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Abstract——In northern China, thermal power units (TPUs) 
are important in improving the penetration level of renewable 
energy. In such areas, the potentials of coordinated dispatch of 
renewable energy sources (RESs) and TPUs can be better real‐
ized, if RESs and TPUs connected to the power grid at the 
same point of common coupling (PCC) are dispatched as a cou‐
pled system. Firstly, the definition of the coupled system is in‐
troduced, followed by an analysis on its characteristics. Second‐
ly, based on the operation characteristics of deep peak regula‐
tion (DPR) of TPUs in the coupled system, the constraint of the 
ladder-type ramping rate applicable for day-ahead dispatch is 
proposed, and the corresponding flexible spinning reserve con‐
straint is further established. Then, considering these con‐
straints and peak regulation ancillary services, a day-ahead op‐
timal dispatch model of the coupled system is established. Final‐
ly, the operational characteristics and advantages of the cou‐
pled system are analyzed in several case studies based on a real-
world power grid in Liaoning province, China. The numerical 
results show that the coupled system can further improve the 
economic benefits of RESs and TPUs under the existing policies.

Index Terms——Coupled system, ladder-type ramping rate, flex‐
ible spinning reserve, day-ahead optimal dispatch, deep peak 
regulation, peak regulation ancillary services.
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Index of renewable energy sources (RESs) 
from 1 to K

Index of branch from 1 to L

Index of thermal power units (TPUs) from 1 
to N

Index of time periods from 1 to T

Output intervals of the nth TPU in regular 
peak regulation (RPR), deep peak regulation 
(DPR), the first stage of DPR without oil 
(DPRO1w/o), and the second stage of DPR 
without oil (DPRO2w/o) states

Start-stop status of the nth TPU in the tth peri‐
od (1: start-up, 0: shutdown)

Average load rate of units started in the tth 
period

Comprehensive operation benefit of coupled 
system in a day

Generation benefit of the kth RES in the tth 
period

Cost of purchasing reserve services from up‐
per power grid in the tth period

Generation benefit, operation cost, start-up 
cost, environmental cost, and flexible re‐
serve cost of the nth TPU in the tth period

Plus and minus flexible reserve costs of the 
nth TPU in the tth period

Upward and downward flexible reserves pro‐
vided by the nth TPU in the tth period

Rotor cracking cycle of the nth TPU in the tth 
period

Output of the nth TPU in the tth period
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Upward and downward flexible reserve pow‐
er purchased from upper power grid in the 
tth period

Output power of the kth RES in the tth period

Transmission power of branch l in the tth pe‐
riod

Dispatch time scale

The maximum average load rates of units 
started in the first and second phases of 
peak regulation ancillary services

Operation loss coefficient of the nth TPU in 
DPR state

Proportion of curtailed output power to its 
predicted output power of the kth RES in the 
tth period

Proportion of total curtailed output power to 
its total predicted output power of the kth 
RES in a day

Coefficients of consumption characteristic 
function of the nth TPU

Coal price

Purchasing cost of the nth TPU

Generation price of TPUs

Compensation prices for TPUs participating 
in the first and second phases of peak regula‐
tion ancillary services

Plus and minus flexible reserve prices of 
TPU in RPR, DPRO1w/o, and DPRO2w/o

Prices of purchasing plus and minus spin‐
ning reserve services

The minimum and maximum outputs of the 
nth TPU

The minimum output of the nth TPU during 
RPR, DPRO1w/o, and DPRO2w/o

Predicted output power of the kth RES in the 
tth period

Plus and minus power demands of coupled 
system in the tth period

Power demand of upper power grid for cou‐
pled system in the tth period

Transmission power limit

Ramping rates of the nth TPU in RPR, 
DPRO1w/o, and DPRO2w/o

I. INTRODUCTION

ALONG with the submission of the Paris Agreement on 
national independent emission reduction contributions, 

actively addressing climate change has become a global con‐
sensus [1], [2]. The establishment of an energy system cen‐

tered on a high proportion of renewable energy has become 
an important trend in the world’s energy development and a 
core element of the energy revolution promoted by many 
countries [3], [4]. However, the inherent intermittency and 
volatility of wind and photovoltaic (PV) power generation 
compromise the flexibility of power systems [5]. Specifical‐
ly, in northern China where flexible and adjustable power 
sources such as hydropower and combustion engines are lim‐
ited, thermal power units (TPUs) are one of the few devices 
that can provide flexibility to the system [6], [7]. The power 
system will face more serious challenges to achieve a high 
level of renewable energy consumption in such areas.

In order to enhance the level of clean energy utilization 
and power system operation efficiency, the ancillary service 
market and wind-thermal bundled system are being widely 
explored and studied [7] - [12]. In China, for example, im‐
proving the level of renewable energy consumption is main‐
ly through measures such as peak regulation ancillary ser‐
vice market and TPU flexibility reformation [12], [13]. In 
studies on peak regulation ancillary services, [14] describes 
the primary rules of the deep peak regulation (DPR) market 
in the Northeast China Grid and analyzes the advantages and 
characteristics of the DPR market. Reference [15] analyzes 
the economics of the joint operation of thermal power plants 
with additional energy storage equipment in the case of high 
penetration level of wind power. In [16], the bilateral coordi‐
nation of wind and TPUs in the DPR market is studied. Cur‐
rent related research focuses on the impact of policies, dis‐
patching strategies, and single device on the participation of 
thermal power plants in peak regulation ancillary services, 
while the form of various devices participating in peak regu‐
lation ancillary services simultaneously has not been studied. 
For example, renewable energy sources (RESs) and TPUs 
coupled at the same point of common coupling (PCC) are 
common in power systems; when they are regarded as a cou‐
pled system, they can jointly participate in peak regulation 
ancillary services. This approach can further improve the 
overall control performance and economic efficiency of the 
system, and promote the coordinated development of RESs 
and TPUs. However, the research on the situation or dis‐
patch approach of RESs and TPUs coupled at the same PCC 
remains little.

