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Cost-Based Adaptive Droop Control Strategy for
VSC-MTDC system

Sungyoon Song
and Gilsoo Jang

Abstract—This study proposes a cost-based adaptive (CBA)
droop control strategy for use in a voltage source converter (VSC)-
based multi-terminal high voltage direct current (MTDC) system.
Rather than using a fixed droop gain, we suggest the CBA droop
control scheme, which reduces the total incremental generation
cost of ac systems, while sharing the burden based on the available
capacity of VSCs at the post-contingency-steady-state operating
point. Following a certain VSC outage in the MTDC system, unbal-
anced power is allocated based on the equal incremental cost prin-
ciple to reduce the total active power generation cost. The results
were verified through a transient simulation on an MTDC system
with four monopole VSCs, and outage contingency scenarios were
presented with three groups of generation cost curves. The results
indicate that the CBA droop control strategy can provide greater
contributions to the economic operation of the MTDC system, while
achieving robust control.

Index Terms—Adaptive droop control, equal incremental cost
principle, lagrangian method, VSC-MTDC.

I. INTRODUCTION

voltage source converter (VSC)-based, high voltage direct
current (HVDC) systems are currently the most appealing solu-
tion due to several advantages. In particular, there is a growing in-
terest in the integration of renewable energy into multi-terminal
direct current (MTDC) grids for better utilization, as opposed to
connections by multiple point-to-point links, for better utiliza-
tion. The transmission technology based on VSC-MTDC has
many advantages as follows: realizes the independent control of
active and reactive power [1]; provides black start capability and
dynamic reactive power support [2]; improves power quality;
reduces losses and footprint of the converter station; connects
multiple ac systems or divide the ac system into multiple isolated
power grids; and is suitable for grid-connected wind farms [3],

F OR the integration of large amounts of renewable energy,
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weak grids, and urban grids. These advantages have led to its
consideration as a key form of technology for the European
Supergrid, which connects the ac grids of the North Sea countries
[4], as well as for the two projects of Nanao wind farm integration
[5], and Zhoushan islands interconnection in China [6].

For MTDC systems, the classical grid-side VSC control
strategies can be classified into three types: master-slave control
strategy [7], voltage margin control strategy [8], [9], and dc
voltage droop control strategy [10]. The master-slave control
strategy assigns only one VSC to control the dc voltage, while the
others regulate the power injected into the ac grids. Specifically,
it sets a main VSC as a power balance node to control the dc
voltage, while the other converters control the active power. The
disadvantage of this control scheme is the fact that the system
will be paralyzed once the main VSC stops working [11], [12].

Considering the voltage margin control strategy, once the
main VSC is out of service due to a fault or loss of com-
munication, the other VSC begins to maintain the dc voltage.
The secondary VSC can accomplish this by detecting the large
deviation of the dc voltage and automatically switch from the
constant active power mode to the dc voltage control mode.

Lastly, the voltage droop control strategy refers to the use
of a dc grid with multiple VSCs operating in the dc voltage
control mode. Thus, all the grid-side VSCs participate in dc
voltage regulation based on the V-I characteristic, and the droop
gains determine the power ratio. Thus, if one VSC is lost,
the entire dc system can continue to function. In the voltage
droop control strategy, fixed droop gains, primarily based on the
individual ratings of the VSCs, have mainly been used [10].
VSCs will maintain constant power outputs until the droop
gains are changed manually; therefore, this procedure reduces
system operation flexibility. Accordingly, several authors have
presented various adaptive droop control strategies to achieve
their respective goals, as shown in Fig. 1.

For example, active power-dc voltage droop control, in which
the reference of the voltage square is modified by active power
droop, is proposed in [13]; dc current—dc voltage droop control
is proposed in [14]. Furthermore, an adaptive droop control
scheme for appropriate power sharing accounts for the available
headroom (difference between the rated capacity and actual
loading), and can avoid possible overloading [15], [16]. It can
share the burden according to the available headroom of the con-
verter station at post-contingency-steady-state operating points.
Additionally, adaptive droop control strategies to minimize dc
system loss [17] and to support frequency [18] are suggested,
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Fig. 1.  Several voltage droop control strategies for MTDC system.

respectively. Recently, a trajectory-sensitivity-analysis based
approach was also presented to impose the constraints on the
adaptive droop gains [19], which was essential for the proposed
droop scheme because certain settings of the droop gains may
lead to instability of the ac system.

Furthermore, some researchers have focused on the economic
power sharing in a VSC-based microgrid. A power system oper-
ator is obligated to apply a function of economic power sharing,
because the current challenge in many power systems is the high
cost of operation due to the high penetration of renewable energy.
To develop an economical droop gain, various model-based cost
minimization methods [20] have been introduced. However,
they require network observation, relying heavily on remote
monitoring. Accordingly, a real-time optimization method using
energy management systems (EMS) [21] has been presented.
However, the stability of the dc link and the available headroom
of the converter stations have not been considered. To eliminate
the need for remote monitoring, decentralized control strate-
gies for multiple VSCs with no communication link have been
addressed [22], [23]; however, accuracy can be compromised
particularly when new resources are connected to the network.
Thus, the optimal increment cost value cannot be derived be-
cause the controllers are only activated based on the variation of
the frequency and voltage amplitude of the microgrid.

