
 

VOLUME XX, 2017 1 

Date of publication xxxx 00, 0000, date of current version xxxx 00, 0000. 

Digital Object Identifier 10.1109/ACCESS.2022.Doi Number 

 
Robust Scheduling of a Hybrid Hydro/ 

photovoltaic/Pumped-Storage System for 
Multiple Grids Peak-Shaving and 
Congestion Management 
 
HONG ZHOU 1, LIANG LU1, MINGKUI WEI, LI SHEN, and YOUBO LIU, Member, IEEE 
1Southwest Branch, State Grid Corporation of China, Chengdu, CO 610095 China 
2College of Electrical Engineering, Sichuan University, Chengdu, CO 610065 China 

Corresponding author: YOUBO LIU (e-mail: liuyoubo@scu.edu.cn). 

This work was supported by the Southwest Branch of State Grid Corporation of China under Grant SGSW0000FZGHBJS2200070 

ABSTRACT Southwest China possesses substantial hydropower potential and abundant solar resources. To 
harness these renewable resources effectively, extensive photovoltaic (PV) facilities and cascaded 
hydropower stations have been strategically constructed in mountainous regions, culminating in the 
development of hybrid energy systems (HES) that combine hydro, PV, and pumped-storage. Nevertheless, 
the current research on HES scheduling often neglects the transmission congestion in the local grid to which 
HES is connected. This oversight results in avoidable curtailment of solar power, load shedding, and water 
spillage. Hence, this paper introduces a robust optimization model for HES scheduling. The primary 
objectives are to enhance the integration of renewable energy sources, mitigate water spillage, minimize peak-
valley differences in multiple external grids, and alleviate transmission congestion within the HES-connected 
grid. To validate the effectiveness of this approach, both a modified IEEE 6-bus system and a real-world case 
study from the Yalong River region in Southwest China are employed. Numerical results illustrate that by 
involving the HES in local grid congestion management, a substantial reduction in PV generation curtailment 
and water wastage is achievable, with minimal impact on peak load management in multiple external grids. 

INDEX TERMS Cascade hydropower plants, pumped-storage, renewable energy integration, generation 
scheduling, peak shaving, multiple interconnected power grids 

I. INTRODUCTION 

A. MOTIVATION 
China has made substantial advancements in the 

adoption of renewable energy as part of its commitment to 
reaching peak carbon dioxide emissions by 2030 and 
achieving carbon neutrality by 2060 [1]. This 
transformation in China’s energy sector is driven by the 
dual challenges of global climate change and ecological 
degradation. By 2030, hydropower generation is expected 
to contribute about 46% of total renewable energy output 
[2]. Ensuring the sustainable development of the 
hydropower is of paramount importance for China’s energy 
transition and the attainment of its carbon emission 
reduction objectives. 

Southwest China possesses substantial hydropower 
potential, amounting to 694,400 MW, with a technically 
feasible installed capacity of 541,640 MW, making it the 
world’s leader in hydropower capacity [3]. Despite the rapid 
expansion of hydropower development in the region, the 
growth in electricity consumption across various 
southwestern provinces is slow, resulting in a mismatch 
between installation expansion and market demand [4]. 
Sluggish demand and limited transmission capacity have 
hindered hydropower consumption. These challenges stem 
from complex terrain in water-rich mountainous areas, which 
requires careful consideration of ecological and environmental 
impacts in transmission line construction, as well as 
significant upfront costs for development, population 
resettlement, and environmental management [5].  
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Besides, southwest China possesses abundant solar power 
resources on a significant scale [6]. Many photovoltaic (PV) 
facilities have been established to harness these pristine energy 
sources [7]. Solar and hydropower plants together constitute 
comprehensive renewable power systems in Southwest China. 
However, the integration of solar power into mountainous 
regions faces challenges due to limited electrical connectivity 
to the external grid, potentially leading to performance 
degradation in hydro-solar hybrid power systems due to solar 
power fluctuations. The constrained transmission line capacity 
in the Southwest further impedes the integration of renewable 
energy resources. 

In summary, a disparity exists between the growth of 
renewable energy installations and the constrained 
transmission line capacity in Southwest China. Consequently, 
curtailment of PV generation and water spillage is an 
inescapable outcome, even as the region grapples with an 
insufficient electricity supply. To address this challenge, the 
collaborative dispatching scheme of the hydro/pumped-
storage/PV hybrid energy (HES) system presents a promising 
and cost-effective solution [8]. 

B. LITERATURE REVIEW 
Researchers have explored diverse optimization 

techniques to enhance the efficiency and performance of 
cascade hydropower systems. Research [9] presents an 
ultrashort-term model for optimizing the scheduling of 
interbasin cascade hydropower plants to meet load demands. 
Research [10] introduces the multi-objective tangent 
algorithm (MOTA) to optimize cascade reservoir operation, 
considering hydropower generation, ecology, and navigation 
objectives. Research [11] outlines a short-term scheduling 
strategy for cascade hydropower plants, aiming to identify 
market opportunities and make optimal market decisions. 
Research [12] combines simulated annealing with particle 
swarm optimization to improve the accuracy and efficiency of 
hourly generation scheduling for cascade hydropower plants 
with complex hydraulic coupling and head-dependent 
prohibited operating zones. [13] investigates the impact of 
climate change on total power generation in cascade 
hydropower stations. [14] proposes a decentralized monthly 
generation scheduling model for cascade hydropower plants 
in multiple time-scale markets. Reference [15] develops 
optimal bidding strategies for large-scale hydropower stations 
serving multiple power grids. These studies present various 
optimization techniques to address long-term generation 
scheduling challenges in cascade hydropower systems. 
However, it's essential to note that these reviewed research 
studies have not extensively explored emerging challenge of 
integrating renewable energy. 

