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ABSTRACT: To enhance energy interaction among low-voltage stations (LVSs) and reduce the line loss of the
distribution network, a novel operation mode of the micro-pumped storage system (mPSS) has been proposed based
on the common reservoir. First, some operation modes of mPSS are analyzed, which include the separated reservoir
mode (SRM) and common reservoir mode (CRM). Then, based on the SRM, and CRM, an energy mutual assistance
control model between LVSs has been built to optimize energy loss. Finally, in the simulation, compared to the model
without pumped storage in the LVS, the SRM and CLRM can decrease the total energy loss by 294.377 and 432.578 kWh,
respectively. The configuration of mPSS can improve the utilization rate of the new energy source generation system,
and relieve the pressure of transformer capacity in the LVS. Compared with the SRM, the proposed CRM has reduced
the total energy loss by 138.201 kWh, increased the new energy consumption by 161.642 kWh, and decreased the line
loss by 7.271 kWh. With the efficiency of the mPSS improving, the total energy loss reduction of CRM will be 3.5 times
that of SRM. Further, the CRM can significantly reduce the reservoir capacity construction of mPSS and is more suitable
for scenarios where the capacity configuration of mPSS is limited.

KEYWORDS: Micro pumped storage system; common reservoir mode; low-voltage substation area; energy interaction;
operating mode

1 Introduction
As an essential component of the power system, the distribution low-voltage station (LVS) mainly adopts

the form of a single transformer and single-line power supply, resulting in an independent power supply
in the LVS and a lack of unified control [1]. With the proportion of new energy source generation systems
in the LVS constantly increasing, a challenge has been posed to the aggregation and regulation of distributed
resources among LVSs [2]. As an effective way to balance the contradiction between new energy source
generation and load electricity consumption in the LVS, based on some cascade hydropower systems [3],
small hydropower systems [4], and abandoned mines [5], the micro-pumped storage system (mPSS) has
been widely concerned.

Experts from various countries have studied the economics [6], control strategies [7], and capacity
configuration [8] of mPSS. In a wind-solar-pumped storage hybrid system, a multi-objective capacity
optimization model is proposed to improve the utilization rate of new energy source generation. Then,
the capacity optimization results are obtained by adjusting the weight coefficients of the weighted factors
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method [9]. To address grid reconstruction costs due to transmission grid issues and maximize wind energy
utilization, a joint operation scheme of pumped storage system (PSS) and wind turbine generation system
(WTGS) is investigated [10]. Then, an optimization model for PSS is developed. It coordinated power and
water distribution to satisfy demand and reduce costs [11]. Based on abandoned coal mines, the feasibility
of a PSS is discussed. It states that construction investment and reservoir capacity are essential for this
application [12]. Regarding the operational issues of PSS, a temporary-periodic runoff discharge concept
is introduced. Compared to existing hydropower stations’ single-source power generation method, the
proposed method has increased by more than 53% [13]. An economic evaluation system is established
for a wind-PV-pumped storage hybrid system. This study demonstrates the nonlinear correlation between
economic benefits and the installed capacity of the hybrid system [14]. Then, a collaborative algorithm is
proposed to optimize the capacity of a wind-pumped storage hybrid system. And, the complementarity
of wind power and pumped storage is verified. A combined weighting method is used to find the best
capacity of the PSS to fulfill various economic goals. This method would improve the hybrid system’s overall
financial benefits. A seasonal joint operation method of hybrid pumped storage hydropower system (HPSH)
is developed by considering the long-term energy storage of pumping stations. And HPSH can effectively
reduce energy curtailment and increase power generation benefits [15]. A cascade hydro-photovoltaic system
is analyzed in [16]. The dual role of cascade hydropower in supporting the complementary coordination
between the power grid and photovoltaics has been clarified. The establishment of a short-term optimization
scheduling model for the system has improved its overall consumption level. A two-stage optimization
strategy is adopted to address a day-ahead and hourly forecast scheduling of a wind turbine power system
with PSS based on the ε-constraint and an improved differential evolution method [17]. An optimal
scheduling scheme for pumped storage-wind-solar-fire energy sources is created. The PSS can reduce
operating expenses, decrease carbon emissions, enhance the stability of thermal power, and improve the
system’s capability to absorb additional energy [18]. A novel variable speed solar micro-pumped storage
(VSSMPS) system operates in Hengbung, Manipur. Based on the mPSS, the VSSMPS can utilize solar energy
and export excess power to the grid. Then, the grid stability is improved [19].