Considering these factors, this study proposes a cost-based
adaptive (CBA) droop scheme, which can reduce the total
generation cost of ac systems by EMS while achieving robust
control. The problem is formulated by introducing the impact of
dc voltage droop gain on the converter output power, and the eco-
nomic power sharing methodology for MTDC is generalized in
an inter-area power system. Converter outputs are implemented
online through adjustments to droop characteristics within a
constraint. The proposed CBA droop control strategy has several
advantages:

1) It has the functionality of driving the incremental cost of

generation to a consensus value.

2) In terms of the equal incremental cost principle, the total
active power generation cost to regulate the dc grid voltage
can be reduced when one VSC station is lost.

3) It eliminates the possibility of switching to a constant
power control mode when operating in dc voltage droop
control by locally adjusting the dc voltage droop gain.

4) It can select appropriate droop gains to satisfy various
conditions associated with a combination of several types
of generation while achieving robust control.
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5) Itcanbe further utilized to control inter-area power system

operation.

6) It is a feasible interim option before the implementation

of more complex schemes in an MTDC system.

In this study, this issue is perceived relative to dynamic
control rather than power flow; hence, results from the dc grid
shows stable voltage because constraints, as well as contingent
scenarios are considered. This paper is organized as follows:
the modeling procedure of VSC-MTDC is followed by the fixed
and conventional adaptive droop control strategies introduced
in Section II. In Section III, the proposed CBA droop control
scheme and the online operation strategy are introduced. Finally,
a simulation of the developed model with the proposed control
scheme is presented in Section I'V through PSCAD/EMTDC and
Power System Simulator for Engineering (PSSE).

II. CONVENTIONAL DROOP CONTROL STRATEGIES OF
VSC-MTDC SYSTEM

A. Converter Modeling

The general structure of the VSC-MTDC system with four
terminals is shown in Fig. 2 (the dashed lines illustrate the pro-
posed CBA droop scheme). The modeling procedure is similar
to the approach used in [13], [24], [25], which is described here
briefly. Each ac system is modeled as a voltage source connected
to a VSC-MTDC, while for the dc system, each terminal is
connected to a dc cable, which connects the rectifier and inverter
sides together. The ac system connected to the MTDC grid is
modeled in a synchronously rotating reference d-q frame, and
the g-axis is locked with the ac voltage to ensure decoupled
control of the active and reactive power. The dynamics of the
ac side of the converter in the d-g frame can be expressed as
follows:

vf 3 vg _R i¢ N Li i¢ —wLif 0
v v i dt |4 wLi¢ |’

i¢ B id _ Ci vg N —wCvd )
id id dt |vd wCvd

where v; is the three-phase output voltage at the point common
coupling (PCC) and v is the voltage at the converter. Further-
more, R, C'and L are the resistance, LC filter capacitance, and
inductance, respectively; while ¢; and iy are the currents flow-
ing through the ac system and the three-phase current flowing
through the inductor, respectively. The symbol w is the angular
frequency of the ac voltage at the PCC. The reference voltage
generated by the inner current control loop is transformed back
into the abc frame and used for pulse width modulation (PWM)
in order to produce the desired converter three-phase voltage.

When aligning the d- axis along with the PCC voltage, the
instant active and reactive powers transferred from the converter
to the ac grid are proportional to grid d- and g-axis currents as
shwn by:

AN XY 9,9 _ ,d.d _  d.d d.d

Pysc = 0515 + Vg9 = V315 = V51] — V5ic. 3)
_ ,,4,d d:,q __ d:q __ d;q d:q

Qvsc = vyi5 — vyiy = —vUgiy = —Uyt] + V3l @)
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Fig. 2. The cost-based adaptive droop scheme for VSC-MTDC system.
where idcq is the d- and g-axis capacitor current. Following

the decoupled current control strategy, the active and reactive
powers are controlled by the d- and g-axis currents. The simple
equations presented above are some of the main reasons for using
the d-q current control as the fastest inner control [25].

Note, capacitor currents are basically constant when the
change in the grid voltage is insignificant, and the steady-state
active and reactive powers at PCC can be obtained from the
complex power equation as follows:

Pysc + jQvsc = vy’ (iSq) - Q)
Considering vgq = vd + j0O because the d-axis is aligned
along with the PCC voltage, and v‘liq = v{ + jou{, the current

igq can be solved using (1) and (2) when neglecting the resistor
as follows:

) vd ) vd—vd

When applying (6) to the complex power equation, the active
and reactive powers can be calculated as follows:

Pysc = vgv‘f/wL.

Qvsc = (vg')sz — vg (vg — vf) / wL.

(N
®)

The equation represents the active power, and reactive powers
can be controlled by the d- and g-axis voltage.

—OH T

Area 3

- HH

?

L

B. Fixed Droop Control Strategy of the MTDC System [10]

For an MTDC system with more than two grid-side VSCs,
all of the remaining ones are desired to be responsible for the
power imbalance after an outage of a certain VSC. Thus, all
grid-side VSCs should operate in dc voltage control mode, as
opposed to following their respective active power references in
the droop control strategy. It is assumed that there are a total
of N grid-side VSCs, where the jth VSC takes the dc voltage
droop scheme; when unbalanced power occurs in the dc grids,
the operation point moves from Py s¢,; — Uge to Py g0 ; — U,
and the unbalanced power A P, is represented by the following:

N
APy = P\//SC,N — Pyson = Z APysc,;.