To ensure feasible scheduling and enhance renewable 
energy utilization, [16] introduces a novel multi-stage robust 
scheduling method for cascade hydropower systems 
incorporating uncertainty factors like solar, wind, and natural 
inflow. Reference [17] offers a model for optimizing wind-

solar-hydro hybrid generation systems, leveraging cascade 
hydropower to address intermittent renewables. [18] suggests 
adopting linearization methods to model the original hydro-
wind-solar hybrid system as a mixed-integer linear 
programming (MILP) formulation. In research [19], an 
optimal scheduling model for a complementary hydro-wind-
PV-battery system under extreme weather conditions is 
investigated. [20] addresses multiple power supply risks and 
the economy of hydropower operation, incorporating more 
data on renewable energy uncertainties in decision-making to 
mitigate variability impacts. In research [21], the flexibility of 
a wind-PV-hydro multi-energy complementary base is 
assessed, accounting for the compensation capacity of cascade 
hydropower stations. However, these studies fail to consider 
the cross-regional power transmission demand, which also 
hinders the absorption of renewable energy.  

Long-distance and large-capacity transmission of 
hydropower to load centers is essential for accommodating 
extensive renewables in China [22]. In research [23], a three-
stage hybrid method addresses engineering challenges arising 
from multilateral generation contracts, strong hydraulic-
electric relationships, load variations, and spatial-temporal 
constraints. Reference [24] develops an MILP model to 
minimize peak-valley differences in multiple grids, resulting 
in significant reductions in peak loads. Reference [25] 
minimizes peak-valley differences while considering 
operational constraints and HVDC tie-lines. Reference [26] 
integrates peak shaving requirements of receiving-end grids 
and hydraulic constraints of pumped storage plants. Reference 
[27] optimizes peak-valley load differences in multiple power 
grids, considering hydraulic, electrical, and head effect 
constraints for accurate scheduling. Research [28] addresses 
accurate modeling and assessment of the value of pumped 
storage hydropower (PSH) plants in serving the power system. 
In [29], the authors address safeguarding the sending-end 
grid's security when multiple hydropower stations share an 
HVDC transmission channel. Reference [30] explores 
installing pumped-storage hydro turbines in cascade reservoirs 
to optimize peak shaving operations, considering hydraulic 
and unit operation constraints and the impact of water head on 
unit generation for accurate results. The existing research 
extensively examines multi-grid peak management via 
collaboratively dispatching the hydro/pumped-storage/PV 
hybrid energy system. However, the network constraints 
within this hybrid energy system are often neglected. This will 
also cause the PV generation curtailment and water spillage. 

C. MAIN CONTRIBUTION 
To address the research gap discussed above, this paper 

presents a mixed-integer linear programming (MILP) model 
that maximizes the potential of HES to enhance renewable 
energy utilization and minimize the peak-valley difference 
across multiple grids, while relieving transmission congestion 
within the HES-connected grid. Table 1 reveals a comparison 
of the previous published works with the proposed research. 
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TABLE 1 COMPARISON BETWEEN THIS STUDY AND PREVIOUS LITERATURE. 

References Optimal generation 
scheduling 

Considering uncertainty of 
renewables 

Participating in multiple grids 
peak management 

Participating in local grid 
congestion management 

[10]-[16]     
[17]-[24]     
[25]-[34]     

This paper     

The remaining part of this paper is structured as follows: 
Section 2 introduces the mathematical formulation for the 
proposed problem. In Section 3, the simulation results are 
presented. Finally, Section 4 presents the conclusions drawn 
from the study. 
 
II. FRAMEWORK FOR ROBUST OPTIMIZATION 

Consider the following linear optimization problem 
 Tmax c x  (1) 
 T bs.t. ≤ a x  (2) 
where c and a  are n-by-1 vectors of coefficient. n is the 
number of variables. b  is uncertain and can be defined as 
follows: 
 Tb b= − ξ b̂  (3) 
where b  denotes the nominal value of the coefficient. b̂  is a 
n-by-1 vector of constant variation from the nominal value b . 
ξ  is a m-by-1 vector of random variables which are subject to 
an uncertainty set  . m is the number of uncertain variables. 
One realization of   can be defined as: 
 T{ | , 0 1}= ≤ Γ ≤ ≤ ξ ξ e ξ  (4) 
where e is a m-by-1 vector whose elements are all equal to 
one. Γ  is a parameter which is known as the uncertainty 
budget. The value of Γ  ranges from 0 to n. 0Γ =  means that 
all the parameters are deterministic and the model dose not 
incorporate uncertainty. nΓ =  leads to the most conservative 
case. The objective of robust optimization is to identify 
solutions that remain feasible for all realizations of the 
uncertain parameter ξ  within the uncertainty set  , thereby 
providing immunity against infeasibility [35]. Hence, the 
constraint (2) can be rewritten as: 
 T T+ max b

∈
≤

ξ
a x ξ b̂  (5) 

According to dual theory, the maximization problem 
inside constraint (5) can be reformulated by: 

 
1

1min m
i

i

m

λ λ+
=

+Γ ∑  (6) 

 1
ˆ. . ,i m ib i ms t λ λ ++ ≥ ∀ ∈  (7) 

 0,i i mλ ≥ ∀ ∈  (8) 
where iλ  is the dual decision variables. îb  is the ith element 
in b̂ . Incorporating constraints (6)-(8) into (5), we can obtain 
the linear robust counterpart problem shown as follows: 

 T + i

m

m
i

b+
=

+Γ ≤∑a x  1
1

 (9) 

 1
ˆ. . ,i m ib i ms t λ λ ++ ≥ ∀ ∈  (10) 

 0,i i mλ ≥ ∀ ∈  (11) 

Therefore, the origin robust optimization problem 
described by (1) and (2) can be reformulated by tractable 
robust counterpart expressed by (9) to (11). 
 
