑖𝑛𝑖𝑑𝑐𝑚,𝑖 = 𝐼 𝑖𝑛𝑖𝑙𝑖𝑛𝑒,𝑖1 + 𝐼 𝑖𝑛𝑖𝑙𝑖𝑛𝑒,𝑖2 +⋯ + 𝐼 𝑖𝑛𝑖𝑙𝑖𝑛𝑒,𝑖𝑛, (31)

where 𝐼𝑙𝑖𝑛𝑒,𝑖𝑗 = −(𝑉𝑑𝑐𝑚,𝑖 − 𝑉𝑑𝑐𝑚,𝑗 )𝐺𝑑𝑐𝑚,𝑖𝑗 (𝑗 = 1, 2,… , 𝑛 and 𝑗 ≠ 𝑖).
The terminal currents after closing TSs are expressed as (32) if a TS
between MVDC buses 𝑖 and ℎ is closed. Thus, the terminal current
deviations (33) are calculated by subtraction from (31) from (32),
and (33) can be further expressed as (34).

𝐼 𝑡𝑐𝑑𝑐𝑚,𝑖 = 𝐼 𝑡𝑐𝑙𝑖𝑛𝑒,𝑖1 + 𝐼 𝑡𝑐𝑙𝑖𝑛𝑒,𝑖2 +⋯ + 𝐼 𝑡𝑐𝑙𝑖𝑛𝑒,𝑖𝑛 + 𝐼𝑡𝑖𝑒,𝑖ℎ (32)

𝛥𝐼𝑑𝑐𝑚,𝑖 = 𝛥𝐼𝑙𝑖𝑛𝑒,𝑖1 + 𝛥𝐼𝑙𝑖𝑛𝑒,𝑖2 +⋯ + 𝛥𝐼𝑙𝑖𝑛𝑒,𝑖𝑛 + 𝐼𝑡𝑖𝑒,𝑖ℎ (33)

𝛥𝐼𝑑𝑐𝑚,𝑖 + (𝑉 𝑖𝑛𝑖
𝑑𝑐𝑚,𝑖 − 𝑉 𝑖𝑛𝑖

𝑑𝑐𝑚,ℎ)𝐺𝑑𝑐𝑚,𝑖ℎ = 𝐽 𝐼,𝑡𝑐
𝑑𝑐𝑚,𝑖𝑖𝛥𝑉𝑑𝑐𝑚,𝑖+

𝐽 𝐼,𝑡𝑐
𝑑𝑐𝑚,𝑖𝑗𝛥𝑉𝑑𝑐𝑚,𝑗 = 𝐺𝑡𝑐

𝑑𝑐𝑚,𝑖𝑖𝛥𝑉𝑑𝑐𝑚,𝑖 + 𝐺𝑡𝑐
𝑑𝑐𝑚,𝑖𝑗𝛥𝑉𝑑𝑐𝑚,𝑗

(𝑗 = 1, 2, 3,… , 𝑛, ℎ and 𝑗 ≠ 𝑖)

(34)

The TS branch conductance between MVDC buses 𝑖 and ℎ is also

included in (34), hence the dc current deviation vector 𝜟𝑰𝒅𝒄𝒎 in (18)
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Fig. 5. Flowchart of proposed sequential hybrid AC/MT-MTDC PF algorithm.

Fig. 6. HVAC-MVAC and MVDC-MVAC network link: (a) HVAC-MVAC network link, and (b) MVDC-MVAC network link.

Fig. 7. A feeder in an MVAC distribution system.
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Fig. 8. Two generic closed-loop operation modes in MVDC systems: (a) generic closed-loop operation mode 1, and (b) generic closed-loop operation mode 2.
should be replaced by:

𝜟𝑰𝒅𝒄𝒎 + 𝝐𝒕𝒄 (𝑽 𝒊𝒏𝒊
𝒅𝒄𝒎,𝝂 − 𝑽 𝒊𝒏𝒊

𝒅𝒄𝒎,𝜿)𝑮𝒅𝒄𝒎,𝝂𝜿 = 𝜟𝑰𝒅𝒄𝒎 +, (35)

where  = 𝝐𝒕𝒄 (𝑽 𝒊𝒏𝒊
𝒅𝒄𝒎,𝝂 − 𝑽 𝒊𝒏𝒊

𝒅𝒄𝒎,𝜿 )𝑮𝒅𝒄𝒎,𝝂𝜿 , 𝑽 𝒊𝒏𝒊
𝒅𝒄𝒎 and 𝑮𝒅𝒄𝒎,𝝂𝜿 are column

vectors, 𝜈 and 𝜅 refer to the connected MVDC buses of TSs, 𝜖𝑡𝑐 = 1
means the corresponding TSs are closed, while 𝜖𝑡𝑐 = 0 shows no corre-
sponding TSs closing. Due to no deviations of dc voltage and dc current
references (𝛥𝑉𝑑𝑐𝑟𝑒𝑓𝑚 = 0, 𝛥𝐼𝑑𝑐𝑟𝑒𝑓𝑚 = 0) after closing TSs, (9)–(12) can
be further simplified as (36) to (39), respectively.