As the main peak regulation resources participating in 
peak regulation ancillary services, the DPR of TPUs has 
been widely implemented and studied [17] - [21]. In [17], to 
promote the accommodation of RESs, a stochastic unit com‐
mitment model considering DPR and optimal transmission 
switching is established. A comprehensive optimal unit com‐
mitment model between wind power curtailment and the 
DPR degree of TPU is proposed in [18], to give an econom‐
ic alternative between the scheme of wind power curtailment 
and DPR of TPU. Considering the economy of the DPR 
stage of TPUs, a unit combination optimization model with 
the joint constraint of “DPR and coal consumption” is estab‐
lished in [19]. These studies on DPR use conventional ramp‐
ing rate constraints of TPUs. However, when TPUs partici‐
pate in peak regulation ancillary services, as the unit load de‐
creases, the boiler combustion and hydrodynamic conditions 
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deteriorate, so do the operation efficiency and the operation 
stability of TPUs [22], [23]. Hence, the ramping rate of 
TPUs will decrease with the reduction of unit load. The con‐
ventional ramping rate constraints of TPUs cannot accurately 
reflect the operation characteristics of TPUs during DPR. 
Therefore, a ladder-type ramping rate constraint is proposed 
in [23] for the first time. But the constraint is too complicat‐
ed for the establishment and simulation of the dispatch mod‐
el of TPUs with DPR capacity.

Besides, when RESs and TPUs form a coupled system at 
the same PCC, the uncertainty of RES generation will be 
preferentially smoothed by TPUs in the coupled system. 
Therefore, there are higher requirements imposed on the flex‐
ible regulation capability of TPUs after system coupling. Ref‐
erence [24] proposes a clustered unit commitment formula‐
tion to accurately model flexibility requirements, which 
solves the overestimation issue inherent to the classic clus‐
tered unit commitment. In [25], a modified flexible ramping 
product model is proposed to address the massive penetra‐
tion of intermittent RESs in modern power systems. This 
model further enhances real-time market flexibility by pro‐
curing additional ramp-up capacity from the day-ahead mar‐
ket spinning reserve services. However, none of the above 
studies consider the issue of decreasing ramping capacity of 
TPUs as the unit load decreases during DPR. Therefore, [26] 
proposes a mixed-integer linear programming model for the 
dynamic ramping of units that allows intraperiod changes. 
As a result, operation reserves are better allocated and the 
flexibility of units is managed more efficiently. Nonetheless, 
the study does not consider the reduction in regulation capac‐
ity of TPUs during DPR, nor does it take into account the 
impact of spinning reserve in the current period on spinning 
reserve in the preceding and following periods. This may 
lead to a mismatch between the actual spinning reserve pro‐
vided by the TPUs and the demand of the system.

Therefore, to address the problem of accommodating a 
higher proportion of RESs in regions with limited flexible 
and controllable power sources, a coupled system formed by 
RESs and TPUs at the same PCC is studied in this paper. 
Furthermore, the equipment parameters and operation data of 
a local power grid in Liaoning province, China are used for 
simulation and analysis. The technical contributions of this 
paper are summarized as follows.

1) A ladder-type ramping rate constraint applicable for 
day-ahead dispatch is proposed. This constraint improves the 
ramping rate constraint in [23] based on the operation char‐
acteristics of TPUs under different dispatch time scales. This 
constraint can more simply and effectively reflect the ramp‐
ing capacity of TPUs with DPR capacity in day-ahead dis‐
patch, and address the overestimation issue of the conven‐
tional ramping rate constraint for TPUs during DPR.

2) A flexible spinning reserve constraint of TPUs is pro‐
posed according to the ladder-type ramping characteristics of 
TPUs with the DPR capacity. The constraint not only consid‐
ers the decreasing ramping capacity of TPUs as the unit load 
decreases during DPR, but also considers the impact of spin‐
ning reserve in the current period on spinning reserve in the 
preceding and following periods. It addresses the issue of 

conventional approach that overestimates the ability of TPU 
to provide spinning reserve during peak regulation, especial‐
ly during DPR.

3) A flexible reserve cost model for the coupled system is 
proposed considering different costs of the spinning reserve 
under different peak regulation states of TPUs. Furthermore, 
a more accurate day-ahead optimal dispatch model for the 
coupled system than that in [23] is established by combining 
the ladder-type ramping rate constraint, flexible spinning re‐
serve constraint, and flexible reserve cost model proposed in 
this paper. It can accurately reflect the operation characteris‐
tics of the coupled system in day-ahead dispatch, and provides 
a new model for the joint operation of RESs and TPUs for re‐
gions with limited flexible and controllable power sources.