Jj=1

)

The dc voltage variation, AUy, occurs due to the input/output
variables at another steady-state point in terms of the initial
steady-state conditions:

AUge = U}, — Uge = Ry (Pyrsony — Prson)
=RyAPysc . (10)

The symbol R refers to the fixed droop gain and has a unit of
kV/MW, it can be calculated by the following [10]:
N

N
Ry=> R;j=>"
j=1 j=1

where Syqteq,; is the rated power at the jth VSC, and Uy,
is the rated dc voltage of the dc terminal, respectively. In a

Udc

(1)

rated,j
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dc grid without any loss, all dc bus voltages would be equal;
thus, when the VSC stations have the same size of R, then the
unbalanced power will be shared equal to the grid-side converter
station. From (9) and (10), the unbalanced active power with the
respective dc voltage droop slope is allocated at the jth VSC as
follows:

AP, = AUq. =RyAP 12
d ]z; R, NAPysc,n Jz; R,’ (12)
By rearranging (12), the shared active power with slope R »

is expressed as follows:

AP,
2P (13)

Ry E;\I:l JR%

From (13), considering VSCs with the same capacity, the
unbalanced power will be allocated equally. Here, the jth VSC
with a larger R; indicates that smaller unbalanced power will
be shared, while a smaller R indicates that larger unbalanced
power will be shared. However, the fixed droop control does
not consider the headroom of all VSCs in actual operating
conditions, which leads to a certain VSC switching to the
constant power control mode, making the other VSC lose its
corresponding ability [16].

APyscn =

C. Adaptive Droop Control Strategy of the MTDC System

As mentioned in section B, the fixed droop strategy has
some disadvantages; an adaptive droop control strategy has
been proposed using R; — R;-. This strategy is advantageous
because autonomous power sharing is efficiently executed at
both, steady-state operating points and post-contingency, and
the dc link is well maintained with very little overshoot. Based
on previous studies [10], [15], [19], the CBA droop strategy for
economical MTDC system operation is introduced hereafter.

III. COST-BASED ADAPTIVE DROOP CONTROL STRATEGY

This section introduces the modified economic dispatch algo-
rithm to determine a cost-based droop gain in a MTDC system.
It has the ability to reduce the total active power generation
cost following a certain VSC outage. The equal incremental
cost principle is a suitable solution for use because the MTDC
system is connected with multiple ac systems, which may have
different generation cost functions. Thus, both the Lagrangian
method and the equal incremental cost principle were applied in
the CBA control strategy.

A. Equal Incremental Cost Principle

In general, it was assumed that there are M generators in
the ac system that supply power to the designated jth VSC,
and the /th generator has a respective cost function. In order to
minimize the total active power generation cost while satisfying
the power balance and generation constraint, the object function
is expressed as follows [26]—[28]:

M M
Min) Ci(P) =Y (uP?+bP+c), (14)
=1 =1
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_ PD; lein < ]Dl < Pmaa: (15)

M
>oh
=1

where P, is the active power of the Ith generators, C;(P)) is
the cost function of /th generators, and a;,b; and ¢; are the
incremental cost gains of the generators. Pp is the total active
load demand in the ac system. P/ and P/ are the lower
and upper limits of active power generation of the /th generators,
respectively. In order to solve the economic dispatch issue, the
Lagrangian method is applied; the terms can be expressed as
follows:

M M
L(Py,...Py) = Z (P) +)»<PD_ZPZ> (16)
=1 =1

where A is the well-known Lagrange multiplier, and the first-
order optimal condition is provided as follows:

oL oCi(P)
on, on, A aPp+b—Xx=0, (17)
oL M
O py-y pi=0, (1)

According to (17), the variable A is indeed an optimal incre-
mental cost and satisfies the following:

A =2aq P + b,

A —b
2&1

19)

B:

; (20)

where A is the optimal incremental cost of the /th generator. After
substituting (20) into (18), the optimal incremental cost of units
can be calculated as follows:

Mo -1 v Mo 1w b

1
A= — P+ — —.
(Xa) Lo (Ta) 1o

1=1 =1 1=1 =1
The generators that operate within the power generation limits
each have an incremental cost of %gj’), whereas generators
operating on their upper or lower generation limits have an
incremental cost of acl P’ || maz OF MH re-
P= P BPl pP= szn,

spectively. Note, that the wind reserve can also be considered
in this economic dispatch calculation. A wind farm with a
larger power reserve uncertainty is assigned a larger penalty
coefficient. This penalty coefficient intentionally scales up the
cost of its power reserve in the cost function; therefore, the
competitiveness of wind farms changes when a penalty factor
is assigned to the wind farm that has the highest probability of

power reserve unavailability for next dispatch cycle.