𝛥𝑃 𝑃𝑉
𝑑𝑐𝑚,𝑖 = −𝐾𝑃𝑉 ,𝑣𝑠𝑐

𝑑𝑟𝑜𝑜𝑝,𝑖 𝛥𝑉
𝑃𝑉
𝑑𝑐𝑚,𝑖 (36)

𝛥𝐼𝐼𝑉𝑑𝑐𝑚,𝑖 = −𝐾𝐼𝑉 ,𝑣𝑠𝑐
𝑑𝑟𝑜𝑜𝑝,𝑖 𝛥𝑉

𝐼𝑉
𝑑𝑐𝑚,𝑖 (37)

𝛥𝑃 𝑃𝑉
𝑑𝑐𝑚∕𝑙,𝑘 = −𝐾𝑃𝑉 ,𝑑𝑐∕𝑑𝑐

𝑑𝑟𝑜𝑜𝑝,𝑘 𝛥𝑉 𝑃𝑉
𝑑𝑐𝑚,𝑘 (38)

𝛥𝐼𝑃𝑉𝑑𝑐𝑚,𝑘 = −𝐾𝐼𝑉 ,𝑑𝑐∕𝑑𝑐
𝑑𝑟𝑜𝑜𝑝,𝑘 𝛥𝑉 𝐼𝑉

𝑑𝑐𝑚,𝑘 (39)

Furthermore, the dc voltage and dc current deviations in all MVDC
buses can be calculated as (40) by combining (14), (18), (35), (37), (39)
if only I/V droop control is adopted for all VSCs and dc/dc converters.
Moreover, the dc power deviation 𝜟𝑷 𝒕𝒄

𝒅𝒄𝒎 can be further derived.

⎧

⎪

⎨

⎪

⎩

𝜟𝑽 𝑰𝑽 ,𝒕𝒄
𝒅𝒄𝒎 = (diag(𝑲𝑰𝑽

𝒅𝒓𝒐𝒐𝒑) +𝑮𝒕𝒄
𝒅𝒄𝒎)

−1

𝜟𝑰𝑰𝑽 ,𝒕𝒄
𝒅𝒄𝒎 = −diag(𝑲𝑰𝑽

𝒅𝒓𝒐𝒐𝒑)𝜟𝑽
𝑰𝑽 ,𝒕𝒄
𝒅𝒄𝒎

(40)

A matrix invertibility examination procedure (Fig. 9) is utilized to en-
sure the calculation effectiveness under the initially assumed resistance
𝑅𝑡𝑠,𝑖𝑛𝑖. The invertibility of the matrix (diag(𝑲𝑰𝑽

𝒅𝒓𝒐𝒐𝒑) + 𝑮𝒕𝒄
𝒅𝒄𝒎) in (40)

is examined by assessing its rank. In cases where the matrix is non-
invertible, the TS resistance 𝑅𝑡𝑠 is sequentially increased by a factor of
ten.

Since (40) cannot solve the power distribution for certain converters
with P/V droop control or constant dc power control, a dynamic I/V
droop coefficient 𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 is introduced and defined as (41), which also
serves the operation mode 2. The dc current/voltage deviations can be
first derived by (40) with estimated I/V droop constant (𝐾𝐼𝑉 𝑒𝑠𝑡,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝,𝜏 =
𝐾𝑃𝑉

𝑑𝑟𝑜𝑜𝑝,𝜏∕𝑉𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑) for P/V droop controlled-VSC or dc/dc converter 𝜏.
It should be noted that 𝐾𝐼𝑉 𝑒𝑠𝑡,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝,𝜏 = 0 for converter 𝜏 with constant dc
power control.

𝐼𝑉 ,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝 = 𝐾𝐼𝑉 𝑒𝑠𝑡,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 + 𝛥𝐾𝐼𝑉 ,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝 , (41)

and the left and right margins are:

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝛥𝐼𝑉 ,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝

=
−(𝜗𝐾𝐼𝑉 𝑒𝑠𝑡,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 + 𝛩𝐾𝐼𝑉 𝑣𝑖𝑟,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝 )𝛿𝑑𝑟𝑜𝑜𝑝

1 + 𝛿𝑑𝑟𝑜𝑜𝑝

𝛥𝐼𝑉 ,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝

=
(𝜗𝐾𝐼𝑉 𝑒𝑠𝑡,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 + 𝛩𝐾𝐼𝑉 𝑣𝑖𝑟,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝 )𝛿𝑑𝑟𝑜𝑜𝑝

1 − 𝛿𝑑𝑟𝑜𝑜𝑝
,

(42)

where a virtual droop constant 𝐾𝐼𝑉 𝑣𝑖𝑟,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝 is defined (𝐾𝐼𝑉 𝑣𝑖𝑟,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 =
(𝑉 2 𝛿 )−1𝑃 ) for a VSC or dc/dc converter with constant
8

𝑑𝑐𝑚,𝑟𝑎𝑡𝑒𝑑 𝑑𝑟𝑜𝑜𝑝 𝑑𝑐,𝑟𝑎𝑡𝑒𝑑
dc power control, 𝜗 = 1−𝛩 = 1 and 0 refer to a VSC or dc/dc converter
with P/V droop control and constant dc power control, respectively.

