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Abstract—In an AC/DC hybrid distribution grid (AC/DC
HDG), different AC distribution grids are connected through a
voltage source converter (VSC) based DC grid to operate the
entire system in a secure and economic manner. This paper
presents a decentralized optimal operation approach for running
AC/DC HDG which can either work individually or collaborate
with each other. Using the analytical target cascading (ATC)
approach, a three-level hierarchy consisting of DC grids, VSC
stations and AC grids, is formulated to decompose the operation
problem of AC/DC HDG. The obtained subproblems for these
grid levels, as well as the interactions between them, are modeled
and solved with a nested solution process. The simulation results
show the effectiveness of the proposed decentralized approach.

Index Terms—AC/DC hybrid distribution grids (AC/DC
HDG), analytical target cascading (ATC), decentralized optimiza-
tion, optimal power flow

NOMENCLATURE

AC Set of AC distribution grids.

Cdg,k(•) Generation cost function of DGk.

DG Set of DG units.

Pb, Qb Active and reactive power injected to bus
b.

PX
AC,j , QX

AC,j Active and reactive power transferred
from AC grid j to VSC stationj, com-
puted in areaX ’s subproblem.

PX
DC,j Active power transferred from VSC sta-

tion j to the DC grid, computed in area
X ’s subproblem.

Pdg,k, Qdg,k Active and reactive power generated by
DG k.

Pgrid, Qgrid Active and reactive power transferred
from the higher level grid.

R, Xl, Xc Equivalent resistance, reactance and filter
capacitance of the VSC station.

Sl(Pl) Power transferred through linel.

Vb, θb Voltage magnitude and angle of busb.

This work was supported by China National High Technology Research
Development Program (863 Program) (2015AA050102).(Corresponding au-
thor: Keyou Wang)

C. Qi, K. Wang, G. Li and B. Han are with the Key Laboratory of Control of
Power Transmission and Conversion, Ministry of Education, Shanghai Jiao
Tong University, Shanghai, 200240, China. (email: ee.qichen@sjtu.edu.cn;
wangkeyou@sjtu.edu.cn; liguojie@sjtu.edu.cn; hanbei@sjtu.edu.cn)

Y. Fu is with the Department of Electrical and Computer Engineering,
Mississippi State University, Mississippi State, MS, 39762, US. (email:
fu@ece.msstate.edu)

R. Huang is with the State Grid Beijing Electric Power Company, Beijing,
100031, China. (email: h979@sohu.com)

T. Pu is with the China Electric Power Research Institute, Beijing, 100192,
China. (email: tjpu@epri.sgcc.com.cn)

Vs, Vdc AC and DC side voltages of the VSC
station.

Xmax, Xmin Maximum and minimum values of vari-
ableX .

µ DC voltage utilization ratio of the VSC
station.

δ, M Modulation angle and degree of the VSC
station.

ρAC,j, ρDC,j Price of power exchanged between the DC
grid and AC gridj, respectively from the
AC grid’s and the DC grid’s perspectives.

ρgrid Price of power bought from the higher
level grid.

vij , wij Lagrangian multiplier and penalty weight
of consistency constraint for areaij.

I. I NTRODUCTION

T HE utilization of distributed generations (DGs) to locally
support the load has demonstrated many advantages,

such as reducing the pollution of electricity generation and
improving the reliability of the distribution system [1], [2].
However, conventional distribution grids operating in a radial
and open-loop structure significantly restrict the deployment
of DGs, because the power generated by DGs is dispatched
only in a limited area and the extra power is usually not
allowed to supply upstream loads, as shown in Fig. 1 (dashed
box).

The voltage source converter (VSC) based DC transmis-
sion technology has attracted great attention recently, mainly
because of its flexible controllability of active and reactive
power. This advantage can be utilized to construct the new
AC/DC hybrid distribution grid (AC/DC HDG) [3], which
executes a closed-loop operation to allow the power flow to
be dispatched in a much wider area in order to fully use
the distributed resources and balance the load rate among
different distribution grids, as shown in Fig. 1 (solid-line box).
Besides, utilization of AC/DC HDG will result in considerable
benefits for the distribution system [4]–[6], including: 1)
Requirement for AC/DC conversion is reduced along with
the avoidance of its associated economic and technical issues,
which consequently enhances the overall system efficiency;
2) With the voltage and reactive power control of VSC, the
power quality can be improved, such as waveform distortion
compensation and voltage profile optimization; 3) In case of
the outages of one AC grid, the DC grid can operate in a
load transfer mode and guarantee high continuity levels to
loads with reduced costs. These features conform well with
the objective of the smart grid, which is to provide reliable
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and high quality electric power to digital societies in an
environmentally friendly and sustainable way [7]. Therefore,
AC/DC HDG is very promising as an emerging technology
and has a great prospect.
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Fig. 1. The operational structures of the conventional distribution grid and
the proposed AC/DC HDG