II. BASICS OF COUPLED SYSTEM

For regions with limited flexible and controllable power 
sources, it is prevalent for RESs and TPUs to be connected 
to the upper power grid at the same PCC. In this situation, 
both physical distance and electrical connections of RESs 
and TPUs are close. Hence, the RESs and TPUs can be cou‐
pled as a unified dispatching and operation entity. It is im‐
portant to note that the coupling relationship mentioned in 
this paper is different from that in the integrated energy sys‐
tem (IES) and multi-energy system (MES). The coupling re‐
lationship in the IES and MES refers to the coupling be‐
tween different energies, such as electricity-heat-gas cou‐
pling. This coupling relationship improves the overall energy 
efficiency and flexibility of the system through the conver‐
sion, storage, and transference between different energies 
[27] - [29]. While the coupling relationship in this paper re‐
fers to the electric coupling of RESs and TPUs that are con‐
nected to the upper power grid at the same PCC with the fol‐
lowing advantages: ① enhanced coordination and better dis‐
patching capability; ② easy implementation and convenient 
extension as a module.

Therefore, in this paper, an RES-penetrated power system 
with RESs and TPUs coupled at the same PCC is defined as 
a coupled system, and its typical structure is shown in Fig. 1.

As a typical way to couple RESs and TPUs, the coupled 
system receives dispatching instructions from the upper pow‐
er grid through the substation at the PCC, and then dispatch‐
es the output of each power source in the system according 
to dispatching instructions. The coupled system mainly has 
the following characteristics.

Coupled system

Upper power grid

PV plant

Thermal power plant

Wind farm

PCC

Fig. 1.　Typical structure of coupled system.
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1) As a unified dispatching entity, the coupled system can 
be easily integrated into the existing dispatch system.

2) The coupled system has better controllability of power 
output. It can reduce the peak-valley difference and improve 
the ability to support the stability of a power system.

3) The coupled system is prevalent. In the power grid of 
Liaoning, China, for example, the installed capacity of RESs 
and TPUs coupled at the same PCC accounts for more than 
42%.

4) Capacity configuration, cooperative control, optimal op‐
eration, and other related technologies of the coupled system 
can be popularized and applied to the multi-source power 
system with multiple PCCs. Similarly, the current research 
approaches related to the multi-source power system, such as 
those in [30] and [31], can also provide references for study‐
ing the coupled system.

Compared with the independent operation of RESs and 
TPUs, the coupled system can give full play to the comple‐
mentary characteristics of RESs and TPUs. By compensating 
the volatility of RES output through the rapid regulation of 
TPUs in the coupled system, the smooth and controllable 
power of the PCC can be realized. In addition, the coupled 
system formed by RESs and TPUs at the same PCC can par‐
ticipate in the peak regulation ancillary service market as a 
dispatch entity. It can participate in power market transac‐
tions with smoother and more controllable output. This ap‐
proach can improve the comprehensive economic benefit and 
promote the coordinated development of RESs and TPUs.

However, the maximum ramping rate and flexible spin‐
ning reserves that TPUs can provide at different time of the 
day are closely related to their current state of peak regula‐
tion. Conventional operation constraints of TPUs fail to re‐
flect this relationship. Therefore, before establishing the day-
ahead optimal dispatch model of the coupled system, it is 
necessary to redefine the operation constraints of TPUs that 
consider the DPR state.

III. IMPROVED PRACTICAL OPERATION CONSTRAINTS OF 
TPUS

The operation states of the TPU consist of regular peak reg‐
ulation (RPR) and DPR. DPR can be divided into DPR with‐
out oil (DPROw/o) and DPR with oil (DPROw) [32]. According 
to the relationship between unit load and ramping rate, 
DPROw/o can be further divided into the first stage of DPROw/o 
(DPRO1w/o) and the second stage of DPROw/o (DPRO2w/o). The 
diagram of peak regulation process of TPUs is shown in Fig. 2.

At present, the operation of TPUs is very unstable during 
the DPROw and exposed to accidents such as boiler extin‐
guishing, water circulation stagnation or backflow [22], [23]. 
Thus, DPROw is avoided in an engineering practice. It is rea‐

sonable and practical to ignore the case of TPUs operating 
in the DPROw in this study.

A. Ladder-type Ramping Rate Constraint of TPUs

According to the test report provided by Xi’an Thermal 
Power Research Institute Company Limited about the opera‐
tion test on a N660-25/600/600 turbine developed and pro‐
duced by Siemens, the ramping rates of TPUs vary in differ‐
ent peak regulation states. The relationship between unit 
loads and ramping rates is shown in Fig. 3.

According to this test report, the conclusion on the trend 
of the maximum ramping rate variation of units operating in 
different peak regulation states shown in this test report is 
applicable to all units. However, the range of each peak regu‐
lation state and the maximum ramping rates that can be pro‐
vided within the corresponding peak regulation states of 
units will be different due to various factors.

For a given TPU, the feasible region of its output in dis‐
patch period t is mainly affected by ΔT. The TPU studied in 
this paper is taken as an example. For different ΔT, the feasi‐
ble region of the output of the nth TPU in the tth period P TH

nt  
is shown in Fig. 4. It should be noted that TPU operating in 
DPR can be directly shut down, while when TPU is started, 
it cannot directly enter in DPR.
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nt  for different ΔT.
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Fig. 2.　Diagram of peak regulation process of TPUs.
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Fig. 3.　Relationship between unit loads and ramping rates.
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From Fig. 4, it can be observed that the feasible regions 
of P TH

nt  vary significantly for different DT. Since DT of day-
ahead dispatch is generally 30 min and above, the ramping 
rate constraint of TPUs is investigated in this paper based on 
the feasible regions of P TH

nt  for ΔT ³ 30 min in Fig. 4.
Moreover, without considering the start-stop state of the 

