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AN ELECTRICAL POWER SYSTEM AND A MULTI-TIMESCALE COORDINATED
OPTIMIZATION SCHEDULING METHOD THEREFOR

TECHNICAL FIELD

[0001] This invention relates to an electrical power system and a multi-timescale
coordinated optimization scheduling method used therein. More particularly, this
invention relates to an energy management system that uses the multi-timescale
coordinated optimization scheduling method for commanding controllers of distributed

energy resources in the electrical power system.

BACKGROUND

[0002] The following discussion of the background to the invention is intended to
facilitate an understanding of the present invention only. It should be appreciated that
the discussion is not an acknowledgement or admission that any of the material referred
to was published, known or part of the common general knowledge of the person skilled
in the art in any jurisdiction as at the priority date of the invention.

[0003] In recent years integration of distributed energy resources (DERs) into
electrical power systems has been a growing trend, almost globally. Among DERs,
renewable energy resources, such as solar and wind, have been recognized as an
environmentally and economically beneficial solution for the future smart grids. This is
s0 because they reduce carbon dioxide emissions that is often associated with
conventional fossil-fuel-based generation. To alleviate the intermittent and stochastic
generation of these renewable generators, battery energy storage systems (BESSs)
have been widely deployed to improve the electrical power system’s stability and
reliability. Moreover, in recent years, incentive programs have unlocked revenue
streams for the DERSs by utilizing their flexibilities in participating in the different electricity
markets such as in providing balancing and ancillary services.

[0004] To achieve reliability and resilience, and maximize economic benefits of the
operation of the electrical power system, it is desirable to have an energy management
system that enables the flexible integration of various DER models and also achieves
the lowest operation cost for such integrated electrical power systems. However,
coordination among multiple DERs, different requirements for market participation, and

the challenges arising from renewable energy and load demand fluctuations complicate
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the goal of achieving a low operational cost across multiple time horizons from long-term
(year, month, and week) to short-term (day, intra-day and hour) and in real-time.

[0005] The key challenges for such an energy management system includes multi-
timescale optimization, cost efficiency and optimization, and uncertainties of generation
and demand. With regard to multi-timescale optimization, one of the critical challenges
in the electrical power system with integrated DERs is to design one unified system to
address several needs: from long-term operation planning to provide advisory for the
system operation and market participation hours/days ahead of time all the way up to
minutes and seconds level of scheduling and dispatching control signals to controllers
of the DERs. All these requirements cannot be easily addressed through a single
optimizer with a single time interval over the scheduling horizon. The energy
management system requires different levels/layers of optimization, each with its own
specific time interval and scheduling horizon ranges. The coordination, information flow,
and synergy among these multi-timescale engines with their individual computation time
and other requirements, introduce new challenges for the optimization of energy
management systems with integrated DERs. A simplified example of a system with
multi-timescale engines has been published in the article "Co-optimizing Battery Storage
for the Frequency Regulation and Energy Arbitrage Using Multi-Scale Dynamic
Programming" by B. Chang, and W.B. Powell, in the engineering journal /EEE Trans.
Smart Grid, vol. 9, no. 3, 2018.

[0006] Besides multi-timescale optimization, another goal of the electrical power
system with integrated DERs is to achieve the lowest operation cost of the system, while
meeting the overall system as well as individual DER’s requirements and constraints.
Specifically, each asset is associated with its unique operational costs and practical
constraints. An optimal solution that achieves cost efficiency for the entire system is
non-trivial. Detailed mathematical modelling of physical assets and problem formulation
based on business needs and targets which necessitates the use of advanced
optimization techniques is required.

[0007] Due to stochastic and intermittent power generation of renewable energy
generators, variability in the availability of assets, uncertainties in load demands, etc.,
new challenges arise for the reliable and stable operation of the electrical power system.
As an example, the mismatch between renewable energy generation and load demand

may lead to demand outage (in the case of insufficient renewable energy) or result in
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energy wastage (in the opposite case of excessive renewable energy generation).
Therefore, a solution derived solely from forecast data cannot capture the real-time
renewable energy or load fluctuations.

[0008] Among existing algorithms used in the energy management system, they are
either meant for simplified systems/models or are based on heuristic online algorithms,
which rely solely on actual measurement data to set the real-time power dispatch.
Specifically, heuristic online algorithms are based on priority/rule-based dispatch
techniques, which can generally fulfil only certain objectives with selected modes based
on pre-defined thresholds. As an example, the dispatch rule of DERs can be set based
on specific functionalities of “minimization of electricity procurement cost’, “maximization
of renewable energy generation”, etc. Accordingly, pre-defined priorities will be given to
dispatch the DERs. For the case of “minimization of electricity procurement cost’, the
order of DER would be renewable, BESS, and electric grid. In this rule-based algorithm,
to realize the generation (electric supply) and load (electric demand), first the renewable
energy generator is used to follow the load profile as much as possible, followed by the
BESS and eventually the power grid. One important drawback of these pre-defined rule-
based techniques is their incapability in achieving the optimal solution. For the objective
of “minimization of electricity procurement cost’, if the price of grid electricity purchase
is non-uniform over time, it is understood that the proposed heuristic algorithm which is
rule-based and makes decision based on the actual measurement data cannot achieve
the optimal solution as the BESS is not being charged/discharged by considering the
future forecast and trend of electricity price. Even if achieving optimality can be proven,
it may not hold if there is any change in the electrical power system, e.g., addition of a
new DER model. Hence, these existing algorithms are not flexible to maintain their
performance once there are changes in the electrical power system design, type/number
of DERs, efc.

[0009] Another widely used online algorithm for the close to real-time energy
management which tackles the uncertainties in the electrical power systems is dynamic
programming. Dynamic programming requires prediction errors of renewable
energy/load profiles to follow certain stochastic processes with known probability
distributions (e.g., stationary or cyclostationary stochastic processes). However, the
renewable energy generation and/or the load demand cannot be exactly modelled by

stationary or cyclostationary processes. As a result, it may not be practically valid to
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model forecast errors as such processes with known probability distributions. Besides,
due to the notorious “curse of dimensionality” problem, obtaining an optimal solution by
dynamic programming, in general, has an exponentially growing complexity with the
number of decision variables, especially as the number of decision variables becomes
very large.

[0010] There is therefore a need for an energy management system for use in an
electrical power system which addresses, at least in part, one or more of the forgoing

problems.

SUMMARY

[0011]  According to an aspect of the present disclosure, there is provided a multi-
timescale coordinated optimization scheduling method for an electrical power system
that includes a number of distributed energy resources (DERs). The method includes
performing long-timescale optimization scheduling for the electrical power system based
at least on forecast data to obtain long-timescale operation planning data. The method
further includes performing mid-timescale optimization scheduling for the electrical
power system based on the long-timescale operation planning data and measured data
of the DERs to obtain mid-timescale operation planning data. The method further
includes performing at least close to real-time optimization scheduling for the electrical
power system based on the mid-timescale operation planning data, the measured data
of the DERs and grid signals of the electrical power system to obtain short-timescale
power setpoints for the DERs.

[0012] In some embodiments of the method, the long-timescale optimization
scheduling is performed via cloud computing; and the short-timescale optimization
scheduling and at least close to real-time optimization scheduling are performed via
edge computing.

[0013] In some embodiments of the method, the method further includes obtaining
interpolated long-timescale operation planning data based on the long-timescale
operation planning data. And performing mid-timescale optimization scheduling for the
electrical power system based on the long-timescale operation planning data and
measured data of the plurality of DERs to obtain mid-timescale operation planning data
includes based on the interpolated long-timescale operation planning data, and the

measured data of the plurality of DERs to obtain mid-timescale operation planning data.
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[0014] In some embodiments of the method, the method further includes obtaining
interpolated forecast data based on the forecast data; and obtaining blended forecast
data based on the interpolated forecast data and the measured data of the plurality of
DERs. In these embodiments, performing mid-timescale optimization scheduling for the
electrical power system based on the long-timescale operation planning data and
measured data of the plurality of DERs to obtain mid-timescale operation planning data
includes performing mid-timescale optimization scheduling for the electrical power
system based on the interpolated long-timescale operation planning data, the blended
forecast data and the measured data of the plurality of DERs to obtain mid-timescale
operation planning data.

[0015] In some embodiments of the method, obtaining interpolated forecast data
and/or interpolated long-timescale operation planning data is performed asynchronously
from the mid-timescale optimization scheduling.

[0016] In some embodiments of the method, performing mid-timescale optimization
scheduling includes performing Model Predictive Control (MPC)-based mid-timescale
optimization scheduling.

[0017] In some embodiments of the method, the method further includes performing
mid-timescale optimization scheduling for the electrical power system based on the
forecast data and the measured data of the plurality of DERs to obtain mid-timescale
operation planning data if long-timescale operation planning data is not available.
[0018] In some embodiments of the method, the long-timescale operation planning
data includes at least an hour-ahead planning data.

[0019] In some embodiments of the method, the mid-timescale operation planning
data includes at least a minute-ahead operation planning data corresponding to the at
least an hour-ahead planning data.

[0020] In some embodiments of the method, the forecast data comprises price, load
and renewable energy generation forecast data.

[0021] According to another aspect of the present disclosure, there is provided an
electrical power system. The electrical power system includes a number of distributed
energy resources (DERs) and an energy management system. The energy management
system includes a long-timescale scheduler, a mid-timescale scheduler and a real-time
scheduler. The long-timescale scheduler is for long-timescale optimization scheduling of

the electrical power system based on forecast data to obtain a day-ahead operation
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planning data. The mid-timescale scheduler is for mid-timescale optimization scheduling
of the electrical power system based on the long-timescale operation planning data and
measured data of the DERs to obtain mid-timescale operation planning data. The real-
time scheduler is for at least close to real-time optimization scheduling of the electrical
power system based on the mid-timescale operation planning data, the measured data
of the DERs and grid signals of the electrical power system to obtain short-timescale
power setpoints for the DERs.

[0022] In some embodiments of the system, the long-timescale optimization
scheduling is performed via cloud computing; and the mid-timescale optimization
scheduling and at least close to real-time optimization scheduling are performed via
edge computing.

[0023] In some embodiments of the system, the system further includes a data
interpolator for obtaining interpolated long-timescale operation planning data based on
the long-timescale operation planning data and the forecast data. The mid-timescale
scheduler includes a mid-timescale scheduler for mid-timescale optimization scheduling
of the electrical power system based on the interpolated long-timescale operation
planning data, and the measured data of the plurality of DERs to obtain the mid-
timescale operation planning data.

[0024] In some embodiments of the system, the data interpolator further obtains
interpolated forecast data based on the forecast data. And the mid-timescale scheduler
includes a mid-timescale scheduler for mid-timescale optimization scheduling of the
electrical power system based on the interpolated long-timescale operation planning
data, the interpolated forecast data and the measured data of the plurality of DERs to
obtain the mid-timescale operation planning data.

[0025] In some embodiments of the system, obtaining interpolated forecast data
and/or interpolated long-timescale operation planning data is performed asynchronously
from the mid-timescale optimization scheduling.

[0026] In some embodiments of the system, the mid-timescale optimization
scheduling comprises performing Model Predictive Control (MPC)-based mid-timescale
optimization scheduling.

[0027] In some embodiments of the system, the mid-timescale scheduler further
performs mid-timescale optimization scheduling of the electrical power system based on
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the forecast data and the measured data of the plurality of DERs to obtain mid-timescale
operation planning data if long-timescale operation planning data is not available.
[0028] In some embodiments of the system, the long-timescale operation planning
data includes at least an hour-ahead planning data.

[0029] In some embodiments of the system, the mid-timescale operation planning
data includes at least a minute-ahead operation planning data corresponding to the at
least one hour-ahead planning data.

[0030] In some embodiments of the system, the forecast data comprises price, load
and renewable energy generation forecast data.

[0031] Other aspects and advantages of the invention will become apparent from the
following detailed description, taken in conjunction with the accompanying drawings,
illustrating by way of example the principles of the invention.