1)

B. Introduction of the CBA Droop Control Strategy

Based on the equal increment cost principle, this section
proposes a feedback loop from the conventional economic
dispatch algorithms to the MTDC system for determining a
cost-based droop gain. The optimal incremental cost for the jth
area may change in 1- or 5-minute dispatch cycle based on unit
commitment and economic dispatch decision making; thus, a
1- or 5-minute central dispatch result should be shared with the
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communication system of MTDC. Furthermore, the VSC margin
must be simultaneously considered to create a CBA droop gain;
therefore, two pieces of information are updated as follows:

Onlinejey = {Onliney (k),...,Onlinex (k)},  (22)
Hjen ={H1 (k),...., Hn (k)}. (23)

where Online; is an online economic dispatch result for the jth
area, which is connected to the jth VSC at the kth time. # ; is the
available headroom of the jth VSC at the kth time. It was assumed
that each ac system has M generators; (21) can be modified by
the economic dispatch result Online(k) as follows:

-1

J,M 1 J,M
(S) (Sruran)
aj,l

=1 =1

Moy “Ljim by
. 24
- (; 2aj,l> ; 2(13'71 ( )
where 1% (k) is the optimal incremental cost of generators for
the load and dc grid voltage regulation at the jth VSC at the kth
time, and AP, is the total active power loss in the dc grid after
a certain VSC outage. It is assumed that the cost curve of unit /
is quadratic and there are four VSCs in the MTDC system, and
four constant values of A* will be derived. Then, )»j isnormalized
to assign a droop gain to the jth VSC proportional to the total
generation cost of the ac system. The final cost factor F; at the
jth VSC is defined as follows:
AL (K
T (k) = “3%5424*7
225 A5 (k)
Note, while the total cost of N ac systems can be reduced, it
does not reach the minimum. The optimization model including
N ac systems can minimize the total cost, but this type of
multi-agent optimization requires an extended amount of time
to solve the problem. The droop gain R should be changed
immediately after a fault such that the normalization of k; value,
which is updated by EMS in a 1- or 5-minute dispatch cycle, is
utilized by (25). Once both F;(k) and #;(k) are updated via
the dispatch algorithms and the communication system, the CBA
droop gain can be created. By combining the existing adaptive
droop formula [15] and (25), the proposed droop gain R’j can
be expressed as follows:

(25)

Rbase “
) x Fj (kz)> .
where H; is the available headroom of the jth VSC, Ry is the
maximum value of all VSC ratings, and R? is a nominal droop
gain. Therefore, the unit IR;- is p.u. «v is a user-defined positive
constant, and it is used to adjust the R’j value to a stable operation
point. If IR;- isnotlocated in the stable droop gain range, o should
be modified to ensure the performance and small-signal stability
of the converter. In particular, dynamics of the control systemin a
grid-connected VSC become more complicated when connected
to a weak grid, which is often associated with stability issues.
Thus, a stability-constrained adaptive droop approach is required
with a weak grid.

(26)

R;(k):Rgx(

| SCADA (Measurement data) ==p: State Estimator |

Generate
Constraints

Five-minute central dispatch 4—

) 4

Input Data

Update dispatch result & generator cost curves (a;;, bj,).
Update converter headroom (%;) for total A/VSC.
Nominal droop gain RY.
User-defined positive constant a.
) 4

Step 1: 4;(k) calcualtion
.+ Calculate A}(k) at each area by (24).
. ¥
Step 2 : F;(k) calcualtion

.+ Normalized 4; (k) values by (25).
' ) 4

fe o e e

Step 3 : Rj(k) calcualtion
Calculate final CBA droop gains by (26) for total N VSC. |

Adjust positive constant a

‘_N.Stable droop gain?
Yes {

Step 4 : Update droop gain
+ Update CBA droop gain R; for total N/VSC

Fig. 3. Four steps for CBA droop gain update.

Considering (26), the VSCs that participate in the CBA droop
control strategy have different F; values at each economic
dispatch cycle, and the cost factor F; is the determinant of the
droop gain ]R}. R;« becomes larger when the cost factor F is
large; consequently, smaller unbalanced power is allocated to
reduce the total generation cost. In contrast, when ¥ is small,
]R;- becomes smaller; consequently, large unbalanced power is
shared in order to utilize inexpensive power after a VSC outage.
Coincidentally, if the cost factor F; is large while the headroom
‘H ; is small, the updated R/j would be the largest, and the smallest
unbalanced power would be assigned to the VSC. Although the
method requires an initial investment cost for communication
systems, it can save on annual operating costs. The control block
diagram and detailed procedure for updating the CBA droop gain
are shown in Fig. 2 and Fig. 3, respectively.

The sequence of events followed in the proposed approach
are listed as follows:

1) Use the nominal droop gains R? at kth time as calculated

based on the converter rating and stability.

2) Continue calculating both, the converter headroom H;
and the cost factor Fj, based on the economic dispatch
cycle. Note, F; is dependent on the online dispatch results,
the economic dispatch decision should be shared with the
MTDC system.

3) Upon detection of a VSC outage, command the sample
and hold function to invoke the updated ]R;

C. Droop Gain Stability Analysis of a Single VSC

The droop gain has a specific range for achieving acceptable
operating points based on the damping ratios of the eigenvalues.
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Fig. 4. Path of dominant eigenvalues as droop gain increase.

