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In a multiterminal DC (MTDC) system with a large number of different types of energy storage
devices, the AC terminals and the energy storage devices need to cooperate to maintain the
stability of the DC bus voltage. Due to the difference in the dynamic and static power capability
of each energy storage unit, the dynamic and static power should be distributed separately. To
solve the above problems, an adaptive droop control strategy based on the dynamic and static
power decoupling is proposed in this paper. The impact of the virtual impedance values on the
dynamic and static power flows between the DC voltage regulating terminals operating with
the RC droop method is analyzed. Through optimized virtual capacitance and adaptive virtual
resistance, the dynamic power and static power can be distributed according to the PCS
capacity and the available charge–discharge battery capacity, respectively. In addition, a
simple secondary control method is adopted to compensate the static deviation of the DCbus
voltage. Finally, a six-terminal MTDC system model is established in Matlab/Simulink, and the
simulation results verify the feasibility and effectiveness of the proposed control strategy.

Keywords: multiterminal DC system, adaptive droop control, dynamic power and static power decoupling, droop
parameters design, secondary control

INTRODUCTION

A multiterminal DC (MTDC) system has become a research hotspot because of its advantages such
as easy access of energy storage devices, strong power regulation ability, easy realization of power
flow reversal, flexible transmission mode, and reliable power supply (Zheng et al., 2020a; Zheng et al.,
2020b). Along with the deep-going of the research, the access terminal of an MTDC system is more
and more complex, such as AC side with three-phase unbalanced load, renewable energy resources,
and weak AC grid (Davari andMohamed, 2013; Huang et al., 2020; Yang et al., 2020; Ma et al., 2021).
Specifically, with the increasing proportion of renewable energy resources and application demand of
weak AC power grid, it is necessary to configure a large number of different types of energy storage
devices in an MTDC system to maintain the power balance of the system. In such an MTDC system
with high proportion of energy storage, the system is no longer dominated by the AC terminals.
Therefore, the AC terminals and the energy storage devices need to cooperate to maintain the
instantaneous power balance of the system, so as to maintain the stability of the DC bus voltage.

For an MTDC system with large capacity energy storage, it is necessary to establish a multilayer
cooperative control structure. The multilayer cooperative control structure must be suitable for an
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MTDC system with any number of AC terminals or DC terminals
to ensure the voltage stability of the DC bus. At present, the typical
cooperative control strategies are the master–slave control, DC
voltage margin control, and DC voltage droop control (Chen et al.,
2010; Beerten et al., 2014; Wang et al., 2015; Wei et al., 2021).
Among them, the multilayer cooperative control structure based
on the DC voltage drop control is more competitive because of its
lower communication requirements and better expansibility
(Gavriluta et al., 2013; Gavriluta et al., 2015; Zhang et al., 2020).
In the work of Gavriluta et al. (2013) and Gavriluta et al. (2015), an
improved primary control based on the droop control and dc bus
signaling is proposed, which provides modularity and extendibility
to the system. Zhang et al. (2020) proposed a novel droop control
with power margin correction factor and the corresponding
system-level operation strategy, which improves the operation
states and control parameters of the MTDC system. However,
the droop control is a kind of upper control method, and its output
command needs to be executed by power conversion system (PCS)
of each regulating terminal. Due to the differences in circuit
structures and control methods, the performance of different
regulating terminals may deviate greatly even executing the
same droop command. Therefore, when establishing converter
control methods for different types of terminals, it is necessary to
ensure that they have consistent droop command execution
characteristics. Subsequently, any type of terminal can be
equivalent to a unified regulating terminal model, which
improves the extendibility of the droop control.

The distribution of the total regulated power is another problem
worthy of further study. The traditional droop control defines the
droop coefficient as the ratio of the maximum power margin to the
maximum voltage margin (Haileselassie and Uhlen, 2012;
Rouzbehi et al., 2015; Abdel-Khalik et al., 2016; Cao et al., 2018;
Kirakosyan et al., 2018). The disadvantage of thismethod is that the
droop coefficient is a constant, which is not suitable for changing
operation conditions. To achieve better performance, some
schemes for adapting the droop coefficients are proposed (Chen
et al., 2017; Wang et al., 2018; Li et al., 2020). The work of
Dragicevic et al. (2013) and Gavriluta et al. (2014) shows that
the droop coefficient can be changed adaptively according to the
SOC of energy storage units, so as to ensure the balance of SOC in
different energy storage units. The SOC adaptive drop control is
excellent for the MTDC system with the same rated capacity of
different energy storage units. However, unreasonable situation
that the energy storage units with the same SOC but huge capacity
difference bear the same static power will occur if the rated capacity
of energy storage units is inconstant. In such anMTDC system, the
available charge–discharge capacities may be considered as
adaptive parameters to maintain the SOC balance in different
energy storage units.