BRIEF DESCRIPTION OF DRAWINGS
[0032] The invention will be better understood with reference to the drawings, in
which:

Figure 1 is a high-level block diagram of an energy management system according
to an embodiment of the present disclosure;

Figure 2 is a lower-level block diagram of the energy management system in
Figure 1, the energy management system including a cloud optimization engine, a data
interpolator, a real-time predictor, a model predictive control engine, and a real-time
predictive control engine;

Figure 3 is block diagram of the cloud optimization engine of the energy
management system in Figure 2;

Figure 4 is a block diagram of the data interpolator in Figure 2;

Figure 5 is a block diagram of the real-time predictor in Figure 2;

Figure 6 is a block diagram of the model predictive control engine in Figure 2;

Figure 7 is a flow diagram showing two modes of operation of the model predictive
control engine in Figure 6;

Figure 8 is a block diagram of the real-time predictive control engine in Figure 2;

Figure 9 is a general block diagram of the cloud optimization engine, the model
predictive control engine and the real-time predictive control engine;
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Figure 10 is a detailed block diagram of the model predictive control engine in
Figure 6; and

Figure 11 is a block diagram illustrating typical elements of a computing system
that may be appropriately programmed to function as each of the cloud optimization
engine in Figure 3, the model predictive control engine in Figure 6 and the real-time

predictive control engine in Figure 8.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0033] Throughout this document, unless otherwise indicated to the contrary, the
terms “comprising”, “consisting of”, “having” and the like, are to be construed as non-
exhaustive, or in other words, as meaning “including, but not limited to.”

[0034] Furthermore, throughout the specification, unless the context requires
otherwise, the word “include” or variations such as “includes” or “including” will be
understood to imply the inclusion of a stated integer or group of integers but not the
exclusion of any other integer or group of integers.

[0035] Throughout the description, it is to be appreciated that the term ‘processor’
and its plural form include microcontrollers, microprocessors, programmable integrated
circuit chips such as application specific integrated circuit chip (ASIC), computer servers,
electronic devices, and/or combination thereof capable of processing one or more input
electronic signals to produce one or more output electronic signals. The controller
includes one or more input modules and one or more output modules for processing of
electronic signals.

[0036] Throughout the description, it is to be appreciated that the term ‘server’ and
its plural form can include local, distributed servers, and combinations of both local and
distributed servers.

[0037] Unless defined otherwise, all technical and scientific terms used herein have
the same meaning as is commonly understood by a skilled person to which the subject
matter herein belongs.

[0038] As shown in the drawings for purposes of illustration, the invention may be
embodied in a multi-timescale coordinated optimization scheduling method for an
electrical power system including a number of distributed energy resources (DERs) that
is able to generate power setpoints for the DERs based on near real-time or real-time

data. Referring to Figures 1 and 2, the method includes performing long-timescale
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optimization scheduling for the electrical power system based on forecast data to obtain
a long-timescale operation planning data; performing mid-timescale optimization
scheduling for the electrical power system based on the long-timescale operation
planning data and measured data of the DERs to obtain mid-timescale operation
planning data; and performing at least close to real-time optimization scheduling for the
electrical power system based on the mid-timescale operation planning data, the
measured data of the DERs and grid signals of the electrical power system to obtain
short-timescale power setpoints for the DERs.

[0039] Specifically, Figure 1 shows an energy management system 2 according to
one embodiment of the present disclosure. The energy management system 2 is
coupled to an electrical power system (not shown) to provide power setpoints 3 for a
number of DERs 4 of the electrical power system. The DERs 4 include but are not limited
to energy storage systems, renewable energy generators, electric vehicles, gas, diesel
and other types of generators, controllable or fixed loads, etc. The energy management
system 2 includes a planning layer 6, a predictive scheduling layer 8 and a real-time
optimized control layer 10. Input data 12 to the energy management system includes,
but is not limited to, data relating to price, load, renewable energy generation forecast,
real-time measured data of the DERs 4, system configuration settings and electrical
power grid signals. The energy management system 2 processes the input data 12 to
generate output data that includes the power setpoints 3 for the DERs 4.

[0040] The planning layer 6 processes forecast data of the input data 12 to generate
long-timescale operation planning data that includes in one embodiment hours-ahead
operation planning trajectories. The two downstream layers, namely the predictive
scheduling layer 8 and the real-time optimized control layer 10 incorporate actual
measurement data of the DERs 4 while respecting some of the hours-ahead operation
planning data computed in the upstream planning layer 6. The two downstream layers
8, 10 re-optimize some of the operation planning data from the planning layer 6. The
predictive scheduling layer 8 and the real-time optimized control layer 10 are executed
more frequently than the planning layer 6 to take into account real-time changes in the
DERs’ measured data. Since these layers 8, 10 are executed more frequently, they can
be of a shorter scheduling duration and have a reduced set of constraints compared to
the planning layer 6, if need be. This is especially so for the real-time optimized control

layer 10, which works typically in real-time, i.e., in a matter of seconds. A model
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predictive control (MPC) algorithm and a real-time predictor 14 are used in the predictive
scheduling layer 8 to take advantage of both the forecast data and real-time measured
data of the DERs 4. The energy management system 2 models the costs and constraints
of each DER 4 using detailed mathematical modeling. Mathematical modeling will be
described in more details later. With this detailed modeling, the components of the
electrical power system are jointly optimized.

[0041] The energy management system 2 is next described in more detail with the
aid of Figures 2-10. The operation of the energy management system 2 is split between
cloud computing and edge computing for optimal scheduling and real-time predictive
control of the DERs 4. Each of the three layers 6, 8, 10 includes an optimization
engine/scheduler 16, 18, 20. Each engine 16, 18, 20 may require static and/or time-
series input data from the other two optimization engines 16, 18, 20 and also a data
interpolator 21, a real-time predictor 14, price, load, renewable forecasters 12, a human
machine interface (HMI) 44 (Figure 10), and real-time measured data from the DERs 4,
where applicable.

[0042] The planning layer 6 runs on the cloud. In other embodiments, this planning
layer 6 may also run on edge devices. As known to those skilled in the art, clouds are
places where data can be stored or applications can run. They are software-defined
environments created by datacenters or server farms. Cloud computing is an act of
running workloads in a cloud. Edges are also places where data are collected. They are
physical environments made up of computing hardware outside a datacenter. Edge
computing is also an act of running workloads but on edge devices instead of the cloud.
Edge computing involves collecting and processing data at the edge. Edge computing
is separate from clouds in terms of time sensitivity and data volume. The rate at which
a decision needs to be made doesn’t allow for the lag that would normally take place as
data is collected by an edge device, transferred to a central cloud without modification,
and then processed at the cloud before a decision is sent back to the edge device for
execution. Edge devices can however contribute to a cloud, if the storage and
computing capabilities provided by those edge devices at the endpoints of a network are
abstracted, pooled, and shared across a network—essentially becoming part of a
larger cloud infrastructure.

[0043] When run on the cloud, this long-timescale scheduler 16 may be conveniently

referred to as a cloud optimization (CO) engine 16 which is formulated as a mixed integer
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programming (MIP) optimization problem and optimally derives operation planning by
solving the energy scheduling problem over hours to days scheduling time horizon based
on future forecast data, such as but not limited to, load, price, and renewable energy
generation prediction, etc. To cater to errors in the forecasted load, price, and renewable
energy generation prediction, a finite number of stochastic scenarios are used to
represent the potential uncertain cases. Each scenario is associated with a probability
distribution of its occurrence. The CO engine 16 can then utilize the stochastic scenarios
to capture the uncertainty of the data and the potential forecast errors in the optimization.
In addition, the planning layer 6 can be configured to run on edge devices.

[0044] The predictive scheduling layer 8 and the real-time optimized control layer 10
run on the edge. There is an optimization engine 18, 20 in each of these two layers 8,
10. The predictive scheduling layer 8 includes a mid-timescale scheduler 18, referred
to hereinafter as a model predictive control (MPC) engine 18. The real-time optimized
control layer 10 includes a real-time scheduler 20, referred to hereinafter as a real-time
predictive control (RPC) engine 20. The MPC engine 18 and the RPC engine 20 provide
high resolution, i.e., minutes to seconds, optimal control strategies for the DERs 4.
These engines 18, 20 leverage more accurate forecast data in minutes resolution
together with actual measurement data and comply with operation planning results
derived from the upstream CO engine 16. These engines 18, 20 derive more accurate
operation targets for controllers of the DERs 4 and can also follow energy and regulation
signals of the electrical power system in seconds resolution. These energy and
regulation signals include, but are not limited to, grid operation signal which is in fact
power setpoints from a system operator and frequency regulation signal. The RPC
engine 20 is preferably a light-weight optimization engine solving a linear programming
(LP) optimization problem, which computes accurate binding operation targets for the
downstream controllable DERs 4. The output of the RPC engine 20 are short-timescale
power setpoints for the DERs 4 that are controllable.

[0045] The operation of the three optimization engines 16, 18, 20, namely the CO
engine 16, the MPC engine 18, and the RPC engine 20 is described in more detail next.
Figure 2 is a detailed block diagram of the energy management system 2. The CO
engine 16 utilizes parameterized system modeling and advanced optimization to
mathematically model the components of the electrical power system and formulate a

specific business problem as an optimization problem. As an example, the CO engine
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16 may target to reduce system costs including but not limited to energy procurement
cost, grid uncontracted capacity cost, etc., and increase system revenue including but
not limited to ancillary services provision. The CO engine 16 determines long-timescale
operation planning data 22, such as but not limited to, day-ahead operation planning
data for different controllable DERs 4 through the optimization of certain business
objectives. This is carried out based on one or more of price forecast data, load forecast
data, renewable energy generation forecast data, demand forecast data over the
scheduling horizon, and configurations and specifications of the DERs 4 with their
measured data/status at the beginning of a scheduling horizon, as shown in Figure 3. In
other words, the CO engine 16 performs long-timescale optimization scheduling for the
electrical power system based on forecast data to obtain the long-timescale operation
planning data 22.

[0046] The predictive scheduling layer 8 includes the data interpolator 21. This data
interpolator 21 is triggered as soon as there is new forecast data 12 from the cloud or
new operation planning data 22 from the CO engine 16. The data interpolator 21
interpolates low-resolution day-ahead operation planning data 22 from the CO engine
16 and the forecast data 12 into a high-resolution interpolated long-timescale operation
planning data 24 and interpolated forecast data 26, respectively based on any suitable
curve fitting method known to those skilled in the art. Figure 4 shows the specific inputs
and output of the data interpolator 21 according to an embodiment. The data interpolator
21 works asynchronously from the MPC and RPC engines 18, 20 in the edge to reduce
the data preparation time for these two engines 18, 20. The interpolated long-timescale
operation planning data 24 and the interpolated forecast data 26 are stored in a database
27 (Figure 10) to be utilized by the real-time predictor 14 in the predictive scheduling
layer 8 and the MPC and RPC engines 18, 20, whenever necessary.

[0047] The real-time predictor 14 shown in Figure 5 is triggered periodically on
scheduled runs to do real-time prediction based on edge artificial intelligence and blend
the interpolated forecast data 26 from the data interpolator 21 to generate blended
forecast data 28. Once triggered, the stored interpolated forecast data 26 is retrieved
from the database 27 and blended with real-time measured data of the DERs 4, based
on a pre-configured blending method. The blended forecast data 28 of the real-time
predictor 14 is stored in the database 27 for use by the MPC and the RPC engines 18,

20, whenever necessary.
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[0048] The MPC engine 18 utilizes parameterized system modeling to
mathematically model the components of the electrical power system. It formulates a
specific business target as an optimization problem, and outputs an optimal solution in
the form of mid-timescale operation planning data 32 using an optimization solver 30
(Figure 9). The solution is based on one or more of the long-timescale operation planning
data 22, high-resolution real-time forecasts 28 of prices, renewable energy generation,
and demand over the scheduling horizon along with the configurations, and
specifications of the DERs 4 with status and measured data of the DERs 4 at the
beginning of a scheduling horizon as input as shown in Figure 6. In other words, the
MPC engine 18 performs mid-timescale optimization scheduling for the electrical power
system based on the long-timescale operation planning data 22 and measured data of
the DERs 4 to obtain the mid-timescale operation planning data 32.

[0049] In this embodiment, the MPC engine 18 relies on receiving data from the CO
engine 16 to operate in a dependent mode. Specifically, a more comprehensive
optimization problem is first solved by the CO engine 16 to optimally derive some
operational setpoints in the long-timescale operation planning data 22 including, but not
limited to, the operational modes of the DERs 4 such as BESSs, regulation power
capacities, etc. These operational setpoints are then communicated to the MPC engine
18 in the edge. And the MPC engine 18 needs to respect the operational setpoints
received from the CO engine 16.