TPU, it can be observed from Fig. 4 that the feasible region 
of P TH

nt  is a convex set when ΔT is a definite value greater 
than or equal to 30 min, while it is a nonconvex set when 
ΔT < 30 min. So, the feasible regions of P TH

nt  for ΔT ³ 30 min 
can be directly expressed by the boundary constraints of the 
convex set, without the need to discuss the ramping rate con‐
straint of the TPU in subsections as (1)-(9) in [23]. Further‐
more, by considering the start-stop state of the TPU based 
on the feasible regions of P TH

nt  for ΔT ³ 30 min, the expres‐
sion of the ladder-type ramping rate constraint applicable for 
day-ahead dispatch (ΔT ³ 30 min) can be obtained as (1).
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As observed from (1), all feasible regions of P TH
nt  satisfies 

(1) for different time scale cases with ΔT ³ 30 min, and only 
part of the constraints in (1) becomes inactive constraints 
due to different ΔT. Moreover, the ladder-type ramping rate 
constraint of TPUs still preserves the conventional ramping 
rate constraint (as the first two inequity equations) of TPUs. 
Therefore, (1) greatly simplifies the ladder-type ramping rate 
constraint proposed in [23], and can reflect the ramping ca‐
pacity of TPUs with DPR capacity in day-ahead dispatch.

B. Flexible Spinning Reserve Constraints of TPUs

Since the ramping capacity of TPUs decreases as the unit 
load decreases during DPR, it is important to accurately 
compute the reserve that TPUs can provide for each time pe‐
riod. The output of the nth TPU during the RPR in a certain 
dispatch period is shown in Fig. 5. In Fig. 5, A0, B0, and C0 
denote the output power of the TPU at t - 1, t, and t + 1, re‐
spectively; 

- -- -----
A1 A2, 

- -- -----
B1 B2, and 

- -- -----
C1C2 denote the minimum spin‐

ning reserve power required to be supplied by the nth TPU at 
t - 1, t, and t + 1, respectively; and the slopes of the red line 
segments denote the maximum ramping rate of the TPU.

The maximum possible increase in the output power of 
the TPU within ΔT is from point A0 to point B3, when the 
flexible reserve of the TPU at t - 1 is not considered. Howev‐
er, since the TPU needs to provide the minimum downward 
flexible reserve 

- -- -----
A0 A2 at t - 1, in practice the maximum out‐

put power that can be increased by the TPU in ΔT is from 
point A0 to point B4. That is, the maximum upward flexible 
reserve that the TPU can provide at t is 

- -- -----
B0 B4. In the same 

way, when the TPU provides the upward flexible reserve 
- -- -----
B0 B1 at t, the maximum downward flexible reserve that the 
TPU can provide at t + 1 is 

- -- -----
C0C4. When the TPU provides 

the upward flexible reserve 
- -- -----
B0 B4 at t, the maximum down‐

ward flexible reserve that the TPU can provide at t + 1 is 
- -- -----
C0C3. It is clear that the maximum flexible reserve that a 
TPU can provide in each period is affected not only by the 
ramping rate and output range of TPUs, but also by the flexi‐
ble reserve that has been provided in the previous period. 
Therefore, during the RPR, the flexible reserve that can be pro‐
vided for each dispatch period of the TPU can be expressed as:
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In addition to operating in a fixed peak regulation state, 
the operation states of the TPU may also change from one 
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Fig. 5.　Output of the nth TPU during RPR in a certain dispatch period.
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peak regulation state to another in a dispatch period. When 
the state of peak regulation changes, the ramping rate of the 
TPU also changes, which affects the spinning reserve that 
the TPU can provide. Therefore, according to Fig. 4, Fig. 5, 
(1), and (2), the maximum flexible reserve that a TPU can 
provide in different situations can be deduced. Finally, the flex‐
ible spinning reserve constraints of TPUs can be derived as:
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As can be observed from (3) and (4), compared with the 
conventional spinning reserve constraints, the flexible spin‐
ning reserve constraints of TPUs consider both the variation 
of ramping capacity with different peak regulation states and 
the impact of spinning reserve in the preceding and follow‐
ing periods on spinning reserve in the current period. These 
constraints can avoid the problem of overestimating the abili‐
ty of TPUs to provide spinning reserve.

The rest of the operation constraints for TPUs are the 
same as those for conventional operation of TPUs and can 
be found in [33].

IV. DAY-AHEAD OPTIMAL DISPATCH MODEL OF COUPLED 
SYSTEM

Taking the coupled system formed by RESs and TPUs at 
the same PCC as the research object, this paper establishes 

the day-ahead optimal dispatch model of the coupled sys‐
tem. The model aims at maximizing the comprehensive oper‐
ation benefit of the coupled system in a single day with the 
operation constraints of TPUs proposed in this paper.

A. Objective Function

The comprehensive operation benefit of the coupled sys‐
tem in a day mainly consists of two parts, i. e., generation 
benefit and operation cost, which can be expressed as:
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In (5), F RB
kt , F SC

nt , and F EC
nt  can be found in [23].