Due to the differences in rated capacity of PCSs, the dynamic
power capability of different regulating terminals is also different.
Furthermore, the dynamic and static power capability of each
regulating terminal may also be different. Therefore, the
disturbance power of an MTDC system should be decoupled
into dynamic and static components and properly distributed.
To solve the problem, the power distribution method of hybrid
energy storage devices in the DC microgrid can be used for

reference. In the work of Xu et al., 2017; Zhang and Wei Li,
2017; and Shi et al., 2019, the hybrid energy storage is composed of
a battery and super-capacitor. The battery adopts virtual resistance
droop control to bear a low-frequency power component, while the
super-capacitor adopts virtual capacitance droop control to bear a
high-frequency power component, which realizes the dynamic and
static power decoupling. In the work of Chen et al., 2019, the
disturbance power is divided into different frequency bands in the
form of a virtual resistor and a virtual capacitor in series, which are
shared by different types of energy storage devices.

For an MTDC system with high-capacity energy storage, this
paper proposes an improved RC droop control with adaptive
virtual resistance, which improves the dynamic and static power
distribution performance and the system extendibility. The
contributions of this paper are as follows:

1) Any DC or AC terminal can be equivalent to a unified
controllable DC voltage source model regulated by upper
voltage command. The unified model can be extended to
the MTDC system with any number of AC and DC hybrid
regulating terminals.

2) The upper RC droop control strategy generates voltage
regulation commands of each unified voltage source model,
separates the system disturbance power into dynamic and
static components, and distributes them reasonably among
regulation terminals.

3) The static power is distributed according to the available
charge–discharge capacity of the battery at each DC
regulating terminal by adaptive adjustment of virtual
resistance, which achieves the consistency of the charging
and discharging process at each storage unit.

SYSTEM STRUCTURE AND MODELING

The modular multilevel converter (MMC) is one of the popular
topologies in the MTDC system. Figure 1 shows the structure
diagram of the six-terminal MTDC system in which two
terminals are connected to the weak AC grids through the
AC/DC MMC. One terminal is connected to the strong AC
grid through the AC/DC MMC, another terminal is connected
to the island load through the AC/DC MMC, and the rest of the
two terminals are connected to the energy storage devices
through the DC/DC MMC.

When the system operates normally, it is assumed that MMC1
works in the PQ control mode and receives the power grid
dispatching instructions and MMC4 works in the V–F control
mode and supplies power to the island area; other terminals work
in the DC voltage droop control mode to maintain the stability of
the DC bus voltage.

Modeling of AC/DC Converter
The topology of the AC/DC MMC circuit is shown in Figure 2.
Each bridge arm is composed of n sub-modules (SM) with the
same structure and arm inductance Larm. The upper and lower
bridge arms constitute a phase unit. The mathematical model is
shown in Eq. 1 in a dq synchronous rotating frame,
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⎧⎪⎪⎪⎨⎪⎪⎪⎩
L
did
dt

� ωLiq − RLid + ud − ed

L
diq
dt

� −ωLid − RLiq + uq − eq

, (1)

where L and RL are inductance and resistance at the AC side
of MMC, respectively; id and iq are the d-axis and q-axis
components of the MMC AC side current, respectively; CO is
the equivalent DC-link capacitance; RC is the equivalent safe
discharge resistor of the system; ω is the synchronous
rotation angular velocity of the grid voltage vector; ud
and uq are the d-axis and q-axis components of the MMC
AC output voltage, respectively; and ed and eq are the d-axis
and q-axis components of the grid phase voltage,
respectively.

In this paper, grid voltage orientation is adopted, so eq � 0. If
converter loss is ignored, the active and reactive power of the
converter can be expressed as follows:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
P � 3

2
edid � udcidc

Q � −3
2
ediq

. (2)

From (Eq. 2), the governing equation of the dc voltage control
loop can be obtained, as shown in (Eq. 3). From (Eq. 1), the dq
axis components present a coupling relationship. To realize the
independent control of id and iq, it needs to be decoupled. The PI
regulator is used in the inner current loop, and the control
equation is shown in (Eq. 4). The control block diagram is
shown in Figure 3.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
idref � −((udcref − udc)(kvp + kvi ∫ dt) + io) · udc

1.5ed

iqref � −Qref

1.5ed

, (3)

⎧⎨⎩
udref � (idref − id)(kip + kii ∫ dt) − ωLiq + ed

uqref � (iqref − iq)(kip + kii ∫ dt) + ωLid + eq
. (4)

where kvp and kvi are the proportion coefficient and integral
coefficient of the outer udc-Q loop, respectively, and kip and kii are

FIGURE 1 | Structure diagram of the six-terminal MTDC system.

