
Citation: Ma, X.; Liang, C.; Dong, X.;

Li, Y. Economic Dispatch of AC/DC

Power System Considering Thermal

Dynamics. Processes 2023, 11, 2522.

https://doi.org/10.3390/pr11092522

Academic Editors: Ziming Yan,

Rui Wang, Chuan He, Tao Chen

and Zhengmao Li

Received: 1 August 2023

Revised: 12 August 2023

Accepted: 16 August 2023

Published: 23 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Economic Dispatch of AC/DC Power System Considering
Thermal Dynamics
Xiping Ma 1,2,*, Chen Liang 2, Xiaoyang Dong 2 and Yaxin Li 2

1 School of Electrical Engineering, Xi’an University of Technology, Xi’an 710048, China
2 Electric Power Research Institute, State Grid Gansu Electric Power Company, Lanzhou 730050, China;

18330239198@163.com (C.L.)
* Correspondence: maxpgs@163.com

Abstract: Advance in renewable penetration has promoted the interaction between the AC and DC
power system and multi-energy sources. However, the disparate nature of different energy utilization
technologies presents strong challenges for the economic dispatch of such a complex system. This
paper proposes a comprehensive characterization of the AC/DC power system considering multi-
energy and renewable integration. Detailed models are elaborated for the AC/DC power grid, the
district heating system (DHS), coupling units, and renewables to describe their inner interactions
accurately. On this basis, an economic dispatch method is developed to minimize the operation cost
and renewable’s abandonment. Simulations indicate that the interaction between the AC/DC power
systems and multi-energy sources can enhance voltage levels and improve operational economy.

Keywords: economic dispatch; AC/DC power system; district heating system; renewable energy;
partial differential equation

1. Introduction

In recent years, the escalating conflict between increasing energy consumption and the
pressing environmental crisis has expedited the transition from conventional coal-based
power systems to renewable energy-based power systems [1–3]. In order to facilitate
and advance this shift, various technologies have emerged to enhance the integration of
renewables, including the interaction between AC and DC power systems [4,5], as well as
multi-energy integration [6,7], among others. Among these technologies, the interaction
between AC and DC grids stands out due to its remarkable flexibility and adjustability, and,
as a result, it has garnered significant attention as a prominent research area in recent years.

In this context, large amounts of research have been conducted to investigate opera-
tional analysis in the AC/DC power system. The majority can be classified into two types,
i.e., from the solution perspective and the scenario perspective. From the solution as-
pect, reference [8] proposed a unified approach to formulate the power flow model in
AC/DC hybrid microgrids, where an extended Newton method was developed to solve
the nonlinear model. Although the Newton-based method is the most accurate, massive
nonlinear terms in the corresponding optimization model make it an NP-hard problem,
which is difficult to solve. To address the strong nonlinearity, reference [9] further proposed
a second-order cone programming method for optimization in the AC/DC power system.
Similarly, reference [10] presented a semidefinite relaxation method for the optimal power
flow in the AC/DC power system. Although these relaxation-based methods improve the
solution efficiency with some nonlinear terms reserved, it is challenging to guarantee the
uniqueness of the optimized results [11]. Therefore, different from the mentioned works
that directly solve the nonlinear AC/DC power flow model, reference [12] proposed an
improved DC power flow model that incorporates voltage magnitude considerations to
address the optimization problem in the AC/DC grid. By preserving nonlinearity, this
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method adopts iterative optimization techniques to obtain a unique solution, which is
widely adopted in current research studies.

From the scenario perspective, reference [13] explored the optimal power flow prob-
lem in a transmission–distribution AC/DC power system, taking into account multi-source
complementarity and demand response. Building upon this, reference [14] analyzed the
uncertainties associated with renewables and load distribution in the AC/DC power sys-
tem, and developed a robust optimization method for economic dispatch. Additionally,
reference [15] examined the coordination of active–reactive power in the AC/DC power
system, comparing two control strategies to minimize the actions of reactive devices. A
detailed model of the voltage source converter (VSC) was also introduced in [16], proposing
a novel linear VSC model that simplifies the day-ahead scheduling problem and enhances
the solvability of the optimization model using Taylor expansion. Considering the impact
of frequent adjustments on the service life of reactive devices, reference [17] treated the
actions of reactive devices as constraints, constructing a two-stage day-ahead stochastic
scheduling model for the AC/DC power system. However, this work formulated the
problem as a mixed-integer nonlinear programming (MINLP) problem. Diverging from the
aforementioned studies, reference [18] introduced electricity–gas coupling into the AC/DC
power system for optimal scheduling, incorporating the influence of market environments
to enrich the optimization problem. As the problem was nonlinear, the second-order cone
programming method was employed to transform it into a mixed-integer linear program-
ming problem (MILP) for improved solvability. In [19], the scheduling problem considered
the detailed model of the electricity–gas coupling unit, specifically the gas turbine. The
research further highlighted the significant influence of multi-energy integration on reactive
power optimization and how it can promote wind power penetration.