In order to fully exploit its advantages, an appropriate
control strategy is needed for the proposed AC/DC HDG, in
which the optimal power flow (OPF) control is of great impor-
tance. Plenty of publications have addressed the OPF control
in traditional AC distribution systems, including network
reconfiguration [8]–[10] and multi-source coordination [11]–
[13]. A few researches have investigated the development
of OPF in a hybrid AC/DC system, including mathematical
programming methods such as Newton algorithm and interior
point algorithm [14], [15], as well as the intelligent algorithms,
such as the genetic algorithm [16]. Notice that these works
usually treat the hybrid AC/DC system as an entirety and
solve the optimization problem in a centralized and all-in-one
(AIO) approach, whereas the idea of centralized control may
not be suitable for future wide-area AC/DC HDG. Because in
a centralized control, all the information needs to be reported
to the control center, which not only requires a very high
communication capacity, but also reveals the detailed data
of the connected regional grids that are usually considered
commercially sensitive.

AC/DC HDG is composed of separate distribution grids,
and is able to operate with flexible modes. The distributed
nature of AC/DC HDG makes its optimal operation problem
very suitable to be solved in a decentralized manner. Various
decomposition solution techniques have been proposed to
solve the multi-area AC power system optimal operation prob-
lem, including Lagrangian relaxation (LR) methods [17], [18],
and augmented Lagrangian decomposition (ALD) methods
[19] such as auxiliary problem principle (APP) [20], [21]
and alternative direction method (ADM) [22], [23]. However,
considering AC/DC HDG is a new form of distribution
system, its system topology and operation scheme are very
different from conventional AC distribution grids. Therefore,
the above AC grid based decomposition algorithms cannot
be applied in AC/DC HDG without amendment. To the best
of our knowledge, the decentralized optimization problem of
AC/DC HDG has not been fully investigated.

In this paper, a decentralized optimal operation approach
based on analytical target cascading (ATC) frame is proposed
for operating AC/DC HDG. ATC [24] method is a model-
based hierarchical optimization technique usually used in
product development process, which has been adopted by our
researchers in power system operation [25], [26]. Compared

to other decomposition techniques like APP or ADM, the
characteristics of ATC can be summarized as follows:

• Similarities: when the augmented Lagrangian penalty
function is adopted in ATC, the mathematical essences
of APP, ADM and ATC are very close to each other,
and they all reflect the features of augmented Lagrangian
function method. Furthermore, the expressions of ADM
and ATC are more similar, since they both proceed from
the perspective of separated subproblems.

• Differences: compared to APP and ADM based meth-
ods, two main differences are demonstrated by ATC,
including: (1) ATC provides a hierarchical structure with
certain flexibilities on the coordination of subproblems,
which presents the idea of a cascaded communication
topology; and (2) ATC also provides certain flexibilities
on the selection of penalty functions.

Therefore, considering the cascaded structure of AC/DC
HDG, which will be illustrated in Section II, ATC is more suit-
able as the framework of its decentralized operation scheme.
Besides, the flexibilities provided by ATC can be utilized to
make further modifications according to the practical condi-
tions.

The contributions of this paper include:

• Taking advantage of the structure features of AC/DC
HDG, this paper develops a three-level hierarchy includ-
ing the AC and DC distribution grids, and the VSC
stations to decompose the original AIO optimization
problem into several subproblems. Using this hierarchy,
the optimization subproblems of AC and DC distribu-
tion grids, which are relatively complicated and time-
consuming, can be solved in a parallel manner, whereas
the subproblem of the VSC station, which is simple, can
be formulated as a coordinator.

• Different from most existing methods that take voltage
magnitudes and angles as coupling (shared) variables,
this paper adopts the active and reactive power as the
shared variables, which renders the advantages, including
(1) It is more suitable for the operation of AC/DC HDG
as the VSC station takes active and reactive power as
its control variables. Therefore, the optimized results
can be utilized directly as the references for the VSC
station level control; and (2) It is easier to address the
connections between AC and DC grids, because the
coupling interface can be simply regarded as a pseudo
generator or load for each distribution grid, and different
AC distribution grids do not need to coordinate their
swing bus angles.

The rest of this paper is organized as follows. The for-
mulation of the decentralized optimal operation problem of
AC/DC HDG is given in Section II. The solution process of
the decentralized model is explained in Section III. Numerical
simulations are carried out in Section IV. And the concluding
remarks are provided in Section V.