With the PSS combined with other new energy generation exploring [20], the optimal scheduling of the
energy storage system [21] and cascade hydro–wind–solar–thermal hybrid generation system [22] is mainly
manifested in a multi-objective optimization problem. The uncertainty of grid demand, stochastic failures
of PSS, and maintenance of pumping units are focused on. The two-stage optimization sequential method
is proposed for considering service-related multi-objective functions [23]. In [24], a case-driven stochastic
scheme for coordinated hub’s energy management is presented. A grey wolf optimization algorithm is used to
solve the proposed optimization problem. The results indicate that the coordinated hub’s energy management
is efficient in a day-ahead market. The normalized constraint algorithm is used to convert the scheduling
problem of the three optimization objective functions of fuel consumption, air pollutant emission, and power
purchase cost into a series of single-objective optimization problems [25]. In [26], the problems of multi-
regional dynamic operation cost and water consumption are considered in the interconnected region of
the wind turbine generation system and PSS, and the whale optimization algorithm is adopted to provide
an effective tool for this complex multi-objective optimization problem. An improved residential micro-
energy grid is proposed, which integrates the combined cooling and thermal power supply, photovoltaic,
wind power, PSS, heat storage, and cold storage systems through the multi-objective artificial sheep algorithm
to reduce the operating costs and emissions of residential micro-energy grid [27]. The multi-objective
particle swarm optimization method [28] and improved cross particle swarm optimization algorithm [29]
are used to realize the optimal control of PSS, considering multiple objective functions such as economy,
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emission, and power supply reliability of the integrated energy system, respectively. In the hydropower-
wind-photovoltaic complementary system, a non-dominated sorting genetic algorithm II (NSGA II) is
adopted to solve generation scheduling methods under multiple optimization objective functions, such
as economic benefit, stable power transmission [30], and carbon emission [31]. The results show that the
hybrid wind-PV-PSS plays a vital role in promoting the safe, economic, and efficient grid connection of
renewable energy sources. A two-phase congestion management model is established in a virtual power plant
application scenario with cascaded hydroelectric-PV-PSS hybrid generators and uses the improved hybrid
non-dominated sorting genetic algorithm II (HNSGA-II) to solve [32]. The results show that the participation
of virtual power plants in congestion management has some economic value to the power system. The studies
of mPSS are summarized in Table 1.

Table 1: Relevant research review

Reference System composition Optimal problem Coupling of PSSs
through reservoir

Methodology

WT PV PSS Network LVS SOP MOP
[3] ✗ ✓ ✗ ✗ ✓ ✓ ✗ ✗ Deep deterministic

policy gradient
[4] ✓ ✓ ✓ ✗ ✓ ✓ ✗ Independent Genetic Algorithm
[5] ✗ ✗ ✓ ✗ ✗ ✗ ✗ Independent –
[6] ✓ ✓ ✓ ✗ ✗ ✓ ✗ Independent Multi-objective

grey-wolf
[7] ✗ ✓ ✓ ✗ ✗ ✓ ✗ Independent –
[8] ✓ ✓ ✓ ✗ ✗ ✓ ✗ Independent –
[9] ✓ ✓ ✓ ✗ ✗ ✗ ✓ Independent –
[10] ✓ ✗ ✓ ✓ ✗ ✗ ✓ Independent Posterior multi-

objective
optimization

[11] ✗ ✗ ✓ ✓ ✗ ✓ ✗ Connecting CPLEX solver
[13] ✗ ✓ ✓ ✗ ✗ ✗ ✓ Independent Genetic Algorithm
[33] ✓ ✗ ✓ ✗ ✗ ✗ ✓ Independent Pareto evolutionary

II
[15] ✗ ✓ ✓ ✗ ✗ ✗ ✓ Connecting DPSA
[16] ✗ ✓ ✓ ✓ ✗ ✗ ✓ Independent Distributionally

robust
optimization

[17] ✓ ✗ ✓ ✓ ✗ ✗ ✓ Independent ε-constraint and
Pareto

non-dominance
sorting

[18] ✓ ✓ ✓ ✗ ✗ ✗ ✓ Independent CPLEX solver and
MOPSO

[19] ✗ ✓ ✓ ✗ ✗ ✗ ✗ Independent –
[21] ✓ ✓ ✗ ✓ ✗ ✗ ✓ ✗ Two-stage

optimization
[22] ✓ ✓ ✓ ✗ ✗ ✗ ✓ Hydropower station NSGA-II
[23] ✗ ✓ ✓ ✗ ✗ ✗ ✓ Independent Sequential

two-stage
formulation

[24] ✗ ✗ ✗ ✓ ✗ ✓ ✗ ✗ Grey wolf
optimization

[26] ✓ ✗ ✓ ✓ ✗ ✗ ✓ Independent Whale
optimization

(Continued)
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Table 1 (continued)

Reference System composition Optimal problem Coupling of PSSs
through reservoir

Methodology

WT PV PSS Network LVS SOP MOP
[27] ✓ ✓ ✓ ✗ ✗ ✗ ✓ Independent MOASA and ASA
[29] ✓ ✓ ✓ ✗ ✗ ✗ ✓ Hydropower station MCPSO
[30] ✓ ✓ ✗ ✗ ✗ ✗ ✓ ✗ NSGA-II
[31] ✓ ✓ ✓ ✗ ✗ ✗ ✓ Independent NSGA-II

Proposed ✓ ✓ ✓ ✓ ✓ ✓ ✓ Connecting (common
reservoir)

Second-order cone
optimization

Note: WT: wind turbine power generation system; PV: photovoltaic power generation system; PSS: pumped storage
system; LVS: low-voltage station; SOP: single-objective optimization problem; MOP: multi-objective optimiza-
tion problem.

At present, the above relevant literature pays more attention to the control strategy and economy
of mPSS under multi-objective optimization conditions. However, they pay insufficient attention to the
operation mode of mPSS. Insufficient consideration has been given to the joint role of multiple mPSSs
between LVSs. The application of the mPSS to achieve mutual energy benefits between LVSs has also been
neglected. Therefore, this paper proposes a novel operation mode in which the mPSSs of multiple LVSs
share a common reservoir. Then, the advantages of the proposed operation mode are discussed. The main
contributions of this paper are summarized as follows:

(1) This paper proposes, for the first time, a common reservoir mode (CRM) of mPSS for energy sharing
among different LVSs. Based on this model, the concept and implementation method of energy mutual
benefit in multiple LVSs are established.

(2) Compared with the traditional separated reservoir mode (SRM) of mPSS in each LVS, the proposed
CRM can further improve the internal consumption of new energy sources in the LVS, achieve energy
mutual benefit between LVSs, and reduce the line loss of medium-voltage distribution network.