In summary, despite significant efforts devoted to investigating the operation of
AC/DC power systems, several gaps still remain as follows.

(1) Existing studies mainly focus on renewables such as wind turbines (WTs) and pho-
tovoltaics (PVs) as simple active power generators, neglecting their reactive power
output and its corresponding impact on power system operation.

(2) Most studies concentrate on modeling a single component and apply it to operational
analyses of the power system, such as AC/DC power system interaction, active–
reactive power coordinate optimization, and electricity–gas coupling. However, a
comprehensive investigation of economic dispatch in the AC/DC power system con-
sidering multi-energy integration and renewable penetration is lacking. Moreover, the
current studies mainly focus on the active power coordination in the AC/DC power
system dispatch, while the reactive power output of the renewables is neglected. Thus,
the full potential of the modern power system to promote renewable consumption is
unexplored.

(3) Regarding the model of multi-energy integration, numerical methods like the finite
difference method (FDM) and the node method (NM) are commonly used to dis-
cretize dynamic energy flow equations. However, this introduces numerous discrete
variables, hindering the efficient solution of optimization problems.

To overcome the deficiencies, this paper first derives the modeling of the AC/DC
power system with the district heating system (DHS) and renewable integration in detail.
On this basis, an economic dispatch method is proposed to investigate the active–reactive
power and thermal power coordination in the AC/DC power system. The main contribu-
tions of this paper are summarized below.

(1) We have meticulously developed a comprehensive model for the AC/DC power
system considering the integration of multi-energy and renewables. Within this model,
the AC/DC power system is described using an improved DC power flow formulation.
Meanwhile, the multi-energy system, specifically the DHS, is characterized by a fully
analytical model (FAM). This choice eliminates the need for numerical discretization,
substantially enhancing both modeling accuracy and efficiency.
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(2) We have proposed a novel economic dispatch method, which enables the coordinated
operation of active, reactive, and thermal power components alongside the renewable
energy sources within the AC/DC power system. This method functionality not only
promotes the effective utilization of renewables but also contributes to cost reduction
efforts.

The remainder of this paper is as follows. The model of the AC/DC power system
considering DHS and renewable integration is presented in Section 2. The economic
dispatch method is developed in Section 3. The case study and conclusion are given in
Sections 4 and 5, respectively.

2. Model of AC/DC Power System Considering Thermal Dynamics

Figure 1 illustrates the schematic of the AC/DC power system with the DHS and
renewable integration. As shown in the figure, the system consists of three subsystems:
the AC power system, the DC power system, and the DHS. WTs and PVs are integrated
into both the AC and DC power systems. The DHS is connected to the DC power system
through the combined heat and power (CHP) unit and the electric boiler (EB). This allows
for bidirectional transfer of electric and thermal power between the power system and the
DHS. Hence, this section primarily focuses on the comprehensive modeling of the AC/DC
power system, the DHS, and the coupling units.
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Figure 1. Diagram of AC/DC power system.

2.1. AC/DC Power System

The power system model serves as the fundamental framework for economic dispatch
by employing the AC power flow equations. These equations effectively depict the power
flow balance at the electric buses and branches [11], as illustrated below.