The dc power, current and voltage deviations will be changed with
the variation of 𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 . In addition, the actual droop constant for P/V
droop controlled converters can also be expressed as (43) from (36) and
(38).

⎧

⎪

⎨

⎪

⎩

𝐾𝑃𝑉 ,𝑣𝑠𝑐
𝑑𝑟𝑜𝑜𝑝,𝑖 = −𝛥𝑃 𝑃𝑉

𝑑𝑐𝑚,𝑖∕𝛥𝑉
𝑃𝑉
𝑑𝑐𝑚,𝑖

𝐾𝑃𝑉 ,𝑑𝑐∕𝑑𝑐
𝑑𝑟𝑜𝑜𝑝,𝑘 = −𝛥𝑃 𝑃𝑉

𝑑𝑐𝑚∕𝑙,𝑘∕𝛥𝑉
𝑃𝑉
𝑑𝑐𝑚,𝑘

(43)

The Fibonacci search method is used in the range of [𝛥𝐼𝑉 ,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝

,𝛥𝐼𝑉 ,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝

]

to find a proper 𝐼𝑉 ,𝑝𝑣
𝑑𝑟𝑜𝑜𝑝,𝜏 that satisfies:

‖𝜳 𝝉‖∞ < 𝜀𝑘,𝑡𝑐 , and (44)

𝜳 𝝉 = [𝐾𝑃𝑉 ,𝑡𝑎𝑟
𝑑𝑟𝑜𝑜𝑝,1 +

𝛥𝑃𝑑𝑐𝑚∕𝑙,1
𝛥𝑉𝑑𝑐𝑚,1

,… , 𝐾𝑃𝑉 ,𝑡𝑎𝑟
𝑑𝑟𝑜𝑜𝑝,𝑜 +

𝛥𝑃𝑑𝑐𝑚∕𝑙,𝑜
𝛥𝑉𝑑𝑐𝑚,𝜏

]−1, where 𝐾𝑃𝑉 ,𝑡𝑎𝑟
𝑑𝑟𝑜𝑜𝑝 is the

pre-specified droop constant for VSC or dc/dc converter with P/V droop
control. Following the flowchart in the left box of Fig. 10, the power
distribution for an MT-MTDC distribution system under mixed P/V and
I/V droop control after TSs closing can be finally derived.

4.2. Generic closed-loop operation mode 2: Operation after the outage of
VSCs with power supply function

Under the normal closed-loop operation mode, ac and dc loads
in an MVDC system are supplied by multiple sources ensuring at
least 𝑁 − 1 safety principles. The remaining VSCs with power supply
mode still have the capability to deliver power to all loads by clos-
ing corresponding TSs after the outage of certain VSCs. The power
distribution calculation after the possible outage of VSCs with power
supply function can be divided into three stages: (i) TS closing, (ii)
converter outage, and (iii) line disconnection. This process is executed
in a sequential manner, beginning with Stage 1 and progressing through
to Stage 3.

4.2.1. TS closing (stage 1)
It is necessary to close corresponding TSs when certain VSCs with

the power supply function quit operation for avoiding load power fail-
ure. Following the calculation process in Section 4.1, the dc
power/current and voltage deviations when corresponding TSs are in
the NC state can be obtained, which is the first calculation stage.
Moreover, the current dc power/current and voltage in all terminals
are used in the next calculation stage.

4.2.2. Converter outage (stage 2)
The outage of the source-connected VSC 𝜐 under P/V or converter

𝜔 under I/V droop control in an MVDC system can be summarized as:
{

𝛥𝑃 𝑃𝑉
𝑑𝑐𝑟𝑒𝑓𝑚,𝜐 = −𝑃 𝑃𝑉

𝑑𝑐𝑚,𝜐,
𝑃𝑉

(45)

𝐾𝑑𝑟𝑜𝑜𝑝,𝜐 = 0,
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Fig. 9. Matrix invertibility checking procedure after closing TSs.

Fig. 10. Flowchart of the proposed power distribution analysis method in MT-MVDC systems under two operation modes.
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or
{

𝛥𝐼𝐼𝑉𝑑𝑐𝑟𝑒𝑓𝑚,𝜔 = −𝐼𝐼𝑉𝑑𝑐𝑚,𝜔,

𝐾𝐼𝑉
𝑑𝑟𝑜𝑜𝑝,𝜔 = 0.

(46)

upposing 𝛥𝑉𝑑𝑐𝑟𝑒𝑓𝑚 = 0, (9) and (10) are simplified as (47), (48), (38),
39), respectively.