(3) As the efficiency of the mPSS increases, in the reduction of total energy loss, CRM is much greater
than SRM. The higher efficiency of the mPSS has a more obvious improvement in the application of
the proposed model.

(4) Under the same energy loss degree, the CRM can greatly reduce the reservoir capacity of mPSS. And
it is more suitable for some scenarios where the capacity of mPSS is limited.

The paper is structured as follows. Section 2 shows the structure and operation modes of a medium-
voltage distribution network with multiple LVSs; Section 3 establishes the mathematical model of energy
interconnection between LVSs based on mPSS; In Section 4, the simulation example analyses the control
effect of mPSS using different operation modes; Section 5 discusses the effects of mPSS’s parameters. Finally,
conclusions and future research are summarized in Section 6.

2 Structure and Operation Mode of Micro-Pumped Storage Systems for Low-Voltage Stations within
the Medium-Voltage Distribution Network System

2.1 Distribution System Structure with Micro-Pumped Storage System
The structure of a medium-voltage distribution network containing multiple LVSs is illustrated in Fig. 1.

There are multiple LVSs containing the photovoltaic generation system (PVGS), wind turbine generation
system (WTGS), mPSS, and electrical load. The mPSS can balance the power relationship between the new
energy source and the LVS.
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Figure 1: System structure of the medium-voltage distribution network with mPSS

In Fig. 1, there are a PVGS and a mPSS in LVS #1, and a WTGS and a mPSS are located in LVS #2.
The types of new energy sources are different in the two LVSs. Then, PVGS and WTGS are concentrated
in the daytime and the nighttime, respectively. In LVS #1, to prevent LVSs from transferring energy back
to the medium-voltage distribution network, the mPSS stores the surplus energy of PVGS by pumping in
the daytime. Then, the mPSS supplies power to the loads at night. But in LVS #2, this process is reversed.
The mPSS supports the loads by releasing energy in the daytime and stores the surplus energy from WTGS
at night. Based on the energy characteristics of the above two LVSs and the reversed operation process of
the mPSS, this paper investigates the energy mutualization mode between the LVSs. Then, a novel control
strategy of mPSS is proposed based on the common reservoir model, to achieve the purpose of reducing the
system energy and the capacity of the mPSS.

2.2 Two Operation Modes of Micro-Pumped Storage System between Low-Voltage Stations
In the mPSS, there is an upper reservoir (UR), a lower reservoir (LR), a generator system, a pump

system, and other equipment. In Fig. 2a, each of the two LVSs is equipped with an independent mPSS. There
is no coupling between the reservoirs of the two mPSSs. In this paper, this conventional operation mode of
the mPSS is defined as the separated reservoir mode (SRM). The two mPSSs act on their LVSs, respectively.
Then, the energy interaction between the LVSs needs to be done through the station transformers and the
medium-voltage distribution network. This model will result in energy losses and occupy the capacity of the
line’s transmission and transformers.

To address the above problem, a novel operation mode of mPSSs in multiple LVSs is proposed based on
a common reservoir mode (CRM). In CRM, the reservoirs of two mPSSs in the different LVSs are merged
and the energy exchange between the LVSs is realized by passing through the waterway. The common LR
mode (CLRM) is shown in Fig. 2b. Then, CLRM is applied in the following contents of the paper.

In Fig. 2b, compared with the SRM, the mPSSs in the two LVSs include a total of three reservoirs in the
CLRM. It means that two separated URs and a common LR. Based on the CLRM, the energy interaction
between LVS #α and LVS #β can be achieved in two ways. One is the electrical energy path based on the
power line, and the other is the water-energy path based on the water pipeline. It means that the power of
new energy source generation and load between two LVSs can be transferred by water. It can alleviate the
blockage of the medium-voltage distribution network, the need to transform power lines and increase the
capacity of transformers. And it can reduce energy loss.
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Figure 2: Two operation modes of mPSS in different LVSs. (a) SRM; (b) CLRM

3 Mathematical Model of Energy Mutual Assistance Control between Low-Voltage Stations Based on
Micro-Pumped Storage System

3.1 Generic Constraints
During the operation of the system described in Section 2.1, a number of constraints need to be satisfied,

such as power, current and voltage constraints between power nodes in the medium-voltage distribution
network, the power range of new energy source and mPSS [33]. The specific constraints are summarized
as follows:

(1) The power balance constraints of medium-voltage distribution network
Eq. (1) represents the power relationship of all nodes in the medium-voltage distribution network [21].

It constrains the operating power of each node at any time. Where PG,i(t), PPV,i(t), PPW,i(t), PPump,i(t),
PGenerate,i(t), PL,i(t) and PIO

i (t) denote the active power injected into the medium-voltage distribution
network, the active power output of PVGS and WTGS, the active power pumped and generated by the mPSS,
the active power of loads and active power of LVS interacting with the medium-voltage distribution network;
ηtran denotes the efficiency of the transformer; QG,i(t), QL,i(t) and Q IO

i (t) denote the reactive power injected
into the medium-voltage distribution network, the reactive power of load, and the reactive power of the LVS
interacting with the medium-voltage distribution network.

{PG, i (t) + PPV, i (t) + PPW, i (t) − PPump, i (t) + PGenerate, i (t) − PL, i (t) = −PIO
i (t)

QG, i (t) − QL, i (t) = Q IO
i (t)

(1)

Then, the power of the i-th LVS interacting with the medium-voltage distribution network is the sum of
powers between the i-th node and other nodes [11], shown in Eq. (2). Where Pi,j(t), Qi,j(t), and Ii,j(t) represent
the active power, reactive power, and the square of current from the j-th node to the i-th node, respectively.
Ri,j and Xi,j denote the resistance and reactance between the i-th and j-th nodes, respectively.