1) Generation Benefit of TPUs
According to the operation regulations of the peak regula‐

tion ancillary service market, thermal power plants are com‐
pensated for ancillary services when the average load rate of 
TPUs started in the unit statistical period is less than or 
equal to the peak regulation compensation benchmark [34]. 
Therefore, the generation benefit of TPUs in the coupled sys‐
tem can be expressed as:
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2) Operation Cost of TPUs
When the TPU is in an RPR state, its operation cost is 

mainly the operation coal consumption cost. When the TPU 
is in a DPR state, its operation cost will incur the operation 
loss cost in addition to the operation coal consumption cost. 
Therefore, the operation cost of the TPU can be obtained 
as:
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3) Flexible Reserve Cost of TPUs
The TPUs need to provide flexible reserves to deal with 

the fluctuation of RESs and load in the coupled system, 
which leads to the flexible reserve cost. The smaller the out‐
put of TPUs, the greater the operation loss of TPUs, and the 
higher the flexible reserve cost will be. Therefore, the flexi‐
ble reserve cost of TPUs can be obtained as:
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nt =F RCU

nt +F RCD
nt (9)
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As can be observed from (10) and (11), the flexible re‐
serve cost model is more complex than the conventional 
spinning reserve cost model after considering different costs 
of the spinning reserve under different peak regulation states 
of TPUs. It can accurately reflect the spinning reserve cost 
of TPUs in the coupled system.
4) Cost of Purchasing Spinning Reserve Services

Spinning reserve services need to be purchased from the 
upper power grid when TPUs in the coupled system cannot 
provide sufficient flexible reserves. The cost of purchasing 
spinning reserve services can be expressed as:

F PC
t =C PRSU P PRSU

t DT +C PRSD P PRSD
t DT (12)

B. Constraints

The operation constraints of the coupled system include 
power balance constraints, RES generation constraints, flexi‐
ble reserve constraints, power flow constraints, and TPU op‐
eration constraints. Among them, the TPU operation con‐
straints have been described in Section III.
1) Power Balance Constraints

∑
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2) RES Generation Constraints
The RESs in the coupled system can improve the stability 

and economy of the coupled system operation by actively 
curtailing part of the output power. However, the output 
power of RESs that can be curtailed in each time period and 
the total output power that can be curtailed in a day cannot 
exceed the specified values. Therefore, the RES generation 
constraints can be obtained as:
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3) Flexible Reserve Constraints
When the flexible reserve provided by TPUs is sufficient, 

the coupled system will not have a power shortage in opera‐
tion. When the flexible reserve provided by TPUs is insuffi‐
cient, it will cause the coupled system to have a power short‐
age in operation, and then it is necessary to purchase reserve 
power from the upper power grid. Therefore, the flexible re‐
serve constraints of the coupled system can be given as:
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4) Power Flow Constraints
The transmission power of each branch in the coupled sys‐

tem should not exceed its limit:

-P brmax
l £P br

lt £P brmax
l (16)

The day-ahead optimal dispatch model of the coupled sys‐
tem established in this paper is a complex mixed-integer non‐
linear programming model. In this paper, the model is first 
linearized by using piecewise linearization and Big-M meth‐
od to transform it into a mixed-integer linear programming 
model, and then the model is solved by using the CPLEX 
12.9 solver on the MATLAB R2016b through the YALMIP 
toolbox. Besides, the application of more efficient solving al‐
gorithms in this model is straightforward.

V. CASE STUDIES

A. Test System and Parameters

In this paper, a real-world local power grid in Liaoning 
province, China is used as an example for simulation analy‐
sis, as shown in Fig. 6, which consists of a 2 × 600 MW ther‐
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mal power plant, a 300 MW offshore wind farm, a 100 MW 
PV plant, and a planned 300 MW PV plant. All of them are 
coupled at the same PCC (point A in Fig. 6) to form a cou‐
pled system.

The operation parameters of TPUs are shown in Table I.

According to the operation rules of the peak regulation an‐
cillary service market, when the load factor of the thermal 
power plant is 40%-50% and less than 40%, the compensa‐
tion prices of real-time DPR transaction of TPUs are 400 ¥/
MWh and 800 ¥/MWh, respectively. The feed-in tariff of off‐
shore wind power generation is 850 ¥/MWh, the feed-in tar‐
iff of PV power generation is 740 ¥/MWh, and the prices of 
purchasing plus and minus spinning reserve services are 
both 25 ¥/MW.

The wind and PV power prediction curves and PCC pow‐
er curves for a day of this local power grid used for simula‐
tion are shown in Fig. 7. The dispatch time scale is 30 min.

B. Comparison Study for Test System Before and After Being 
Coupled

When the thermal power plant, offshore wind farm, and 
PV plant in the local power grid operate independently, the 
output of the thermal power plant is regulated by the upper 
power grid, and the uncertainty of the output of the offshore 
wind farm and PV plant is also addressed by the upper pow‐
er grid. In this case, the PCC power is the total output pow‐
er of the thermal power plant, offshore wind farm, and PV 
plant, called the PCC power before being coupled. When the 
local power grid operates as a coupled system, it can be reg‐
ulated as a whole by the upper power grid, and the uncer‐
tainty of the output of the offshore wind farm and PV plant 
is addressed by the thermal power plant first. In this case, 
the PCC power is the output power demand of the upper 
power grid to the coupled system, called the PCC power af‐
ter being coupled. Four different scenarios are studied as fol‐
lows and the numerical results are shown in Table II.

TABLE Ⅱ
NUMERICAL RESULTS OF FOUR DIFFERENT SCENARIOS

Scenario

1

2

3

4

Scenario

1

2

3

4

Scenario

1

2

3

4

Scenario

1

2

3

4

Comprehensive op‐
eration benefit (¥)

5772629.34

5818366.51

5868193.85

5916411.83

Cost of purchasing 
reserve services (¥)

74522.17

125.50

2596.96

2905.08

Operation cost (¥)

3990371.26

3990371.26

4128129.04

4032462.82

Flexible reserve
cost (¥)

13112.68

41772.18

40762.96

41821.19

Wind power gener‐
ation benefit (¥)

3158422.35

3158422.35

3158422.35

3158369.31

Comprehensive 
benefit of TPUs (¥)

2267661.76

2239002.26

2291301.06

2371131.69

Start-up cost (¥)

0

0

0

0

Benefit of ancil‐
lary services (¥)

497800.00

497800.00

686847.36

656214.29

PV power genera‐
tion benefit (¥)

421067.40

421067.40

421067.40

389815.91

Benefit of TPUs (¥)

6272987.50

6272987.50

6462034.86

6447262.10

Environmental 
cost (¥)

1841.80

1841.80

1841.80

1846.40

Utilization rate of re‐
newable energy (%)

100.00

100.00

100.00

99.01

B

A

C

  

PV plant A

100 MW

PV plant B

300 MW

Thermal
power plant

2×600 MW

Offshore

wind farm

300 MW

Transmission line; Transmission line to be built

Substation; Transmission line connected to RESs

Fig. 6.　Schematic diagram of a real-world local power grid in Liaoning 
province, China.