𝑃 𝑃𝑉
𝑑𝑐𝑚,𝑖 − 𝛥𝑃 𝑃𝑉

𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 = −𝐾𝑃𝑉 ,𝑣𝑠𝑐
𝑑𝑟𝑜𝑜𝑝,𝑖 𝛥𝑉

𝑃𝑉
𝑑𝑐𝑚,𝑖 (47)

𝐼𝐼𝑉𝑑𝑐𝑚,𝑖 − 𝛥𝐼𝐼𝑉𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 = −𝐾𝐼𝑉 ,𝑣𝑠𝑐
𝑑𝑟𝑜𝑜𝑝,𝑖 𝛥𝑉

𝐼𝑉
𝑑𝑐𝑚,𝑖 (48)

f all VSCs and dc/dc converters are with I/V droop control, (49)
an be obtained by combining (14), (18), (39), (48), and the power
istribution can be derived by replacing (46) into (49).

⎧

⎪

⎨

⎪

⎩

𝜟𝑽 𝑰𝑽 ,𝒄𝒐
𝒅𝒄𝒎 = (diag(𝑲𝑰𝑽

𝒅𝒓𝒐𝒐𝒑) +𝑮𝒄𝒐
𝒅𝒄𝒎)

−1𝜟𝑰𝑰𝑽 ,𝒄𝒐
𝒅𝒄𝒓𝒆𝒇𝒎

𝜟𝑰𝑰𝑽 ,𝒄𝒐
𝒅𝒄𝒎 = −diag(𝑲𝑰𝑽

𝒅𝒓𝒐𝒐𝒑)𝜟𝑽
𝑰𝑽 ,𝒄𝒐
𝒅𝒄𝒎 + 𝜟𝑰𝑰𝑽 ,𝒄𝒐

𝒅𝒄𝒓𝒆𝒇𝒎

(49)

n order to calculate the power distribution under mixed P/V and
/V droop control, the dynamic coefficient 𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝 is also used in this
tage, while the droop constant for P/V droop control after converter
utage should also follow (43) from (38) and (47) due to 𝛥𝑃 𝑃𝑉

𝑑𝑐𝑟𝑒𝑓𝑚,𝑖 =
. Similarly, a proper 𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝,𝑜 can be found by the Fibonacci search
ethod in the range of [𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝
,𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝
] that meet:

𝜳 𝒐‖∞ < 𝜀𝑘,𝑐𝑜, and (50)

𝒐 = [𝐾𝑃𝑉 ,𝑡𝑎𝑟
𝑑𝑟𝑜𝑜𝑝,1 +

𝛥𝑃𝑑𝑐𝑚∕𝑙,1
𝛥𝑉𝑑𝑐𝑚,1

,… , 𝐾𝑃𝑉 ,𝑡𝑎𝑟
𝑑𝑟𝑜𝑜𝑝,1 +

𝛥𝑃𝑑𝑐𝑚∕𝑙,𝑜
𝛥𝑉𝑑𝑐𝑚,𝑜

]−1 for VSC or dc/dc
converter 𝑜 with P/V droop control.

4.2.3. Line disconnection (stage 3)
The system conductance matrix and network current distribution

would change after any line disconnection. However, tripping of lines
connected to the isolated VSCs is not included in calculation Stage 2.
Therefore, the power distribution calculation after line disconnection is
conducted in this stage.

It should be noted that the isolated converter terminals are not
included in the following calculations. Eq. (51) shows the derived
terminal currents in stage 2. The terminal currents after line tripping
are expressed as (52) if a line between terminals 𝑖 and 𝑔 is tripped. Thus,
the terminal current deviations (53) are calculated by subtracting (51)
from (52).

𝐼𝑐𝑜𝑑𝑐𝑚,𝑖 = 𝐼𝑐𝑜𝑙𝑖𝑛𝑒,𝑖1 +⋯ + 𝐼𝑐𝑜𝑙𝑖𝑛𝑒,𝑖𝑔 +⋯ + 𝐼𝑐𝑜𝑙𝑖𝑛𝑒,𝑖𝑛 + 𝐼𝑐𝑜𝑡𝑖𝑒,𝑖ℎ (51)

𝐼 𝑡𝑟𝑖𝑝𝑑𝑐𝑚,𝑖 = 𝐼 𝑡𝑟𝑖𝑝𝑙𝑖𝑛𝑒,𝑖1 +⋯ + 0 +⋯ + 𝐼 𝑡𝑟𝑖𝑝𝑙𝑖𝑛𝑒,𝑖𝑛 + 𝐼 𝑡𝑟𝑖𝑝𝑡𝑖𝑒,𝑖ℎ (52)

𝛥𝐼𝑑𝑐𝑚,𝑖 = 𝛥𝐼𝑙𝑖𝑛𝑒,𝑖1 +⋯ − 𝐼𝑐𝑜𝑙𝑖𝑛𝑒,𝑖𝑔 +⋯ + 𝛥𝐼𝑙𝑖𝑛𝑒,𝑖𝑛 + 𝛥𝐼𝑡𝑖𝑒,𝑖ℎ (53)

Similar to the derivation of (34), (53) can also be expressed as (54),
which does not include the line conductance 𝐺𝑖𝑔 .