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

PIO
i (t) =

N
∑
j=1

Pi , j (t) −
N
∑
j=1

Ii , j (t)Ri , j

Q IO
i (t) =

N
∑
j=1

Qi , j (t) −
N
∑
j=1

Ii , j (t)Xi , j

(2)
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(2) The capacity constraints of the transformer in the LVS
The active and reactive power of each node is governed by the transformer capacity as shown in Eq. (3).

Where Stran
i denotes the i-th transformer capacity at the i-th node. In this paper, the transformer capacity in

the LVS is set to 500 kVA.

∥PIO
i (t) , Q IO

i (t)∥ ≤ Stran
i (3)

(3) The power, voltage, and current constraints of medium-voltage distribution network
In addition to the above power balance constraints, node voltages and branch currents of the medium-

voltage distribution network need to satisfy some constraints [16,33]. Eq. (4) demonstrates the relationship
between the voltage of the node and branch currents. Eqs. (5) and (6) represent the operating power, voltage,
and branch current ranges of each node. Where Ui(t) denotes the squared value of the voltage at the i-th node;
U min

i and U max
i denote the minimum and maximum value of voltage squared at the i-th node, respectively;

Imax
i , j is the maximum value of the branch current square between the i-th and j-th nodes.

Ui (t) = U j (t) + Ii , j (t) × (R2
i , j + X2

i , j) − 2 × (Pi , j (t) × Ri , j − Qi , j (t) × Xi , j) (4)
��������������

2 × Pi , j (t)
2 × Qi , j (t)
Ii , j (t) −Ui (t)

��������������2

≤ (Ii , j (t) +Ui (t)) (5)

⎧⎪⎪⎨⎪⎪⎩

U min
i ≤ Ui (t) ≤ U max

i

0 ≤ Ii , j (t) ≤ Imax
i , j

(6)

(4) The active power constraints of new energy source
A new energy source generation system and mPSS are constructed within the LVS on each node. Due

to time-varying environmental factors such as irradiation and wind speed, the actual output power of PVGS
and WTGS is less than or equal to their maximum output powers at time t [2,8], as shown in Eq. (7). Where
PPV,i(t) and Pref

PV, i (t) represent the actual output power and maximum output power of the PVGS in the i-th
LVS at time t, respectively; PPW,i(t) and Pref

PW, i (t) are the actual output power and maximum output power
of the WTGS in the i-th LVS at time t, respectively.

{
0 ≤ PPV, i (t) ≤ Pref

PV, i (t)
0 ≤ PPW, i (t) ≤ Pref

PW, i (t)
(7)

(5) The operation power and capacity constraints of mPSS
The pumping and generating power should be limited as Eq. (8). The mPSS cannot operate in both

pumping and generating states at the same time [13,34]. Furthermore, the pumping and generating power are
less than or equal to the maximum value, respectively. Where PPump,i(t) and Pmax

Pump, i(t) denote the actual and
the maximum pumping power of the mPSS at time t, respectively; PGenerate,i(t) and Pmax

Generate, i (t) represent
the actual and maximum generating power of the mPSS at time t, respectively. uc,i(t) and ud,i(t) are the
variables of the pumping and generating state of the mPSS, respectively. And, they are some binary 0–1
variables. When uc,i(t) = 1, the mPSS is in a pumping state. When ud,i(t) = 1, the mPSS is generating power.

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

0 ≤ PPump, i (t) ≤ Pmax
Pump, i × uc, i (t)

0 ≤ PGenerate, i (t) ≤ Pmax
Generate, i × ud, i (t)

uc, i (t) + ud, i (t) ≤ 1
(8)
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In addition, the energy of a mPSS is terminated [13,34]. Then, in this paper, the state of energy (SOE) of a
mPSS is constrained, as shown in Eqs. (9) and (10). Where SOEU,min

i (t) and SOEU,max
i (t) are the minimum

and maximum energy states of the UR at time t, respectively. SOEL,min
i (t), and SOEL,max

i (t) represent the
minimum and maximum energy states of the LR at time t, respectively. SOEU,init

i , and SOEU
i (T) represent

the initial and ending energy state of the UR, respectively. SOEL,init
i , and SOEL

i (T) represent the initial and
ending energy states of the LR, respectively.

{
SOEU,min

i ≤ SOEU
i (t) ≤ SOEU,max

i

SOEL,min
i ≤ SOEL

i (t) ≤ SOEL,max
i

(9)

{
SOEU

i (0) = SOEU
i (T) = SOEU,init

i

SOEL
i (0) = SOEL

i (T) = SOEL,init
i

(10)

3.2 The Different Operating Constraints of Micro-Pumped Storage System
Section 3.1 shows the generic constraints for SRM and CLRM. Then, this section lists the specific

constraints of each operation mode. As described in Section 2.2, the difference between SRM and CLRM is
the energy state of the mPSS. The specific constraints are as follows:

(1) The operation constraints of SRM
In the SRM, the mPSSs are separated from each other. Therefore, the energy state of the UR and LR

in each mPSS depends only on its pumping and generating power [9,34], as shown in Eq. (11). ηPump,i and
ηGenerate,i are the pumping and generating efficiency of the mPSS, respectively. Then, λPump,i, and λGenerate,i
represent the ratio of the operating power to the water flow, respectively. V N

U and V N
L mean the volume of

the UR and LR, respectively. In this paper, the loss of water evaporation is not considered.