PWT,i + PPV,i + PG,i − PL,i =
Ui∑

j
Uj(Gij cos θij + Bij sin θij) i, j ∈ Θe

AC
(1)

QWT,i + QPV,i + QG,i −QL,i =
Ui∑

j
Uj(Gij sin θij − Bij cos θij) i, j ∈ Θe

AC
(2)

Pl,ij = UiUj(Gij cos θij + Bij sin θij)− GijU2
i i, j ∈ Θe

AC (3)

Ql,ij = UiUj(Gij sin θij − Bij cos θij) + BijU2
i i, j ∈ Θe

AC (4)

In the AC power system, Θe
AC represents the set of buses; PG and QG denote the active

and reactive power generation, respectively; PL and QL represent the active and reactive
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power consumption, respectively; U and θ refer to the voltage magnitude and phase angle,
respectively; Gij and Bij correspond to the real and imaginary components of the admittance
between buses i and j, respectively; PWT and QWT represent the active and reactive output
of the WT, respectively; and PPV and QPV represent the active and reactive output of the
PV, respectively.

By expanding sinθij and cosθij using Taylor series and retaining the linear and quadratic
terms, the following formula can be derived for the AC power system [12].

sin θij ≈ θij, cos θij ≈ 1−
θ2

ij

2
i, j ∈ Θe

AC (5)

Taking into account that the voltage magnitudes of electric buses are approximately
1.0 p.u., the following formulas can be simplified:

UiUjθij ≈ θij, UiUjθ
2
ij ≈ θ2

ij i, j ∈ Θe
AC (6)

By substituting Equations (5) and (6) into Equations (3) and (4), the branch power flow
equations are reformulated as [12]:

Pl,ij = Gij
U2

i −U2
j

2
− Bijθij + Ploss

l,ij i, j ∈ Θe
AC (7)

Ql,ij = −Bij
U2

i −U2
j

2
− Gijθij + Qloss

l,ij i, j ∈ Θe
AC (8)

Ploss
l,ij = Gij

θ2
ij + U2

ij

2
, Qloss

l,ij = Bij
θ2

ij + U2
ij

2
i, j ∈ Θe

AC (9)

where Ploss
l,ij and Qloss

l,ij are the active and reactive branch power loss between buses i and j,
respectively.

By substituting Equations (7)–(9) into Equations (1) and (2), the power balance at the
electric buses can be expressed as:

PWT,i + PPV,i + PG,i − PL,i = ∑
i,j

Pl,ij + ∑
i,j

GijU2
i i, j ∈ Θe

AC (10)

QWT,i + QPV,i + QG,i −QL,i = ∑
i,j

Ql,ij −∑
i,j

BijU2
i i, j ∈ Θe

AC (11)

The model of the DC power system follows a similar structure to that of the AC
power system, with the distinction that phase angles and reactive power terms are disre-
garded [10,12,19]. Based on Equations (7)–(11), the branch power flow equation for the DC
power system is expressed as:

Pl,ij = Gij
U2

i −U2
j

2
+ Gij

U2
ij

2
i, j ∈ Θe

DC (12)

2.2. Heating System

The DHS comprises two symmetric networks, namely the supply network and the
return network. In the DHS, the heating source initially generates thermal power to heat
the water. Subsequently, the high-temperature water is conveyed through the supply
pipelines and utilized by the heating loads. After transferring the thermal power, the
high-temperature water in the supply network cools down and circulates back into the
return network, returning from the heating loads to the heating sources. Consequently, the
variable distribution within the DHS is jointly determined by the hydraulic and thermal
states [20].
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This paper focuses on the DHS operating in quality regulation mode, wherein the
supply temperature is continuously adjusted to meet consumer demands while the mass
flow rates remain fixed. This mode is widely adopted in various regions such as China,
Northern Europe, and Russia due to its simpler operation and more stable hydraulic
states [21,22]. In this context, our primary focus is directed towards the thermal aspects of
the DHS model, as depicted in the following equations.

φi = Cwmi
(
Ts

i,t − Ts
i,t
)

i ∈ Θh ∪Φh (13)

∂Ts
i

∂t
+ vi

∂Ts
i

∂x
+

vi
Cwmiλi

Ts
i = 0 i ∈ Φh (14)

∂Tr
i

∂t
+ vi

∂Tr
i

∂x
+

vi
Cwmiλi

Tr
i = 0 i ∈ Φh (15)

Ts
i ∑

b∈Φh
s,i

mb = ∑
k∈Φh

e,i

mkTs
k,o i ∈ Θh (16)

Tr
i ∑

b∈Φh
s,i

mb = ∑
k∈Φh

e,i

mkTr
k,o i ∈ Θh (17)

Ts
b,i = Ts

k b ∈ Φh
s,k, k ∈ Θh (18)