FIGURE 2 | Topology of the AC/DC MMC circuit.
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the proportional coefficient and integral coefficient of the inner
current loop, respectively.

In order to obtain the dynamic characteristics of the voltage
loop, the response speed of the id current loop needs to be
analyzed first. We can get the following results by substituting
(Eq. 4) into (Eq. 1):

L
did
dt

+ RLid � (idref − id)(kip + kii ∫ dt). (5)

Laplace transformation of Eq. 5 gives

Id(s)
Idref(s) �

1

1 + s · s·L+RL
s·kip+kii

(6)

From Eq. 6, it is easy to find that the id current loop can be
considered as a first-order loop when kii � kip · RL/L, and the
time constant parameter τi is

τi � L

kip
� RL

kii
. (7)

Similarly, the dynamic characteristics of the outer voltage loop
can be derived. By substituting Eq. 3 into Eq. 2, we can get

C
dudc

dt
+ udc

RC
� (udcref − udc)(kvp + kvi ∫ dt). (8)

Laplace transformation of Eq. 8 gives

Udc(s)
Udcref(s) �

1
s·C+ 1

RC

kvp+kvi
s

+ 1
. (9)

The udc loop can also be considered as a first-order loop when
C · RC � kvp/kvi, and the time constant parameter τv is

τv � C

kvp
� 1
RC · kvi. (10)

Modeling of DC/DC Converter
The topology of the DC/DC MMC is shown in Figure 4,
which is composed of n buck-boost converters in series.
Since the duty cycle of each unit is almost the same, the
MMC can be equivalent to a buck-boost circuit, as shown in
Figure 5. The mathematical model is shown by the following
equation:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Co
dudc

dt
+ udc

RC
� (iL − io)(1 − d) − io · d

L
diL
dt

+ RLiL � ub · d + (ub − udc)(1 − d)
L � n · L′
RL � n · RL′

Co � Co′
n

RC � n · RC′

ub � n · ub′

udc � n · udc′

, (11)

where udc′ is the output voltage of one modular unit; ub′ is the voltage
of one modular unit; iL is the inductance current; io is the output
current; L’ is the inductance of each modular unit; RL′ is the internal
resistance of the filter inductor in each module; CO′ is the output
capacitance in eachmodule;RC′ is the safe discharge resistance of the
capacitor in each module; and d is the duty cycle of switch g2.

FIGURE 3 | Control block diagram of the AC/DC MMC.

FIGURE 4 | Topology of the DC/DC MMC.

FIGURE 5 | Equivalent circuit of the DC/DC MMC.
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The control equations of the outer voltage loop and inner
current loop can be obtained from Eq. 11 as shown in Eq. 12,
where kvp and kvi are the proportion and integral coefficients of the
voltage outer loop, respectively; kip and kii are the proportional and
integral coefficients of the inner current loop, respectively. The
control block diagram is shown in Figure 6.

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
iLref � (udcref − udc)(kvp + kvi ∫dt) + io

1 − d

d � (iLref − iL)(kip + kii ∫ dt) − ub

udc
+ 1

. (12)

The dynamic performance of the voltage loop is also
important to DC voltage droop control. To obtain the
dynamic characteristics of the voltage loop, the inner current
loop also needs to be analyzed.We can get the following results by
substituting Eq. 12 into Eq. 11:

L
diL
dt

+ RLiL � (iLref − iL)(kip + kii ∫ dt). (13)

Laplace transformation of Eq. 13 gives

IL(s)
ILref(s) �

1

1 + s · s·L+RL
s·kip+kii

. (14)

It is also a first-order loop when kii � kip · RL/L, and the time
constant of the inner current loop τi is

τi � L

kip
� RL

kii
. (15)

To obtain the response time of the outer voltage loop, we can
substitute Eq. 12 into Eq. 11,

C
dudc

dt
+ udc

RC
� (udcref − udc)(kvp + kvi ∫ dt). (16)

Laplace transformation of Eq. 16 gives

Udc(s)
Udcref(s) �

1
s·C+ 1

RC

kvp+kvi
s

+ 1
. (17)