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

SOEU
i (t) = SOEU

u, i (t + Δt) + Δt
V N

U

PPump, i (t) ηPump, i

λPump, i
− Δt

V N
U

PGenerate, i (t)
ηGenerate, i λGenerate, i

SOEL
i (t) = SOEL

i (t + Δt) − Δt
V N

L

PPump, i (t) ηPump, i

λPump, i
+ Δt

V N
L

PGenerate, i (t)
ηGenerate, i λGenerate, i

(11)

(2) The operation constraints of CLRM
In the CLRM, the LR is shared among mPSSs. Therefore, the energy state of UR in a mPSS is still

determined by the operating power of this mPSS. However, the energy state of common LR will be
determined by the operating power of the mPSSs in all LVSs connected to this reservoir. Eq. (12) describes
the process of energy change in the UR and LR using this model.

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

SOEU
i (t) = SOEU

u, i (t + Δt) + Δt
V N

U

PPump, i (t) ηPump, i

λPump,m1

− Δt
V N

U

PGenerate, i (t)
ηGenerate, i λGenerate, i

SOEL
i (t) = SOEL

i (t + Δt) − Δt
V N

L

M1

∑
m1=1

PPump,m1 (t) ηPump,m1

λPump,m1

+ Δt
V N

L

M2

∑
m2=1

PGenerate,m2 (t)
ηGenerate,m2 λGenerate,m2

(12)

In Eq. (12), the energy of the common LR will be affected by the operating power of mPSSs within
multiple LVSs. Therefore, the interaction energy of multiple LVSs is achieved through the common LR.
Referring to the expression for common LR using CLRM, the general expression for common UR and LR in
multiple LVSs is shown in Eq. (13). Where m1 denotes the number of systems accessing the UR of the mPSS
within the i-th LVS (common UR), and m2 denotes the number of systems accessing the LR of the mPSS
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within the i-th LVS (common LR). This paper does not discuss this complex common reservoir model in
detail and focuses on analyzing the differences and linkages between the SRM and CLRM.

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

SOEU
i (t) = SOEU

u, i (t + Δt) + Δt
V N

U

M1

∑
m1=1

PPump,m1 (t) ηPump,m1

λPump,m1

− Δt
V N

U

M1

∑
m1=1

PGenerate,m2 (t)
ηGenerate,m2 λGenerate,m2

SOEL
i (t) = SOEL

i (t + Δt) − Δt
V N

L

M2

∑
m2=1

PPump,m1 (t) ηPump,m1

λPump,m1

+ Δt
V N

L

M2

∑
m2=1

PGenerate,m2 (t)
ηGenerate,m2 λGenerate,m2

(13)

3.3 Objective Function
The energy transfer process between different LVSs is different using two operation modes. In the SRM,

the energy transfer between multiple LVSs must rely on power lines and is constrained by the transformer
and transmission line capacity. In contrast, in the CLRM, the energy transfer between multiple LVSs can be
accomplished by common LR between LVSs. Therefore, this paper compares the operating effects of SRM
and CLRM with the energy loss as a single optimization objective function. It is shown in Eq. (14). In this
paper, the energy discarded by the new energy source generation is used as the energy loss of the LVS. The
reason is that new energy source generation abandoned is limited by the transformer and transmission line
capacity and should be considered as a kind of energy loss.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

min J = LLoss + NLoss + PLoss

LLoss = ∑T
t=0∑

N
i=1∑

N
j=1 (Ii , j (t) ×

√
R2

i , j + X2
i , j)

NLoss = ∑T
t=0∑

N
i=1 (P

ref
PV, i (t) − PPV, i (t)) +∑

T
t=0∑

N
i=1 (P

ref
PW, i (t) − PPW, i (t))

PLoss = ∑T
t=0∑

N
i=1 (PPump, i (t) (1 − ηPump, i) + PGenerate, i (t) (1/ηGenerate, i − 1))

(14)

where LLOSS, NLOSS, and PLOSS denote the energy loss of transmission lines, the amount of new energy
source generation abandoned, and the operation energy loss of mPSS, respectively. Based on the above math-
ematical model, the energy mutualization control between LVSs is a mixed integer programming problem
with a single optimization objective function. It can be solved directly using the CPLEX optimization toolbox
developed by IBM.

4 Numerical Case

4.1 System Structure and Parameters
The structure of the IEEE 33-node medium-voltage distribution network is illustrated in Fig. 3. node

#1 is connected to the medium-voltage distribution grid, and LVSs containing WTGS, PVGS, and mPSS are
deployed at nodes #17 and #18, respectively. In Fig. 3, the mPSSs of two LVSs operate in CLRM operation
mode. Table 2 lists the relevant simulation parameters for the calculations. Fig. 4 shows the power profiles
of the PVGS, the WTGS, and the loads for a day with a time interval of 1 h.