TABLE I
OPERATION PARAMETERS OF TPUS

Parameter

Capacity (MW)

The minimum start-stop time (hour)

Start-up cost (¥)

Output range of RPR (MW)

Output range of DPRO1w/o (MW)

Output range of DPRO2w/o (MW)

Ramping rate in RPR (MW/min)

Ramping rate in DPRO1w/o (MW/min)

Ramping rate in DPRO2w/o (MW/min)

Flexible reserve price in RPR (¥/MW)

Flexible reserve price in DPRO1w/o (¥/MW)

Flexible reserve price in DPRO2w/o (¥/MW)

Generation price (¥/MW)

Unit construction price (¥/MW)

Coal price (¥/t)

Value

600

8

480000

[300, 600]

[240, 300]

[180, 240]

9

6

3

12

15

18

375

3464000

685
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PV power prediction curve; Wind power prediction curve

PCC power curve before being coupled

PCC power curve after being coupled

Fig. 7.　Wind and PV power prediction curves and PCC power curves.
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1) Scenario 1: each plant or farm operates independently, 
and the PCC power is the same as that before being coupled.

2) Scenario 2: all plants and farms operate as a coupled 
system, and the PCC power is the same as that before being 
coupled.

3) Scenario 3: all plants and farms operate as a coupled 
system, and the PCC power is the same as that after being 
coupled.

4) Scenario 4: all plants and farms operate as a coupled 
system, the PCC power is the same as that after being cou‐
pled, and the curtailment of wind and PV power is allowed.

As can be observed from Table II, the difference in the 
comprehensive operation benefits of scenarios 1 and 2 main‐
ly depends on different reserve costs. In scenario 1, the un‐
certainty of the output of the offshore wind farm and PV 
plant is addressed by the upper power grid, but in scenario 
2, the uncertainty is firstly addressed by the local TPUs. Be‐
cause the unit price of purchasing reserve services from the 
upper power grid is higher than that of the flexible reserve, 
although the flexible reserve cost in scenarios 2 is increased 
by ¥28659.5 compared with scenario 1, the cost of purchas‐
ing reserve services is decreased by ¥74396.67. As a result, 
the comprehensive operation benefit of scenario 2 is higher 
than that of scenario 1.

In scenario 3, the PCC power is the output power demand 
of the upper power grid to the coupled system. As can be ob‐
served from Fig. 5, the PCC power after being coupled is 
lower than that before being coupled during DPR. Hence, 
the output of TPUs is lower during DPR, which leads to the 
increase of the operation loss of TPUs and the decrease of 
the flexible reserve that can be provided by TPUs. As a re‐
sult, compared with scenario 2, the operation cost of TPUs 
is increased by ¥137757.78, the flexible reserve cost is de‐
creased by ¥1009.22, while the cost of purchasing reserve 
services is increased by ¥2471.46. However, because the out‐
put of TPUs is lower during DPR, the benefit of peak regula‐
tion ancillary services is increased by ¥189047.36. Hence, 
the comprehensive operation benefit of scenario 3 is in‐
creased relative to scenario 2.

Scenario 4 allows appropriate wind and PV power curtail‐
ment on the basis of scenario 3. In this case, the output of 
TPUs is increased during RPR. Therefore, compared with 
scenario 3, although the benefit of peak regulation ancillary 
services is decreased by ¥30633.07, the TPU benefit is only 
decreased by ¥14772.76, and the operation cost of TPUs is 
decreased by ¥95666.22. As a result, compared with scenar‐
io 3, although the sum of wind and PV power generation bene‐
fits is decreased by ¥31304.53 (0.99% curtailment rate of re‐
newable energy), the comprehensive operation benefit of the 
coupled system is increased by ¥48217.98 (0.82%) instead.

In summary, compared with the conventional independent 
operation mode, the coupled system generates more stable 
and controllable output. Thus, it is helpful in satisfying dis‐
patch requirements of the upper power grid, and can obtain 
higher comprehensive operation benefit.

C. Sensitivity Analysis of Coupled System to Installed Capac‐
ity of RESs

In this paper, the installed capacity of PV plant is ana‐

lyzed as an example. The impact of the increase in the in‐
stalled capacity of wind farm is similar to the PV plant case, 
and both of them only affect the PCC power and the peak 
and valley values of RES output.

The following scenarios of increased installed capacity of 
PV plant are simulated, respectively.

1) Scenario A: all plants and farms operate as a coupled 
system, the PCC power is the same as that after being cou‐
pled, the installed capacity of PV plant increases by 100 
MW, and the curtailment of wind and PV power is not con‐
sidered.

2) Scenario B: all plants and farms operate as a coupled 
system, the PCC power is the same as that after being cou‐
pled, the installed capacity of PV plant increases by 200 
MW, and the curtailment of wind and PV power is not con‐
sidered.