II. FORMULATION OF DECENTRALIZED AC/DC HDG
PROBLEM

In a typical AC/DC HDG, several AC distribution grids are
connected together through a DC distribution grid, and the
AC/DC conversion is performed by VSC stations, as shown
in Fig. 2.
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Fig. 2. A typical structure of AC/DC HDG

Under the normal condition, the operation goal of an
AC/DC HDG could be to minimize the operating cost of the
distribution systems, including the costs of energy purchased
from the higher level grids and generated by local DGs,
while meeting the operational constraints. In this section, a
procedure for decomposing the overall AIO problem into the
decentralized subproblems is presented, and the subproblems
are formulated in detail.

A. Problem Decomposition

Consider the AIO optimal operation problem:

min f(x) (1)

s.t. g(x) ≤ 0

h(x) = 0

where x is the vector of all the optimization variables of
AC/DC HDG, f is the overall objective function,g and h
are respectively the inequality and equality constraints.

As shown in Fig. 2, an AC/DC HDG can be mainly divided
into three kinds of systems: the AC system, the DC system,
and the VSC station system coordinating the connected AC
and DC systems. According to this grid structure, a three-
level hierarchy can be formulated to represent the AC/DC
HDG, which is shown in Fig. 3. This hierarchy contains a
total of M = (2m+ 1) elements, where the element at level
1 represents the DC distribution grid, them elements at level
2 represent them VSC stations, and them elements at level
3 represent them AC distribution grids. It is worth noting
that this three-level hierarchy is derived from the cascaded
topology of AC/DC HDG, which is shown in Fig. 2. This
matching of structures illustrates the appropriateness of ATC
technique to the optimal operation problem of AC/DC HDG.
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Fig. 3. The three-level hierarchy of AC/DC HDG

In order to be solved in a decentralized way, the AIO
problem (1) should be decomposed into multiple subproblems.
In this section, the elementj at leveli is denoted aseij , and
the indexij is used to indicate that a quantity is relevant to
the elementeij , wherei = 1, 2 or 3, and j ∈ Ei, which is
the set of elements at leveli.

Assume the overall objective functionf is additively sepa-
rable, and the constraintsg andh can be separated by element,
such asf = f11 + · · · + f3m, g = [g11, · · · , g3m] and
h = [h11, · · · , h3m].

Furthermore, assume each element has its own local vari-
ablesxij , and is coupled with other elements through target
variablestij , as illustrated in Fig. 3. To fully separate the
objective and constraints with respect to the optimization
variables, the response variablesr ij are introduced as copies
of the target variablestij , which are required to match the
original targets by consistency constraintscij = tij − r ij = 0.

For decomposition purpose, these consistency constraints
are relaxed with a penalty functionπ that is added to the
objective. The modified and relaxed AIO problem is given
by:

min

3
∑

i=1

∑

j∈Ei

fij(x̄ij) + π(c(x̄11, · · · , x̄3m)) (2)

s.t. gij(x̄ij) ≤ 0

hij(x̄ij) = 0

∀j ∈ Ei i = 1, 2, 3

where x̄ij = [xij , r ij , t(i+1)j1 , · · · , t(i+1)jdij
] , and c =

[c21, · · · , c3m].

In the problem (2),π is the penalty function of the relaxed
consistency constraints,c is the vector of all inconsistencies.
For the elementj at level i, fij , gij andhij are respectively
the local objective and the vectors of inequality and equality
constraints,̄xij is the set of optimization variables, in which
xij is the vector of local variables,r ij is the vector of response
variables to its parent at leveli−1, andt(i+1)j1 , · · · , t(i+1)jdij
are the vectors of target variables to its children at leveli+1.
The set of the children of elementeij is denoted asDij =
{e(i+1)j1 , · · · , e(i+1)jdij

}.

By defining subproblems which only solve a subset of
the optimization variables̄xij , and adopting the augmented
Lagrangian function as the penalty functionπ [27], the AIO
problem (2) can be decomposed into subproblems as:

min fij(x̄ij) + vTij(tij − r ij) + ‖wij ◦ (tij − r ij)‖22+ (3)
∑

j∈Dij

vT(i+1)j(t(i+1)j − r (i+1)j)+

∑

j∈Dij

‖w(i+1)j ◦ (t(i+1)j − r (i+1)j)‖22

s.t. gij(x̄ij) ≤ 0

hij(x̄ij) = 0

wherevij andv(i+1)j are the vectors of Lagrangian multipli-
ers,wij and w(i+1)j are the vectors of penalty weights, and
◦ represents theHadamard product. It can be seen that the
subproblems (3) can be solved separately in each element of
the hierarchy.
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B. Shared Variable Modeling

The three-level hierarchy of AC/DC HDG is illustrated in
Fig. 4 to clearly show the flow of target and response variables
in the proposed model.