To highlight the abandonment of new energy source generation and the role of mPSS in its consumption,
this paper sets up a 1 MW PVGS and WTGS in nodes #17 and #18, respectively. It will form the phenomenon
that the power of new energy source generation is surplus in the LVS and flows to the medium-voltage
distribution network. In addition, to compare SRM and CLRM equally, the UR capacities of the two mPSSs
are set to be equal. And the total capacity of the LR is equal. Under the SRM, the LRs of two mPSSs have an
equal capacity of 25 kWh.
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Figure 3: The structure of the IEEE 33-node medium-voltage distribution network using CLRM

Table 2: Simulation parameters

Parameter Numerical
value

Parameter Numerical
value

Rated power of PVGS #18 node 1000 kW Rated power of mPSS 200 kW
Rated power of WTGS at #18 node 1000 kW UR capacity of mPSS using SRM 50 kWh

SOE range of UR and LR 10%~90% LR capacity of mPSS using SRM 25 kWh
Initial SOE of mPSS 50% UR capacity of mPSS using CLRM 50 kWh

Operating efficiency of mPSS 90% LR capacity of mPSS using CLRM 50 kWh

Figure 4: (Continued)
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Figure 4: Power curve in the numerical case. (a) Load power curve; (b) Active power of PVGS and load at #18 node;
(c) Active power of WTGS and load at #17 node

In Fig. 4a, the total load of the medium-voltage distribution network shows two peak power consump-
tion at 11 and 19 h, and low power consumption at 4 h in the morning, the peak-valley deviation of electricity
consumption is about 6 MW, and the load apparent power of the medium-voltage distribution network
is about 8.5 MVA. Fig. 4b,c respectively shows the load power and new energy sources power in LVS #17
and LVS #18. As can be seen from the figure, there is a phenomenon that the power of new energy source
generation is greater than the load power in both LVSs.

If there is no energy storage system in the LVS, to improve the utilization rate of new energy sources,
the LVS must inject power into the medium-voltage distribution network. It will affect the operation of the
medium-voltage distribution network. In addition, there is a certain complementarity in time between PVGS
and WTGS in the LVSs. For instance, in the 0~9 h and 18~24 h, the wind turbine power in the LVS #17 is
greater than the load power. It will result in LVS #17 injecting power into the medium-voltage distribution
network to increase the utilization of wind turbine power. In the same period of time, the output power of
the PVGS in LVS #18 is less than the load power. Then, the medium-voltage distribution network will inject
power into LVS #18 to support the load power demand. Based on the above operation process, the energy
needs to be transferred between the two LVSs through the medium-voltage distribution network. It is limited
by the capacity of the transformer and transmission line. Therefore, it is the original intention of this study
to establish a novel mode and a new channel of energy mutual benefit in multiple LVSs.

4.2 Result Analysis
Based on the above simulation parameters, this section compares the energy losses of the medium-

voltage distribution network with LVSs using none pumped storage mode (NPM), SRM, and CLRM. The
Total energy losses (TLoss) include the line losses (LLoss) of the medium-voltage distribution network, the
energy loss (NLoss) of new energy sources, and the energy loss (PLoss) of mPSS. Using the above three
modes, the numerical results of the different energy losses are listed in Table 3. Then, based on the SRM, the
comparison results are shown in Fig. 5. Fig. 6 represents the percentages of the different energy losses using
the three modes.



1104 Energy Eng. 2025;122(3)

Table 3: The energy loss value using different models

LLoss NLoss PLoss TLoss
NPM 1726.690 kWh 505.377 kWh 0.000 kWh 2232.067 kWh
SRM 1710.738 kWh 161.642 kWh 65.310 kWh 1937.690 kWh

CLRM 1703.467 kWh 0.000 kWh 96.022 kWh 1799.489 kWh

Figure 5: Loss deviations of different models based on SRM as the baseline

(a) (b) (c) 

Figure 6: Proportion of the different energy losses using different modes. (a) NPM; (b) SRM; (c) CLRM

In Table 3 and Fig. 5, the conclusions are as follows:

(1) The TLoss of NPM is 2232.067 kWh. Compared to SRM and CLRM, the TLoss has increased by 294.377
and 432.578 kWh, respectively. Specifically, in terms of LLoss, node #1 needs to inject more energy to
satisfy the load power demand. These energies are transmitted in the distribution lines and increase the
line losses. Compared to SRM, the LLoss of NPM increases by 0.933%. In addition, under the limited
transformer capacity, the injection of surplus power from the new energy source generation system
into the distribution network is restricted in LVS #17 and LVS #18. It causes a large amount of new
energy sources abandoned and the NLoss reaches 505.377 kWh. It is 1.685% of the total new energy
source generation. The NLoss of the NPM is 3.13 times that of the SRM. Therefore, the configuration
of mPSS in the LVS can improve the utilization rate of the new energy source generation system, and
relieve the pressure of transformer capacity in the LVS.
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(2) Compared with SRM, the TLoss of CLRM decreases by 138.201 kWh, accounting for 7.68%. And,
the LLoss of CLRM decreases by 7.271 kWh. It means that CLRM can reduce the pressure of current
transmission on the distribution network and ease the urgency of distribution network expansion
and reconstruction.

(3) Compared to the NLoss and PLoss of SRM, the NLoss and PLoss of CLRM decreased by 161.642 kWh
and increased by 30.712 kWh, respectively. It means that the mPSS recovers about 160 kWh of new
energy source generation and increases the energy loss by about 30 kWh. It is 0.539% of the new energy
source generation. If energy utilization is only considered, it is clearly valuable.

From the above results, CLRM is superior to SRM and NPM is the worst.
In Fig. 6, the NLoss of NPM accounts for 22.64% of the TLoss. It indicates that the amount of new energy

source generation abandoned should be paid attention to. Then, the NLoss and PLoss of SRM account for
8.34% and 3.37%, respectively. They are 11.71% of the TLoss. It means that the mPSS has significantly increased
the consumption of new energy source generation. However, limited by the capacity of mPSS, the NLoss is
still larger than the PLoss. It is necessary to increase the capacity of mPSS to further consume new energy
source generation. Further, in the CLRM, without increasing the capacity of the mPSS, the percentage of
PLoss is 5.34% of the TLoss, and the new energy source generation is consumed in its entirety. It indicates
that the CLRM has a greater capacity than SRM to consume new energy source generation under the same
capacity as the mPSS.