The udc loop can also be considered as a first-order loop when
C · RC � kvp/kvi, and the time constant parameter τv is

τv � C

kvp
� 1
RC · kvi. (18)

Unified Controllable Voltage Source Model
According to Eqs 7, 10, 15, 18, the response time of the AC/DC
MMC and DC/DC MMC is consistent. Assuming that the
response time of the inner current loop is designed to be far

smaller than that of the outer voltage loop (τv > 5τi), the influence
of the inner current loop can be ignored. The control block
diagram of each regulating terminal can be simplified as a first-
order delay loop, which is shown in Figure 7A. Its structure can
be unified as a controllable voltage source model, as shown in
Figure 7B. In order to ensure that all the regulating terminals
have consistent droop command response characteristics, the
time constant τv of all the terminals should be consistent.

MULTILAYER COLLABORATIVE CONTROL

In this paper, amultilayer collaborative control strategy with different
time scales is used, and the control block diagram is shown in
Figure 8. According to different time scales, the coordinated control
mainly includes the converter control, primary control, and
secondary control. The primary control uses the DC voltage to
output current (udc-io) droop control, which distributes the
disturbance power among the regulating terminals. The secondary
control is used to compensate the static DC voltage deviation caused
by the primary control. Both the converter control and the primary
control are implemented by the local controller at each regulating
terminal, which has good real-time response performance. The
secondary control relies on the narrow bandwidth communication
channels between the central controller and each regulating terminal.
The converter control has been introduced in detail in the previous
section, and the details of the primary control and the secondary
control will be provided below. The block diagram of multilayer
collaborative control is shown in Figure 8. The objectives of different
control layers are given in Table 1.

In Figure 8, there are M energy storage terminals and N-M grid
terminals. ioi is the output current of terminal i, udci is the actual
output voltage of terminal i, udcavg is the average output voltage of all
the terminals, udcrefi is theDCvoltage reference value of the terminal i,
Qi · SOCi is the dischargeable capacity of the energy storage unit i,
and Qi · (1 − SOCi) is the chargeable capacity of the energy storage
unit i. td2 is the transmission interval time of communication between
the primary control and the converter control. Since the primary
control and converter control are all performed in the local controller
of each terminal, td2 is very small and can be ignored. td1 is the
transmission interval time of communication between the secondary
control and the primary control. Due to the slow variation of the
battery capacity, the difference between the two transmission signals
before and after the communication interval is also very small. Thus,
narrowband communication is adequate to satisfy the performance

FIGURE 6 | Control block diagram of the DC/DC MMC.

FIGURE 7 | Simplified control block diagram and controllable voltage
source model. (A) Block diagram of DC voltage control. (B) Controllable
voltage source model.
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request. td2 determines the update speed of average error of the DC
bus voltage in the secondary control, and its value will directly affect
the recovery performance of the DC bus voltage deviation.

The Primary Control
The equivalent two-port circuit network of the traditional droop
control is a series connection of a DC source and a virtual resistor,
and its resistance value is equal to the droop coefficient. In this
paper, an equivalent impedance model of DC source in series
with a parallel virtual resistor–capacitor unit is used, as shown in
Figure 9. Taking the discharge process as an example, its
volt–ampere characteristics are given as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Udcref1(s) � Udcnom(s) − R1

s · C1 · R1 + 1
· Io1(s)

Udcref2(s) � Udcnom(s) − R2

s · C2 · R2 + 1
· Io2(s)

. . .

UdcrefN(s) � Udcnom(s) − RN

s · CN · RN + 1
· IoN(s)

Iload(s) � Io1(s) + Io2(s) + . . . + IoN(s)
Udcref1(s) ≈ Udcref2(s) ≈ / ≈ UdcrefN(s) ≈ Ubus(s)

, (19)

where udcnom is the rated voltage of the DC bus, Ri is the virtual
resistance, Ci is the virtual capacitance, Rli is the line resistance,
and ubus is the actual voltage of the DC bus.

The current distribution relationship between converters can
be obtained from Eq. 19,

Ioi(s) � IRi(s) + ICi(s)

�
1
Ri

+ s · Ci

(∑N
i�1
Ci)s +∑N

i�1

1
Ri

· Iload(s), i ∈ [1, N], (20)

where iRi and ici are the low-frequency and high-frequency parts
of the output current of each equivalent impedance.