[0050] Alternatively, the MPC engine 18 may work independently of the CO engine
16 in an independent mode. As it is no longer able to rely on the CO engine 16 to
perform more comprehensive optimization as described above, the MPC engine 18 will
have to include more comprehensive modeling and decision variables in its optimization
so that it can continue its operation even when no data is received from the CO engine
16 in the cloud. When it comes time for the MPC engine 18 to run, the MPC engine 18
will operate in either the dependent mode or independent mode depending on whether
data, i.e., setpoints in the long-timescale operation planning data 22 is available from the
CO engine 16 as shown in Figure 7. With these two operational modes, the energy
management system 2 is more robust against failures, such as failure of the CO engine
16 in the cloud, loss of communication between the cloud and the edge, etc.

[0051] Figure 8 is a block diagram showing inputs and an output of the RPC engine

20. The RPC engine 20 operates in seconds and aims to track control signals either
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from the grid (regulation or energy signal) 36 or from the MPC engine 18. It generates
short-timescale power setpoints 3 for the controllers of the DERs 4 based on real-time
grid signals 36, the DER optimized data 32 from the MPC engine 18, including but not
limited to, BESS charging/discharging power references, the actual renewable power
generated and load data. In other words, the RPC engine 20 is able to perform close to
real-time or real-time optimization scheduling for the electrical power system based on
the mid-timescale operation planning data 32, measured data of the DERs 4 and the grid
signals 36 of the electrical power system to obtain the short-timescale power setpoints
34 for the DERs 4.

[0052] Figure 9 is a block diagram of an optimization engine, including the CO engine
16, the MPC engine 18, and the RPC engine 20. The optimization engine includes a
model library 40 (Fig. 10), which is a detailed mathematical model of all the DERs 4
along with their corresponding costs and constraints. For the BESS, these constraints
may include, but are not limited to, power limits, operational modes, regulation power
capacity limits, state of charge constraints, etc. The DERs 4 can be included/excluded
from the model library 40 and multiple numbers of the same asset type with different
settings can be modeled. Flexibility is also provided for different operational
requirements. For example, the BESS can be jointly utilized for both frequency regulation
and energy scheduling applications, where the power for each application is optimally
determined by the CO engine 16 or the MPC engine 18.

[0053] The optimization engine further includes a processor 42 and the solver 30.
The optimal output of each engine 16, 18, 20 is obtained using the solver 30. Any open-
source solver or commercially available solver that is capable of solving the formulated
mathematical problem in a desired time may be used.

[0054] Figure 10 is a block diagram showing the relationship between the MPC
engine 18 and other blocks of the energy management system 2. The energy
management system 2 further includes the human-machine interface (HMI) 44 and an
MPC application programming interface (AP1) 46. The HMI 44 allows a user to configure
parameters and settings for each block and to view the results. The MPC API 46 service
allows fast database access for the MPC engine 18 via a lightweight communication
protocol. The MPC API 46 service acts as a central point of contact for the MPC engine
18. The energy management system 2 further includes an edge API 48 between the

14
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MPC API 46 and the DERs 4 for the MPC engine 18 to obtain real-time measured data
from the DERs 4 and send control commands to their controllers.

[0055] Figure 11 is a block diagram illustrating typical elements of a computing
system 100 that may be appropriately programmed to function as each of the CO engine
16, the MPC engine 18, and the RPC engine 20. The elements include a programmable
processor 102 connected to a system memory 104 via a system bus 108. The processor
102 accesses the system memory 104 as well as other input/output (1/0) channels 110
and peripheral devices 112. The computing system 100 further includes at least one
program storage device 114, such as a CD-ROM, tape, magnetic media, EPROM,
EEPROM, ROM or the like. The computing system 100 stores one or more computer
programs that implement the functions of the CO engine 16, the MPC engine 18 or the
RPC engine 20. The processor 102 reads and executes the one or more computer
programs to perform the functions. Each of the computer programs may be implemented
in any desired computer programming language (including machine, assembly, high
level procedural, or object-oriented programming languages). In any case, the language
may be a compiled or interpreted language.

[0056] During use, the CO engine 16 may run once every half an hour to obtain the
long-timescale operation planning data 22 for the next 24 hours. As an example, the CO
engine 16 may run for example at 12:07:00. A minute later, at 12:08:00, forecast data
and some of the operation planning results of the CO engine 16 are sent from the cloud
to the edge. Thirty seconds later, at 12:08:30, the forecast data and the CO engine
results 22 received from the cloud are interpolated by the data interpolator 21 and then
stored in the database 27 at the edge. At 12:29:00, DERs measurements are feedback
from the DERs 4 to the MPC engine 18 and the RPC engine 20. Actual measurement
data of renewable energy resources, and load are blended with forecast data by the real-
time predictor 14. The MPC engine 18, which runs asynchronously from the data
interpolator 21 and the real-time predictor 14 may run once every minute. For example,
at time 12:29:15, the MPC engine 18 may have received all the required data and starts
to execute. By 12:29:50, the results 32 of the MPC engine 18 is ready. The results 32
from the MPC engine 18 are stored in the database 27 for use in the RPC engine 20.
The RPC engine 20, which runs for example once every four seconds, retrieves the MPC
results 32 from the database. For the example described above, the RPC engine 20

may run at a time 12:29:56. The RPC engine 20 receives actual measurement data of
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the load and the renewable energy resources, processes these data to generate power
setpoints 3 and sends the power setpoints 3 to the controllers of the DERs 4 at, for
example, 12:29:57 which is mere seconds from when the RPC engine 20 starts
execution. The controllers of the DERs 4 may receive the power setpoints 3 at a time
12:29:59. The power setpoints 3 may be control signals for the controllers at a time of
12:30:00. In a matter of mere seconds, the RPC engine 20 is able to use the latest data
to generate the most current and optimal power setpoints 3 for the controller of the DERs
4,

[0057] The mathematical formulation of the optimization engines 16, 18, 20 according
to an embodiment is next described in detail. First, all the mathematical notations are
defined with a time notation of t. As the three optimization engines 16, 18, 20 are related
to each other, several mathematical notations are used in more than one engine 16, 18,
20. Hence, to avoid confusion, for the detailed model of each engine 16, 18, 20, a
different time index is used. Specifically, the time index for the MPC engine 18 is denoted
by t, the time index for the CO engine 16 is denoted by t,, where the subscript u
represents the upper-level CO engine 16 in relation to the MPC engine 18, and finally
the time index for the RPC engine 20 is denoted by t;, representing the lower-level RPC
engine in relation 20 to the MPC engine 18.

[0058] Data types of all parameters and variables used may be classified into four
categories with “C” denoting “Continuous” data, “B” denoting “Binary” data, “I” denoting
“Integer” data, and “D” denoting “Datetime” data. The parameters and the variables are
denoted by symbols with superscripts and subscripts wherein the superscripts indicate
asset and time indices, and the subscripts include the asset type and the
parameter/variable category.

[0059] Forthe purposes of illustrating mathematical modelling, only DERs 4 including
battery energy storage system (BESS), curtailable photovoltaic (CPV), controllable load
(CL), and gas turbine (GT) are considered. In other embodiments, one or more of these
DERs 4 and other DERs 4 not specifically mentioned herein may also be considered as
is known to those skilled in the art. For grid service, the BESS is considered as the only
DER providing frequency regulation service, while all the four DERs can follow a given
energy setpoint from the grid. The MPC engine 18 has two operation modes as
previously described; “Mode I’ in which the MPC engine 18 operates independently

without receiving any results from the CO engine 16, and “Mode II” in which the MPC
16
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engine 18 operates by relying on output results from CO engine 16. The parameters
and variables that are specific to each operation mode of the MPC engine 18 will be
described later.

[0060] A list of sets used in the mathematical modelling is shown in Table 1 below:

Set name | Description

Asset
ES Set of battery energy storage systems (BESSs)
CPV Set of curtailable photovoltaics (CPVs)
CL Set of curtailable loads (CLs)
GT Set of gas turbines (GTs)

Time
T, Set of scheduling time slots in the CO engine 16
T Set of scheduling time slots in the MPC engine 18
T Set of scheduling time slots in the RPC engine 20

Table 1

[0061] Alist of indices used in the mathematical modelling is shown in Table 2 below:

Index Description
i Index of asset elements
S, tytt Index of time

Table 2

[0062] A list of system parameters used in the mathematical modelling is shown in
Table 3 below:

Symbol | Description | Unit_| Range | Type
Static

Aty Time interval duration in the CO engine 16 hour | (0, ) | C

T, Scheduling window size in the CO engine 16 - (0, ) | I

At Time interval duration in the MPC engine 18 hour | (0, ) | C

T Scheduling window size in the MPC engine 18 - (0, ) | I

At, Time interval duration in the RPC engine 20 hour | (0, ) | C

T, Scheduling window size in the RPC engine 20 - (0, ) |1
Table 3

[0063] A list of upstream grid (UG) parameters used in the mathematical modelling is
shown in Table 4 below:

Symbol | Description |Unit | Range | Type

Time-series

17
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Cék Energy procurement price $/MWh | [0,0) |C
Cér Regulation price $/MWh | [0,0) |C
A4 Normalized frequency regulation signal - [-1,+1] | C
Akeg Frequency regulation signal MW (—0,00) | C
Aoper Grid operation signal MW (—0,0) | C
Static
CyGunctr Uncontracted capacity cost $/MW [0,0) | C
Py ctr Contracted power capacity limit MW [0,0) |C
Pg min» Pe max | POWer capacity rating of grid connection MW (—0,0], | C
0,
Cdevireg Cost coefficient of not following frequency $/MW (0[, oo)) C
regulation signal in the RPC engine 20
Cdev.oper Cost coefficient of not following grid $/MW | (0, o) C
operation signal in the RPC engine 20
Table 4

[0064] A list of upstream grid (UG) variables used in the mathematical modelling is

shown in Table 5 below:

Symbol | Description | Unit | Range | Type
Time-series
Net power to/from the grid: negative means
power is exported to the grid; positive means
P power is imported from the grid MW | (=o0,0) | C
Vé1 Auxiliary variable to linearize cost of deviation - [0,0) |C
from “frequency regulation” signal in the RPC
engine 20
Vé 2 Auxiliary variable to linearize cost of not following | — [0,0) |C
the “grid operation” signal in the RPC engine 20
Static
Pyc pear | Peak demand capacity MW [0,0) |C
Pye unctr | Uncontracted power capacity MW [0,0) | C
Table 5

[0065] A list of BESS parameters used in the mathematical modelling is shown in
Table 6 below:

Typ
Symbol Description Unit Range e
Time-series
pit Interpolated discharging power MW [0, o0) C
Escod reference from the CO engine 16 to the ’

18
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MPC engine 18 (only in Mode Il of the
MPC engine 18)
Interpolated charging power reference MW C
pit from the CO engine 16 to the MPC (=0, 0]
ES.COc engine 18 (only in Mode Il of the MPC ’
engine 18)
. Interpolated discharging power MW C
PE‘;MPC'd reference from the MPC engine 18 to [0, )
the RPC engine 20
. Interpolated charging power reference MW C
Psvipc.e from the MPC engine 18 to the RPC (—o0,0]
engine 20
' Coefficient to project the impact on the
ags state of charge (SOC) following the [0, 1]
frequency regulation signal - C
pit . New charging rate reflecting SOC MW C
ESRPEIMIR | limitations in the RPC engine 20 (=0, 0]
plt New discharging rate reflecting SOC MW C
ESRPEMEX | Jimitations in the RPC engine 20 [0, o]
pEi:gfsoc ins Charging/discharging power rates MW C
Pi,é ' complying with SOC limitations, (—,0],
ESsoemax | calculated in the MPC engine 18 and [0, o0]
imposed on the RPC engine 20
Static
Cost coefficient of deviation from the CO | $/MW [0, ) C
cl engine 16 charging/discharging power
ES.cCO references (only in Mode Il of the MPC
engine 18)
Chsmpc Cost coefficient of deviation from the $mw [0, ) C
MPC engine 18 charging/discharging
power references in the RPC engine 20
i Cost coefficient for cycling aging $MwW [0, 0) C
CEscyc h
NkseMbsqa | Charging and discharging efficiency - (0,1 C
CAPL Nominal capacity MWh (0, ) C
Pﬁjs,min: Min/max charging and discharging
Pis max power MW (—00,0],[0,00) | C
PLL:?S,R,min! Min/max power for regulation power
PEs romax capacity MW (—,01,[0,00) | C
SOCgsmin, | Min/max state of charge (SOC) at the
SOCis max | beginning of the time slot - [0, 1] C
' Initial SOC at the beginning of - [0,1] C
S0Cgt ™" | scheduling in the CO/MPC engine 16,
18
SOCéffndm, Predefined_ mi_n/max of SOC_ attheend |-
SOCgfjfax of scheduling in the CO engine 16 [0,1] C