3) Scenario C: all plants and farms operate as a coupled 
system, the PCC power is the same as that after being cou‐
pled, the installed capacity of PV plant increases by 300 
MW, and the curtailment of wind and PV power is not con‐
sidered.

4) Scenario D: all plants and farms operate as a coupled 
system, the PCC power is the same as that after being cou‐
pled, the installed capacity of PV plant increases by 300 
MW, and the curtailment of wind and PV power is consid‐
ered.

Figure 8 shows the PCC power curves considering differ‐
ent increase values of installed capacity of PV plant, and the 
simulation results of the four scenarios are shown in Table 
III.

The results from scenario 3 in Table II and scenarios A, B 
in Table III show that with each increase by 100 MW in‐
crease in the installed capacity of PV plant, the PV power 
generation benefits are both increased by ¥421067.4, while 
the comprehensive operation benefits are increased by 
¥396426.12 and ¥442082.47, respectively. It is because with 
the increase in installed capacity of PV plant, the output of 
TPUs is further reduced. Although the benefit of ancillary 
services is increased by ¥139841.94, the operation cost is in‐
creased by ¥161026.6 due to the TPUs maintain low output. 
Ultimately, the increased comprehensive operation benefit is 
less than the increased PV power generation benefit. When 
changing from scenario A to scenario B, the output of TPUs 
is already very low, and the output that can be further re‐
duced is limited. As a result, both the benefit of ancillary ser‐
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Fig. 8.　PCC power curves considering different increase values of installed 
capacity of PV plant.
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vices and operation cost are increased more slowly. From 
the results, it can be observed that the benefit of ancillary 
services is increased by ¥84493.5, while the operation cost 
is only increased by ¥58161.92. Furthermore, since only lim‐
ited reserve can be obtained from the low-output TPUs, the 
coupled system needs to purchase spinning reserve services 
from the upper power grid, which leads to an increase of the 
cost of purchasing reserve services by ¥5309.82. Finally, the 
increased comprehensive operation benefit is more than the 
increased PV power generation benefit.

In addition, it can be observed in scenario C that one TPU 
is shut down. It is because the PV output is high during the 
RPR. At this time, two TPUs simultaneously operating with 
the minimum output will also exceed the dispatch demand 
of the upper power grid. Under the condition that active 
wind and PV power curtailment is not allowed, one TPU is 
forced to be shut down to ensure the dispatch demand of the 
upper power grid. As the operation of a single TPU cannot 
meet the compensation conditions of peaking auxiliary ser‐
vices, it cannot obtain the benefit of peak regulation ancil‐
lary services. Therefore, the above situation causes an eco‐
nomic loss of ¥344913.18 to the TPUs. However, due to the 
PV power generation benefit is increased by ¥421067.4, the 
comprehensive operation benefit is still increased by 
¥77967.37.

In scenario D, appropriate curtailment of renewable ener‐
gy during DPR can prevent TPUs from being shut down. 
The simulation results show that scenario D can increase the 
comprehensive operation benefit by ¥410300.36 (6.05%) 
compared with scenario C with the renewable energy curtail‐

ment rate of only 0.53%.
To sum up, when the renewable energy curtailment is not 

allowed, the comprehensive operation benefit of the coupled 
system is gradually increased with RES capacity, and the 
benefit growth rate first accelerates and then slows down. 
However, when the share of RES capacity exceeds a certain 
percentage, it will cause the shutdown of TPUs or curtail‐
ment of renewable energy. Therefore, in order to accommo‐
date more renewable energy in the coupled system, the 
TPUs need to be further reformed.

D. Comparison Study for Proposed Model and Models in Ex‐
isting Work

To further illustrate the advantages of the ladder-type 
ramping rate constraint, flexible spinning reserve constraints, 
and flexible reserve cost model proposed in this paper, the 
simulation is performed for scenario 3 using the constraints 
and model proposed in this paper and those proposed in 
[23], respectively. The models used are as follows and the 
corresponding simulation results are shown in Table IV.

1) Model 1: using the ladder-type ramping rate constraint 
in [23], the conventional spinning reserve cost model, and 
the conventional spinning reserve constraints.

2) Model 2: using the flexible spinning reserve constraints 
and flexible reserve cost model in this paper, and the ladder-
type ramping rate constraint in [23].

3) Model 3: using the ladder-type ramping rate constraint 
and flexible reserve cost model in this paper, and the conven‐
tional spinning reserve constraints.

4) Model 4: using the ladder-type ramping rate constraint 
and flexible spinning reserve constraints in this paper, and 
the conventional spinning reserve cost model.

5) Model 5: using the ladder-type ramping rate constraint, 
flexible spinning reserve constraints, and flexible reserve 
cost model in this paper.

First, by comparing model 2 and model 4, it can be ob‐
served that the ladder-type ramping rate constraint proposed in 
this paper reduces the simulation time by about 90% compared 
with that in [23] without affecting the simulation results. This 
is because the ladder-type ramping rate constraint proposed in 

TABLE IV
SIMULATION RESULTS OF FIVE DIFFERENT MODELS

Model

1

2

3

4

5

Model

1

2

3

4

5

Comprehensive 
operation benefit (¥)

5873493.22

5868193.85

5869246.04

5872390.60

5868193.85

Flexible reserve 
cost (¥)

37239.32

40762.96

41486.50

36365.46

40762.96

Benefit of TPUs (¥)

6462034.86

6462034.86

6462034.86

6462034.86

6462034.86

Cost of purchasing 
reserve services (¥)

821.23

2596.96

821.23

2641.75

2596.96

Operation cost 
(¥)