A complete survey of the droop stability analysis is beyond the
scope of this study; we have provided a short summary here.

Several researchers have noted that a VSC with large gains
that is connected to a weak ac grid is prone to instabilities when
subjected to a disturbance [29]. This is because the high gain can
easily generate an unstable eigenvalue with high proportional
gains. Based on (1) and (2), the reduced third-order small-signal
model of a single VSC can be written as follows:

d Al'l Al‘l
BN AS
dAxy dAxs dAJ
dt erW? :Aew F :kaLAUg. (28)

where Ae, and Ae, are the errors of the active power controller
and voltage controller, respectively; and kpr . is the PLL gain.
The coefficient parameters of the matrix A can be found in [30],
and see [30] for a detailed modeling procedure. As explained in
[31], because the unstable modes resulting from the interaction
between the VSC and the weak ac network is only on the order
of several Hertz, the higher frequency dynamic behavior of the
ac system network can be ignored. Furthermore, with this low
frequency, the conductance of any filter capacitor at the PCC is
negligible. Using the Cayley-Hamilton theorem, matrix A can
be reduced further, the real part of the eigenvalues of the reduced
model is shown in Fig. 4.

The unstable mode was significantly affected by the droop
gains, particularly under SCR = 1.2. The system was unstable
within certain droop gain ranges (R > 20), and a larger gain
would make the system unstable. Thus, the stable droop gain
range in the CBA droop strategy must be predefined depending
upon the system strength; the stability constraints of the droop
gain of a converter under a certain VSC outage should be
performed in an offline study [19].

IV. SIMULATION AND ANALYSIS

To clearly show the simplicity and efficiency of the proposed
CBA droop strategy, this section considers the four-terminal dc
system. First, the two kinds of structures and parameters of the
VSC-MTDC for simulation are introduced. Next, the method in
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Fig. 5. Schematic diagram of VSC-MTDC.
TABLE I
PARAMETERS OF THE VSC-MTDC SYSTEM
Item Value
VSC3 Rated power (MVA) 600
Nominal ac voltage (kV) 220
Inductance (H) 5000
Short circuit impedance
(ohm.H) 0.1,0.015
Transformer reactance (pu) 0.18
VSC4 Rated power (MVA) 600
Nominal ac voltage (kV) 220
Inductance (H) 5000
Short circuit impedance
(ohm,H) 0.8,0.017
Transformer reactance (pu) 0.18
PI controller Outer controller, k;, 0.48
Outer controller, k;; 0.0067
Current controller, kp, 0.48
Current controller, k;, 0.0067
Dc voltage Dc voltage (kV) 400
Dc cable Length of line (km) 200
Resistivity (ohm*m) 2.2e-8

TABLE II

GENERATOR COST CURVES FOR THE TWO SCENARIOS

Area  Gen Scenario 1 Scenario 2

1 0.002P? + 0.2P; + 13 0.003P? 4+ 0.2P; + 25

3 2 0.003P? + 0.05P, +5  0.003P% + 0.25P, + 2
3 0.001P? + 0.1P; + 18  0.001P? + 0.1P; + 30
4 0.004P? + 0.1P, + 24 0.003P? + 0.2P, + 14
1 0.002P? + 0.5P, + 25  0.004P? + 0.3P, +5

4 2 0.003P? + 0.1P, + 12 0.004P? + 0.2P, + 7
3 0.005P% + 0.5P; +30  0.004P? 4+ 0.3P, + 13
4 0.004P? + 0.4P, + 12 0.003P? 4+ 0.2P, + 12

which the CBA droop control strategy is applied in the MTDC
system from the analytical derivation is discussed.

A. Fixed Versus CBA Droop Control Scheme

1) System Structure: The study network established in
PSCAD/EMTDC, consists of four monopole VSCs connected
with 200 km dc cables, as shown in Fig. 5. The specifications of
the converter and the controller parameters are listed in Table I.
The cable parameters were obtained from a PSCAD generic
model, and the surrounding ac systems were modeled using
ideal 380 kV voltage sources; the equivalent resistances and
inductances are 0.1 ohm and 0.015 H for area 3, respectively;
0.8 ohm and 0.017 H for area 4, respectively.
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Fig.6. DC link and active power for a fixed droop scheme following the outage

of VSCI in scenario 1.

TABLE III
CoST FACTORS AND CBA DROOP GAINS IN SCENARIO |

VSC F R;
3 0.3093 4381
4 0.6907 11.14

In the initial state, VSC1 and VSC2 are considered to act as
rectifiers that maintain the P — @ control mode at the PCC.
Conversely, stations VSC3 and VSC4 serve as grid-side in-
verters with a fixed droop scheme or the proposed CBA droop
scheme and operate in U, — @ control. Both VSC1 and VSC2
adopt P — @ control to fairly compare the total generation cost
between area 3 and 4. If necessary, any other VSC adopting
droop control in MTDC system can be considered. The dc
voltage was maintained at +400kV and the unequal loading
conditions at the four VSCs were considered; and VSC1 outage
(approximately 200 MW) was simulated for the two different
scenarios. VSC1 and VSC2 rectifiers export approximately 200
MW and 300 MW, respectively, from the dc grid; while those of
VSC3 and VSC4 import 230 MW and 280 MW, respectively, to
the ac systems.