𝛥𝐼𝑑𝑐𝑚,𝑖 + 𝐼𝑐𝑜𝑙𝑖𝑛𝑒,𝑖𝑔 = 𝐺𝑙𝑡
𝑑𝑐𝑚,𝑖𝑖𝛥𝑉𝑑𝑐𝑚,𝑖 + 𝐺𝑙𝑡

𝑑𝑐𝑚,𝑖𝑗𝛥𝑉𝑑𝑐𝑚,𝑗
(𝑗 ≠ 𝑖 and 𝑗 ≠ 𝑔)

(54)

Therefore, (55) should be used in the calculation of Stage 3.

𝜟𝑰𝒅𝒄𝒎 + 𝝐𝒍𝒕𝑰𝒄𝒐
𝒍𝒊𝒏𝒆,𝝀𝝁 = 𝜟𝑰𝒅𝒄𝒎 + (55)

here  = 𝝐𝒍𝒕𝑰𝒄𝒐
𝒍𝒊𝒏𝒆,𝝀𝝁, 𝜆 and 𝜇 refer to the connected MVDC buses

f tripped lines, 𝜖𝑙𝑡 = 1 means the corresponding lines are tripped,
hile 𝜖𝑙𝑡 = 0 shows no corresponding line tripping. The voltage
nd current deviations in all terminals at Stage 3 can be calculated
s (56), if all VSCs and dc/dc converters adopt I/V droop control, by
ombining (14), (18), (37), (39), (55).

⎧

⎪

⎨

⎪

𝜟𝑽 𝑰𝑽 ,𝒍𝒕
𝒅𝒄𝒎 = (diag(𝑲𝑰𝑽

𝒅𝒓𝒐𝒐𝒑) +𝑮𝒍𝒕
𝒅𝒄𝒎)

−1

𝜟𝑰𝑰𝑽 ,𝒍𝒕
𝒅𝒄𝒎 = −diag(𝑲𝑰𝑽

𝒅𝒓𝒐𝒐𝒑)𝜟𝑽
𝑰𝑽 ,𝒍𝒕
𝒅𝒄𝒎

(56)
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Table 1
Parameters of converters in the MVDC test system.

Parameters C1 C2 C3 C4 C5 C6 C7 C8

𝑃𝑑𝑐𝑟 (MW) 20 20 6 6 7 7 4 3
𝑉𝑑𝑐𝑚𝑟 (kV) 20 20 20 20 20 20 20 20
𝛿𝑑𝑟𝑜𝑜𝑝 0.1 0.1 / / / / 0.1 0.1
𝐾𝑑𝑟𝑜𝑜𝑝 10a 0.5b 0 0 0 0 2a 0.075b

a P/V droop (MW/kV).
b I/V droop (kA/kV).

Table 2
Pre-specified steady-state conditions.

Parameters T1 T2 T3 T4 T5 T6 T7 T8

𝑃𝑑𝑐 Case1 / / / / / / 2 /
(MW) Case2 / / −5 / / −6a 2 /

𝑉𝑑𝑐 Case1 20 / / / / / / /
(kV) Case2 20 / / / / / / /

𝐼𝑑𝑐 Case1 / 0.5 −0.25 −0.25 −0.3 −0.3 / 0.05
(kA) Case2 / 0.5 / −0.25 −0.3 / / 0.05

a dc power at the LV side of dc/dc converters.

Similar to the dc power/voltage deviation searching process after TS
closing in Section 4.1, a proper 𝐼𝑉 ,𝑝𝑣

𝑑𝑟𝑜𝑜𝑝,𝜄 can also be found for P/V
droop-controlled converter 𝜄 if

‖𝜳 𝜾‖∞ < 𝜀𝑘,𝑙𝑡, and (57)

𝜾 = [𝐾𝑃𝑉 ,𝑡𝑎𝑟
𝑑𝑟𝑜𝑜𝑝,1 +

𝛥𝑃𝑑𝑐𝑚∕𝑙,1
𝛥𝑉𝑑𝑐𝑚,1

,… , 𝐾𝑃𝑉 ,𝑡𝑎𝑟
𝑑𝑟𝑜𝑜𝑝,𝜌 +

𝛥𝑃𝑑𝑐𝑚∕𝑙,𝜄
𝛥𝑉𝑑𝑐𝑚,𝜄

]−1.
Hence, the total dc power, current and voltage deviations in all MV

terminals are 𝜟𝑰 𝒕𝒄
𝒅𝒄𝒎 + 𝜟𝑰𝒄𝒐

𝒅𝒄𝒎 + 𝜟𝑰 𝒍𝒕
𝒅𝒄𝒎, 𝜟𝑷 𝒕𝒄

𝒅𝒄𝒎 + 𝜟𝑷 𝒄𝒐
𝒅𝒄𝒎 + 𝜟𝑷 𝒍𝒕

𝒅𝒄𝒎 and
𝜟𝑽 𝒕𝒄

𝒅𝒄𝒎+𝜟𝑽 𝒄𝒐
𝒅𝒄𝒎+𝜟𝑽 𝒍𝒕

𝒅𝒄𝒎 respectively, then the final power distribution
is acquired under such scenario.