19
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BLs Self-discharge loss - [0,1] C
CESd/c Cost coefficient for BESS penalty $MW (0, ) C
function in the RPC engine 20

Table 6

[0066] A list of BESS variables used in the mathematical modelling is shown in Table

7 below:
Symbol | Description Unit | Range | Type
Time-series
pit Net charging and discharging power for energy MW | (-0, ) | C
ESE scheduling
pr'SfEd Discharging power for energy scheduling MW | [0,0) |C
PiL. Charging power for energy scheduling MW | (-o0,0] |C
pE";d Net discharging power in the RPC engine 20 MW | [0,0) |C
pE":;C Net charging power in the RPC engine 20 MW | (-0,0] | C
plt Net charging and discharging power in the RPC MW | (-0, 0) | C
E.S engine 20
Pést,R Regulation power capacity MW | [0, ) |C
pEi'Sth Discharging power for frequency regulation in the MW | [0,0) |C
o RPC engine 20
pEigR . Charging power for frequency regulation in the MW | (-,0] |C
_ RPC engine 20
S0cCk: | SOC at the beginning of time slot t - [0,1] |C
uLEfg D_isgharging/char_ging status for energy scheduling, | _ 01 |B
1: discharging, 0: charging
Lt Operational mode indicator for energy scheduling, |
Sése 1: activated, 0: not activated 01} 1B
Lt Operational mode indicator for frequency _
SEsi regulation, 1: activated, 0: not activated {01} |B
Lt Auxiliary variable to linearize cost of deviation from | — [0, o)
YEsa the CO engine 16 charging/discharging power
references (only in the MPC engine 18 Mode II)
yEi’.SEZ Auxiliary variable to linearize cost of deviation from | — [0,0) |C
' the MPC engine 18 charging/discharging power
references in the RPC engine 20

Table 7
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[0067] A list of curtailable photovoltaics (CPV) parameters used in the mathematical
modelling is shown in Table 8 below:
Symbol | Description [Unit [ Range [ Type
. Time-series
Peby max ‘ Max power forecast ’ MW | [0, 00) ‘ C
' Static
€cpy.mins €cpv.max | Min/max curtailment coefficients - [0,1] |C
Pépv_inv,min Min power of CPV inverter MW [0,00) | C
Pepy—invmax Max power of CPV inverter MW [0,0) |C
, Cost coefficient for CPV power $/MWh | (0,) | C
Cipy curtailment in the CO engine 16
, Cost coefficient for CPV penalty function | $/MWh | (0,) | C
CEpy pen—MPC in the MPC engine 18
CcPvpen—RPC Cost coefficient for CPV penalty function | $/MWh | (0,) | C
in the RPC engine 20

Table 8
[0068] A list of curtailable photovoltaics (CPV) variables used in the mathematical
modelling is shown in Table 9 below:
Symbol | Description Unit | Range | Type
Time-series
PH, Scheduled power MW | [0,00)
Péyveur | Curtailed power MW [0, 0)
ush, Curtailment status, 1: on, 0: off - 0,1}
Table 9
[0069] A list of curtailable load (CL) parameters used in the mathematical modelling
is shown in Table 10 below:
Symbol | Description Unit Range | Type
Time-series
Pé‘f,max Max power to be curtailed MW [0,00) | C
Static
ck, Curtailment cost $/MWh | [0,00) | C
EéL,min Min/max curtailment coefficients - 01 |C
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i
ECL,max

Table 10

[0070] Alist of curtailable load (CL) variables used in the mathematical modelling is

shown in Table 11 below:

Symbol | Description Unit | Range | Type
Time-series
P4 Scheduled power MW | [0, )
Piicur | Curtailed power MW | [0, o)
ult Curtailment status, 1: on, 0: off - (0,1} |B
Table 11

[0071] A list of gas turbine (GT) parameters used in the mathematical modelling is

shown in Table 12 below:

Symbol | Description | Unit | Range | Type
Time-series
pG‘TE co Interpolated power references sent from the | MW [0,0) | C
' CO engine 16 to MPC engine 18 (only in
Mode Il of the MPC engine 18)
pGljf MPC Interpolated power references sent from the | MW [0,00) |C
' MPC engine 18 to the RPC engine 20
Static
Pire Power segment set of operating cost as a MW
convex piecewise linear function [0,0) |C
Cire Cost segment set of operating cost as a $/n
convex piecewise linear function [0,0) | C
cirsu Startup cost $ [0,00) |C
CoT ref Cost coefficient of deviation from power $/MW | [0,00) | C
references (only in Mode Il of the MPC
engine 18 and the RPC engine 20)
P(‘;.T,min, P(i;T,max Min/max generation power MW [0,0) |C
Rir ups Rt a0wn | R@MP-up/ramp-down limit MW/h | [0,00) | C
Py Generation power at the beginning MW [0,00) |C
uég Activation status at the beginning, 1: on, 0: | - {0,1} | B
off (only in the CO engine 16 and Mode | of
the MPC engine 18)
TH ThO Number of time slots that activation has -
crom “erorf been on/off at the beginning (only in the CO [0,00) ||
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engine 16 and Mode | of the MPC engine
18)

i
TGT,on,min

Min activation “on” time duration (only in the
CO engine 16 and Mode | of the MPC

engine 18) [0,0) ||
T(‘;T‘Off'mm Min activation “off” time durations (only in

the CO engine 16 and Mode | of the MPC

engine 18) [0,00) ||
Lirg Index set of segments of GT operating cost (0, ) | 1

Table 12

[0072] A list of gas turbine (GT) variables used in the mathematical modelling is

shown in Table 13 below:

Symbol | Description Unit | Range | Type
Time-series
PHt Scheduled power MW | [0,00) |C
yer ref Auxiliary variable to linearize penalty cost for MW | [0,0) | C
' deviation from power references (only in Mode Il of
the MPC engine 18 and the RPC engine 20)
ug; Activation status, 1: on, 0: off (the CO engine 16 and | _ 01} |B
Mode | of the MPC engine 18) ’
Wé; on» | Startup/shutdown flag (the CO engine 16 and Mode
,t' | of the MPC engine 18), 1: activation is on/ off in the
Werors | current time slot while the activation status in the _ 01 |B
previous time slot is off/on, 0: otherwise ’
¢é;lw Auxiliary startup cost indicator when a step cost
function is used (the CO engine 16 and Mode | of
the MPC engine 18), 1: GT starts up after having
been off within hours [T sy, Ter sy - |1 |B
Table 13

[0073] The mathematical model and problem formulation of the CO engine 16 is next

described. In the embodiment, the objective in the CO engine 16 is to minimize the total

cost of the electrical power system, subject to constraints. The objective function for the

problem formulation may be given by:

Quer + Queunc + Z

i€ ieCPV

+ § ] (Qci;T,G+Qci;T,5U)'
ieGT
23
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where the costs are listed in Table 14 below:

Symbol | Asset | Description
Cost
Quer UG Energy procurement
Quegunc UG Uncontracted capacity cost
Qbrec GT Operating cost
Qérsu GT Startup cost
Qs,cye BESS Cycling aging cost
Qcpy cur CPV CPV curtailment cost
Qbrcur CL CL curtailment cost
Revenue
QES_FR ‘ BESS ‘ Revenue of frequency regulation
Table 14

[0074] Each cost component along with system constraints in the CO engine 16 are
further elaborated as follows:

[0075] The system constraints may, for example, include keeping the supply and the
demand balanced all the time. The power balance constraint for the CO engine 16 may
then be given by:

by _ Lty Lty Lty Lty
P = Zieal P — Qiear Por* + Ziecev Pepy + Zicks PL:}S,E)’Vtu €Ty (1.1)

[0076] The power import from and the power export to the electric power grid incurs
cost and generates revenue respecitively for the electrical power system. The electrical
energy procurement cost/revenue in the CO engine 16 may be defined as:

Quee = Deyer, Cg,lEPGtuAtu (1.2)

[0077] Uncontracted capacity cost occurs when the peak load exceeds a given
contracted capacity limit. Pyg uncer = 0 denotes the deviation of the peak load from the
contracted capacity limit and may be defined below as constraints. The uncontracted

capacity cost for the CO engine 16 may be given by:

QUG,unc = CUG,unctrPUG,unctr (1 3)
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[0078] The import power from and export power to the grid may be within given

minimum and maximum limits as follows:
t
PG,min < P(;u < PG,max' Vi, €Ty (1 4)

[0079] The peak load is computed based on the market rules and regulation. For
example, it may be derived by taking the maximum of the total load value (sum of the
magnitude of true load, the BESS charging power and the regulation power capacity),

as follows:
it it it
Pyg pear = max (ZiECL PC’:Lu — Ziers Pes r — Dicks PES,%,C)
EueTy (1.5)

[0080] The uncontracted capacity charge occurs once the peak load exceeds the
given contracted capacity limit. Derivation of uncontracted load capacity from the
uncontracted capacity limit may be given by:

PUG,unctr = maX{Or PUG,peak - PUG,ctr} (1 6)

[0081] For each of the BESS in the set of BESSs, i.e., Vi € ES:
The cycling aging cost for the BESS may be given by:

Pi,tu
i _ i ES,d i Lty
QES,cyc = Cgscyc Z i - nES.cPES,c Atu (1 -7)
= \Esa

And the revenue of frequency regulation for the BESS may be given by:

i tu pity 1.8
Qfsrr = Z Ce.R PELS,R Aty (1.8)

€Ty

[0082] With regard to the operational mode constraints, the BESS may be modeled
to be used for either energy scheduling or frequency regulation service applications, as

follows:

Epse +Ep =1, VE, €T, (1.9)

[0083] It is to be noted that &ye% =1 and &% = 0 indicates that the BESS is

providing energy scheduling while fé';j‘E =0 and 5g§7R =1 indicates that the BESS is

providing frequency regulation service for the electrical power system.
25
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[0084] Charging/discharging power constraints may also ensure that the BESS

meets the practical given power limits and also realizes the mode of operation.