In the moment of power disturbance, because the capacitance
is equivalent to the short circuit, the capacitance determines the
dynamic current distribution of each unit. In steady state, because
the capacitance is equivalent to the open circuit, the resistance
determines the static current distribution of each unit. In this
way, the dynamic and static decoupling separation of disturbance
power can be realized, and it is distributed according to the design
parameters of virtual RC. At the same time, the time constant of
the primary control is the product of virtual RC. Since the virtual
resistance is generally much larger than the line resistance, the
output voltage of each converter is approximately equal to the DC
bus voltage.

The Secondary Control
It can be obtained from Eq. 19 that the steady-state DC bus
voltage will have static error. To eliminate the static error, a

FIGURE 8 | Block diagram of multilayer collaborative control.

TABLE 1 | Objectives of different control layers.

Control layer Time scale Function Formula

Converter
control

Milliseconds Fast and accurate tracking of voltage command generated by the primary control Eq. 9 and Eq. 17

Primary control Ten milliseconds Disturbance power is decoupled into the dynamic and static power and distributed reasonably
according to the virtual capacitance and adaptive virtual resistance of each terminal

Eq. 19, Eq. 20, and
Eq. 25

Secondary
control

Hundred
milliseconds

①Compensate the voltage deviation caused by the primary control Eq. 21 and Eq. 27
②Calculate and send the total available charge–discharge capacity
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secondary compensation can be added to the reference voltage,
and the system impedance model is changed as shown in
Figure 10. As a result, the V–I characteristic is changed as
follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Udcrefi(s) � Udcnom(s) − Ri

s · Ci · Ri + 1
· Ioi(s) + ΔU(s)

ΔU(s) � (Udcnom(s) − Udcavg(s))(kp + ki
s
)

Udcavg(s) � ∑N
i�1 Udci(s)

N
≈ Udcrefi(s)

, i ∈ [1, N] (21)

where kp and ki are the proportional and integral coefficients of the
secondary control, respectively. Eq. 21 can be simplified as follows:

Udcrefi(s) � Udcnom(s) − Ioi(s) · Ri

s · Ci · Ri + 1
· s

s(1 + kp) + ki

� Udcnom(s) − Ioi(s) · Ri

s · Ci · Ri + 1
· 1
1 + kp

·
1 + kp
ki

· s

1 + 1 + kp
ki

· s

.

(22)

When kp � 0, it can be seen from Eq. 22 that the secondary
control is equivalent to adding a high-pass filter to virtual RC
voltage drop. When the time constant of the secondary control is
much larger than that of the primary control, the system still
distributes power according to the RC characteristics in a short
time after the power disturbance occurs, but the voltage drop
generated by the RC characteristics will be slowly filtered by the
high-pass filter. At this point, the time constant of the system
stability is mainly determined by the secondary control, and the
time constant can be obtained as follows:

τs � 1
ki
. (23)

Parameter Design
First, the response time constants of each control layer need to be
designed according to the system performance requirements. The
multilayer collaborative control strategy needs to meet the
condition of τs > τd > τv > τi. The upper time constant should
be more than 5 times of the lower time constant.

Then, the equivalent resistance Req of the MTDC system can
be determined by the total maximum regulating current Imax and
the maximum allowable DC voltage deviation ΔUmax, as shown in
Eq. 24. Req should be far greater than the line resistance,

Req � ΔUmax

Imax
. (24)

Req is equal to the parallel connection of the equivalent
resistance of all energy storage terminals RDC_eq and the

FIGURE 9 | Equivalent impedance model of the MTDC system.

FIGURE 10 | Equivalent impedance model of the MTDC system with
secondary control.
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equivalent resistance of all grid terminals RAC_eq. α represents the
static power distribution ratio between the energy storage
terminals and the AC grid terminals, as shown in (Eq. 25). In
order to extend the battery lifetime and reduce the circle times of
the battery, the AC grid terminals should endure more DC
voltage regulation power,

⎧⎪⎨⎪⎩
RDC eq � α + 1

α
Req

RAC eq � (α + 1)Req

. (25)

Ri_DC is the virtual resistance of the energy storage terminal i,
which can be calculated by Eq. 26. To maintain the consistency of
charging and discharging proceeding of each energy storage
terminal, the virtual resistance Ri_DC during charging and
discharging needs to be designed separately, and the value should
change adaptively according to the chargeable capacity and
dischargeable capacity. Ri_AC is the virtual resistance of the AC
grid terminal i, which can be calculated by Eq. 28. Ri_AC is designed
according to the maximum static power capability of each AC grid
terminal PACi_max, which is determined by the rated power of the
converter and the static power limitation of the AC line.