Tr
b,i = Tr

k b ∈ Φh
s,k, k ∈ Θh (19)

In the mentioned equations, Θh and Φh represent the sets of the nodes and pipes in the
DHS, respectively; φ represents the thermal power; Cw represents the specific heat capacity
of the hot water; λ represents the pipe thermal resistance in the DHS; and m represents
the mass flow rate. Furthermore, Φh

s,i represents the set of pipes leaving from node i; Φh
e,i

represents the set of pipes ending at node i; Ts
i and Tr

i represent the supply and return
temperature of node i, respectively; and Ts

b,i and Tr
b,i represent the inlet temperature of pipe

b in the supply and return networks, respectively. Similarly, Ts
b,o and Tr

b,o represent the
outlet temperature of pipe b in the supply and return networks, respectively.

In the given equations, Equation (13) represents the node model in the DHS.
Equations (14), (16) and (18) correspond to the thermal model in the supply network. On
the other hand, Equations (15), (17) and (19) represent the thermal model in the return net-
work. Specifically, Equations (14) and (15) describe the temperature distribution along the
pipe, representing the pipe temperature transportation equations; Equations (16) and (17)
depict the energy conservation at the nodes, serving as the node temperature mixture
equations. Lastly, Equations (18) and (19) are topological equations that ensure consistency
between the node and pipe temperatures.

2.3. Coupling Unit

In this paper, the coupling between the DHS and the DC power system involves the
widely used extraction CHP unit and the EB. The extraction CHP unit cogenerates the
electric and thermal power. The feasible region is employed to characterize the range of
output thermal power and electric power output of the CHP unit, as presented below [20].

0 ≤ Pchp ≤ Pchp,max,
0 ≤ φchp ≤ φchp,max
αchp1φchp ≤ Pchp ≤ Pchp,max − αchp2φchp

(20)

In Equation (20), Pchp and φchp denote the electric power output and thermal power
output of the CHP unit, respectively; Pchp,max and φchp,max represent the electric power and
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thermal power capacities of the CHP unit, respectively; and αchp1 and αchp2 represent the
electric–thermal ratios of the CHP unit, respectively. The EB consumes electric power to
generate thermal power and their relationship is described by efficiency, as illustrated
below.

φeb = αebPeb (21)

where Peb represents the consumed electric power of the EB and φeb represents the output
thermal power of the EB.

3. Economic Dispatch Method of AC/DC Power System

Building upon the models introduced in Section 2, this section introduces the economic
dispatch method for the AC/DC power system incorporating the DHS and renewable
energy integration.

3.1. Objective Function

The objective function of this paper is twofold: to minimize operating costs and
maximize renewable energy consumption. Hence, the objective function can be formulated
as follows:

C = min∑
t∈Γ

(
CP,t + Cφ,t + CWT,t + CPV,t

)
(22)

where Γ represents the time label to be optimized, i.e., Γ = {1, 2, 3, . . .., 24}; CP represents
the operating costs in the AC/DC power system; Cφ represents the operating costs in the
DHS; CWT represents the operating costs of the WT, encompassing maintenance costs and
penalties for abandonment; and CPV represents the operating costs of the PV, including the
maintenance cost and the penalty cost for abandonment.

To elaborate, the operating cost of the electric power generation in the AC/DC power
system can be expressed as follows [15]:

CP,t ∑
i∈Θe

G∪Θe
DC

(
β1,iP2

G,i,t + β2,iPG,i,t + β3,i

)
(23)

where Θe
G represents the set of generator buses in the AC/DC power system, including the

traditional generators and the extraction CHP units; β1–β3 are the cost coefficients of the
electric power generation.

The operating cost of the thermal power generation in the DHS is expressed as:

Cφ,t = ∑
i∈Θchp

(
η1,iφ

2
chp,i,t + η2,iφchp,i,t + η3,i

)
(24)

where Θchp represents the set of CHP units and η1-η3 are the constant coefficients of the
CHP units’ cost for heating purposes.