0< bestléd S u]i:‘,.tSuPIgS,max' vt, €Ty (1.10)
0> P > (1= ub)Plg im Yy €T, (1.11)
0 < Prg 4 < &fsePhsmax Vtu € Ty (1.12)

0> Pegt . > &5 Pl mins VEu € Ty (1.13)

[0085] The net power output of the BESS may be given by:

PEL;,%:P;;%d‘*'P;;%c' vi, €Ty (1.14)

[0086] The BESS power capacity to be bid in a frequency regulation market may be
optimized. The BESS provides symmetric power for both under and over frequency

conditions. The BESS is thus subjected to the following constraints:

0 < Pis% < Phspmar€rsie Vtu €Ty (1.15)
—PE > Phg pmin€ret Vb, € Ty (1.16)
Prsh + P < Plsmao Vtu €Ty (1.17)
Prst — Pptt > Phg in, Vb, € Ty (1.18)

[0087] The BESS has a finite capacity and cannot be discharged more than a given
energy level. The following constraints ensure that the state of the charge (SOC) of the
BESS remains within the practical energy limits:

ity 1.19
Atu( ESEd"'PL;l;;anSc) ( )
n
SOCH™ = BleSOCH — ——"— , Vt, €T,
ES
ity pit
. | atupitu g . (1.20)
Min(SOCks min, SOCE™™") + =202 < SOCEx*
nES,dCAPES
ity pitu
(“Es nES ¢ Pes, RAtu)

< max (S OCIE“S,max' SO Cé,;tart)

CAP
vt, €T,
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[0088]  Prior to running the CO engine 16, the actual SOC value may be measured.
The initial energy at the BESS at the beginning of scheduling may be given by
Sockt = sockstert (1.21)

[0089] The BESS may be required to reach a given SOC level by the end of the CO

engine’s scheduling, as

SOCi,end < SOCé§u+1 < SOCi'end (1.22)

ESmin — ESmax

The CPV can curtail power, if required. Once uj%, = 0, the CPV acts as a fixed PV
where its power generation cannot be controlled and optimized. For each of the CPV in
the set of CPVs, i.e., for Vi € CPV:

[0090] The curtailment cost associated with the CPV may be given by:

i i ity
Qcpv.cur = Ccpv Z P, CPV,cur at,
ty€Ty

(1.23)

[0091] The power generated by the CPV may be within given minimum and maximum
levels, specified by curtailment coefficients and CPV inverter limits as follows:
Lty Lty . 1 Lty i
F éPV < ué‘PV mm(féPV,maxP éPV,max' P, CL’PV—inv,max) (1.24)

ity . ity i
+ (1 - uCPV) mln(PCPV,max' PCPV—inv,max) ’ Vtu € Tu

Lty o Lty i Lty i 1.0
Fepy = Ucpy maX(ECPV,minP v max P CPV—inv,min) (1.25)

ity . Lty i
+ (1 - ucpv) mln(PCPV,max’ PCPV—inv,max)' vt, €Ty

[0092] The curtailed power by the CPV may then be derived as:

ity o ity i _ phty 1.26
PCPV,cur - mln(PCPV,max' PCPV—inv,max) Pcpv» Vtu € Tu ( )

The curtailable load (CL) may be a general model for the load. The model allows for load
power curtailment. Once ué:i“ =0, the CL acts as fixed load, where its power
consumption cannot be controlled and optimized. For each CL in the set of CLs, i.e.

Vi € CL:
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[0093] There is a curtailment cost associated with the curtailed power by the CL that
may be defined as follows:
u 1.27
QCL cur — CCL Z PéLtcur ( )

4 €Ty

The constraints for the CL may be mathematically modelled as follows:

ity i it it it it
U €brminPer gy T (1 — UG P gy S P < (1.28)

ubttel, maPie 4+ (1 —u”u)P”u vt, €T,

CLmax CLmax?

[0094] The curtailed load power by CL may then be derived as follows:

Lt _ plt it
PCL,chur - PCL,lrtnax PCLur Vi, € T (1 -29)

[0095] The gas turbine’s (GT’s) operating cost may be mathematically modeled as a
convex piecewise linear function, as a summation across the CO engine’s scheduling
horizon:

QéT,G = Z Qé;;uc (1.30)

£y €Ty

The operating cost in each interval t, Qi is modeled as a convex piece-wise linear

function with parameter segment sets of Piy; and Chrg. With the index set Ly g
denoting the segment sets of the convex piecewise linear function and [ denoting the
segment index, the operating cost may be formulated using a set of linear inequalities

as follows:

: Core— Céte /i . (1.31)
ity GT.G GT.G [ ity 1
6TG = < il = (PGT Per G) + C(L;T,G Aty vl

PGTG - PGTG

€2 Lsrg] VELET,

[0096] The cost associated with the GT’s startup may be given by:
j i u 1.32
Qcr.su = Cer,su Z Wcl;; on (1.32)

tuETy
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[0097] The GT's power may be within given minimum and maximum power limits, as

follows:

ity pity Lty Lty plty 1.33
Uer Formin < Fer® < Ugr Permax Vtu € Ty ( )

[0098] The GT cannot increase or decrease its power instantly. There are ramp up

and down limits for its power change, defined through the following constraints:

Pitv — PAY < Aty REp, Y, €T, (1.34)
P(;:"Ifu_l - P(?Tfu < AtuR(’i?T,down 'Vtu € Tu (1 35)

[0099] Once a GT is turned on, it must remain on for a minimum duration of time.

First, a binary decision variable for the continuous “on” operation of GT may be defined

as follows:
Wert, = Ut —ugn ™, vy, €T, (1.36)
we < 1wl v, €T, (1.37)
Werty < g, Vi, €T, (1.38)

[00100] The limit on minimum “on” activation time duration may then be given by:

bt Ty ommin=Te2 on=1 0 (i 0 ' T "
ZsztuGT,on,mm GT,on ulG; > ULGT(TéT,on,min — T(s:r,on) + T(’iT,on,minWG'Tf:)n'
t, = landif TCL;T,on,min > Té’ﬁ,on
i o ' ’ .
Z?;-'t-zarlonlmm ! uf;sf 2 T(l;T,on,minWéLIt"l,é)nr Vtu € [2, Tu - T(i'T,on,min + 1] (1 .40)

[00101] Similarly, once the GT is off, it must remain off for a minimum duration of time.

First, a binary decision variable for the continuous “off” operation of GT may be defined

as follows:
W(L;;f;}if > u(i;’;”_l - u(i;’;“, vt, €T, (1.41)
W(i;'.;lfoff < ué;“_l, vt, € T, (1.42)
Wé';'foff <1- uél;“, Vi, €Ty (1.43)

[00102] The limit on minimum “off” activation time duration may then be given by:
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EutTer,of fmin=T6T.0f =1 (1.44)

> (-

s=ty,
ity

0 , 0 ,
= (1 - u;;T)(TéT,off,min - T(;T,off) + T(f‘T,off,minW(;T,off'
. 1 i,0
tu - 1 and lf T(sT,off,min > TéT,Off
tu+Ter of fmin=1 (1.45)

i,s i it
Z (1 - uGT) 2 Tero0ffminWer of £

s=ty

vt, € [2, T, — T(gT,off,min + 1]

[00103] The mathematical model and problem formulation of the MPC engine 18 is
next described. As described above, the MPC engine 18 supports two operational
modes, Mode | and Mode Il. In Mode |, the MPC engine 18 operates independently from
the CO engine 16 in the cloud and is thus more robust against failures, such as failure
of the CO engine 16 in the cloud, loss of communication between the cloud and the
edge, etc. Hence, the MPC engine 18 in this mode needs to consider all the DERs
modeling along with their costs and constraints to solve a comprehensive optimization
problem.

[00104] However, in Mode Il the MPC engine 18 relies on receiving data from the CO
engine 16 in cloud to operate. Specifically, a more comprehensive optimization problem
is solved in the CO engine 16 and some results including operational modes of the
BESSs, regulation power capacities of BESS, etc., are communicated to the MPC
engine 18 in edge. Consequently, the MPC engine 18 operating in Mode Il needs to
comply with setpoints received from the CO engine 16. Under Mode Il operation, there
are additional cost functions compared to Mode | operation, including cost of deviation
from the CO engine’s charging/discharging power references. However, unlike Mode |,
regulation revenue does not appear among cost functions in Mode I, since the values
are respected from the CO engine 16.

[00105] The objective function for the problem formulation under Mode | operation may
be given by:

Quer + Queunc + Z ES( QEs,cyc — Qkspr) + Z
115

+ Z (Qére + Qérsu)
LEGT

VQ(L:PV,pen + QtLcur

ieCP ieCL
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[00106] The objective function for the problem formulation under Mode Il operation
may be given by:
QUG,E + QUG,unc + ZiEES( Qé‘s,cyc + Q)’E_:?S,dev) +' ZiECPV Qé‘PV,pen + ZiECL Q(ifL,cur +
Yiear (Qcrc + Qcrrer)

where the costs are listed in Table 15 below:

Cost/Revenue Asset Description

Qusk Grid Energy procurement cost

Qugunc Grid Uncontracted capacity cost

Qtpv pen CPV CPV penalty cost

Qbrcur CL CL curtailment cost

Qbs.cye BESS Cycling aging cost

QL5 g (only in Mode 1) BESS BESS regulation capacity revenue

Qks gev (ONly in Mode I1) BESS Cost of deviation from CO engine
charging/discharging power
references

Qér GT Operating cost

Qkr sy (only in Mode I GT Startup cost

Q(";T,ref (only in Mode 1) GT Cost of deviation from CO engine
power references

Table 15

[00107] Each componentis further elaborated as follows:

[00108] The power balance constraint for the MPC engine 18 may be given by:
Pt = Tiec P — Ciear Por + Ziecrv Popy + Siens Prog) VL€ T 2.1)

[00109] The electrical energy procurement cost/revenue for the MPC engine 18 is

defined as:
Quee = Dter C(t;,EP(gAt (2.2)
[00110] The uncontracted capacity cost for the MPC engine 18 may be given by:

QUG,unc = CUG,unctrPUG,unctr (2.3)

[00111] The import power from and the export power to the grid may be within given

minimum and maximum limits as follows:
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Pgmin < Pé < Pomax, VL ET (2.4)

[00112] The peak load is computed based on the market rules and regulation. For
example, it may be derived by taking the maximum of total load value (sum of the
magnitude of true load, the BESS charging power and the regulation power capacity),

as follows:
— it it it
PUG,peak = rpeal‘x (ZiECL PCLL - ZieES PES,R - ZieES PES,E,C) (2.5)

[00113] Derivation of peak load from the uncontracted capacity limit is given by:
PUG,unctr = max{O, PUG,peak - PUG,ctr} (26)
[00114] For each of the BESS in the set of BESSs, i.e., Vi € ES:
[00115] The cycling aging cost for the BESS may be given by:
Pisa

. . . it
Qllz"s,cyc = C}’E'?S,cycz ( i - n%S,CPI;ES,c At (2-7)
=t \lEsa

[00116] And the revenue of frequency regulation for the BESS may be given by (only
in Mode I):
QLi?S,FR = Z Cer PEiét,R At (2.8)
teT

[00117] Deviation from charging and discharging power references sent from the CO

engine 16 is as follows (only in Mode 1):

' ' E : it ¢ it
QEs,aev = CEs,co (|PELS,E — (Pgscoa + PELs,co,c)l) (2.9)
teT

[00118] The cost function Qéslde,, is non-linear. To linearize the problem, we replace
the above cost with the following cost function, with additional constraints added to the

constraints section below (only in Mode II}:

Qés,dev = Cgs,co 2 }’12{5,1 (2.10)

teT

[00119] Operational mode constraints (only in Mode 1): The BESS is modeled to be
used for either energy scheduling or frequency regulation service applications, as

follows:
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. v
fsgtEéisr =1 VtET (2.11)

[00120] It is to be noted that fé';E =1 indicates that the BESS is providing energy

scheduling only while EEEIR = 1 indicates that it provides frequency regulation service
only for the system.

[00121] Charging/discharging power constraints ensure that the BESS meets the
practical given power limits and also realizes the mode of operation.

0 < Pispq < UpsPhsmax VEET (2.12)
02 Pip, 2 (1 uls)Phsmin VEET (2.13)
0<Pira < &rsePhsman VEET (2.14)

02 Pispc = &g5 pPhsmin VEET (2.15)

[00122] The net power output of the BESS is given by:
P;;E = PEi;E,d + Pgét,E,cr VtET (2.16)

[00123] The BESS power capacity to be bid in a frequency regulation market can be
optimized. BESS provides symmetric power for both under and over frequency

conditions. The BESS are thus subjected to the following constraints (only in Mode I):

0 < Py < Pl pmaxéits VEET (2.17)
P e > Phspminé it g VEET (2.18)
Py + Prip < Plsman VEET (2.19)
Pt = Pisp = Phsmn VEET (2.20)

[00124] Additional constraints for linearization of the cost function Q}L;S,dev (only in Mode
I):

it it it i
Vesa = (Pese — Pescoa — Pescoc) VEET

i i i i (2.21)
Vesa = —(Pese — Pescoa — Pescoc) VEET
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[00125] The BESS has a finite capacity and cannot be discharged more than a given
energy level. The following constraints ensure that the state of the charge (SOC) of the

BESS remains within the practical energy limits:

SOCL?;-H = ﬁfi?SSOCI:i‘é - At(P;:;,E,d/nfi?S,d + Pbég,E,cnéS,c)/CAPLL:?S' vteT (2_22)

[00126] The MPC engine 18 in Mode I:

SOCE™ < max (SOCE™™,SOCks max) — (Nhs,Prs gAt) /CAPEs, VE €T (2.23)
i,t+1 . i,start i PJEi.’StR i
SOCE™ > min (SOCE™", SOCks min) + (2= AY) /CAPfg, VE €T (2.24)
ES,d

[00127] The MPC engine 18 in Mode II:

SOCE < max (SOCE ™, SOCks max), VEE T (2.25)

SOCEE™ > min (SOCE™", SOCEs min), VE € T (2.26)

[00128] Prior to running the CO engine 16, the actual SOC value should be measured.
The initial energy at BESS at the beginning of scheduling is given by
50Ck = socgster (2.27)

[00129] In Mode I, the CPV curtailment on/off status is already decided by the CO
engine 16; thus, u’%, is a given value and not a decision variable.