III. MATHEMATICAL FORMULATION 

A. PROBLEM STATEMENT 
Fig. 1 illustrates a simplified representation of the 

hydro/PV/pumped-storage HES along with the grid to 
which it is connected.  

 
FIGURE 1. An illustrative system example 
 

As shown in Fig.1, two hydropower stations and one 
pumped-storage station are situated in the same runoff area. 
Each station is connected to distinct alternating current (AC) 
buses. Additionally, two solar stations contribute active 
power to two AC buses. Moreover, two high-voltage direct 
current (HVDC) lines transmit power to two external grids. 
It can be seen that the integration of renewable energies is 
influenced by the capacity of transmission lines and the 
security considerations associated with HVDC lines. 
Consequently, elaborate adjustments should be made to the 
power generation of diverse types of power stations. 
Moreover, the variability and uncertainty of water inflow 
and PV generation necessitate their inclusion in the 
scheduling of HES. 

B. TRACTABLE ROBUST MODEL FOR OPTIMAL 
SCHEDULING OF HES 

To improve the utilization of the renewable energy, 
reduce the peak-valley difference of multiple provincial 
grids, and relieving the transmission congestion within the 
HES connected grid, this section aims to present the overall 
objective and constraints of the proposed robust 
optimization model. Besides, the uncertainties of PV 
generation and water inflow are also considered in the 
model.  
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1) OBJECTIVE FUNCTION 
The objective includes the cost of peak-valley 

difference of multiple external grids, the spilled water, and 
the curtailed PV generation. 

 
H

PV
,

max H H
,

PV

n

PV

mimin ( ) i i t
i

i i t

n n
n t

ti

f R c PR

c P

α
∈ ∈∈

∈∈

∆

∆

= − + +∑ ∑∑

∑ ∑
 



 (12) 

where   is the set of the external grid numbers. max
nR  

and min
nR  are the maximum and minimum residual load of 

grid n. α  is a coefficient indicating the cost of peak-
valley difference. H

,i tP∆  is the equivalent power generated 
by the spilled water at time interval t. H

ic  is the cost of 

spilled water. H  is the set of the buses that connect with 
a hydropower station.   is the set of the time intervals. 

PV
,i tP∆  is the PV generation curtailment at time interval t. 

PV
ic  is the cost of PV generation curtailment. PV  is the 

set of the buses that connect with a PV power station.  
max
nR  and min

nR  satisfy: 
 max

,m ,ax{ | }n n tR R t n∈= ∈   (13) 
 min

,m ,in{ | }n n tR R t n∈= ∈   (14) 
where ,n tR  is the residual load demand of the external grid 
n at time interval t. The constraints (13) and (14) can be 
readily tackled by the commercial optimization tools such 
as CPLEX and GUROBI. For further information, the 
readers can refer to [26].  
 
2) CASCADE HYDROPOWER CONSTRAINTS 

The generation of the hydropower can be approximated 
by [31]: 
 H

,
H
, 9. , ,81 i i t ii tP Q H itη ∀ ∈= ∀ ∈   (15) 

 HH H H
, ,,i i t iP P P it≤ ∀ ∈ ∀≤ ∈   (16) 

where H
,i tP  denotes the power generation of a specific 

hydropower plant within a given time interval indexed as t. 
iη  represents the hydroelectric conversion efficiency of the 

aforementioned hydropower plant. ,i tQ  corresponds to the 
quantity of water flow used for electricity generation at time 
t, while iH  represents the height of the water head. H

iP and 
H

iP  denote the lower and upper boundaries, respectively, of 
the power generation for the hydropower plant i. The water 
balance constraints for the cascade hydropower stations in 
the same runoff are shown in [17]: 
 

 1
H

,
H H
, , ,, 36 ( )] ,00[ ,i ii t tt t ii tC tC J Q V i−= + − + ∀ ∀∈ ∈ 

 (17) 
 H

, ( ), ( ), , ,,i t i t i t i tJ itQ V Wα τ α τ− − ∀+= ∈+ ∀ ∈   (18) 
 

where H
,i tC  and H

, 1i tC −  denote the reservoir capacity at time 
t and t−1. ,i tV  is the spilled water at time t. t∆  is the 
length of time intervals. ,i tJ  is the total inflow of the 
reservoir at the hydropower station that is connected with 
bus i. ( ),i tQα τ−  represents the amount of water utilized for 
electricity generation at the nearby hydropower station 
located upstream. ( ),i tVα τ−  is the amount of spilled water at 
the nearby hydropower station located upstream. ,i tW  
denotes the incoming volume of natural water at 
hydropower station at bus i. τ  denotes the water flow 
delay. H

,i tC , ,i tQ , and ,i tV  are restrained by: 
 H H HH

, , ,i ii tC C C it≤ ∀≤ ∀ ∈ ∈   (19) 
 H

, , ,,i t i t ii Q QQ V it≤ ≤ ∀ ∈+ ∀ ∈   (20) 
where H

iC  and H
iC  are the lower and upper limits of the 

reservoir capacity, respectively. iQ  and iQ  are the 
minimum and the maximum water flow rate.  