The operating costs of the WT and PV are expressed as:

CWT,t = ∑
i∈ΘWT

(αWT,iPWT,i,t + µWT(PWT,i,t,max − PWT,i,t)) (25)

CPV,t = ∑
i∈ΘPV

(αPV,iPPV,i,t + µPV(PPV,i,t,max − PPV,i,t)) (26)

where ΘPV and ΘWT represent the sets of the buses connected with PVs and WTs, re-
spectively; αPV and αWT represent the unit cost for the maintenance of the PVs and WTs,
respectively; PPV,i,t,max and PWT,i,t,max represent the maximum active power output of the
ith PV and WT at t, respectively; and µPV and µWT represent the unit penalty for the
abandonment of the PVs and WTs, respectively.
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3.2. Constraints from Power System Side

The constraints in the AC/DC power system contain the security constraints and the
capacity constraints of the bidirectional converter between the AC power system and the
DC power system. Their detailed expressions are provided below.{

Ui,min ≤ Ui ≤ Ui,max
Uj,min ≤ Uj ≤ Uj,max

i ∈ Θe
AC, j ∈ Θe

DC (27)

−π

2
≤ θi ≤

π

2
i ∈ Θe

AC (28)

{
P2

l,ij + Q2
l,ij ≤ S2

l,ij,max i, j ∈ Θe
AC

−Pl,mn,max ≤ Pl,mn ≤ Pl,mn,max m, n ∈ Θe
DC

(29)

{
PG,i,min ≤ PG,i ≤ PG,i,max i ∈ Θe

AC
PG,j,min ≤ PG,j ≤ PG,j,max j ∈ Θe

DC
(30)

QG,i,min ≤ QG,i ≤ QG,i,max i ∈ Θe
AC (31)

−Pl,ij,max ≤ Pl,ij ≤ Pl,ij,max i ∈ Θe
AC, j ∈ Θe

DC (32)

where Umin and Umax represent the minimum and maximum limits of the voltage magni-
tude, respectively; Sl,ij,max represents the maximum apparent branch power flow between
buses i and j; PG,min and PG,max represent the minimum and maximum limits of the active
power output of the generator, respectively; QG,min and QG,max represent the minimum and
maximum limits of the reactive power output of the generator, respectively; and Pl,ij,max
represents the maximum interactive active power between the AC power system and the
DC power system.

In the above equations, Equations (27) and (28) represent the voltage magnitude
and phase angle constraints, respectively; Equation (29) represents the branch power
flow constraint; Equations (30) and (31) represent the active and reactive power capacity
constraints of the generators, respectively; and Equation (32) represents the interactive
constraints between the AC and DC power systems, which is determined by the capacity
of bidirectional converter.

3.3. Constraints from Heating System Side

Given the challenges of directly incorporating the partial differential equations (PDEs)
in Equations (14) and (15) into the optimization process, this paper adopts the fully ana-
lytical method (FAM) in [20,22] to formulate the operational constraints in the DHS. The
analytical solutions of Equations (14) and (15) are expressed as:

Ts
i (x, t) = ϕs

i (x− vt)Kh1,i
[
δ(t)− δ

(
t− x

v
)]

+ψs
i
(
t− x

v
)
Kh2,iδ

(
t− x

v
)

0 ≤ x ≤ L, i ∈ Φh (33)

Tr
i (x, t) = ϕr

i (x− vt)Kh1,i
[
δ(t)− δ

(
t− x

v
)]

+ψr
i
(
t− x

v
)
Kh2,iδ

(
t− x

v
)

0 ≤ x ≤ L, i ∈ Φh (34)

In the above equations, ϕs(x) and ψs(t) represent the initial and boundary conditions
in the supply network, respectively. Similarly, ϕr(x) and ψr(t) represent the initial and
boundary conditions in the return network, respectively. The function δ(t) is equal to 1
if t is greater than 0 and 0 otherwise; L represents the pipe length; Kh1 and Kh2 represent
the transfer coefficients of the initial and boundary conditions, which are consistent in the
supply and return networks. The detailed expressions of Kh1 and Kh2 are provided below.

Kh1,i = e
−vi t

Cwmiλi , Kh2,i = e
−x

Cwmiλi i ∈ Φh (35)
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In addition to the equality constraints in Section 2.2, the operation of DHS should also
take into account the following constraints to ensure the satisfaction of consumers’ comfort
requirements.

Ts
i,min ≤ Ts

i,t ≤ Ts
i,max, Tr

i,min ≤ Tr
i,t ≤ Tr

i,max i ∈ Θh (36)

where Ts
min and Ts

max denote the minimum and maximum limits of the node supply tem-
perature, and Tr

min and Tr
max denote the minimum and maximum limits of the node return

temperature.