[00130] For each of the CPV in the set of CPVs, i.e., for Vi € CPV:

[00131] A small penalty is imposed for curtailed power, thus reducing unnecessary
curtailment of CPV in the MPC engine 18.

(2.28)

i _ i E it
Qcpv,pen = Ccpv,pen—mpC Fepy cur At
teT

[00132] The power generated by CPV may be within given minimum and maximum
levels, specified by curtailment coefficients as well as CPV inverter limits as follows:
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it : 1 it A
PCPV < u(LIPV mln(EéPV maxPéPV,max' PCL‘PV—inv,max) (229)
. ',t ;
+ (1 uCPV) mln(P(;PV,max' PCL‘PV—inv,max) ,VE € T
,t it A it 1
PéPV 2 uE‘PV maX(EE‘PV anPCEPV max' PCL‘PV inv an) (230)
+ (1 uCPV) mln( PV max’ CPV inv max) vteT
[00133] The curtailed power by CPV may then be derived as:
t
PéPV cur = mln(PCPVmax' PCPV inv,max) — CPV' VteT (2.31)

[00134] In Mode Il of the MPC engine 18, the CL curtailment on/off status is already
decided by the CO engine 16; thus, u |s a given value and not a decision variable.
[00135] For each of the CL in the set of CLs, i.e., Vi € CL:

[00136] There is a curtailment cost associated with the curtailed power by load,

defined as:

Qé‘L,cur = CéL Z Péfcur (232)

teT

[00137] The power generated by CL may be within given minimum and maximum

levels, specified with minimum and maximum curtailment coefficient:

ué‘ieéL anPCL max + (1 CL)PClLtmax . PLELt < uCLECL maxP(,ELtmax + (233)
(1 —uZ )P g VEET
[00138] The curtailed load power by the CL may then be derived as:
Pthcur = PéLtmax PCiit' VteT (234)

[00139] Itisto be noted that u“ is not a decision variable in Mode Il of the MPC engine

18. To determine u%%., both results from the CO engine 16 as well as actual measured
data from GT will be used.
[00140] The GT's operating cost may be mathematically modeled as a convex

piecewise linear function, as a summation across the MPC engine’s scheduling horizon:

QGTG ZQGTG (2.35)

teT
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[00141] The operating cost in each interval t, QGT(;, is modeled as a convex piece-
wise linear function with parameter segment sets of P.; . and Ciy .. With the index set
L"GT,G denoting the segment sets of the piecewise linear function and ! denote the
segment index, the operating cost may be formulated using a set of linear inequalities
as follows:
il il-1
08> (EF Rt - ) it e
PGT,G B PGT,G

€2, L;rc] vEET

(2.36)

[00142] There is also a cost associated with GT’s startup (only in Mode | of the MPC
engine 18), given as follows:

2.37

QGTSU = CGTSUZWGTon (2.37)

teT

[00143] Cost of deviation from power references provided by the CO engine 16 (only
in Mode Il of the MPC engine 18)

Qtr ref — = Clr refZ |PGT GT co (2.38)

teT

[00144] The cost function Qé”ef is nonlinear. To linearize the problem, we replace the
above cost with the following cost function (only in Mode Il of the MPC engine 18).
Additional constraints are added as will be described later.

QGTref - CGTrenyGTref (239)

teT

[00145] The GT's power may be within given minimum and maximum power limits, as
follows:
< pit < Lt (2.40)

uGTPGT min = fer = uGTPGT maw VEET

[00146] The GT cannot increase or decrease its power instantly. There are ramp up
and down limits for its power change, defined through the following constraints:
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Pt — P4 < AtRGp,, vt €T (2.41)

1')(}1",15_1 - P&E < AtRéT,down ,VE € T (242)

[00147] Additional constraints for linearization of the cost function Q(";T,Tef (only in Mode
Il of the MPC engine 18):
Vérrer = (Bt = Pitco) VEET 2.43)
yé;‘,ref = _(P(;'T€ - PC?TE,CO)s vteT
[00148] The remaining constraints for GT are related to on and off duration of GT,
which are all applicable in Mode | of the MPC engine 18 only.
[00149] Once GT is turned on, it must remain on for a minimum duration of time. First,

a binary decision variable for the continuous on operation of GT is defined as follows:

Weh o = U — Ul VEET (2.44)
it it—1
Weron < 1—ug, ", VteT (2.45)
it it
Wk on S UG, VEET (2.46)

[00150] The limit on minimum activation time duration is then given by:

t+1, C-TE 1 [0 /i ; - (2.47)
Zs:tGTlon'mm aron uct;; = uz;sl)" (TCL;T,on,min - Té’;"),on) + T(l;T,on,minW(L?‘;,on'
t = 1andif Tronmin > Teron
i . .
ZEZZGT,on,min_l ”f;sf = TCL;‘T,on,mianL;l”It‘,on'Vt € [2' T — T(éT,on,min + 1] (2.48)

[00151] Similarly, once the GT is off, it must remain off for a minimum duration of time.

First, a binary decision variable for the continuous off operation of GT is defined as

follows:
Wik > Ut Ul vt e T (2.49)
Wci;';,off Sugr ', VEET (2.50)
Wt oy S 1—ugr, ¥t €T (2.51)

[00152] The limit on minimum “off” activation time duration is then given by:
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t+Tci;T,aff,min_Tci;'7o',off_1 (2.52)
Z (1 — uGT
s=t
> (1 u )(TGT of f,min — GT off) + TGT OffmmWGT off’
t =1andif TGTOffmm > T

GT off
t+TGT,off,an 1 (253)
L, i t
Z (1 - ué;‘) 2 TéT,off,mmW(L;T of f*
s=t

Vvt € [2, T - Tcl;'T,off,min + 1]

[00153] The mathematical model and problem formulation of the RPC engine 20
according to one embodiment is next described. As previously described, the RPC
engine 20 is located in the edge and is able to respond to real-time energy and regulation
signals in seconds and therefore able to provide real-time or almost real-time operation
planning data, i.e., power setpoints, for the controllers of the DERs 4. This is due to the
fact that RPC is formulated as a LP optimization problem, which results in a much faster
optimal solution computation compared to the mixed integer linear programming (MILP)
optimization problems in the CO engine 16 and the MPC engine 18.
[00154] The RPC engine 20 minimizes deviations of the two control signals: 1) grid
operation signal and 2) frequency regulation signal. To follow grid operation signal, all
the DERs (BESS, CPV, GT, and CL) are considered to be able to contribute. To follow
frequency regulation signal, only BESS is considered to be able to follow the received
signal from the grid.
[00155] The objective function for the problem formulation in the RPC engine 20 may
be given by:

Quc,r + Qpev + Tices( Qfs,pev + inig,d/c) + ZiECPV Qépy,pen + Diect Qbrcur +

Yieer (Q6re + Q(L?T,ref)!

where the costs are listed in the Table 16 below:

Cost/Revenue Asset Description

Quesk Grid Energy procurement cost

Qpev,reg Grid Cost of deviation from “frequency regulation”
signal

Qpev,oper Grid Cost of deviation from “grid operation” signal

Qpev Grid Total deviation cost
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Qé’PV,pen CPV CPV penalty cost

Q(i?L,cur CL CL curtailment cost

Q,‘;S,Dev BESS Cost of deviation from MPC engine
charging/discharging power references

Qks,a/c BESS BESS penalty cost

Qére GT Operating cost

QéT'ref GT Cost of deviation from the MPC engine 18 power
references

Table 16

[00156] Each cost component is further elaborated as follows:

[00157] The power balance constraint for the RPC engine 20 may then be given by:

t it it it it
R = ZieCLPclLl — icer Pclrl + ZiecpvPclpxl/ + Zicks Pgsl)'wl €Ty (3.1)

[00158] Total regulation power capacity of the system is provided by all the BESSs, as

follows:

t, it
Repe = Z Pesp Vi €Ty (3.2)
icES

[00159] The electrical energy procurement cost/revenue in the RPC engine 20 may be
defined as:

Quer = Xyer, Cct;l,EPthAtl (3.3)

[00160] The RPC engine 20 tries to follow grid signals as closely as possible. To do
so, deviations from grid signals are penalized. Two grid signals are considered: grid
operation signal and frequency regulation signal.

[00161] Grid operation signal indicates grid power setpoint orders to adjust the “net’

“ >0 meansthe grid has power surplus and there is a

oper =

power of the system, where A
need for DERSs to use up the excess power (BESS to charge, CPV to reduce generation,
CL to increase power consumption, and/or GT to reduce power generation). Af,;,er <0

means the grid has power deficit and there is a need for DERs to supply power (BESS
to discharge, CPV to increase generation, CL to decrease power consumption, and/or
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GT to increase power generation). Any deviation from the received grid operation signal

will be penalized:

t t
Qpev,oper = Cdev,oper Z |Aolper - PGll (3.4)

e

[00162] Frequency regulation signal refers to a high pass remote automatic generation
control (AGC) signal, which is a measure of the imbalance between the supply and the
demand in the grid. The BESS is considered as the only DER that can charge/discharge

to respond to the frequency regulation signal. The normalized frequency regulation

7]

signal Az,

indicates whether the system needs to transfer power to the grid or receive

power from it. Particularly, geg > 0 indicates an under-frequency condition, where

7]

reg < 0 indicates

power should be exported to the grid (i.e., BESS to discharge), while 1
an over-frequency condition, where excess power should be imported to the system (i.e.,
BESS to charge).

[00163] The frequency regulation signal is sent to the system every few seconds
(depending on the market). Regulation market then tracks the response of the electrical
power system and evaluates the performance at the end of each service hour. Systems
with poor performance may become ineligible to participate in the frequency regulation
market in the future. As a result, the BESSs in the RPC engine 20 should follow the
frequency regulation signal as closely as possible. With the total regulation power

7]

capacity of R,},, the BESSs should follow the signal of:

Aoy = Rib AR (3.5)

[00164] The cost of not following the frequency regulation signal is given by:

QDev,Reg = Cdev,reg Z |/11§leg - Z PELStl | (3.6)

€T, i€ES
[00165] As a result, the total deviation cost comprises the above two costs:
QDev = QDev,Reg + QDev,oper (37)
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[00166] The cost function Qp,., is non-linear. To linearize the problem, the above cost
is replaced with the following cost function, with additional constraints added to the
constraints which will be described later:

t t
QDev = Z (Cdev,regy(;fl + Cdev,opry(;fz) (38)

tiETy

[00167] The import power from and export power to the grid may be within given

minimum and maximum limits as follows:

PG,min < P(;tl < PG,maxr vt € Tl (39)

[00168] Additional constraints for linearization of the cost function Qp.,:

it
yc; 12 (’1Reg YicEs PELSI), Vi, eT

3.10
Vo = - (aggg — Z P‘tl> VL ET (3.10)

i€eES

[00169] For each BESS in the set of BESSs, i.e., Vi € ES:
[00170] The cost of deviation from charging/discharging power references sent from
the MPC engine 18 is given by:

%] Ltl ltl
Qkspev = CEsmpc Z (| Fes™ — Pesmpca — Pesmpc.cl) (3.11)

tieT

[00171] The cost function Q,‘;S,De,, is non-linear. To linearize the problem, the above
cost is replaced with the following cost function, with additional constraints that will be

described below:

it
Qkspev = Chsmpc 2 YVEs,2 (3.12)

tET

[00172] Penalty cost penalizes unnecessary charging and discharging power of the
BESS in RPC. It penalizes simultaneous charge and discharge in each BESS,
simultaneous charging/discharging among different BESSs in the same mode. The