And, for the generator cost curves of two kinds of scenarios, it
was assumed that the cost of the /th generator was approximated
with a quadratic function, which takes the forms of (17), as
shown in Table II. The total number of generators is set by
M = 4 atboth areas, and four different types of generators have
respective cost functions. The cost functions in Table II are all
thermal power plant cost curves, which have units of USD/h.

2) Scenario 1: Regarding the fixed droop control strategy,
the droop gains are determined by Rs3, R4 = 5 for converter
performance, while considering the converter power ratings of
VSC3 and VSC4. Considering VSC1 outage, the active power
from the rectifier becomes 0 MW at ¢ = 1.25 s, as shown by
the black trace in Fig. 6. Therefore, the two inverters VSC3 and
VSC4 lower their power in order to compensate for the loss of
the rectifier (VSC1), as shown by blue and red lines in Fig. 6.
In the fixed droop scheme, the burden is shared equally by the
remaining two kinds of inverters; thus, VSC3 decreases its power
from 230 MW to 150 MW, while VSC4 reduces its power from
280 MW to 200 MW, as shown by blue and red traces in Fig. 6.
Results indicate that the active power fluctuation does not exceed

dc voltage
450
440
S 4301
£
= 420}, "
410 -~
400 ' ' ' ' - !
1.2 1.3 14 15 1.6 1.7
active power
500
300 vscif
= . —vscal.
=3 E—— —vVsC3
-300 F——— "L'/ e e me— ~——vVsc4
-600 ; ' . L g !
1.2 13 14 15 1.6 1.7
Time(s)
Fig. 7. DC link and active power for the CBA droop scheme following the

outage of VSC1 in scenario 1.

the upper or lower limit with the fixed droop control. Because
we focus on the impact of varying the cost factor F; on the active
power output, it is assumed that the headroom at each VSC is
sufficiently acquired.

Furthermore, the dc link voltage of each converter station was
observed, as shown in Fig. 6. The dc voltage increases following
the rectifier outage, and the variation of the dc voltage error
between the reference and measuring value at each VSC station
is estimated to be approximately 2.5%.

In the proposed CBA droop strategy, the normalized cost
factor JF; was first calculated based on the four different
types of generator cost curves, as shown on the left side of
Table II. For example, it is assumed that the total load of area
4 is 400 MW and given that Z?:l P+ AP, = 400 MW —
200 MW = 200 MW in area 4, 1) can be calculated by (24) as
follows:

A = (1/0.004 + 1/0.006 + 1/0.01 + 1/0.008) " x 200
+ (1/0.004 + 1/0.006 + 1/0.01 + 1/0.008)
% (0.5/0.004 + 0.1/0.006 + 0.5/0.01 + 0.4/0.008)
=0.688.

Based on the A5 and 1} values, the CBA droop gains R% and

’, can be created by (26), respectively, as shown in Table IIL
Considering the stable range of R’;, the user-defined positive
constant a was set to 0.85. Accordingly, the CBA droop gains
were updated to be R5 =4.81 for VSC3, and R =11.14 for
VSC4 in the economic dispatch cycle, as shown on Table III.

As shown by the red trace in Fig. 7, VSC4, which has a
higher cost factor F; value than VSC3, decreases its power to
the MTDC grids by a greater value, since the incremental cost
in the power market of area 4 is high. Thus, VSC3 increases
its power to the MTDC grids from 230 MW to 280 MW, while
VSC4 reduces its power from 280 MW to 30 MW as shown in
Figs. 7 and 8.

By using a cost-based droop gain, the relatively inexpensive
active power is flowing into the dc grid in order to regulate the
dc link voltage, while relatively expensive power can be largely
reduced. Furthermore, the CBA droop scheme can apparently
reduce the total cost of area 4 by approximately 147.49 USD/h
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Fig. 8. Generation cost results and VSCs power change after contingency.

more than the fixed droop scheme, as shown by the red and blue
bars in Fig. 8. For instance, the total incremental cost for area
4 adopting the fixed droop scheme can be calculated by (20) as
follows:

P, = 125 MW, P, = 150 MW, Py = 50 MW, P, = 75 MW.

Total cost =Y"7_, C1(P,) = 93.75 + 82.5 + 37.5 4 52.5 =
266.25 USD/h.

Conversely, the total cost for area 4 adopting the proposed
CBA droop scheme can be calculated as follows:

P, = 58.7 MW, P, = 105 MW, P; = 23.5 MW,
Py = 41.8 MW.

Total cost =", C1(P,) =36.29 + 44.19 + 14.5 + 23.77=
118.7695 USD/h.

Therefore, the total generation cost for the two ac systems
can be reduced more than using the fixed droop control strategy,
and it should be noted that the post-contingency-steady-state
operating point results are consistent with the analytical values.