5. Case study

A real-time hybrid AC/MT-MVDC test model (Fig. 11), incorporat-
ing an MT-MVDC distribution system with distributed generators and
ac/dc loads and modified IEEE 14/33/69 bus systems, is carried out in
RSCAD/RTDS to verify the accuracy of the proposed PF algorithm and
power distribution analysis method. The MT-MVDC distribution system
is expanded from Suzhou industrial park pilot MVDC project [36].
Table 1 lists the parameters of different converters. Converters 1 and 7
(VSCs) adopt P/V droop control, I/V droop control is used in converter
2 (VSC) and converter 8 (dc/dc converter), while other VSCs and dc/dc
converters are with constant dc power or dc current control mode. In
addition, the reactive power is regulated in VSCs 1, 2 and 4 (0 MVar),
the ac voltage control is adopted in VSCs 2, 5 and 6 (147.66 kV for
VSC2, 0.4 kV for VSC5, 0.69 kV for VSC6).

5.1. Initial PF of the hybrid AC/MT-MVDC test system

In the initial operation state, the TS in switching station is open
and the pre-specified conditions under two cases are shown in Table 2.
In case 1, there are one known dc power and 7 known dc currents,
while 3 dc power and 4 dc current values are known for case 2. The
second case aims to verify the effectiveness of the external searching
method when applied to multiple estimated dc current values. The
initial PF is implemented using Python with an Intel Core i7-10700
CPU @ 2.90 GHz, 16.0 GB of RAM and a 64-bit Windows 10 operating
system.

There are one and three unknown variables (dc currents) in convert-
ers 3, 6 and 7 that need to be obtained from the FSNR algorithm under
case 1 and case 2, respectively. The dc currents in converters 3, 6 and 7
are first estimated as −0.25 kA, −0.3 kA and 0.1 kA, respectively. With

the pre-defined searching ranges ([−0.033, 0.027] kA for converter 3,
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Fig. 11. Hybrid AC/MT-MVDC network incorporating an MT-MVDC distribution system and modified IEEE 14/33/69 bus systems.
[−0.028, 0.023] kA for converter 6, [−0.017, 0.014] kA for converter 7)
and iteration targets based on (21) and (23), the accurate dc current
values can be found for the two cases. In addition, the dc power at the
MVDC bus of converter 6 under case 3 should be calculated based on
the known dc power value at the LVDC bus (−6 MW) and equivalent
dc/dc converter resistance (set as 0.1 Ω). The A∗ shortest path search
approach [27] is used to accelerate the searching speed for case 2 with
three unknown variables that the dc current in converters 3, 6 and 7
close to the target value is selected to be first corrected.

The conventional decoupled sequential method [15] requires es-
tablishing 9 and 25 sub-Jacobian matrices for solving dc PF with the
initial steady-state conditions listed in Table 2 under case 1 and case 2,
respectively. However, only one Jacobian matrix (18) is constructed
in the proposed algorithm, although there are 4 and 8 external cor-
rection iterations under case 1 and case 2, respectively. Moreover, the
proposed FSNR dc PF algorithm only needs 2 iterations in each external
correction iteration since only conductance is included in the Jacobian
matrix, while 4 iterations are required in the conventional decoupled
sequential method. It should be emphasized that the efficiency of the
proposed dc PF algorithm is free from the influence of the future large-
scale expansion of MVDC systems, as the quantity of external iterations
relies exclusively on the initial dc power values.

In the following HVAC/MVAC PF computation, the HVAC (IEEE 14
bus transmission system) PF is solved after obtaining the total con-
sumed active and reactive power of connected MVDC and MVAC
11
distribution systems. The equivalent impedance for the transformer in
VSC station is 𝑅𝑒 = 0.006 p.u., 𝑋𝑒 = 0.18 p.u., and 1 = 0.003 p.u.,
2 = 0.004 p.u., 3 = 0.004 p.u. for the converter power loss calculation
of VSCs. During the MVAC PF derivation process, the BFS method is
used and the total power consumptions are (3.918 + 𝑗2.435) MVA and
(4.027 + 𝑗2.795) MVA for IEEE 33 and 69 bus distribution systems,
respectively.

In order to demonstrate the validity and efficiency of the proposed
PF algorithm in hybrid AC/MT-MVDC system, the conventional se-
quential coupled and decoupled PF algorithms for HVDC transmission
systems are partially modified that dc/dc converters and MVAC dis-
tribution networks are further considered. The PF comparison results
listed in Table 3 demonstrate the validity of presented sequential PF
algorithm. Moreover, the computation efficiency comparison results
in Table 4 show the efficiency superiority of presented PF algorithm,
whereas external correction iterations in the MVDC PF part could be
required if certain dc power values are known to initialize the MVDC
PF.