In practice, the natural water inflow ,i tW  are uncertain, 
which is intractable in the scheduling of the HES [32]. To 
capture the uncertain nature of water inflow, ,i tW  can be 
expressed by [33]: 
 ,

H
,, , , ,

ˆ , ,i t i t i itit t i tW W W W t iξ ξ+ −= −+ ∀ ∈ ∀ ∈   (21) 
where ,

ˆ
i tW  denotes the predicted natural water inflow. 

,i tW  and ,i tW  are the maximum and minimum deviations 
of the water inflow. ,i tξ + , and ,i tξ −  are the coefficients 
which reflect the tolerable range for the uncertainty [34]. 
The uncertainty set ξ can be defined as: 
 , , [0, 2]i t i t

ξ ξξ ξ τ τ+ −+ ≤ ∈，  (22) 
 , ,, 10 i t i tξ ξ+ −≤ ≤  (23) 
where ξτ  denotes the uncertainty budget which is used to 
adjust the ranges of uncertainty. According to (17)-(19), 
we can derive the tractable robust counterpart using the 
method discussed in Section II. 

 
,

H

, ,
1 2 3

( ),

1

)

H

( , ,

360
ˆ

0 i t i t

i t i t i t

i i tC C
Q V

Q V W

ξ

α τ α τ

λ λ τ λ
−

− −

 
 

≤  
 

−
+ + −

− 

+ +
−

 (24) 

 1 3 ,i tWλ λ+ ≥  (25) 
 2 3 ,i tWλ λ −+ ≥  (26) 
 1 2 3 0, ,λ λ λ ≥  (27) 
where 1λ , 2λ , and 3λ  are the dual variables of the 
corresponding constraints in the uncertainty set  . 
3) PUMPED-STORAGE OPERATING CONSTRAINTS 

The charging and discharging power of a pumped-storage 
power station are limited by [31]: 
 P

, ,
c c c c c

, , , ,,i t i ti t i t i tu uP P P t i≤ ∈∀ ∀≤ ∈   (28) 
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 P
, ,
d d d d d

, , , ,,i t i ti t i t i tu uP P P t i≤ ∈∀ ∀≤ ∈   (29) 
 P

, ,
c d 1, ,i t i tu tu i∀ ∀+ ≤ ∈ ∈   (30) 

where c
,i tP  and d

,i tP  are the charging and discharging power , 
respectively, of the pumped-storage station that connects 
with the bus i at the time interval t. c

,i tP  and c
,i tP  are the lower 

and upper boundaries, respectively, of the charging power. 
d
,i tP  and d

,i tP  are the range of discharge power. c
,i tu  indicates 

the charging state of the pumped-storage station and d
,i tu  

indicates the discharging state. P  is the set of the buses 
that connect with pumped-storage station. (31) imposes a 
restriction on the pumped-storage station, preventing it from 
simultaneously being in both the charging and discharging 
states. The constraint for reservoir capacity of a pumped-
storage power station is represented as: 
 ,

p p c d d dc c
, ,, 1 ,, i t i t i i ti t i t tu PC uC Pη η− + −=  (31) 

 p p p
,i i t iC C C≤ ≤  (32) 

where p
,i tC  represents the reservoir capacity of the pumped-

storage power station that connects with the bus i. The lower 
and upper bounds of the reservoir capacity are represented 
by p

iC  and p
iC , respectively. Furthermore, the coefficient 

cη  signifies the conversion ratio of electricity to water, while 
the coefficient dη  represents the conversion ratio of water 
back to electricity. 
 
4) HVDC CONSTRAINTS 

To ensure the safe operation, the power through HVDC 
lines should satisfy [29]: 
 HVDC HVDC HVDC

,l l t lP P P≤ ≤  (33) 
 HVDC HVDC HVDC

, , 1l t l t lP P P− ≤ ∆−  (34) 
where HVDC

,l tP  represents the power transmitted through 
HVDC line l at a specific time t, constrained by the upper 
limit HVDC

lP  and lower limit HVDC
lP . HVDC

lP∆  is the 
maximum ramping rate of the power in HVDC lines.  
 
5) NETWORK CONSTRAINTS 

The network constraints mainly include the power balance 
constraints and the line flow limitations.  
 H PV d c L HVDC

, , , , , , ,i t i t i t i t i t ij t l t
j i

P P P P P P P
∈

+ + − − = +∑  (35) 

 , , ,( )i t jj tij t iP b θ θ= −  (36) 
 ,ij ij t ijP P P≤ ≤  (37) 
 ( )PV PV

, ,i t i tP P≤    (38) 
where L

,i tP  is the load demand at the bus i during the time 
interval t. ,ij tP  is the power flow in line i-j. ,i tθ  denotes the 
phase angle at bus i. ijP  and ijP  are the lower and upper 

limits, respectively, of the power flow in line i-j. ( )PV
,i tP 

is the available PV output which is determined by  as shown 
in: 
 ( )PV PV PV PV

, , , ,
ˆ

i t i t i t i tP P P P+ −= + −    (39) 

where PV
,i tP  and PV

,i tP  are the maximum and minimum 

deviations of the PV output. ,i t
+  and ,i t

− are the coefficients 
which reflect the tolerable range for the uncertainty.   is 
defined on the uncertainty set  which is described as: 
 , 10 + −≤ ≤   (40) 
 , [0, 2]τ τ+ −+ ≤ ∈    (41) 

where τ   denotes the uncertainty budget which is used to 
adjust the ranges of uncertainty. Similarly, the robust 
counterpart constraint of (39) can be formulated as: 
 PV PV

3 ,2 ,1 î t i tP Pζ τζ ζ −≤+ +   (42) 
 PV

3 ,1 i tPζ ζ ≥+ −  (43) 
 V

1
P

2 ,i tPζ ζ ≥+  (44) 
 31 2 0, ,ζ ζ ζ ≥  (45) 
where 1ζ , 2ζ , and 3ζ  are the dual variables of the 
corresponding constraints.  
 