4128129.04

4128129.04

4128129.04

4128129.04

4128129.04

Simulation 
time (s)

9.12

875.05

13.68

9.13

79.49

TABLE Ⅲ
SIMULATION RESULTS OF FOUR DIFFERENT SCENARIOS

Scenario

A

B

C

D

Scenario

A

B

C

D

Scenario

A

B

C

D

Scenario

A

B

C

D

Comprehensive op‐
eration benefit (¥)

6264619.97

6706702.44

6784669.81

7194970.17

Cost of purchasing 
reserve services (¥)

5207.15

10516.97

8703.82

18118.16

Operation cost (¥)

4289155.64

4347317.56

3301221.96

4324967.70

Flexible reserve
cost (¥)

41609.39

41616.08

41469.59

42146.55

Wind power genera‐
tion benefit (¥)

3158422.35

3158422.35

3158422.35

3158422.35

Comprehensive 
benefit of TPUs (¥)

2269269.97

2295594.86

1950681.68

2393814.38

Start-up cost (¥)

0.00

0.00

480000.00

0.00

Benefit of ancillary 
services (¥)

826689.30

911182.80

0.00

975719.14

PV power genera‐
tion benefit (¥)

842134.80

1263202.20

1684269.60

1660851.60

Benefit of TPUs (¥)

6601876.80

6686370.30

5775187.50

6762773.87

Environmental 
cost (¥)

1841.80

1841.80

1814.27

1845.24

Utilization rate of re‐
newable energy (%)

100.00

100.00

100.00

99.47
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this paper makes full use of the characteristics of the convex 
set, and reduces the number of 0-1 variables in the constraint. 
Therefore, the simulation time is significantly reduced.

Second, by comparing models 1, 3, 4, and 5, it can be ob‐
served that using either the conventional constraints and 
model or the constraints and model proposed in this paper 
do not have impact on the output of TPUs, but only on the 
spinning reserve cost of TPUs. When using the conventional 
constraints and model, the issues of decreasing ramping ca‐
pacity and increasing spinning reserve cost of TPUs as the 
unit load decreases during DPR are not considered. There‐
fore, it would be overly optimistic to estimate the spinning 
reserve cost of TPUs and the cost of purchasing spinning re‐
serve services. For example, model 3 does not consider the 
issue of decreasing ramping capacity of TPUs as the unit 
load decreases during DPR, thus it understates the spinning 
reserve power purchased from the upper power grid by 
about 68% compared with model 5. Model 4 does not con‐
sider the issue of increasing spinning reserve cost of TPUs 
as the unit load decreases during DPR, thus it understates 
the spinning reserve cost of TPUs by about 10% compared 
with model 5. Moreover, since the constraints and model 
proposed in this paper are more complex than the conven‐
tional constraints and model, the simulation time is in‐
creased by about 85% as a result.

Therefore, the ladder-type ramping rate constraint pro‐
posed in this paper can significantly reduce the simulation 
time while not affecting the simulation results, and the flexi‐
ble spinning reserve constraints and flexible reserve cost 
model can more accurately portray the actual spinning re‐
serve and spinning reserve cost of TPUs.

VI. CONCLUSION

This paper elaborates the definition and characteristics of 
the coupled system of RESs and TPUs connected to the power 
grid through the same PCC, proposes the ladder-type ramping 
rate and flexible spinning reserve constraints of TPUs applica‐
ble to day-ahead dispatch, and establishes a flexible reserve 
cost model. Based on these constraints and the model, a day-
ahead optimal dispatch model of the coupled system is pro‐
posed. The specific conclusions are as follows.

1) The ladder-type ramping rate constraint, flexible spin‐
ning reserve constraints, and flexible reserve cost model of 
TPUs applicable to day-ahead dispatch are proposed. These 
constraints and the model sufficiently consider the operation 
characteristics of TPUs during DPR, and can more accurate‐
ly reflect the ramping rate and the ability to provide the spin‐
ning reserve of TPUs. These constraints and the model solve 
the problem that the conventional constraints overestimate 
the ramping rate and spinning reserve cost of TPUs, and gen‐
erates more realistic simulation results that are closer to the 
engineering practice.

2) Based on the constraints of TPUs proposed in this pa‐
per and operation regulations of peak regulation ancillary ser‐
vices, the day-ahead optimal dispatch model of the coupled 
system is established. The simulation results show that the 
unified dispatch and control of RESs and TPUs through the 
same PCC as a coupled system can further improve the oper‐
ation benefit of RESs and TPUs under the existing policies. 

Moreover, since the uncertainty of RES generation is prefer‐
entially smoothed by TPUs within the coupled system, the 
output power of the coupled system is smoother and can bet‐
ter respond to the dispatch commands.

3) The increase of the ratio of RES capacity will increase 
the operation pressure of TPUs in the coupled system. In the 
power grid studied in this paper, when the installed capacity 
of RESs exceeds 35%, the coupled system will not be able 
to provide DPR services while completely smoothing out 
fluctuations of RESs. Therefore, the TPUs must be reformed 
to improve their flexibility, which is one of the works that 
will be done in the project subsequently.

The TPUs are currently being retrofitted to accommodate 
more RESs. After the TPU reformation of the project is com‐
pleted, further detailed tests on the related performance of 
the TPUs will be conducted to verify the validity of the con‐
straints and models proposed in this paper, and to establish a 
more accurate model for the output of the TPUs and the opti‐
mal operation of the coupled system. Moreover, the advan‐
tages of the coupled system in peak regulation and frequen‐
cy regulation will also be studied in the future.
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