BESS penalty cost is given as below:
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1 it it
Qksajc = Crsajec z (Psy — Prse (3.13)

LET

[00173] Additional constraints for linearization of cost function Qgs,dw are given by:

it it it Lt
YVES,2 > (B, ES P ESMPCd — P ES,MPC,C)’ Vi €T,

Lty ity ity ity
Yes2 2 ~(Fes” = Pesmpca = Pesupce): Vi €T (3.14)

[00174] Limit on charging and discharging power should not only consider the physical
system charging/discharging rates, but the regulation power capacity and power limits
imposed by the MPC engine 18 needs to be considered as well. New
charging/discharging limits reflecting SOC limitations are given by:

L’,Ifl _ i i,tl i,fl
PES,RPC,mL'n = max {PES,min + RES ’ PES,soc,min })’ Vi, € Tl (315)
i,tl _ . i i,tl L',tl
Pes rpcmax = MIN{Pgg max — REs) Pessocmaxd), VU €Ty (3.16)

[00175] Given the above charging/discharging limits, the charging and discharging

power related to “energy” should meet the following constraints:

it it ity
0= PES,E.d = ES,EPES,RPC,max' vt €T (3 17)
L’,tl i,tl i,tl )
02 Prspe 2 SpsePesrpemine VU ET

[00176] BESSs with enabled frequency regulation ( ggR = 1) can respond to meet the

frequency regulation signal, based on their regulation power capacities and the
computed charging/discharging rates reflecting SOC limitations in the MPC engine 18,

as follows:
. i,tl i,tl i,fl _ irtl
it mln{PES,R'PES,soc,max 4 PES,soc,min < PES,R
phh = 3.18
ES,Rmax — Pi Pi,tl > Pi,tl ( . )
ES,max’ ESsocmin = ~ YESR
_ . it _ it it it
Pi,tl _ mln{PES,R' PES,soc,min}' PES,soc,max > PES,R 319
ES,Rmin — Pi Pi,tl < Pi,tz ( ’ )
ES min’ ES,soc,max — “ES,R

[00177] Given the above charging/discharging limits, the charging and discharging

power related to “frequency regulation” should meet the following constraints:
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it Lt it
0<Ph ESR,d < ES,RP ES,R,max’ Vi, €T

it Lt it 320
0 = PES,R,C 2 fES,RPES,R,mL'n' th € Tl ( )

[00178] The net discharging power is then the superposition of discharging power for
frequency regulation and energy scheduling purposes, given as follows:

it it it
Posty = Poste g+ Pesh g VEL ETy (3.21)

[00179] The net charging power is then the superposition of charging power for
frequency regulation and energy scheduling purposes, given as follows:

Lt _ plty it
Pese = Pespe + Pespe VL €T (3.22)

[00180] The net charging and discharging power is then given by:

Pidt = Pil + Pagl, Y €Ty (3.23)

ity

[00181] Depending on the curtailment status of the CPV (u/;,,) determined by the CO
engine 16 or the MPC engine 18, the CPV can be treated as “fixed” or “curtailable” PV.
For example, ué’ﬁ}v = 0 indicates that CPV cannot be curtailed, which implies that CPV
is in fact a fixed PV; hence, it is considered as a fixed generation and not a controllable
DER.
[00182] For each of the CPV in the set of CPVs, i.e., Vi € CPV:
[00183] The CPV should not be curtailed unless it is required to maintain the system
constraints. Hence, a small penalty is imposed for curtailed power.

Qtpvpen = Ccpv.pen-rPC 2 F ci}f‘l/,curﬂtl (3.24)

tiETY

[00184] The power generated by CPV should always be within given minimum and

maximum levels, specified with curtailment coefficients as well as CPV inverter:

43



WO 2023/167631 PCT/SG2022/050107

ity ity . i it i ity : ity i
PCPV < ucpvmln (ECPV,maxPcpv,maxvPCPV—inv,max) + (1 - ucpv)mm (P(;pv_maX'PL‘PV—inv,max)v th € T1 (3 25)
it it i it i it : ity i .
PCPV = ucpvmax (ECPV,minPcpv,max' PL‘PV—inv,min) + (1 - ucpv)mln (P(;pv,muxl PCPV—inu,max)' th € Tl

[00185] The curtailed power by CPV may then be derived as:

i,tl _ . L',tl i i,tl
Pepv cur = mln(PCPV,max’ PCPV—inv,max) = Fepy, VH ETY (3.26)

it

[00186] Depending on the curtailment status of CL (u/;') determined by the CO engine
16 or the MPC engine 18, the load can be treated as “fixed” or “curtailable” load. For
example, uéﬁ‘ = 0 indicates that CL cannot be curtailed, which implies that CL is in fact
a fixed load; hence, it is considered as a fixed load in the RPC engine 20.
[00187] For each CL in the set of CLs, i.e., Vi € CL:
[00188] There is a curtailment cost associated with the curtailed power by load,
defined as:

Qhpeur = ¢l ) Pift, 4t (8:27)

teT

[00189] The power generated by the CL should always be within given minimum and

maximum levels, specified with minimum and maximum curtailment coefficient:

i,tl i i,l’l _ i,tl i,fl i,tl i,tl i i,l'l 328
Ucy €cLminfermax T (1 = W) Pelmax < Fei” < U €cLmaxFelmax T ( )
_ i,tl i,tl
(1 uCL PCL,max s th € Tl

[00190] The curtailed load power by CL may then be derived as:

Lty _ plt it
PCL,cur - PCL,max - PCL , VL ETY (3-29)

[00191] Itis to be noted that u4. is not a decision variable in the RPC engine 20. To
determine uZ%., both results from the MPC engine 18 as well as actual measured data
from GT will be used.

[00192] The GT's operating cost is modeled as a convex piecewise linear function, as

a summation across the RPC engine’s scheduling horizon:
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Q(i}T,G = Z ch;;lc (3.30)

tiET)

[00193] The operating cost in each interval t, Qé?a is modeled as a piece-wise linear

function with parameter segment sets of Pi;; and Ciy;. With the index set L g
denoting the segment sets of the piecewise linear function and [ denoting the segment
index, the operating cost can be formulated using a set of linear inequalities as follows:
, cit  —cit . . (3.31)
,t GT,G GT,G , 1 1
ore = ( il -1 (Per = Perg) + Core | At V1
PGT,G - PGT,G

€2 L) vt ET

[00194] The cost of deviation from power references provided by the MPC engine 18
(only in Mode II)

i ; it it
Q(L;T,ref = Ccl;T,ref 2 |PGT1 - PGT,lMPC (3.32)

ey

[00195] The cost function Qé”ef is nonlinear. To linearize the problem, we replace the

above cost with the following cost function, with additional constraints added to the
constraints which will be described later:

i i it
QCL;T,ref = C(";T,ref Z y(l;Tfref (333)

tET)

[00196] The GT’s power should always be within given minimum and maximum power

limits, as follows:
i,t; pl.ty it it pl.ty
utP, < Pt S ugltP VG, €T, (3.34)

GT,min — GT,max’

[00197] The GT cannot increase or decrease its power instantly. There are ramp up
and down limits for its power change, defined through the following constraints:

Pitt — PA Tt < AtREry Y €T (3.35)
P(;"?El_l - PGL"YEZ < Ath(L:?T,down 4 th € Tl (336)
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[00198] Additional constraints for linearization of cost function Q(";T,ref:

it it Lt
yGTfref > (Pgr' — Pormpe), VO ETy 3.37)
Lt Lt Lt .
yGTfref > —(Pr' = Porupc) YR ETy

[00199] As previously described, the CO engine 16 in the cloud solves a
comprehensive optimization problem and the following optimal values are transferred to
the edge to be used in MPC engine 18 for the mathematical models described above:

e Operational modes of the BESSs and their regulation power capacities

¢ BESS charging and discharging power, acting as power references in the MPC
engine 18

e CPV curtailment on/off status

e CL curtailment on/off status

¢ GT scheduled power and activation status

[00200] Specifically, the data transfer from the CO engine 16 in cloud to the MPC
engine 18 in in the edge, Vi € ES, Vi € CPV, Vi € CL, Vi € GT, is given in Table 17 below:

Symbol Description Unit Range Type
BESS-Related Data: Time-series data of size T,
Lty BESS operational mode indicator, 1: energy - {0, 13} B
ESE . .
scheduling, O: not activated
Lty BESS operational mode indicator, 1: - {0,1} B
ES,R . .
frequency regulation, 0: not activated
PE"?}% BESS regulation power capacity MW [0,0) C
pltu BESS discharging power for energy MW [0,0) C
ESEd .
scheduling
P;étzfsc BESS charging power for energy scheduling MW [0,0) C
CPV-Related Data: Time-series data of size T,
ué;lf;f/ Curtailment on/off status, 1: on, O: off - {0,1} B
CL-Related Data: Time-series data of size T,
ulczu Curtailment on/off status, 1: on, O: off - {0,1} B
GT-Related Data: Time-series data of size T,
pci%fu GT scheduled power references MW [0,0) C
ué?‘ GT activation status - {0,1} B
Table 17

[00201] Specifically, the data transfer from the MPC engine 18 to the RPC engine 20,
Vi € ES, Vi € CPV, Vi € CL, Vi € GT, is given in Table 18 below:
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Symbol Description Unit Range Type
BESS-related data
le;'éE BESS operational mode indicator, — {0,1}
(palrameter 1: energy scheduling, 0: not B
fE'.ZR BESS operational mode indicator, — {0,1} B
(pa,rameter 1. frequency regulation, 0: not
in RPC) activated
pE‘Sf & BESS regulation power capacity MW [0, 0) C
pbf':ngd BESS discharging power MW [0, 00) C
w reference for energy scheduling
p;:;EC BESS charging power reference MW (-, 0] C
- for energy scheduling
p;&fsoc min Minimum BESS charging power MW (-0, 0] C
T complying SOC limitations
PH omax Maximum BESS discharging MW [0,0) C
s power complying SOC limitations
CPV-related data: Time-series data of size T
uglgv Curtailment status, 1: on, 0: off - {0,1} B
(parameter
in RPC)
CL-Related Data: Time-series data of size T
ust Curtailment on/off status, 1: on, 0: — {0,1} B
(parameter Off
in RPC)
GT-Related Data: Time-series data of size T
péTf GT scheduled power references MW [0, 00) C
ust GT activation status - {0,1} B
(parameter
in RPC)

Table 18

In other words, the mid-timescale operation planning data 32 includes data that are
already determined by the CO engine 16 or the MPC engine 18 and are fixed in values
when the RPC engine 20 receives them. These data are passed to the RPC engine 20
as parameters and are labeled in Table 18, while the other data not labeled can be re-
optimized again in RPC engine. Examples of the data treated as fixed parameters in
RPC engine 20 include one or more of the binary type data shown in Table 18. It is
possible that these data that are fixed in values may also alternatively or additionally

include one or more continuous type data shown in Table 18. Those skilled in the art
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will also readily appreciate that similar data for other types of DERs may also be
included. Generally, these data that are fixed in values are those that do not change
frequently, i.e., in the next couple of seconds. In this manner, the problem in the RPC
engine 20 can be formulated as a LP optimization problem, the solution of which can be
obtained in a much shorter time compared to the time required for solving the mixed
integer linear programming (MILP) optimization problems in the CO engine 16 and the
MPC engine 18.