To further analyze the operation process of the mPSS using SRM and CLRM, Fig. 7 exhibits the
operation power and LR energy change of two mPSSs in LVS #17 and #18. Then, the results of the line current
deviation between SRM and CLRM are shown in Fig. 8.

(a)

(b)

Figure 7: The comparison results of the mPSS in the two LVSs using different modes. (a) The mPSS output power and
the LR capacity changes in the LVS #17; (b) The mPSS output power and the LR capacity changes in the LVS #18



1106 Energy Eng. 2025;122(3)

Figure 8: Distribution of branch currents in the distribution network using different modes

In Fig. 7, based on SRM, the mPSS in LVS #17 works in the pumping state to dissipate the surplus power
of WTGS from 0 to 3 h. After 3 h, the LR reaches the lower value, and the mPSS is unable to further dissipate
the wind turbine power. During the same time period, the CLRM model incorporates the LR of the mPSS
in two LVSs, and the LRs are shared. It results in that the total capacity of LR increases. This implies that the
mPSS can consume more wind turbine generation power. Similarly, during the 0~9 h time period, the load
power consumption of LVS #18 is greater than the mPSS. Then, the distribution network injects power into
LVS #18 to satisfy the load demand. Based on SRM, the energy state of LR maintains at 50%. With the output
power of PVGS increasing, the power generated by the mPSS in the LVS causes the LR to be elevated. It will
ensure that the mPSS has more capacity for dissipating the surplus power of PVGS during the 11~13 h time
period. Compared to SRM, the common LR of the mPSS is affected by the WTGS in the LVS #18 during the
3~8 h period and the energy state is maintained at 10%. To consume the peak power of PVGS in 12~14 h,
the mPSS in LVS #17 will generate power and boost the energy state of the LR to 70%. At this time, in terms
of the storage energy of LR, the CLRM is larger than the SRM. It leads that there is a larger capacity of the
CLRM to consume the power of PVGS in the 12~14 h period.

In Fig. 8, on branch #17, the current of SRM exceeds CLRM and reaches 2.5 A during the 9~11 h and
19~20 h. It means that the energy interactions between LVS #17 and LVS #18 will be more dependent on the
transmission lines. The limited capacity of the transmission line will block the energy interactions between
the two LVSs. This is an advantage of CLRM to relieve the power pressure of the transmission line. In addition,
the current SRM is lower than that of CLRM in branches #15 and #16. Using CLRM, the surplus power of
the WTGS in LVS #17 and the PVGS in LVS #18 is secured for the loads by the energy interacting with the
common LR. It results in a lower current in branch # 17. Then, more currents are supplied to loads in nodes
#15 and #16 via branches #15 and #16.

5 Discussion
Based on the above results, this section discusses the impact of factors such as efficiency, capacity, and

deployment location of the mPSS on energy loss. In particular, Fig. 9 demonstrates the variation of TLoss,
PLoss, LLoss, and NLoss using different efficiencies of mPSS. Fig. 10 displays the variation of TLoss, PLoss,
LLoss, and NLoss in the different reservoir capacities of mPSS.
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(a)

(b)

Figure 9: Variation curves of energy loss using the different efficiencies of mPSS. (a) TLoss and PLoss; (b) LLoss and
NLoss

(a)

(b)

Figure 10: Variation curves of energy loss using the different lower reservoir capacities of the mPSS. (a) TLoss and
PLoss; (b) LLoss and NLoss

In Fig. 9, with the efficiency of the mPSS increasing from 75% to 90%, the TLoss of CLRM and SRM
decreases by 78.75 and 22.20 kWh, respectively. And the CLRM is more than 3.5 times that of SRM. It
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indicates that the efficiency of the mPSS has a greater impact on CLRM. The energy loss of each part is
compared as follows:

(1) In terms of the PLoss, CLRM and SRM decreased by 73.78 and 46.11 kWh, respectively. And CLRM is
more than 1.6 times that of SRM. In the process of decreasing the TLoss, the PLoss has the largest share.
This is the most direct reason why the efficiency of mPSS affects the TLoss of the distribution network.

(2) In terms of LLoss, CLRM and SRM decreased by 4.96 and 5.67 kWh, respectively. And the LLoss
reduction of the two operation models is small and basically the same. It implies that the efficiency
of the mPSS has a low impact on the power injected into the distribution network from the LVS.
On the other hand, under CLRM, the NLoss is always 0. The new energy source generation is
completely consumed by the mPSS. However, under SRM, the amount of new energy source generation
abandonment increases by 29.58 kWh. It means that the 46.11 kWh of energy loss in mPSS was
recovered, and 29.58 kWh of new energy source was abandoned.

Obviously, it is bad. The root cause of this phenomenon is the capacity restriction of the LR under
SRM. If the efficiency of mPSS is improved under the limited capacity of LR, the electricity consumption will
reduce and the power generation will increase. It will further consume new energy sources. Therefore, with
the efficiency of mPSS increasing, the advantages of CLRM will become more significant.

In Fig. 10, with the LR capacity of the mPSS changing from 30 to 150 kWh, the difference between the
SRM and CRLM is shown in two stages.