j
j

dcV
sV

jt jr jrjt

Fig. 4. The flow of target and response variables

As shown in Fig. 4, consider the DC distribution grid is
linked with the VSC stationj, and further linked to the
AC distribution grid j. Because the VSC station is capable
of controlling the active and reactive power flexibly, the
transferring power is the control variable which can be used
directly as the target and response variables. In this paper,
the active power exchanged between the DC distribution grid
and the VSC station is defined as the target variablet2j in
the DC grid’s subproblem, and the response variabler2j in
the VSC station’s subproblem, as shown in (4) and (5). The
superscriptsDC andV SC indicate the subproblems in which
the variables are computed.

t2j = PDC
DC,j (4)

r2j = PV SC
DC,j (5)

Similarly, the active and reactive power exchanged between
the VSC station and the AC distribution grid are defined as
the target variablest3j in the VSC station’s subproblem, and
the response variablesr3j in the AC grid’s subproblem.

t3j = [PV SC
AC,j QV SC

AC,j ] (6)

r3j = [PAC
AC,j QAC

AC,j] (7)

In this paper, the positive direction of the exchanged power
is defined as transferring from the AC distribution grid to the
DC distribution grid. Therefore, it can be regarded as a pseudo
load for the AC grid and a pseudo generator for the DC grid.

C. AC Distribution Grid Subproblem

The load of an AC distribution grid can be supplied by the
higher level AC (transmission) grid, the DC distribution grid,
and/or the local DG units, therefore, the optimization objective
of the AC distribution gridj can be formulated as:

min
∑

∀k∈DG

Cdg,k(Pdg,k) + ρgridPgrid − ρAC,jP
AC
AC,j+

v3j,1(P
V SC
AC,j − PAC

AC,j) + [w3j,1(P
V SC
AC,j − PAC

AC,j)]
2+

v3j,2(Q
V SC
AC,j −QAC

AC,j) + [w3j,2(Q
V SC
AC,j −QAC

AC,j)]
2

(8)

where the first two terms are respectively the cost of power
generated by the DG units and bought from the higher level
grid. The third term is the income of selling power to the DC
distribution grid. And the rest terms are the penalty function
related to the shared variables. Note that the positive direction
of PAC

AC,j is defined as flowing out of the AC distribution grid,
so the third term is presented with a minus sign. WhenPAC

AC,j

is negative, it means the AC distribution gridj is importing
electricity from the DC grid.

In order to operate securely, the following constraints
should be satisfied for the AC distribution grid.

1) AC system power balance constraints.

Pb − fAC
P (Vb, θb) = 0 ∀b (9)

Qb − fAC
Q (Vb, θb) = 0 ∀b (10)

2) AC bus voltage limits.

V min
b ≤ Vb ≤ V max

b ∀b (11)

3) Higher level grid transmission capacity limits.

Pmin
grid ≤ Pgrid ≤ Pmax

grid (12)

Qmin
grid ≤ Qgrid ≤ Qmax

grid (13)

4) DG unit generation capacity limits in AC system.

Pmin
dg,k ≤ Pdg,k ≤ Pmax

dg,k ∀k (14)

Qmin
dg,k ≤ Qdg,k ≤ Qmax

dg,k ∀k (15)

5) VSC station interface capacity limits at AC side.

Pmin
AC,j ≤ PAC

AC,j ≤ Pmax
AC,j (16)

Qmin
AC,j ≤ QAC

AC,j ≤ Qmax
AC,j (17)

6) AC distribution line transmission capacity limits.

|Sl| ≤ Smax
l ∀l (18)

D. DC Distribution Grid Subproblem

The DC distribution grid exchanges power with different
AC grids via multiple VSC stations, and its optimization
objective can be formulated as:

min
∑

∀k∈DG

Cdg,k(Pdg,k) +
∑

∀j∈AC

ρDC,jP
DC
DC,j+

∑

∀j∈AC

{v2j(PDC
DC,j − PV SC

DC,j ) + [w2j(P
DC
DC,j − PV SC

DC,j )]
2}

(19)

where the first term is the generation cost of the DG units.
The second term is the cost of power transferred from the AC
distribution grids (or more precisely, the VSC stations) to the
DC grid. And the rest terms are the penalty functions related
to the shared variables with the VSC stations. WhenPDC

DC,j is
negative, it means the DC grid is exporting electricity to the
AC grid j.

The operation constraints which should be met by the DC
distribution grid operation are:

1) DC system power balance constraints.

Pb − fDC
P (Vb) = 0 ∀b (20)

2) DC bus voltage limits.

V min
b ≤ Vb ≤ V max

b ∀b (21)

3) DG unit generation capacity limits in DC system.

Pmin
dg,k ≤ Pdg,k ≤ Pmax

dg,k ∀k (22)

4) VSC station interface capacity limits at DC side.