By adopting the CBA droop gain, the respective dc voltage
of the VSCs was well maintained, within 0.01% error, as shown
in Fig. 7; the respective reference dc voltage is controlled as
well due to a much higher droop gain in VSC4 determined
immediately after a rectifier outage. The final dc voltage values
between the fixed and CBA droop are not the same because the
total output active power sum for the two inverters is different at
the post-contingency-steady-state. The proposed droop scheme
does not deteriorate the dc link dynamics further than the fixed
droop strategy, and economic power sharing is well reflected in
this scheme. Furthermore, by observing the VSC power change
results after a contingency, no converter violated their power
rating because the capacity factor H; was also included in
(26), so power changes of VSC3 and VSC4 were deemed to
be sufficiently acceptable for the converter limit.
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TABLE IV
CoST FACTORS AND CBA DROOP GAINS IN SCENARIO 2

VSC F; R}
3 0.368 5.07
4 0.631 8.94
dc voltage
450

440 1 —VsC1

— 430f VSC2

< 420k . —vsc3
= 410 RS \NWm:—VSC4 o
400 . - - ' - !

1.2 1.3 14 1.5 1.6 17
active power
500 -

— 300 —VSC1 -
= ol —vsC2=

= L[ —Vsc3
-300 == V// e A e RS Pt o\ [ S O [
-600 : ¢ . : . d

1.2 1.3 14 1.5 1.6 1.7
Time(s)
Fig. 9. DC link and active power for the CBA droop scheme following the

outage of VSC1 in scenario 2.

3) Scenario 2: In the second scenario, both VSC1 and VSC2
maintain P — () control mode to be the same as in the first case,
and the VSCI1 rectifier outage is considered. The modified CBA
droop gains of R4 for VSC3, and R/, for VSC4 are applied,
based on the different generator cost curves, as shown on the
right side of Table II. The normalized cost factors JF; were
recalculated from the different unit scheduling results. It is
assumed that the total load of area 4 is 400 MW and given
that 3/, P, + AP, = 400 MW — 200 MW = 200 MW, A}
can be recalculated as follows:

A = (1/0.008 4 1/0.008 + 1/0.008 + 1/0.006) " x 200
+ (1/0.008 4 1/0.008 + 1/0.008 + 1/0.006)
% (0.3/0.008 + 0.2/0.008 4 0.3/0.008 + 0.2/0.006)
= 0.615.

Using A% and A} values, R} and R/, were equal to Ry =5.07
for VSC3 and R/, = 8.94 for VSC4, as shown in Table IV. Note,
o is calculated by the droop grain stability of VSC. It can be
seen from Table III and Table IV, the interval between Rg and

', was narrower than that in the scenario 1.

As shown by the blue and red lines in Fig. 9, the active power
from the rectifier apparently becomes 0 MW at ¢ = 1.25s, and
the two inverters reduce their power to regulate the dc link
voltage. By using the F3 and F, values, VSC4 reduces its power
from 280 MW to 85 MW, and VSC3 maintains its active power
at approximately 220 MW, as shown in Figs. 9 and 10.

Considering the impact of varying J; on active power, the
amount of reduced power differs from the scenario 1. VSC4,
which has a smaller F; than the scenario 1 (11.14 to 8.94),
increases its active power from 30 MW to 85 MW. Thus, the
total cost for area 4 adopting CBA droop gain differs from the
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Fig. 10.  Generation cost results and VSCs power change after contingency.

first scenario as follows:
P, =59MW, P, =71 MW, P3; = 59.03 MW,
Py = 95.38 MW.

Total  cost :2?21 C)(P) = 31.65+ 34.77 4 31.65 +
46.37 = 144.45 USD/h.

Note, as F; isreduced, a larger active power amount flows into
the MTDC grids to reduce the total generation cost. Conversely,
if F; is increased, a smaller active power amount flows into
the MTDC grids to avoid using relatively expensive active
power. Compared to the fixed droop strategy, the CBA droop
strategy reduces the incremental cost from 278.64 USD/h to
201.65 USD /h based on the second-generation list, as shown by
the red and blue bars in Fig. 10. Apparently, areduced total power
generation cost can be achieved and meaningful power sharing
at the post-contingency-steady-state operating point is possible.
Note, the operating point for each VSC should be adjusted after
a contingency to ensure proper power flow between regions.

B. Adaptive Droop Versus CBA Droop Scheme

1) System Structure: To escalate the effectiveness of the pro-
posed strategy, the proposed CBA droop strategy is performed in
IEEE-39 bus standard system in PSSE. The modified IEEE-39
bus standard system has 39 buses and 28 branches as it is, and
the load bus follows an original value, as shown in [Fig. 11].
However, the MTDC system was newly attached at the 1, 3, 5
and 25 buses and the several ac transmission lines are switched
off for grid separation. The specifications of the converter are
listed in Table V.

Four VSCs maintain the droop control mode at the PCC, and
VSC4 outage was simulated. VSC2 and VSC3 rectifiers export
approximately 50 MW and 28 MW, respectively, from the dc
grid; while those of VSC1 and VSC4 import 35 MW and 44 MW,
respectively, to the ac systems.