5.2. Power distribution when TS is in NC state under case 2

A very small resistance (𝑅𝑡𝑠,𝑖𝑛𝑖 = 10−5 Ω) between T5 and T6 is
assumed for TS, and rank

(

diag(𝑲𝑰𝑽
𝒅𝒓𝒐𝒐𝒑) +𝑮𝑡𝑐

𝒅𝒄𝒎

)

= 8 showing 10−5 Ω
is a reasonable value for further calculation. The redistributed power
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Table 3
Comparison of PF results.

Converters 𝑃𝑑𝑐𝑚 𝐼𝑑𝑐𝑚 𝑉𝑑𝑐𝑚 𝑃𝑠 𝑄𝑠 𝑉𝑠
(MW) (kA) (kV) (MW) (MVar) (kV)

Alg.1 8.99 0.45 20.00 9.14 0 146.28
VSC1 Alg.2 8.99 0.45 20.00 9.14 0 146.28
(Case1) Presented 8.99 0.45 20.00 9.14 0 146.28

RSCAD 8.99 0.45 20.00 9.12 0 146.25

Alg.1 9.39 0.47 20.00 9.54 0 146.28
VSC1 Alg.2 9.39 0.47 20.00 9.54 0 146.28
(Case2) Presented 9.39 0.47 20.00 9.54 0 146.28

RSCAD 9.39 0.47 20.00 9.52 0 146.26

Alg.1 −5.82 −0.3 19.39 / / /
DC/DC1 Alg.2 −5.82 −0.3 19.39 / / /
(Case1) Presented −5.82 −0.3 19.39 / / /

RSCAD −5.82 −0.3 19.39 / / /

Alg.1 −6.01 −0.31 19.34 / / /
DC/DC1 Alg.2 −6.01 −0.31 19.34 / / /
(Case2) Presented −6.01 −0.31 19.34 / / /

RSCAD −6.01 −0.31 19.34 / / /

Alg.1: Conventional coupled sequential PF algorithm [34]
Alg.2: Conventional decoupled sequential PF algorithm [15].
Fig. 12. Waveforms of dc power/current and voltage in all MVDC terminals after closing TS: (a) dc power, (b) dc current and (c) dc voltage.
t
t
o
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Table 4
Algorithm efficiency comparison.

Algorithms Iterations (DC) Iterations (AC) Time (ms)
HV14∕MV33∕MV69

Alg.1 9 13∕4∕4 1159.1
Case1 Alg.2 4 4∕4∕4 546.6

Presented 2 × 4 4∕4∕4 567.6

Alg.1 9 13∕4∕4 1159.1
Case2 Alg.2 4 4∕4∕4 546.6

Presented 2 × 8 4∕4∕4 638.4

distribution when the TS is in NC state can be calculated by (40). More-
over, four dynamic droop coefficients are introduced for P/V droop
control-based VSC1, VSC6 and constant dc power control-based VSC3,
DC/DC converter 1. The newly obtained droop coefficients (kA/MW)
for VSC1, VSC3, DC/DC converter 1 and VSC6 are 0.5255, −0.0134,
−0.0159 and 0.1055, respectively with searching range and target value
following (42) and (43), respectively.

The real-time simulation results after closing the TS at 0.5 s in
switching station are shown in Fig. 12. Moreover, all the calculation
12

and simulation data are listed in Table 5.
5.3. Power distribution after VSC1 or VSC2 outage under case 2

The influence of VSC1 and VSC2 outage to the power distribution
is tested that VSC1 (VSC2) is isolated and line1, line2 (line3, line4) are
disconnected at 0.5 s after opening 𝑆1 and 𝑆2 (𝑆3 and 𝑆4). In addition,
he TS is closed in order to ensure the load power supply. The calcula-
ion results of power/current variations and voltage deviations can be
btained by the proposed three-stage calculation method in Section 4.2.
he power distribution in the first calculation stage has been obtained

n Section 5.2. In the second calculation stage (VSC1 or VSC2 outage),
he droop constant of VSC1 or VSC2 is set as zero and the dc current
eference deviations are −0.51 kA and −0.46 kA for VSC1 and VSC2,
espectively. The obtained droop coefficients (kA/MW) after VSC1
utage for VSC3, DC/DC1 and VSC6 are −0.0141, −0.0168 and 0.1101,

respectively. In addition, the derived droop coefficients (kA/MW) after
VSC2 outage for VSC1, VSC3, DC/DC1 and VSC6 are 0.5441, −0.0139,
−0.0165, 0.1102, respectively. In the third calculation stage (line dis-
connection), the corresponding droop coefficients (kA/MW) require
to be further modified that −0.0150, −0.0179, 0.1150 are for VSC3,
DC/DC1, VSC6 under VSC1 outage, and 0.5622, −0.0145, −0.0173,
0.1147 are for VSC1, VSC3, DC/DC1, VSC6 under VSC1 outage.
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Fig. 13. Waveforms of dc power/current and voltage in all MVDC terminals after VSC1 outage: (a) dc power, (b) dc current and (c) dc voltage.
Fig. 14. Waveforms of dc power/current and voltage in all MVDC terminals after VSC2 outage: (a) dc power, (b) dc current and (c) dc voltage.
Table 5
Power distribution after closing TS in switching station.