(1) When the change of the LR capacity is from 30 to 80 kWh, TLoss, PLoss, and NLoss remain unchanged
using CRLM. And the SRM continues to decrease. It means that the mPSS with CRLM can achieve
better performance with less construction capacity. For instance, a common LR capacity of 50 kWh
under CRLM is identical in performance to the LR capacity of 90 kWh under SRM. Therefore, the
reservoir capacity of the mPSS can be reduced by using CRLM. It can help to reduce the construction
cost of the mPSS.

(2) When the capacity of the LR changes from 80 to 160 kWh, TLoss, PLoss, and NLoss are the same using
CRLM and SRM. It means that CLRM does not show an advantage after a certain increase in LR
capacity. The reason is that the mPSS can consume new energy source generation in each LVS. There
is no need to exchange excess energy through a CRM.

Therefore, in this paper, the proposed CLRM can reduce the reservoir capacity of mPSS and is more
applicable to scenarios where the capacity allocation of mPSS is limited.

Fig. 11 exhibits the variation of TotalLoss, PLoss, LLoss, and NLoss under the distribution network with
the LVS. And the mPSSs are located on different nodes of the distribution network. The procedure is that
the LVS that has WTGS remains at node #17, the LVS that has PVGS is placed at the different nodes, and the
mPSSs are in each LVS.

In Fig. 11, when the mPSS is located on different nodes, there is a significant difference in the TLoss
which can be up to 1200 kWh. However, the optimization relationship between CLRM, SRM, and NPM is
constant. The CLRM is better than the SRM, and the NPM is the worst. With the distance between the two
LVSs including the mPSS and the new energy source system increasing, the LLoss of the distribution network
is rising. In the NLoss, if the LVSs including the mPSS and the new energy source system are configured in
different distribution network locations, the same mPSS has different consumption degrees of new energy
source generation. It implies that the impact of the location of LVS with new energy generation systems on
the capacity of the mPSS should not be ignored. In summary, based on CLRM, the capacity configuration
and economy of the mPSS will be focused on in future research.
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(a) (b)

(c) (d)

Figure 11: Variation curves of energy loss at different positions of mPSS. (a) TLoss; (b) PLoss; (c) LLoss; (d) NLoss

6 Conclusion
To enhance the level of energy interaction between multiple LVSs in the distribution network, this

paper proposes a common reservoir operation mode of mPSS. It is applied to energy mutualization in
multiple LVSs. By interconnecting some reservoirs of the mPSSs in two LVSs, the consumption of new energy
source generation is promoted in the LVSs, and the advantages of energy complementarity between LVSs are
reflected. The main conclusions are as follows:

(1) The proposed operation model and control strategy of mPSSs between the LVSs can effectively balance
the power contradiction between new energy source and load, improve the absorption capacity of new
energy source in the LVS, reduce the lines loss of distribution network, and avoid the adverse effects
caused by energy backflow to the power grid.

(2) Compared with SRM, the total energy loss of CLRM decreases by 138.201 kWh and accounts for 7.68%
of the total energy loss. As the energy loss of mPSS increases by 30.712 kWh, the 161.642 kWh of surplus
energy from new energy source generation is absorbed, and the 7.271 kWh of line loss is reduced.
Obviously, the proposed CLRM is superior to traditional SRM.

(3) With the efficiency of mPSS increasing from 75% to 90%, in the reduction of total energy loss, CLRM
is 3.5 times that of SRM. The higher efficiency of the mPSS can make CLRM more obvious.

(4) Under the same degree of energy loss, the proposed CLRM can significantly reduce the reservoir
capacity of mPSS, and the common lower reservoir capacity is 55.56% of the total lower reservoir
capacity using SRM. The proposed CLRM is more suitable for the scenario where the capacity of the
mPSS is limited.
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To enhance the reliability of the CLRM model, it needs to be further verified in some actual applications.
Then, the capacity configuration and economy of mPSS will be the key issue for the further application of
the proposed CLRM. In addition, it is needed on the hybrid common reservoir modes for more than two
mPSSs in further research.
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Nomenclature
LVS Low-voltage station
mPSS Micro-pumped storage system
PSS Pumped storage system
PVGs Photovoltaic generation system
WTGs Wind turbine generation system
NPM None pumped storage mode
SRM Separated reservoir mode
CRM Common reservoir mode
CLRM Common lower reservoir mode
UR Upper reservoir
LR Lower reservoir
LLOSS Energy loss of lines
NLOSS New energy source abandoned
PLOSS Operation energy loss of mPSS
TLOSS Total energy loss
SOE The state of energy
PG,i, QG,i Active and reactive power injected into the medium-voltage network
PPump,i, PGenerate,i Active power pumped and generated by the mPSS
PL,i, QL,i Active and reactive power of load
Pi,j, Qi,j, Ii,j Active power, reactive power and square of current between j-th and i-th node
Ri,j, Xi,j Resistance and reactance between i-th and j-th node
Umin

i, Umax
i The minimum and maximum square voltage

PPV,i, Pref
PV,i Actual and maximum power of the PVGS

PPW,i, Pref
PW,i Actual and maximum power of the WTGS

uc,i, ud,i Variables of pump and generation state of mPSS
Pmax

Pump,i, Pmax
Generate,i Maximum pump and generation power of mPSS
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SOEU,min
i, SOEU,max

i Minimum and maximum SOE of the UR
SOEL,min

i, SOEL,max
i Minimum and maximum SOE of the LR

SOEU,init
i, SOEL,init

i Initial SOE of the UR and LR
λPump,i, λGenerate,i Ratio of operating power to the water flow
ηPump,i, ηGenerate,i Pump and generation efficiency of mPSS
VN

U, VN
L Volume of the UR and LR
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