Pmin
DC,j ≤ PDC

DC,j ≤ Pmax
DC,j ∀j (23)

5) DC distribution line transmission capacity limits.

|Pl| ≤ Pmax
l ∀l (24)
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E. VSC Station Subproblem

In AC/DC HDG, the VSC stations work as the connections
between the AC and DC distribution grids. Because the
structure and control method of the VSC stations are more
complicated than ordinary tie lines, it should be modeled
explicitly in the optimal operation subproblem. In this paper,
the equivalent circuit shown in Fig. 5 is used to formulate the
VSC station subproblem.

AC ACP Q DCP

R lX

cX
sV dcV

Fig. 5. The equivalent circuit of the VSC station

The design variables of the VSC station subproblem are
defined asxV SC = [PV SC

AC,j QV SC
AC,j δ M PV SC

DC,j ]. And the
objective function is:

min ρAC,jP
V SC
AC,j − ρDC,jP

V SC
DC,j + (25)

v3j,1(P
V SC
AC,j − PAC

AC,j) + [w3j,1(P
V SC
AC,j − PAC

AC,j)]
2+

v3j,2(Q
V SC
AC,j −QAC

AC,j) + [w3j,2(Q
V SC
AC,j −QAC

AC,j)]
2+

v2j(P
DC
DC,j − PV SC

DC,j ) + [w2j(P
DC
DC,j − PV SC

DC,j )]
2

The objective function of the VSC station subproblem is
relatively simple. Its first two terms are the transferring cost
of power from the connected AC grid to the DC grid, which is
related to the transmission loss of the VSC station. Similar to
the AC and DC distribution grid subproblems, the rest terms
are the penalty function related to the shared variables.

The operation constraints for the VSC station are mainly
based on the equivalent circuit shown in Fig. 5, including:

1) VSC station power balance constraints.

0 = PV SC
AC,j − µM√

2
VsVdcY sin(δ − α)−

V 2
s Y sinα (26)

0 = QV SC
AC,j +

µM√
2
VsVdcY cos(δ − α)−

V 2
s Y cosα− V 2

s

Xc

(27)

0 = PV SC
DC,j −

µM√
2
VsVdcY sin(δ + α) +

(
µ2M2

2
)V 2

dcY sinα (28)

whereY = 1/
√

R2 +X2
l , andα = arctan(R/Xl).

Notice that in order to form the VSC station’s constraints,
its DC side voltageVdc and AC side voltageVs should be
sent by the AC grid and DC grid subproblems to the VSC
station subproblem as inputs.

2) VSC station transmission capacity limits.

Pmin
AC,j ≤ PV SC

AC,j ≤ Pmax
AC,j (29)

Qmin
AC,j ≤ QV SC

AC,j ≤ Qmax
AC,j (30)

Pmin
DC,j ≤ PV SC

DC,j ≤ Pmax
DC,j (31)

3) Control parameter range limits.

δmin ≤ δ ≤ δmax (32)

Mmin ≤ M ≤ Mmax (33)

III. D ECENTRALIZED SOLUTION PROCEDURE

A nested solution process which consists of an inner loop
and an outer loop is adopted to solve the decentralized prob-
lem. In the inner loop, the subproblems are solved iteratively
with fixed penalty coefficients. After convergence of the inner
loop, the outer loop updates the penalty coefficients according
to the inner loop results. This process is explained as follows.

Step 1: Set the iteration indexes for the inner loop and
the outer loop asKI = 0 and KO = 0 respectively. And
select the initial values for the penalty parametersvKO, wKO

and the shared variables of the VSC stations, which are
[PV SC,KI

AC,j QV SC,KI
AC,j PV SC,KI

DC,j ].

Step 2: SetKI = KI + 1. Solve the subproblem for each
AC distribution grid with [PAC,KI

AC,j QAC,KI
AC,j ] as the design

variables and[PV SC,KI−1
AC,j QV SC,KI−1

AC,j ] from the previous
iteration. At the same time, solve the subproblem for the DC
distribution grid with PDC,KI

DC,j as the design variables and

PV SC,KI−1
DC,j from the previous iteration.

Step 3: Solve the subproblem for each VSC station with
[PV SC,KI

AC,j QV SC,KI
AC,j PV SC,KI

DC,j ] as the design variables and
[PAC,KI

AC,j QAC,KI
AC,j PDC,KI

DC,j ] from step 2.

Step 4: Check the inner loop convergence condition. If it
is satisfied, go to step 5; otherwise, return to step 2. The inner
loop convergence criterion is set as the difference in objective
functions between two consecutive inner loop iterations is
smaller than the predefined tolerance.

|fKI
ij − fKI−1

ij | ≤ ε1 (34)

Step 5: Check the stopping criteria for the outer loop. If
they are satisfied, the converged optimization result is obtained
and the procedure stops; otherwise, go to step 6. The criteria
are set as the inconsistencies of target and response variables
are small enough, and the reductions of inconsistencies be-
tween two successive solutions are sufficiently small.