6) EXTERNAL GRID POWER RECEIVING CONSTRAINTS 

As mentioned above, the external grids can receive power 
through HVDC lines. Nevertheless, due to the technical 
considerations, there exists a limit on the total power that an 
external grid can receive. Hence, the amount of power 
received by an external grid is subject to constraints defined 
by the subsequent expressions [23]. 
 HVD

,, ,
C

n t n t l t
l n

R P P
∈

= −∑  (46) 

 C maxHVD
,t

l
n

n
l

t
P E

∈ ∈

≤∑∑


 (47) 

where ,n tR  is the residual load of the external grid n at time 
t. ,n tP  is the initial load of the external grid n at time t. l n∈  
means the HVDC line l connects with the external grid n. 

max
nE  denotes the maximum amount of power the external 

grid n can receive throughout a day. 
To summarize, the proposed model for optimal scheduling 

of the HES is formulated as follows: 

 min
. . {(13)-(16),  (20),  (25)-(38), (43)-(48)}

f
s t

 (48) 

Model (49) is entirely a MILP model. It can be solved 
straightforward using the GUROBI solver [37, 38].  
 
IV. CASE STUDY 

To demonstrate the benefits of this method, it is applied to 
a modified IEEE 6-bus test system and a real-world case 
extracted from the Yalong River in Southwest China. 
Subsequent sections will discuss the simulation results. 
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A. A MODIFIED IEEE 6-BUS TEST SYSTEM 
1) SIMULATION SETUP 

The system configuration is shown in Fig. 1 where two 
hydropower stations locate at bus 1 and 3, one pumped-storage 
station situates at bus 2, and two solar stations position at bus 
1 and 6. Additionally, two HVDC lines link two external grids. 
The parameters of the hydropower station and pumped-
storage station are detailed in TABLE II and III, respectively. 
Due to the lack of real-world data, all the parameters that 
exhibits in TABLE II and III are assumed based on [11] and 
[38].  

 
TABLE II PARAMETERS OF HYDROPOWER STATION 

Bus 
H
hC \ H

hC
(×107m3) 

Capacity 
(MW) 

hQ \ hQ
(m3/s) 

hη (%) 
Ramping 

rate (MW) 

1 [1, 5] 800 [200, 1700] 89 200 
3 [3, 10] 1000 [200, 1500] 80 250 

 
TABLE III PARAMETERS OF PUMPED-STORAGE STATION 

Bus 
p
hC \ p

hC (×
107m3) 

Capacity 
(MW) 

cη (%) dη (%) 
Ramping rate 

(MW) 

2 [2, 6] 200 95 95 50 

 
Additionally, the capacity of the two HVDC lines is 

800MW with HVDC
lP∆  equals 200MW. The installation 

capacities of the two PV station are 400MW and 300MW, 
respectively. The PV generation and water inflow 
throughout a day are shown in Figs. 2 and 3, respectively. 

 
FIGURE 2. Hourly PV generation during a typical day 
 

 
FIGURE 3. Hourly natural water inflow rate during a typical day 

 

 

 

2) INITIAL SYSTEM STATES 
The initial curtailed PV generation and the spilled water 

are depicted in Figs. 4 and 5. 
 

 
FIGURE 4. Initial curtailed PV generation. 
 

 
FIGURE 5. Initial spilled water. 

According to Figs. 4 and 5, the cumulative PV generation 
curtailment amounts to 3445.9MWh over the course of a day, 
while the total volume of spilled water reaches 5342.4m3. The 
initial line load ratio is presented in Fig 6. 

 
FIGURE 6. Initial line load ratio. 

As shown in Fig. 6, the plane indicates the maximum line 
load ratio. Each bar indicates the load ratio of a line. The bars 
that surpass the plane means these lines are overloaded. It is 
evident from the figure that two lines, specifically line 7 and 
line 9, highlighted by red circles, experience overload 
conditions. Line 7 is overloaded at times 1, 4, 5, 6, 8, 13, 14, 
and 15 with a maximum line load ratio of 112.5%. Line 9 
exhibits overloads during times 1-6, 11-18, 20, and 24, with 
the maximum line load ratio reaching 103.6%. 
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3) OPTIMIZATION RESULTS 
Applying the proposed MILP model to optimize the 

modified IEEE 6-bus test system, the results are shown as 
follows. 
 

 
FIGURE 7. Comparison of the PV generation before and after 
optimization. 
 

 
FIGURE 8. Comparison of the spilled water before and after 
optimization. 

Based on the data illustrated in Fig. 7, a substantial 
enhancement is observed in the PV generation. The total 
accumulated PV generation throughout the day escalates from 
2781.5MWh to 6036.4MWh. Furthermore, Fig. 8 
demonstrates a reduction in the total volume of spilled water, 
which diminishes from 5342.4m3/s to 1249.7m3/s. The 
optimized line load ratio is presented in Fig. 9. 
 

 
FIGURE 9. Optimized line ratio. 

In Fig. 9, the two previously overloaded lines have 
returned to the normal range after optimization. All the bars 
now fall below the maximum line ratio plane, indicating the 
absence of overloaded lines. The proposed model has 
effectively relieved transmission congestion within the HES-

connected grid. The residual load for each external grid is 
illustrated in Figs. 10 and 11. 
  