3.4. Constraints from Coupling Units Side

Besides the feasible region constraints of the CHP unit in Section 2.3, the operation of
the EB should also adhere to its capacity constraints, as presented below.

Peb,min ≤ Peb ≤ Peb,max (37)

3.5. Constraints from Renewable Energy Source Side

The operating constraints of the WTs and PVs are [18]:

0 ≤ PWT,i,t ≤ PWT,i,t,max i ∈ ΘWT (38)

0 ≤ PPV,i,t ≤ PPV,i,t,max i ∈ ΘPV (39)

−PWT,i,t

√
1− k2

WT1,i

kWT1,i
≤ QWT,i,t ≤ PWT,i,t

√
1− k2

WT1,i

kWT1,i
i ∈ ΘWT (40)

−PPV,i,t

√
1− k2

PV1,i

kPV1,i
≤ QPV,i,t ≤ PPV,i,t

√
1− k2

PV1,i

kPV1,i
i ∈ ΘPV (41)

√
P2

PV,i,t + Q2
PV,i,t ≤ kPV2,iSPV,i (42)

√
P2

WT,i,t + Q2
WT,i,t ≤ kWT2,iSWT,i (43)

where PPV,t,max and PWT,t,max represent the maximum power output of the PV and WT at t,
respectively; QPV,t and QWT,t represent the reactive power output of the PV and WT at t,
respectively; kPV1 and kWT1 represent the minimum power factor of the PV and the WT,
respectively; SPV and SWT represent the power capacity of the PV and WT, respectively; and
kPV2 and kWT2 represent the maximum power factor of the PV and the WT, respectively.

In the above equations, Equations (38) and (39) represent the active power constraints
of the PV and WT, where the renewables’ consumption is influenced by the abandonment;
Equations (40) and (41) represent the reactive power constraints of the PV and WT, where
the active and reactive power of renewables are related; Equations (42) and (43) represent
the capacity constraints.

4. Case Study
4.1. System Description

To evaluate the effectiveness of the proposed economic dispatch method, numerical
simulations are conducted in an AC/DC power system with DHS, PV, and WT integration,
as depicted in Figure 2. The AC and DC power systems share the same structure, which is
derived from the IEEE 30-bus test system [7]. Buses 10 and 28 in the AC power system are
connected to buses 7 and 26 in the DC power system through the bidirectional converters,
respectively. All the data are the same as those in the IEEE 30-bus test system. Furthermore,
a real-world 60-node HS in China is coupled with the DC power system through a CHP
unit at bus 2, as illustrated in Figure 2b. In the AC power system, two PVs are integrated at
buses 5 and 25, while two WTs are integrated at buses 3 and 10.
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Figure 2. Sketches of systems in case study. (a) Sketch of the AC/DC power system. (b) Sketch of the
60-node DHS [23,24].

The variations in electric load, ambient temperature, maximum active power output
of the PV units, and WTs are provided in Figure 3. The basic electric load distribution is
the same as that in IEEE 30-bus test system; the basic PV’s and WT’s output is 5 MW. Both
ambient temperature and electric load variation rates are given as known conditions, along
with the maximum active power output of the PV units and WTs. All the simulations are
performed on a PC with Intel i7 and 8 GB RAM and coded by Matlab 2021b. The economic
dispatch problem is solved using IPOPT, which is widely used commercial software for
large-scale nonlinear optimization problems. The simulation period is 24 h, with a time
interval of 1 h.
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4.2. Verification of Thermal Dynamics

In this section, the effectiveness of the proposed optimization model is verified by
comparing it with two other models: (M1) AC/DC power system model with the FAM for
the DHS (method proposed in this paper) and (M2) AC/DC power system model with the
node method (NM) for the DHS [21]. The results are summarized in Figure 4 and Table 1.
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Figure 4. Optimization comparisons between two models. (a) Pl,28,25 in AC/DC power system;
(b) U5 in DC power system; (c) PPV at bus 5 in AC power grid; (d) φchp; (e) Pchp; (f) Ts at node 1.

Table 1. Results comparison between M1 and M2.