‖cKO‖ ≤ ε2 (35)

‖cKO − cKO−1‖ ≤ ε3 (36)

Step 6: Set KO = KO + 1. Update the values of the
penalty function parameters according to:

vKO+1 = vKO + 2wKO ◦ wKO ◦ cKO (37)

wKO+1 =

{

βwKO ‖cKO‖ > γ‖cKO−1‖
wKO ‖cKO‖ ≤ γ‖cKO−1‖ (38)

whereγ = 0.25 in this paper, andβ ≥ 1.

Step 7: Set [PV SC,0
AC,j QV SC,0

AC,j PV SC,0
DC,j ] =

[PV SC,KI
AC,j QV SC,KI

AC,j PV SC,KI
DC,j ], KI = 0. Return to

step 2.
Besides, the following stopping criteria should be consid-

ered in practice, in order to avoid the dead loop.

KI ≥ KImax (39)

KO ≥ KOmax (40)

The solution process of the proposed decentralized optimal
operation approach is illustrated in Fig. 6. Note that during
the solution procedure, all the subproblems of AC and DC
distribution grids can be solved in parallel, and all the sub-
problems of the VSC stations can be solved in parallel. In this
paper, the optimization problems are solved using the interior
point algorithm.
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Fig. 6. The flowchart of the decentralized solution process

IV. SIMULATION RESULTS

In order to test the effectiveness of the proposed decen-
tralized operation approach for AC/DC HDG, two cases are
studied where 1) three IEEE 33-bus distribution grids and 2)
three practical distribution grids, are connected through a DC
grid. The proposed decentralized approach is compared with
the centralized approach, in order to validate its effectiveness.

A. IEEE 33-bus Distribution Grids
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7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25
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distribution grid 3
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Fig. 7. The simulation system of IEEE 33-bus distribution grids

Fig. 7 shows the test AC/DC HDG where three IEEE
33-bus distribution grids are connected through a 7-terminal
DC distribution grid. Assume that all three AC distribution
grids have the same line structure, but the load demand, the
locations of the DG units and the VSC connection buses are
different, as listed in Table I. Further assume that all the VSC
stations have the same structural parameters asR = 0.01 p.u.,
Xl = 0.03 p.u. andXc = inf, i.e., there is no filter capacitor.

TABLE I
GENERATION AND LOAD OF EACH DISTRIBUTION GRID

Grid VSC buses DG locations
Active Load Reactive Load

(MW) (MVar)

DC 1, 3, 5 2, 4 2.00 /

AC-1 6 11, 21, 24 4.28 2.69

AC-2 7 5, 16, 29 1.71 1.08

AC-3 8 13, 25, 30 2.40 1.51

The prices of electricity transferred from the higher level
grid and generated by the DG units are set as shown in Table
II and Table III, respectively for the AC and DC distribution
grids. The pricesρAC,j andρDC,j are set as500 CNY/MWh.
The active and reactive capacity of the VSC stations are set
as±2.00 MW and±1.00 MVar.

TABLE II
GENERATION COST IN AC DISTRIBUTION GRID 1

Generator Active Capacity Reactive Capacity Price

bus (MW) (MVar) (CNY/MWh)

1 / / 830

11 1.00 ±1.00 300

21 1.00 ±1.00 400

24 1.00 ±1.00 500

*Generation costs in AC distribution grids 2 and 3 are the same

TABLE III
GENERATION COST IN DC DISTRIBUTION GRID

Generator Active Capacity Price

bus (MW) (CNY/MWh)

2 1.00 300

4 1.00 300

The initial values of the shared variablesPV SC,0
AC,j , QV SC,0

AC,j

andPV SC,0
DC,j are all set as0. The penalty parameters are set as

v0 = 0, w0 = 1, andβ = 1.4. The convergence thresholdsε1,
ε2 andε3 are set respectively as0.01, 1.0× 10−6 and1.0×
10−7. The maximum iteration limitsKImax andKOmax are
set as20 and100 respectively.

Fig. 8 shows the amount of power exchanged between VSC
station 1 and AC distribution grid 1 in each outer loop. It can
be seen that the target and response variables converge to the
same operating point after 31 iterations. The time used for the
decentralized optimal operation method to reach convergence
is 25.31s.

The results of the decentralized approach and centralized
approach are shown in Table IV and V respectively. It can be
observed that the results of the decentralized approach are very
close to the results of the centralized approach. The maximal
relative error for the exchanged active power is less than1.0%,
and the absolute error between the two approaches for the total
generation cost is only0.01 CNY/h. These results show the
effectiveness of the decentralized approach.