 
FIGURE 10. Residual load of the external grid 1. 

 
FIGURE 11. Residual load of the external grid 2. 

As it is presented in Fig. 10, the peak-valley difference of 
external grid one undergoes a reduction from 1320MW to 
1000MW, reflecting a decrease of 24.24% in the initial peak-
valley difference. Similarly, the peak-valley difference of 
external grid 2 diminishes from 1180MW to 558.07MW, 
resulting in a reduction of 52.71% in the initial peak-valley 
difference of external grid 2. The power through HVDC lines 
is shown in Fig. 12. 
 

 
FIGURE 12. Power through two HVDC lines 
 

From Fig. 12, it is evident that the active power transmitted 
via HVDC Line 1 increases from 6:00 to 8:00 and 13:00 to 
15:00, while it decreases from 9:00 to 10:00 and 16:00 to 
18:00. This contributes to the mitigation of the first peak load 
at 8:00 and the second peak load at 15:00 in External Grid 1. 
In the case of HVDC Line 2, the active power rises from 7:00 
to 11:00 and 14:00 to 16:00, but decreases from 11:00 to 13:00 
and 17:00 to 19:00. This helps in managing the first peak load 
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at 8:00 and the second peak load at 15:00 in External Grid 2. 
The cumulative power supply for External Grid 1 and Grid 2 
amounts to 1532.1MWh and 4747.4MWh, respectively. As 
shown in Figs. 10 and 11, the performance of peak shaving 
achieved by Grid 1 is inferior to that of Grid 2. One possible 
explanation is the constrained line capacity that hampers 
power transmission to External Grid 1 via HVDC Line 1.  

The optimal scheduling of the two cascade hydropower 
stations and one pumped-storage station is shown in Figs. 13-
15. 
 

 
FIGURE 13. Optimized power generation of the hydropower 1. 

 
FIGURE 14. Optimized power generation of the hydropower 2. 

 
FIGURE 15. Optimized power generation of the pumped-storage. 

 
Fig. 13 illustrates a noteworthy trend in the output of 

hydropower station 1. It steadily decreases from 5:00 to 10:00, 
coinciding with increased PV generation. Conversely, from 
11:00 to 19:00, the output gradually rises as PV generation 
diminishes. The volume in the reservoir of hydropower station 
1 increases during 00:00 to 12:00 and decreases during 13:00 
to 24:00. Similarly, hydropower station 2’s reservoir volume 
rises during 00:00 to 6:00 and 12:00 to 17:00, and falls during 
7:00 to 11:00 and 17:00 to 24:00. This synchronization 

between hydropower and PV generation significantly 
enhances PV integration and reduces water spillage. In Fig. 14, 
hydropower station 2 exhibits a bimodal output pattern with 
peaks at 10:00 and 16:00, effectively aiding peak load 
regulation for the two external grids. As seen in Fig. 15, the 
pumped-storage station primarily charges from 3:00 to 7:00, 
preventing water wastage. From 12:00 to 24:00, it gradually 
discharges power, contributing to peak load regulation for 
both external grids. 

 
4) A COMPARISON WITH THE PREVIOUS WORKS 

To demonstrate the merits of the proposed method, a 
comparison with the model that only addresses the multiple 
grids peak management is conducted. To build the model 
without transmission congestion, we omitted constraints (37) 
and (38) from the proposed model. The results are shown as 
follows. 

 
TABLE IV COMPARISON WITH THE PREVIOUS WORKS 

Performances Only consider multiple 
grid peak management This paper 

Peak-valley 
differences of external 

provincial grids 

Grid 1: 953.33MW 
Grid 2: 810MW 

Grid 1:1000MW 
Grid 2: 858.07MW 

Load curtailment 834.4090MWh 0MWh 
PV generation 

curtailment 3212.0877MWh 1610.5263MWh 

Spilled water 3023.7040m3/s 1249.7m3/s 

 
As it is shown in TABLE IV, the peak-valley 

differences of the two external provincial grids obtained by 
the previous works that only consider the multiple grid peak 
management are 953.33MW and 810MW. However, 
834.4090MWh local load and 3212.0877MWh PV generation 
are curtailed. There are also 3023.7040m3/s water are spilled. 
In this paper, the peak-valley difference slightly increases by 
4.9% in grid 1 and by 5.9% in grid 2 compared with the 
method that only considers the multiple grid peak 
management. However, the load curtailment reduces from 
834.4090MWh to zero. The curtailment of PV generation 
reduces from 3212.0877MWh to 1610.5263MWh. The spilled 
water reduces from 3023.7040m3/s to 1249.7m3/s. The results 
demonstrate that the participation in the local grid congestion 
management when scheduling the hydropower/PV/pumped-
storage HES, the local grid load curtailment can be avoided 
and the utilization of PV and hydropower can be significantly 
improved, though it slightly affects the performance of 
multiple grid peak management.  