Terminals T1 T2 T3 T4 T5 T6 T7 T8

𝑃𝑑𝑐𝑚 Calculation 10.16 9.29 −5.00 −4.87 −5.85 −6.01 1.90 0.93
(MW) RSCAD 10.16 9.29 −5.00 −4.87 −5.85 −6.01 1.90 0.93

𝐼𝑑𝑐𝑚 Calculation 0.51 0.46 −0.26 −0.25 −0.30 −0.31 0.10 0.05
(MW) RSCAD 0.51 0.46 −0.26 −0.25 −0.30 −0.31 0.10 0.05

𝑉𝑑𝑐𝑚 Calculation 19.92 20.04 19.40 19.47 19.51 19.51 19.91 19.77
(kV) RSCAD 19.92 20.04 19.40 19.47 19.51 19.51 19.91 19.77
Figs. 13 and 14 show the waveforms of dc power and voltage in all
erminals following VSC1 and VSC2 outage, respectively. Tables 6 and
list the corresponding calculation and real-time simulation results.

. Discussion and conclusion

The proposed sequential PF algorithm has the following advantages:
1) it is suitable for the initial PF determination of hybrid AC/MT-
VDC distribution systems that the HVAC/MVAC PF is computed after

he convergence of MVDC PF, and the VSCs and dc/dc converters
re considered together in the PF derivation; (2) the MVDC bus type
13
definition is simplified and the solution of multiple Jacobian matri-
ces can be avoided by presented FSNR approach; (3) the definition
of single dc current bus type leads to a constant MVDC Jacobian
matrix which reduces the number of iterations, although additional
external correction iterations are required for dc power buses. (4) the
total HVAC PF iterations are fewer than the coupled sequential PF
method with several overall HVAC and MVDC PF iterations; Therefore,
the proposed PF algorithm offers high availability and reliability in
planning and designing future MVDC networks. The PF results from
the proposed algorithm, modified conventional algorithms and real-
time simulation with RTDS validate the accuracy and efficiency of the
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Table 6
Power distribution after VSC1 outage.

Terminals T2 T3 T4 T5 T6 T7 T8

𝑃𝑑𝑐𝑚 Calculation 16.32 −5.00 −4.60 −5.48 −6.01 3.59 2.22
(MW) RSCAD 16.32 −5.00 −4.60 −5.48 −6.01 3.59 2.22

𝐼𝑑𝑐𝑚 Calculation 0.85 −0.27 −0.25 −0.30 −0.33 0.19 0.12
(kA) RSCAD 0.85 −0.27 −0.25 −0.30 −0.33 0.19 0.12

𝑉𝑑𝑐𝑚 Calculation 19.27 18.25 18.41 18.25 18.25 19.06 18.82
(kV) RSCAD 19.27 18.25 18.41 18.25 18.25 19.06 18.82
Table 7
Power distribution after VSC2 outage.

Terminals T1 T3 T4 T5 T6 T7 T8

𝑃𝑑𝑐𝑚 Calculation 16.56 −5.00 −4.66 −5.58 −6.01 3.46 1.97
(MW) RSCAD 16.56 −5.00 −4.66 −5.58 −6.01 3.46 1.97

𝐼𝑑𝑐𝑚 Calculation 0.86 −0.27 −0.25 −0.30 −0.32 0.18 0.10
(kA) RSCAD 0.86 −0.27 −0.25 −0.30 −0.32 0.18 0.10

𝑉𝑑𝑐𝑚 Calculation 19.28 18.54 18.66 18.59 18.59 19.13 19.02
(kV) RSCAD 19.28 18.54 18.66 18.59 18.59 19.13 19.02
proposed decoupled sequential PF algorithm for hybrid AC/MT-MVDC
systems.

The presented steady-state power distribution analysis method can
be used to evaluate the post-event operational security of MT-MVDC
systems, by solving the power redistribution in MVDC networks of dif-
ferent closed loop operation modes under coordinated droop control in
VSCs and dc/dc converters. For P/V droop-controlled VSCs and dc/dc
converters, dynamic I/V droop coefficients are employed for finding
the actual dc power, current and voltage deviations according to corre-
sponding P/V droop characteristics. It is worth noting that the power
distribution analysis method can achieve zero error calculation as the
dc current deviation is linearly related to the dc voltage deviation. The
power distribution results from real-time simulation in two closed loop
operation modes demonstrate the accuracy of this analysis approach.
The proposed method has limitations that future work could address,
including the need to incorporate additional constraints for optimizing
network losses and minimizing generation costs. However, the pro-
posed hybrid AC/MT-MVDC power flow algorithm, in conjunction with
the post-event steady-state power distribution analysis method, already
provides accurate and efficient initial power flow determination and
precise post-event power redistribution calculations.
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