Ri DC �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

Qcharge total

Qi · (1 − SOCi) · RDC eq, ioi < 0

Qdischarge total

Qi · SOCi
· RDC eq, ioi > 0

, (26)

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Qcharge_total � ∑M

i�1
Qi · (1 − SOCi)

Qdischarge_total � ∑M
i�1

Qi · SOCi

, (27)

Ri AC �
∑N−M

i�1
PACi max

PACi max
· RAC eq. (28)

The virtual capacitance of each terminal is given as follows:

Ci � pi max

∑N
i�1
pi max

· Ceq, (29)

where pi_max is the maximum dynamic power of each regulating
terminal. pi_max of the energy storage terminal is determined by the
ratedpower of theDC/DCMMCand themaximumallowable dynamic
power of the battery, and pi_max of the AC terminal is determined by the
rated power of the AC/DC MMC and the dynamic power limitation
of the AC line. Ceq is the equivalent virtual capacitance of the whole
system, which satisfies the following relationship:

Ceq � τd
Req

. (30)

Finally, the parameters of each control layer can be calculated.
According to τi, Eqs 7, 15, and the circuit element parameters, the
current loop parameters kip and kii in the converter control layer
can be obtained. According to τv, Eqs 10, 18, and the circuit
element parameters, the voltage loop parameters kvp and kvi in the

converter control layer can be obtained. According to τsand Eq.
23, the secondary control parameters kp and ki can be determined.

According to Eqs 24, 25, 30, when the system performance
parameters are determined, Req, Ceq, RDC_eq, and RAC_eq are all
constant values. Therefore, the adaptive droop control only
changes the resistance distribution among the energy storage
terminals but makes no changes to the system parameters. As a
result, the total system performance, including the system
stability, does not change as the adaptive strategy is
performed. Furthermore, the derivative value of the virtual
resistance Ri_DC in Eq. 26 is zero in an ideal charging and
discharging process without considering the power loss. It
proves that the virtual resistance of each energy storage
terminal Ri_DC is also constant in an ideal situation. For
practical application, a precise SOC estimation model
considering battery power loss and other nonlinear parameters
can be adopted, and Ri_DC becomes a time-varying variable. By
using the adaptive strategy proposed in this paper, precise Ri_DC
can be obtained and better static power distribution performance
can be achieved.

SIMULATION RESULTS

In order to verify the effectiveness of the proposed control
strategy, a six-terminal MTDC system with high-capacity
energy storage is built in Matlab/Simulink as shown in
Figure 1. Among the six terminals, MMC1 and MMC4 can be
equivalent to active power disturbance sources, and other
terminals share the task of the DC bus voltage stability
control. The control structures of AC converters and
bidirectional energy storage converters are built as shown in
Figures 3, 6, respectively. The system parameters of the
simulation model are given in Table 2.

To verify the advantages of the proposed control strategy in
the dynamic and static power distribution performance, this
paper selects the traditional droop control strategy for the
simulation and comparative analysis. The impedance model of
the traditional droop control strategy does not contain virtual
capacitance, and virtual resistance parameters are still selected
according to Table 3.

In the charging state, the active power disturbance source
changes from 1540 to 2310 kW at 3 s. The simulation results of
the proposed method are shown in Figure 11, and the simulation
results of the traditional droop control are shown in Figure 12.

No matter which method is adopted, the DC voltage recovery
time after power disturbance is determined by the slowest
secondary control time constant τs. In Figures 11A, 12A, we
can find that the recovery time after power disturbance is about
1.5 s, which is exactly three times of τs. The simulation
results are consistent with the theoretical analysis. Due to
the same virtual resistance design, the static power
distribution performance in Figures 11B, 12B is nearly the
same: PAC1 ≈ − 1270kW, PAC2 ≈ − 823kW, PDC1 ≈ − 130kW,
and PDC2 ≈ − 85kW. The distribution of static power is also
consistent with the theoretical analysis, which satisfies
PAC1: PAC2: PDC1: PDC2 ≈ 1

R1 AC
: 1
R2 AC

: 1
R1 DC

: 1
R2 DC

. In addition,
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in the two energy storage units, unit 1 has a larger rechargeable
capacity, so it bears larger static power when charging.

The advantages of the proposed control strategy in dynamic
and static power distributions are as follows:

1) The control strategy proposed in this paper provides an
additional inertia for the system, which is helpful for the
system stability. It can be seen from Figure 11B that the rise
time of the DC bus voltage is about three times of τd when
using the proposed strategy. However, when the traditional
drop control is adopted, the DC bus voltage reaches the

maximum point nearly simultaneously with power
disturbance. This characteristic makes the system easy to
subject system oscillation.