 
5) A COMPARISON WITH THE DETERMINISTIC 
MODEL 

As discussed above, the parameters ξτ  and τ   serve to 
calibrate uncertainty. When both ξτ  and τ   are set to zero, 
the proposed model is a completely deterministic model. In the 
subsequent section, various values of ξτ  and τ   are 
employed to assess the model’s performance, with results 
presented below. 
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TABLE V COMPARISON WITH THE DETERMINISTIC MODEL 

Uncertainty 
budget 

Peak-valley 
difference (MW) 

Curtailed 
solar energy 

(MWh) 

Curtailed 
load 

(MWh) 

Spilled 
water 
(m3/s) 

2ξτ τ= =  
Grid 1: 1000 

Grid 2: 858.07 1610.53 0 1249.7 

1ξτ τ= =  
Grid 1: 991.859 

Grid 2: 822.8472 805.26 0 1033.2 

0ξτ τ= =  
Grid 1: 972.9386 

Grid 2: 821.78 0 0 0 

 
TABLE V shows the peak-valley difference, PV 

generation curtailment, local load curtailment, and water 
spillage under different uncertainty budget ξτ  and τ  . From 
table 5, one can observe that as ξτ  and τ   rise from 0 to 2, 
there is a notable increase in peak-valley differences across 
multiple grids, PV generation curtailment, and water 
spillage. This trend primarily stems from the elevated ξτ  
and τ   values, which subsequently reduce the estimated 
available PV power and water inflows for electricity 
generation, consequently leading to increased PV 
generation curtailment and water spillage. Furthermore, 
this diminished PV generation and hydropower supply also 
affects the performance of managing peak loads across 
multiple grids. 

B. A REAL-WORLD TEST CASE 
1) SIMULATION SETUP 

To further demonstrate the efficacy of the proposed 
methodology, a real-world test case abstracted from Yalong 
River in Southwest China [20] is employed. The system 
configuration is visualized in Fig. 16. 

 
FIGURE 16. System configuration of the real-world test case 

As shown in Fig. 16, the test system consists a total of 16 
AC buses interconnected by 18 transmission lines. Within this 
system, five buses are equipped with hydropower stations, 
while an additional six buses are equipped with solar stations. 
Moreover, three HVDC lines connect with three external grids, 
supporting powers to regulate peak management for these 

three external grids. The parameters of the 5 hydropower 
stations are detailed in TABLE VI. The PV generation and the 
water inflow can be referred to Figs. 2 and 3, respectively. 

 
TABLE VI PARAMETERS OF THE HYDROPOWER STATIONS 

No. 
H
hC \ H

hC
(×106m3) 

Capacity 
(MW) 

hQ \ hQ
(m3/s) 

hη (%) 
Ramping 

rate (MW) 

H1 [1, 5] 1500 [500, 4250] 89 300 
H2 [3, 10] 4800 [500, 3750] 89 600 
H3 [1, 3] 3000 [500, 4000] 80 500 
H4 [3, 8] 2400 [500, 4500] 80 400 
H5 [2, 6] 3300 [500, 3750] 80 450 

 
2) INITIAL SYSTEM STATES 

The initial curtailment of PV generation and spilled water 
are depicted in Figs. 17 and 18. 

 
FIGURE 17. Initial PV generation curtailment 

 
FIGURE 18. Initial amounts of spilled water. 
 

From Fig. 17, it can be observed that the PV generation 
curtailment occurs during 5:00 to 13:00. The total curtailed PV 
generation accumulates to 7491.2MWh. Similarly, Fig. 18 
illustrates a substantial abandonment of surplus water, peaking 
at 1708m3/s at 2:00. This excessive water spillage occurs 
during a period of relatively low load demand, resulting in a 
significant volume of wasted water. Additionally, from 5:00 
to 11:00, water spillage is also necessary to absorb the excess 
PV generation. The initial line load ratio is depicted in Fig. 19.  

As shown in Fig. 19, it is evident that multiple bars exceed 
the maximum line ratio plane, indicating that lines 2, 3, 5, 7, 
10, and 18 encounter periods of overload during specific time 
intervals within the given day. The maximum line load ratio 
reaches 106.7%. 
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FIGURE 19. Initial line load ratio 
 
3) OPTIMIZATION RESULTS 

Applying the proposed method to optimize this system, the 
comparison of PV generation, spilled water and line load ratio 
are shown in Figs. 20-22. 
 

 
FIGURE 20. Comparison of PV generation. 
 

 
FIGURE 21. Comparison of spilled water. 

 
As shown in Fig. 20, the total PV generation increases 

from 35456MWh to 42947MWh. Additionally, Fig. 21 
reveals a reduction in water spillage at 1:00, decreasing from 
761.5m3/s to 156m3/s, while the water spillage at 2:00 
declines from 1708m3/s to 1473.9m3/s. In other time intervals, 
all available water resources are effectively utilized. In Fig. 22, 
the six overload lines have been successfully restored to the 
normal operating range after optimization. The comparison of 
peak-valley difference of the three external grids are detailed 
in TABLE VII. 
 

 
FIGURE 22. Line load ratio after optimization 
 

TABLE VII OPTIMIZATION RESULTS OF THE PEAK-VALLEY DIFFERENCE 

No. Initial Peak-valley 
difference (MW) 

Optimized Peak-
valley difference 

(MW) 

Percentage (%) 

Grid 1 13200 12400 -6.06% 
Grid 2 11800 10800 -8.47% 
Grid 3 15455 13455 -12.94% 

 
According to the data provided in TABLE VII, the peak-

valley difference of external grid 1 experiences a decrease 
from 13200MW to 12400MW. Similarly, the peak-valley 
difference of external grid 2 decreases from 11800MW to 
10800MW, while the peak-valley difference of external grid 3 
is reduced from 15455MW to 12400MW. The power through 
HVDC lines is shown in Fig. 23.  

 

 
FIGURE 23. Power through three HVDC lines during the given day 

 
Fig. 23 illustrates a gradual increase in power transmitted 

through the three HVDC lines from 3:00 to 14:00, reaching a 
peak total of 6000MW at 14:00. Subsequently, from 15:00 to 
24:00, the power transmitted through the HVDC lines 
gradually decreases. These results demonstrate that significant 
reductions in the peak-valley difference of the external grids 
can be attained by judiciously adjusting the power flow 
through the HVDC lines. Fig. 24 displays the optimal 
operating strategy of the cascade hydropower station. 
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FIGURE 24. Optimal operating strategy of 5 hydropower stations. 
 