Model Cp/USD Cφ/USD CWT/USD CPV/USD C/USD Time/s

M1 26,761 2093 599.13 304.22 29,757.35 74
M2 26,761 3484 599.13 304.22 31,148.35 129

According to Table 1, the optimization results for M1 and M2 are nearly identical,
with the main differences observed in the results for the DHS and DC power system. From
the perspective of operational cost, the costs associated with power generation, renewable
maintenance, and abandonment are similar in both models. However, there is a significant
difference in the cost of DHS operation. This difference arises due to the different modeling
methods employed for the DHS in M1 and M2.

In the designed conditions, the time interval is much larger than the maximum time
delay of the DHS. Consequently, the initial condition does not impose constraints on the
early-stage optimization in the NM, leading to approximation errors that scale with the
time interval. On the other hand, the FAM avoids introducing additional errors when
transforming PDEs into algebraic equations. In the FAM, the early-stage operation is
determined by the initial condition and the CHP unit only needs to maintain a lower
output to ensure security. Therefore, the output thermal power of the CHP unit is lower,
as shown in Figure 4d. However, the electric output of the CHP unit can still be adjusted
within a large range and the AC/DC power system is only slightly affected, as shown
in Figure 4e. As a result, the state distribution in the AC/DC power system and the
renewables in the two models are similar, as shown in Figure 4a–c, which further indicates
the superiority of the FAM in terms of accuracy.
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In terms of efficiency, the solution times for M1 and M2 are 74 s and 129 s, respectively,
highlighting the superior efficiency of the FAM for economic dispatch for the power system
with multi-energy integration. This can be attributed to the avoidance of discretization
and the associated variables in the FAM. Conversely, the discretization in the NM leads to
a large number of discrete variables and equality constraints in the optimization model,
making the problem more complex. Therefore, to achieve higher efficiency and accuracy,
the subsequent simulations are performed based on M1.

4.3. Influence of AC and DC Power System Interaction

In this section, we analyze the impact of AC/DC power system interaction on renew-
able consumption and operational cost through two scenarios.

In Scenario 1 (S1), we consider an AC/DC power system model and the FAM for the
DHS. This scenario aligns with Model 1 (M1) in Section 4.2 and represents the proposed
method in this paper.

In Scenario 2 (S2), we also utilize an AC/DC power system model [12,20] and FAM for
DHS, but specifically exclude the interaction between the AC and DC power systems. The
optimization period spans 24 h with a time interval of 1 h. Table 2 provides a summary of
the solution time and operational costs for the different scenarios, while Figure 5 illustrates
the optimized results.

Table 2. Results comparison between S1 and S2.

Model Cp/USD Cφ/USD CWT/USD CPV/USD C/USD Time/s

S1 26,761 2093 599.13 304.22 29,757.35 74
S2 26,869 2093 599.13 304.22 29,865.35 79

Based on the results presented in Figure 5 and Table 2, we observe a slight difference
in the optimized operational costs between the two scenarios. The dispatched results
in the DHS varies. However, the variation is comparatively smaller compared with the
feasible region; the electric power can still be adjusted in a certain region. Thus, the
dispatched results in the power system are almost the same in different scenarios, causing
the similar renewable energy output. Moreover, a more significant disparity emerges
in the state distribution of the AC and DC power systems. The primary discrepancy
arises from the generation cost. In S2, where the AC and DC power systems operate
independently, there is no external power generation involved in the active–reactive power
optimization. Conversely, in S1, the interaction between the AC and DC power systems
introduces additional adjustable resources for power optimization beyond the optimization
of internal generators. Consequently, the state distribution in S2 can be further optimized
by considering the interactive power flow, resulting in an additional 0.4% reduction in the
total operational cost. As the interactive capacity between the AC and DC power systems
increases, it is expected that this improvement can be further enhanced.

Regarding the state distribution, Figure 5b demonstrates that, in S1, the WT at bus
10 primarily functions as a reactive power source and contributes to voltage regulation.
However, in S2, the WT sometimes acts as a reactive power load. Consequently, the voltage
level in S1 is higher compared to S2, as depicted in Figure 5a. Furthermore, based on the
findings in Figure 4a, it is evident that the active power flow is transferred from the AC
power system to the DC power system. As a result, the generators in S1 need to maintain a
higher output to accommodate this power transfer. Conversely, in S2, the DC power system
only needs to balance its internal load requirements, necessitating a lower output from the
generators. This comparison is illustrated in Figure 4d.
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4.4. Influence of Unit Cost of Renewable Maintenance and Abandonment