According to the assumptions in Table I, the load in AC
distribution grid 1 is relatively heavier, and the loads in AC
grid 2 and AC grid 3 are lighter. It is obvious that when
operating independently, AC grid 1 needs to import electricity
from the higher level grid, while the power generated by DG
units in AC grids 2 and 3 are curtailed. In AC/DC HDG, the
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Fig. 8. (a) Active power and (b) reactive power exchanged between VSC
station 1 and AC distribution grid 1 in IEEE 33-bus distribution grid test

TABLE IV
RESULTS OFTHE POWER VARIABLES IN DC AND AC GRIDS

Grid Power source
Decentralized Result Centralized Result

P (MW) Q (MVar) P (MW) Q (MVar)

DC

DG 1 1.0000 / 1.0000 /

DG 2 1.0000 / 1.0000 /

AC grid 1 -1.3913 / -1.3913 /

AC grid 2 0.8575 / 0.8611 /

AC grid 3 0.5530 / 0.5495 /

Higher level grid 0.0000 0.5283 0.0000 0.5397

AC DG 1 1.0000 0.6306 1.0000 0.6333

grid DG 2 1.0000 0.0754 1.0000 0.0519

1 DG 3 1.0000 0.6765 1.0000 0.6771

DC grid -1.3669 -0.8465 -1.3668 -0.8552

Higher level grid 0.0000 0.2550 0.0000 0.2550

AC DG 1 1.0000 0.2315 1.0000 0.2338

grid DG 2 1.0000 0.1024 1.0000 0.0966

2 DG 3 0.6287 0.4761 0.6324 0.4769

DC grid 0.8651 -0.0528 0.8686 -0.0556

Higher level grid 0.0000 0.3069 0.0000 0.3072

AC DG 1 1.0000 0.1698 1.0000 0.1680

grid DG 2 1.0000 0.2851 1.0000 0.2852

3 DG 3 0.9859 0.6800 0.9822 0.6800

DC grid 0.5561 -0.0940 0.5525 -0.0953

active power that AC distribution grid 1 imports from other
grids is 1.3669 MW, and the active power that AC grids 2
and 3 export are0.8651 MW and 0.5561 MW, respectively.
Because certain power is consumed as the transmission loss of
VSC stations, from the DC distribution grid’s perspective, it
exports1.3913 MW to AC grid 1 and imports0.8575 MW and
0.5530 MW from AC grids 2 and 3 respectively. Under this

TABLE V
RESULTS OF THEVOLTAGES, CONTROL VARIABLES AND COST

Grid Variable Decentralized Result Centralized Result

DC
V1 (p.u.) 2.0791 2.0790

V3 (p.u.) 2.1000 2.1000

V5 (p.u.) 2.0951 2.0950

AC-1 V1 (p.u.) 1.0379 1.0383

AC-2 V1 (p.u.) 0.9957 0.9961

AC-3 V1 (p.u.) 1.0207 1.0208

VSC-1
δ (rad) -0.0295 -0.0294

M 0.7271 0.7277

VSC-2
δ (rad) 0.0267 0.0268

M 0.6689 0.6691

VSC-3
δ (rad) 0.0169 0.0168

M 0.6891 0.6892

Entire Total generation
4007.29 4007.28

system cost (CNY/h)

circumstance, no active power is transferred from the higher
level grid, and the DG units in the local distribution grids are
almost fully utilized.

B. Practical Distribution Grids

The proposed operation approach is also applied to the prac-
tical distribution grids in Beijing, China. In this case, three AC
distribution grids, Dongxingyuan 43-bus grid, Kangzhuang
57-bus grid and Yanqing 76-bus grid are connected through
the same 7-terminal DC grid shown in Fig. 7. In fact, a real
multi-terminal DC grid is going to be constructed to link these
three AC distribution grids together [3]. The topology of the
practical distribution grids is shown in Fig. 9.

The penalty parameters and convergence thresholds are set
the same with section IV-A. The convergence is obtained after
29 iterations, and the time used is55.88s. The amount of
power exchanged between VSC station 1 and AC distribution
grid 1 in each outer loop is shown in Fig. 10.

The total generation cost result of the decentralized optimal
operation approach is16, 539.30 CNY/h, which is very close
to the centralized approach result16, 539.20 CNY/h. Among
this AC/DC HDG, the active power that is transferred from
Dongxingyuan grid to the DC grid is1.8041 MW, and trans-
ferred from the DC grid to Kangzhuang grid and Yanqing grid
are respectively1.5371 MW and 0.1837 MW. Considering
the transmission loss of the VSC stations,1.7645 MW is
imported from Dongxingyuan grid, and1.5643 MW and
0.1842 MW are exported to Kangzhuang grid and Yanqing
grid respectively, from the DC grid’s perspective. The voltage
magnitudes of the buses in three AC distribution grids are
shown in Fig. 11, which are within the allowable range.