In Fig. 24, it is evident that the cumulative generation of 
the five hydropower sources declines from 1:00 to 9:00 and 
12:00 to 16:00, resulting in a 7491MWh increase in PV 
generation. From 9:00 to 12:00, the total generation of the five 
hydropower plants increases to support peak load 
management across the three external grids. This leads to a 
reduction of the peak-valley difference in the three external 
grids by 6.06%, 8.47%, and 12.94%, respectively. These 
outcomes provide compelling evidence that the proposed 
optimization model is effective in managing peak loads and 
promoting PV generation. 

 
4) A COMPARISON WITH THE PREVIOUS 
WORKS 

We also compared the proposed method with the previous 
works using the real-world test case. The results are shown as 
follows. 

 
TABLE VIII  COMPARISON WITH THE PREVIOUS WORKS 

Performances Only consider multiple 
grid peak management This paper 

Peak-valley 
differences of external 

provincial grids 

Grid 1: 11200MW 
Grid 2: 9800MW 
Grid 3: 13545.55 

Grid 1:12400MW 
Grid 2: 10800MW 

Grid 3: 
13545.55MW 

Load curtailment 0MWh 0MWh 
PV generation 

curtailment 6775.70Wh 4294.7368MWh 

Spilled water 2282.15m3/s 1629.9m3/s 

 
As it is shown in TABLE VIII the peak-valley differences 

of the three external provincial grids obtained by the previous 
works that only consider the multiple grid peak management 
are 11200MW, 9800MW, and 13545.55MW, respectively. 
However, 6775.70MWh PV generation are curtailed and 
3023.7040m3/s water are spilled. In this paper, the peak-valley 
difference across the three external grids slightly increases by 
10.71%, 10.20%, and 0%, respectively, compared with the 
method that only considers the multiple grid peak 
management. However, the PV generation curtailment 
reduces by 36.62% from 6775.70.4090MWh to 
4294.7368MWh. The water spillage reduces by 28.58% from 
2282.15m3/s to 1629.9m3/s. These results further underscore 
the advantages of engaging in local grid congestion 
management when scheduling the hydropower/PV/pumped-

storage HES, as it significantly enhances the utilization of PV 
and hydropower. 
 
5) A COMPARISON WITH THE DETERMINISTIC 
MODEL 

We also compared the results under different uncertainty 
budgets ξτ  and τ  . The results are shown as follows.  

 
TABLE IX COMPARISON WITH THE DETERMINISTIC MODEL 

Uncertainty 
budget 

Peak-valley 
difference (MW) 

Curtailed 
solar 

energy 
(MWh) 

Curtailed 
load 

(MWh) 

Spilled 
water 
(m3/s) 

2ξτ τ= =  
Grid 1: 12400 
Grid 2: 10800 

Grid 3: 13545.55 
4294.74 0 1629.9 

1ξτ τ= =  
Grid 1: 11300 

Grid 2: 10238.303 
Grid 3: 12000 

4088.60 0 1412.3 

0ξτ τ= =  
Grid 1: 11242.14 
Grid 2: 10203.02 

Grid 3: 12000 
1624.07 0 1416.9 

 
From TABLE IX, it is evident that an increase in the values 

of parameters ξτ  and τ   correlates with heightened peak-
valley differences, greater PV generation curtailment, and 
increased water spillage. When both ξτ  and τ   equal zero, 
the model transforms into a completely deterministic one. This 
implies that the available PV power and water inflow match 
their predicted values, introducing no uncertainty. Although 
this scenario results in the smallest peak-valley differences, 
PV generation curtailment, and water spillage, it represents an 
idealized case for scheduling the hydro/PV/pumped-storage 
HES, as the possibility of the available PV power and water 
inflow equal their forecasted values is low. Conversely, when 

ξτ  and τ   both equal two, the deviations in available PV 
power and water inflow are larger, leading to reduced solar 
power integration and increased water spillage. Therefore, 

ξτ τ=   can be regarded as the most conservative scheduling 
plan for the hydropower/PV/pumped-storage HES. 

 
V. CONCLUSION 

In this paper, a tractable robust optimization model for 
optimizing hydro/pumped-storage/PV HES is developed. The 
aim of the proposed model is to enhance the integration of 
renewable energy sources, reduce water spillage, and alleviate 
peak-valley differences in various external grids while 
considering the network constraints within the HES. 
Numerical results, based on a real-world test case extracted 
from the Yalong River region in Southwest China, 
demonstrate that by finely adjusting HES output while 
considering network constraints, solar power utilization 
increases by 21.14%, and water spillage decreases by 34%. 
The peak-valley differences in three external grids decrease by 
6.06%, 8.47%, and 12.94%, respectively. Compared to the 
previous works, the proposed method significantly reduces the 
PV generation curtailment, water spillage, and the peak-valley 
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differences of multiple-grids while relieving the transmission 
congestion within the HES-connected grid. 

Future research can be extended in three key areas. Firstly, 
considering that robust optimization methods tend to be 
conservative, exploring the potential of distributionally robust 
optimization in HES scheduling is valuable. Secondly, to 
enable voltage regulation, integrating AC power flow 
constraints into the model presents a promising avenue. 
Thirdly, given the increasing frequency of extreme weather 
events, it becomes imperative to investigate the coordinated 
operation of HES during such conditions. 
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