2) The proposed control strategy has better dynamic power
distribution performance. Using the proposed control
strategy, as shown in Figure 11B, the disturbance power is
decoupled to the dynamic and static power and distributed
respectively. The dynamic power is distributed as follows:
ΔpAC1 ≈ 308kW, ΔpAC2 ≈ 212kW, ΔpDC1 ≈ 155kW, and
ΔpDC2 � 57kW, which satisfies the relationship of
ΔpAC1: ΔpAC2: ΔpDC1: ΔpDC2 ≈ C1: C2: C3: C4. When the

TABLE 2 | System parameters.

Parameter Description Value

udcref Rated voltage of the DC bus 10 kV
ΔUmax Maximum DC bus voltage variation 0.1 pu
Imax Total maximum regulating current 1000 A
τ i Time constant of the inner current loop 0.1 ms
τv Time constant of the outer voltage loop 1 ms
τd Time constant of the primary control 50 ms
τs Time constant of the secondary control 0.5 s
α The static power sharing ratio of grid terminals to energy storage terminals 10:1
Ub1, Ub2 Rated voltage of the battery 5 kV, 5 kV
Q1, Q2 Rated capacity of the battery 1350 Ah, 1500 Ah
SOC1, SOC2 State of charge of the battery 50%, 70%
LAC AC filter inductor value 0.5 mH
LDC Inductance of the DC/DC converter 0.5 mH
RL Internal resistance of the inductor 0.005 Ω
CO DC capacitance of the DC/DC and AC/DC converters 10 mF
RC DC discharge resistance of the DC/DC and AC/DC converters 10000 Ω
Rl1_AC, Rl2_AC DC line resistance at the output of the AC/DC converter 0.1 Ω, 0.1 Ω
Rl1_DC, Rl2_DC DC line resistance at the output of the DC/DC converter 0.1 Ω, 0.1 Ω
PAC1_max, PAC2_max Maximum static power of the AC terminal 5500 kW

3600 kW
pDC1_max, pDC2_max Maximum dynamic power of the energy storage terminal 4050 kW

1500 kW
pAC1_max, pAC2_max Maximum dynamic power of the AC terminal 8100 kW

5400 kW

By substituting the system parameters in Table 2 into the parameter design procedure, the parameters of each control layer can be calculated, as shown in Table 3.

TABLE 3 | Parameters of each control layer.

Control layer Parameter Description Value

Converter control kvp Proportionality coefficient of the outer voltage loop 10
kvi Integration coefficient of the outer voltage loop 0.1
kip Proportionality coefficient of the inner current loop 5
kii Integration coefficient of the inner current loop 50

Primary control R1_DC Virtual resistance on discharging 28.1 Ω
Virtual resistance on charging 18.3 Ω

R2_DC Virtual resistance on discharging 18.1 Ω
Virtual resistance on charging 27.5 Ω

R1_AC Virtual resistance of the AC side 1.8 Ω
R2_AC 2.8 Ω
C1 Virtual capacitance 21.6 mF
C2 14.4 mF
C3 10.8 mF
C4 3.9 mF

Secondary control kp Proportionality coefficient 0
ki Integration coefficient 2
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traditional droop control is adopted, as shown in Figure 12B,
the dynamic power distribution cannot be designated
separately and must be distributed in the same proportion
as the static power.

To illustrate the advantages of the static power distribution of
the proposed adaptive scheme, this paper selects two commonly
used power distribution methods for comparative analysis: the
nonadaptive scheme based on the rated capacity of PCSs and the
adaptive scheme based on the SOC of energy storage units. The
parameters of the MTDC system are still performed according to
Table 2 and Table 3, but the parameters of the energy storage
units are changed to those shown in Table 4. The discharge
conditions are selected as an example for comparative analysis. In
order to prevent overdischarge of the battery, it is assumed that
the battery will exit when the SOC is lower than 10%. The current
of the exit unit will be shared by other energy storage units.

As shown in Figures 13–15, the adaptive drop control strategy
proposed in this paper has some better characteristics in static
power distribution:

1) The control strategy proposed in this paper can enhance the
system backup power capacity. Under this control, the
changing rate of the SOC at each DC regulating terminal is
the same, the two discharge curves coincides, and the two
energy storage units exit at the same time due to
overdischarge. When other strategies are adopted, one of
the energy storage units exits in advance due to
overdischarge, resulting in the decline of the dynamic
adjustable power capability of the system.