In practical operation, the proposed optimal operation
scheme will work at a time interval of 5∼15 minutes. During
each time interval, the control references issued by the optimal
operation control module will keep invariant, and the oper-
ating point of the system will basically remain unchanged.
After one time interval, the proposed optimization scheme
will start calculation according to the updated data and reach
the convergence within a relatively short amount of time.
This final converged result will then be taken as the control
references for the next time interval.
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Fig. 9. The simulation system of practical distribution grids
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Fig. 10. (a) Active power and (b) reactive power exchanged between VSC
station 1 and AC distribution grid 1 in practical distribution grid test

C. Convergence Discussion

The proposed decentralized optimal operation method is de-
rived from the ATC theory and technique, whose convergence
has been proved in [24] in the case of a convex problem. In
this paper, the optimal operation problem of AC/DC HDG is
mathematically constructed as an optimal power flow (OPF)
problem. Though due to the nonconvexity of OPF problem,
the abovementioned convergence proof alone is not sufficient
enough, it is shown, both theoretically and experimentally,
that by adopting the augmented Lagrangian penalty function

Fig. 11. The voltage magnitudes of the buses in AC distribution grids

(3) and the multiplier update equations (37) and (38), which
are referred to as the method of multipliers, the convergence
property can be significantly enhanced.

Theoretically, through the use of augmented Lagrangian
function, strongly convex quadratic terms are added to the
objective functions. As the coefficients of the quadratic terms
keep increasing during the iteration process, their convexify-
ing contribution will largely enhance the sufficiency of the
convergence proof in [24]. Experimentally, a good reliability
of the penalty function method has been demonstrated by
many experiments, which can usually guarantee that the
optimization converges to a local optimum at least, according
to Dimitri P. Bertsekas [28].

Furthermore, our experience has revealed that the perfor-
mance of this approach relies on the values of the penalty
weight sequence, which is mainly determined by the increas-
ing rateβ in (38). To test its influence, the case in Section
IV-A is repeated using different values ofβ. The results are
shown in Table VI and Fig. 12.

In order to highlight the differences, theKImax is set as5,
and the convergence thresholdsε2 andε3 are set both as1.0×
10−6. Results in Table VI and Fig. 12 show that larger values
of β can reduce the loop numbers needed, but will cause
an undesirable effect for the convergence. According to our
experiments, in order to guarantee satisfied results under most
situations, a selection range of1 ≤ β ≤ 2 is recommended.
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TABLE VI
RESULTSUNDER DIFFERENCTWEIGHT INCREASINGRATE VALUES

Increasing rate Outer iterations Time used (s) Results (CNY/h)

1.5 25 13.87 4007.30

2.0 17 10.86 4007.35

2.5 14 13.25 4009.41

3.0 13 12.56 4019.75
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Fig. 12. The trends ofβ versus outer iterations and results

The results shown in Table VI and Fig. 12 can be further
interpreted as: a largerβ imposes a harsher penalty on the
violation of the primal feasibility, so it is easier for different
areas to reach agreement in the shared variables at the borders.
However, the convergence to the optimal solution becomes
more difficult. In contrast, a smallerβ allows each area to
achieve greater optimality, but it is more difficult for the
shared variables between different areas to reach agreement,
thus more iterations are needed.

V. CONCLUSION

AC/DC HDG is a closed-loop network which is com-
posed of interconnected AC and DC distribution grids. As
an interface between AC and DC distribution grids, VSC
station allows fast and reversible control of active and re-
active power and provides flexibilities on the coordination of
AC/DC HDG. In this paper, a decentralized optimal operation
approach based on ATC frame was proposed to optimize
the operation of AC/DC HDG. A three-level hierarchy was
presented and the subproblems for the AC distribution grid,
the DC distribution grid and the VSC station were formulated
respectively. A hierarchical algorithm including the outer
loop and inner loop was applied to solve the decentralized
optimization problem and coordinate the operating points of
the interconnected systems. The effectiveness of the proposed
decentralized approach was validated through simulations.

In addition, the proposed decentralized approach of AC/DC
HDG could be used to

• Identify flexible operation modes under emergencies,
and evaluate the overall reliability and economics of
interconnected AC and DC distribution grids;

• Identify proper locations for integrating DGs to facilitate
the penetration of DGs into AC/DC HDG;

• Analyze various distribution grid planning options for
strengthening the transfer capability between distribution
grids, and consequently mitigate the stress on power
distribution grids due to uncertain load profiles and
unexpected grid failures.
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