In this section, we examine the impact of the unit cost of maintenance and abandon-
ment for renewables on the operation of the AC/DC power system. The AC/DC power
system model considering the DHS and renewable integration used in this section is our
proposed method, and the various simulation results between different results are caused
by different settings of unit cost of renewable maintenance and abandonment. Figure 6a,b
illustrates the relationship between the total renewable consumption and the corresponding
maintenance cost, with a constant unit penalty for abandonment.
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The figure demonstrates that, initially, the operational cost scales proportionally with
the unit cost of renewables’ maintenance. However, once the unit cost of maintenance
reaches 6 USD/MW, the operator prefers to utilize traditional generators and accept the
penalty associated with renewable abandonment. Consequently, the cost of utilizing
renewables starts to decrease, as depicted in Figure 6a. Simultaneously, the abandoned
renewable quantity remains at 0 until the unit cost of maintenance reaches 6 USD/MW,
after which it increases sharply, as shown in Figure 6b.

Additionally, Figure 6c,d present the relationship between the total renewable con-
sumption and the corresponding abandonment cost, assuming a constant unit cost of
renewables’ maintenance. Notably, the operational costs and renewable consumption re-
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main unchanged, regardless of the abandonment penalty. This can be attributed to the fact
that the maintenance cost of renewables, set at 3 USD/MW, is lower than that of traditional
generators. Therefore, the operator prefers to maximize the consumption of renewables to
minimize the overall cost.

Overall, these findings indicate that the unit cost of maintenance and abandonment
significantly impacts the operational decisions regarding renewable consumption and cost
optimization in the AC/DC power system.

5. Conclusions

This paper has investigated the economic dispatch of the AC/DC power system,
considering the integration of multi-energy sources and renewables. Throughout the study,
the following key contributions have been made.

(1) An improved DC power flow model and a fully analytical method is adopted to
characterize the AC/DC power system considering DHS and renewable integration.
The proposed model is more comprehensive and accurate.

(2) A novel economic dispatch method for the coordinated operation of the active–reactive
power, renewable energy, and the multi-energy flow is proposed, which fully explores
the ability of the power system to promote renewable consumption and improve the
operation economy.

The simulations conducted in the case study have validated the accuracy of the
proposed model. The results have demonstrated that the interaction between the AC and
DC power systems can enhance voltage levels, while the operational costs of renewables
exert significant influences on the overall power system operation.

Looking ahead, future research efforts will be directed towards further advancing
the modeling of the interaction between the AC and DC power systems. This will enable
more comprehensive and refined economic dispatch in the AC/DC power system, thereby
addressing the evolving complexities posed by the integration of renewable energy sources.
Overall, the findings presented in this paper contribute to the understanding of economic
dispatch in the AC/DC power system and pave the way for future advancements in
the field.
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Abbreviations

AC/DC Alternating/direct current
DHS District heating system
VSC Voltage source converter
PDE Partial differential equation
MINLP Mixed integer nonlinear programming
MILP Mixed integer linear programming
WT Wind turbine
PV Photovoltaic
FDM Finite difference method
FAM Fully analytical method
NM Node method
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CHP Combined heat and power
EB Electric boiler
min Subscript of a minimum value
max Subscript of a maximum value
i/o Subscript of variables at inlet/outlet
s/r Subscript of variables in supply/return network
Θ/Φ Set of nodes (buses)/pipes (branches)
PG/PL Active power generation/consumption
SPV/WT Rated power capacity of PV/WT
U/θ Bus voltage amplitude/angle
φ Thermal power
Cw Specific heat capacity of water
Gij Real part of admittance between buses i, j
Bij Imaginary part of admittance between buses i, j
Pl/Ql Branch active/reactive power flow
Ploss

l /Qloss
l Branch active/reactive power loss

m/v Mass flow rate/flow velocity
λ/L Pipe thermal resistance/length
αeb Efficiency of EB
C Cost
β/η1-3 Cost coefficients of electric/thermal power
αPV/WT Unit cost for the maintenance of PV/WT
µPV/WT Unit penalty for the maintenance of PV/WT
T Water temperature
ϕ/ψ Initial/boundary condition
Kh1/2 Coefficients of transfer loss in DHS
kPV1/2 Power factors of PV
kWT1/2 Power factors of WT
QG/QL Reactive power generation/consumption
δ Step function
αchp Electric–thermal ratios
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