2) When the proposed strategy is adopted, the static power
distribution is more reasonable. As shown in Figure 15B,
the output current of the two energy storage units remains
unchanged, and regulating terminal 4 with large dischargeable
capacity bears a large discharge current, which is more
reasonable. It can be seen from Figure 14B that when the
SOC-based adaptive scheme is adopted, the discharge current
of each DC regulation terminal will change with time. At the
initial moment, although the initial dischargeable capacity of
Q4 is twice than that ofQ3, due to the same SOC, the current of

FIGURE 11 | Simulation results of the proposed strategy when energy
storage terminals on charging: (A) DC bus voltage and (B) output power.

FIGURE 12 | Simulation results of the traditional drop control strategy
when energy storage terminals on charging: (A) DC bus voltage and (B)
output power.
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the two energy storage units is the same, which is obviously
unreasonable.

3) Under the control of the proposed strategy, the
communication speed requirement between the central
controller and each regulating terminal is lower.
Comparing Figures 14, 15, it can be seen that the
current distribution ratio and virtual resistance of the
SOC-based adaptive scheme change during the

discharge process, while these parameters are almost
constant under the control of the proposed scheme. All
the adaptive schemes rely on the state information sent by
the central controller to update the virtual resistance value.
Due to the change in the virtual resistance, the requirement
of communication speed of the SOC-based adaptive
scheme is obviously higher than that of the proposed
scheme.

In the section Multilayer Collaborative Control, it has been
analyzed that the communication interval time td2 is almost
negligible, and the transmission interval time td1 between the
primary control and the secondary control may play a
significant role in the system performance. td1 mainly affects

TABLE 4 | Parameters of the energy storage units.

Parameter Description Value

Q3, Q4 Rated capacity of the battery 800 Ah, 1600 Ah
SOC3, SOC4 State of charge of the battery 50%, 50%

FIGURE 13 | Discharge process of storage units with PCS rated
capacity based on the nonadaptive scheme: (A) SOC of each energy storage
unit, (B) static current of each energy storage unit, and (C) virtual resistance of
each energy storage unit.

FIGURE 14 | Discharge process of storage units with the SOC-based
adaptive scheme: (A) SOC of each energy storage unit, (B) static current of
each energy storage unit, and (C) virtual resistance of each energy
storage unit.
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the update speed of the average DC bus voltage in the secondary
control. The recovery performance of the DC bus voltage
deviation can be used to evaluate its impact on the system
performance. The simulation results are shown in Figure 16. It
can be seen that when td1 is less than τs/5, it has a small effect on
the system. When td1 is close to τs, the DC voltage will oscillate.
The influence of delays can be reduced by increasing τs. In this
example, the impact of communication interval time less than
100 ms on the system performance is acceptable, and the
narrowband communication can fully meet the requirements
of the communication rate.

CONCLUSION

For an MTDC system with high-capacity energy storage, this
paper proposes a multiterminal cooperative DC bus voltage
control strategy. The conclusions are summarized as follows:

1) All regulating terminals are equivalent to a controllable
voltage source with two delay links, which eliminates the
difference between different regulating terminals and realizes
the unified upper control interface.

2) Virtual RC drop is used as the primary control to realize the
decoupling of the dynamic and static power. By reasonably
configuring the virtual impedance, each regulating terminal
can bear the power according to its own dynamic and static
power capability.

3) The virtual resistance of droop control directly affects the
static power distribution of the system. Through adaptive
virtual resistance control, the static power can be distributed
according to the charge–discharge status and the battery
capacity of each energy storage terminal. Under the control
of this method, the system has larger backup power capacity,
better static power distribution performance, and lower
communication speed requirements.

4) The adaptive droop control does not change the system
parameters including Req and Ceq, while adjusting the
virtual resistance of each energy storage unit. Therefore,
the adaptive droop control does not affect the overall
performance of the system. This feature makes the control
strategy simpler in system parameter optimization and
stability design.

5) The control strategy can be divided into three layers: converter
control, primary control, and secondary control. The parameter
designmethod of each control layer is given in detail. In addition,
when the communication interval time between the central
controller and each regulating terminal is less than τs/5, the
performance of the system is acceptable. Narrowband
communication, in most instances, can meet the requirements.

FIGURE 15 | Discharge process of storage units with the avaliable-
capacity-based adaptive scheme: (A) SOC of each energy storage unit, (B)
static current of each energy storage unit, and (C) virtual resistance of each
energy storage unit.

FIGURE 16 | Influence of td1 on the DC bus voltage recovery
performance.
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