As same as the section A, it was assumed that the cost of the /th
generator was approximated with a quadratic function, as shown
in Table VI. The total number of generators is set by M = 1 at

Area 2

Fig. 11.  Modified IEEE 39-bus standard test system.
TABLE V
PARAMETERS OF THE VSCS
VSC Rated power (MVA) Initial power (MW)
1 100 35 (import from the dc grid)
2 100 50 (export from the dc grid)
3 80 28 (export from the dc grid)
4 80 44 (import from the dc grid)
TABLE VI

GENERATOR COST CURVES FOR IEEE-39 BUS SYSTEM

Area Gen Cost curve
1 G10 0.004P? + 0.2P, + 13
) Gl 0.01PZ + 0.8P; + 20
G2 0.04P? + 0.6P, + 22
; G8 0.02PZ + 0.9P, + 25
G9 0.04P? + 0.8P, + 30
TABLE VII
ADAPTIVE AND CBA DROOP GAINS
VSC Adaptive droop gain CBA droop gain
(a =0.98) (a =0.8)
1 6.41 1.03
2 8.31 2.76
3 5.78 5.03

area 1, and M = 2 at area 2 and 3, as shown in the Fig. 11. The
cost functions in Table VI are all conventional power plant cost
curves, which have units of USD/h.

2) Adaptive Droop Versus CBA Droop Scheme: In this sec-
tion, the adaptive droop scheme [15] and the CBA scheme
were compared. The adaptive droop coefficients to share the
burden according to the available headroom can be calculated by
]R; = IR? X (Rease/H;)™. This ensures that converters which
are already operating very close to the operational limit would
not try to share the burden of a lost converter. However, it is
anticipated that the cost factor is not considered in adaptive
droop scheme in comparison with the proposed CBA scheme
when the contingency occurs.
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Fig. 12.  Active power for the adaptive and CBA droop scheme following the
outage of VSC4.

Regarding the two kinds of droop control scheme, the initial
droop gains are determined by R, Ro, R3 = 3.5 for converter
performance, while considering the converter power ratings.
Given that P, = 100 MW, the )L;‘- is calculated as follows: A} =
0.13, A5 = 0.62, A5 = 0.94. Thus, the CBA droop coefficients

' R and R} can be created by (26), as shown in Table VIL
Considering the stable range of R’;, the user-defined positive
constant o was set to 0.8. Accordingly, the CBA droop gains
were updated to be R} = 1.03 for VSCI, and R}, = 2.76 for
VSC2, R4 = 5.03 for VSC3 in the economic dispatch cycle.
Note that R is calculated by Rpgse = 80.

To validate the performance of the proposed droop scheme,
the contingency time lines are as follows: 1) simulation start: O
S, 2) apply 1-phase fault at bus 21: 1 s, 3) trip lines and VSC4
outage: 1.083 s, 4) simulation end: 3.0 s. And, the active power
flow of VSC2 and 3 is indicated by positive values to enlarge
the y-axis range.

Notable results of this scenario involved the active power from
VSCI1. In the CBA droop scheme, VSC1 which has a lower
cost factor F; value than VSC2 and 3 increases its power to the
MTDC grids by a greater value, since the incremental cost in the
power market of area 1 is low. In contrast, the adaptive droop
gains are only determined by available headroom therefore a
smaller amount of active power is injected into the MTDC grid
than the CBA scheme. As shown by the black trace in Fig. 12,
VSCI increases its power to the MTDC grids from 35 MW to
61.2 MW in CBA droop scheme, while VSCI increase its power
from 35 MW to 53 MW in the adaptive droop scheme. However,
total generation cost of area 1 between two control strategies is
similar because of the relatively inexpensive generation cost in
area 1.

Due to the similar converter headroom, the interval between
adaptive droop gains is narrower than that in the CBA droop
scheme, as shown in Table VII. On the other hand, the CBA
droop gain R’ is much smaller than R% because VSCI has
the smallest cost factor. Therefore, the CBA droop strategy can
reduce the total incremental cost from 103.35 UDS/h to 98.09
USD/h, as shown by the black bars in Fig. 13. Assuming that
there is no change in power balance and generation constraint
for five hours, the CBA droop scheme can apparently reduce the
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total cost by approximately 26.28 USD more than the adaptive
droop scheme. Therefore, the generation cost for the three ac sys-
tems can be reduced more than using the adaptive droop control
strategy, and it should be noted that the post-contingency-steady-
state operating point results are consistent with the analytical
values.

In conclusion, the main differences between proposed and
previous methods lie in whether a cost factor F; value has been
applied. If the areas have a high short-circuit ratio, while having
a sufficient power reserve, the MTDC using the proposed CBA
strategy has an appealing advantage of having the ability to
operate economically by a simple formula. Notably, in practice,
the droop gain range of the outer controller will be limited, and
depending upon the connected ac grids or MTDC topology, the
control variable « should be sufficiently chosen.

V. CONCLUSION

To date, there have been various studies examining au-
tonomous power sharing in MTDC systems using adaptive droop
control strategies instead of the fixed droop strategy. In this
study, a CBA droop control scheme to reduce the total generation
cost of the ac system is proposed. The advantage of this CBA
droop control strategy is the fact that it considers the generator
cost function of ac systems, while achieving robust control. The
analytical derivation is established through transient simulations
on an MTDC grid with four monopole VSCs, and the results
for the rectifier outage under two different cost list scenarios
are presented. The results present that the CBA droop achieved
a greater reduction in active power generation costs compared
to the fixed droop at post-contingency-steady-state operation
points. The results indicate that the CBA droop scheme can be
implemented effectively.
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