[00202] P and P\

ES,soc,min ES,soc,max

in Table 18 are charging and discharging power rates

complying with SOC limitations, respectively, which are calculated in the MPC engine
18 and are imposed on the RPC engine 20:

VieES teT
pit _ CAPZEIS(SOCéS,max_SOCég‘,actual) (4.1)
ES,soc,min — —y max n;ss,cAt ,0), :
it _ CAPLEIS(SOCIL;‘S,actual_Socég,min) 4.2
PES,soc.max =Yy max At ) 0 , ( ) )
"1iss,d

[00203] where 0 <y <1 is a safety factor to account for inaccuracies in measured
and calculated data. These two limits are required in the RPC engine 20, as it does not
model SOC constraints.
[00204] Data from Device to Optimization Engines - battery management system
(BMS) (not shown)
[00205] The CO and MPC engines 16, 18 execute energy scheduling in
days/hours/minutes. However, the electrical power system additionally needs to balance
the real-time generation and demand in second/milli-second resolution through DERS’
controllers. For example, BMS can practically help to realize this balance. In addition,
the RPC engine 20 utilizes the BESSs to follow the grid control signals in seconds.
Consequently, the SOC levels of the BESSs may be changed by both the RPC engine
20 and the BMS (not shown). In order for the CO and MPC engines 16, 18 to output
feasible solutions for energy scheduling, SOC updates from the BMS need to be
feedbacked to both the CO and MPC engines 16, 18 prior to their triggering and
scheduling for the future time slots by setting SOCL™" = SOCES 4cruar-
[00206] The data transferred from the BMS to the CO and MPC engines 16, 18, Vi €
ES, is shown in Table 19 below:
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Symbol Description Unit Range Type
BESS actual

Socéé,actual SOC - [0,1] C
Table 19

[00207] As mentioned previously, the CO and MPC engines 16, 18 are executed with
different time frequencies. For example, the CO engine 16 may be called once every 30
minutes while the MPC engine 18 may be scheduled to run once every 1 minute. The
BESS SOC will be measured and stored in the database frequently (e.g., every 10
seconds) and the CO and MPC engines 16, 18 will read it prior to their execution.

[00208] Furthermore, both CO and MPC engines 16, 18 require actual operating

power of the GTs P(;"'Ttyactual in order to comply with ramp-up and ramp-down constraints.

The time of the latest activation status change T

T switen 1S @ls0 required by the CO engine

16 and MPC engine 18 (operating in Mode 1) for applying activation on/off
duration constraints. These data should be provided to the CO and MPC engines 16, 18
prior to each execution.

[00209] Once Pé'{actual is received, it will be taken as the GT initial power in the CO
and MPC engines 16, 18. Based on this actual power measurement, the on/off status of
GT can be revealed (e.g., positive value indicates the GT is on, zero value indicates the
GT is off). Besides, GT’s actual on/off status together with Té{switch will be used to

determine the initial on/off duration of the GTs. These initializations are shown as follow:

i,0 _ pit
. . PGT _ PGT,actual! ] ] (43)
if Pr > 0, then ugy = 1, Tgron = t° = Ter auwieen Taropr = 0- (4.4)
if PGL’IE) = 0! then uf;g = 0! T(?’l("),off = to - T(é:lg,switch’ T(;'T("),on = 0. (45)

[00210] As mentioned earlier, the CO and MPC engines 16, 18 are executed with
different time frequencies and the actual state data will be measured and stored in the
database frequently (e.g., every 10 seconds) and the CO and MPC engines 16, 18 will
read it whenever needed, prior to their execution.

[00211] The data transferred from the GT controllers (not shown) to the CO and MPC
engines 16, 18, Vi € GT is shown in Table 20 below:

‘Symbol Description Unit Range Type
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PY sewa  GT actual power MW  [0,00) C
TE ien  THetime of the latest GT - - D
activation status change
Table 20

[00212] As previously described, the real-time predictor (RTP) 14 runs on the edge to
generate the blended forecast data 28 such as solar generation and load, based on 1)
forecast data provided from the cloud and 2) actual measured data of solar generation
and load. After the forecast data from the cloud is interpolated by the data interpolator
21, the actual measured value is blended into the interpolated forecast data 26 in the
RTP 14. The inputs to the RTP include the following:

° Interpolated forecast data 26 over a given time horizon (e.g., solar generation
forecasts)
° Current actual value (e.g., for solar generation, this is the current measured output

of solar PVs)

) Blending configuration, which determines the weights to be applied on the current
actual value and on the forecasts from the cloud for blending the data.

[00213] The output of the RTP 14 is stored in the database 27 as timeseries data to
be used by the MPC and RPC engines 18, 20. The blending function in the RTP 14
blends the real-time measured value with the interpolated forecast data 26 in order to
generate more realistic forecast values. The input interpolated forecast data 26 should
have the same time resolution and time window as required by the MPC and RPC
engines 18, 20.

[00214] A blending coefficient in the blending function of the RTP 14 decides the
weights of the measured value and the interpolated forecast value 26 in the final output
of the blending function. In a linear decay blending method, the blending coefficient
(weight for real-time measurement) linearly decreases with time. Thus, a timepoint closer
to current time point will have a higher weight for the real-time measured value compared
with the timepoints further away from the current time point.

[00215] A blending rate with linear decay may be derived as

b tgnd_tgtart T
=a X—"—Vt €
t tgnd_t;tart’ ’ (46)

where tf, .. and tt,; are the start and end time of time slot ¢, respectively.
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[00216] The blended output may then be given by:

Zy = bL’ X:yt‘l'(l_bt) th,VL'ET, (47)

where y, is the predicted data based on actual measured data and x, is the forecast
data.

[00217] Advantageously, the energy management system 2 with its RPC engine 20 is
able to respond to real-time energy and regulation signals in seconds, as the integer

decision variables, e.g., GT activation status (u(i;';), BESS operational modes (

52';,5, fé';R) have already been optimized and determined by the CO engine 16 or the
MPC engine 18 and the optimization problem in the RPC engine 20 becomes a linear
programming problem; therefore, it is able to provide real-time or almost real-time
operation planning data, i.e., power setpoints 3, for the controllers of the DERs 4. The
optimization engines 16, 18, 20 of the energy management system 2 also take into
consideration uncertainties in the renewable energy generation, load demand, and price
forecasts, when making decisions.
[00218] Although the present invention is described as implemented in the above-
described embodiments, it is not to be construed to be limited as such. It is to be
appreciated that modifications and improvements may be made without departing from
the scope of the present invention.
[00219] For example, although long-timescale is described as day-ahead, long-
timescale can also be shorter or longer than a day. For example, long-timescale can
also be as short as an hour-ahead or as long as days or even weeks ahead. And
accordingly, mid-timescale may be minutes- ahead or a day or more ahead when the
long-timescale is an hour-ahead or days-ahead as long as it is shorter in duration than
the long-timescale.
[00220] As another example, the data interpolator 21 can be based on several
interpolation techniques, such as linear interpolation or polynomial interpolation,
amongst others.
[00221] As another example, the RTP 14 can be based on several blending
technigues, such as flat or linear decay blending methods, amongst others.
[00222] As another example, the RTP 14 can be made optional. Without the RTP 14,
the energy management system 2 can still operate with the required data for the MPC
engine 18 and the RPC engine 20 coming from the data interpolator 12 and the DERs 4
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measured data. There may be some potential performance degradation in terms of cost
minimization.

[00223] Other types of DERs can be modeled and be then supported by the proposed
framework. The considered DERs are for the purpose of exposition only.

[00224] It should be further appreciated by the person skilled in the art that one or
more of the above modifications or improvements, not being mutually exclusive, may be

further combined to form yet further embodiments of the present invention.
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CLAIMS

1.

A multi-timescale coordinated optimization scheduling method for an electrical

power system including a plurality of distributed energy resources (DERS), the method

comprising:

2.

performing, via cloud computing, long-timescale optimization scheduling for
the electrical power system based at least on forecast data to obtain long-
timescale operation planning data;

determining if the long-timescale operation planning data is available;

performing, via edge computing, mid-timescale optimization scheduling for
the electrical power system by solving a first optimization problem based on the
long-timescale operation planning data and measured data of the plurality of DERs
to obtain mid-timescale operation planning data when it is determined that the
long-timescale operation planning data is available;

performing, via edge computing, the mid-timescale optimization scheduling
for the electrical power system by solving a second optimization problem based
on forecast data and the measured data of the plurality of DERs to obtain the mid-
timescale operation planning data when it is determined that the long-timescale
operation planning data is not available, the second optimization problem is
different from the first optimization problem; and

performing, via edge computing, at least close to real-time optimization
scheduling for the electrical power system based on the mid-timescale operation
planning data, the measured data of the plurality of DERs and grid signals of the
electrical power system to obtain short-timescale power setpoints for the plurality
of DERS;

wherein the long-timescale is a first timescale that is longer than the mid-
timescale, the mid-timescale is a second timescale that is longer than the short-
timescale, and the short-timescale is a third timescale that is shortest of the first

timescale, the second timescale and the third timescale.

The multi-timescale coordinated optimization scheduling method according to

Claim 1, wherein

53



the first optimization problem is defined by:

Quee + Queunc + Ziers(Qkscyc + Qés,dev) + Yiecpv Qcpv pen t Ziect Qcrcur +
Yieet (Qcrc + Qérres)

and the second optimization problem is defined by:

Quer + Qugunc T+ Z (Qgs.cyc — Qesrr) + Z Qcpvpen T+ Z QeLcur
i€ES i€CPV ieCL

+ z (QéT,G + QéT,SU)
i€GT

wherein
Qug £ IS @an energy procurement cost;
Quc.unc IS @an uncontracted capacity cost;
Qépv,pen Is a curtailable photovoltaic (CPV) penalty cost;
QéL,Cur is a controllable load (CL) curtailment cost;
Q,és,cyc Is a battery energy storage system (BESS) cycling aging cost;
QES,FR is a BESS regulation capacity revenue;
QLsaev IS @ BESS cost of deviation from engine charging/discharging
power references for long-timescale optimization scheduling;
Qém is a gas turbine (GT) operation cost;
QET,SU is a GT startup cost; and
Qé”ef is a GT cost of deviation from engine power references for long-

timescale optimization scheduling.

3. The multi-timescale coordinated optimization scheduling method according to
Claim 1 or Claim 2, further comprising:
obtaining interpolated long-timescale operation planning data based on the
long-timescale operation planning data; and
wherein performing, via edge computing, mid-timescale optimization

scheduling for the electrical power system by solving a first optimization problem
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4.

based on the long-timescale operation planning data and measured data of the
plurality of DERSs to obtain mid-timescale operation planning data comprises
performing, via edge computing, the mid-timescale optimization scheduling
for the electrical power system by solving the first optimization problem based on
the interpolated long-timescale operation planning data, and the measured data

of the plurality of DERs to obtain the mid-timescale operation planning data.

The multi-timescale coordinated optimization scheduling method according to

Claim 3, further comprising:

5.

obtaining interpolated forecast data based on the forecast data; and

obtaining blended forecast data based on the interpolated forecast data and
the measured data of the plurality of DERs; and

wherein performing, via edge computing, the mid-timescale optimization
scheduling for the electrical power system by solving the first optimization problem
based on the interpolated long-timescale operation planning data and the
measured data of the plurality of DERs to obtain the mid-timescale operation
planning data comprises

performing, via edge computing, the mid-timescale optimization scheduling
for the electrical power system by solving the first optimization problem based on
the interpolated long-timescale operation planning data, the blended forecast data
and the measured data of the plurality of DERs to obtain the mid-timescale

operation planning data.

The multi-timescale coordinated optimization scheduling method according to

Claim 4, wherein obtaining at least one of the interpolated forecast data and the

interpolated long-timescale operation planning data is performed asynchronously from

the mid-timescale optimization scheduling.

6.

The multi-timescale coordinated optimization scheduling method according to any

one of the preceding claims, wherein performing the mid-timescale optimization

scheduling comprises performing Model Predictive Control (MPC)-based mid-timescale

optimization scheduling.
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7. The multi-timescale coordinated optimization scheduling method according to any
one of the preceding claims, wherein the long-timescale operation planning data
comprises at least an hour-ahead planning data.

8. The multi-timescale coordinated optimization scheduling method according to
Claim 8, wherein the mid-timescale operation planning data comprises at least a minute-
ahead operation planning data corresponding to the at least an hour-ahead planning

data.

9. The multi-timescale coordinated optimization scheduling method according to any
one of the preceding claims, wherein the forecast data comprises at least one of price,

load and renewable energy generation forecast data.

10.  An electrical power system comprising:

a plurality of distributed energy resources (DERS); and

an energy management system comprising:

a cloud computing-based long-timescale scheduler for long-timescale
optimization scheduling of the electrical power system based on forecast data to
obtain a long-timescale operation planning data;

an edge computing-based mid-timescale scheduler for mid-timescale
optimization scheduling of the electrical power system to obtain mid-timescale
operation planning data, wherein

the mid-timescale optimization scheduling is performed by solving a
first optimization problem based on the long-timescale operation planning
data and measured data of the plurality of DERs if it is determined that the
long-timescale operation planning data is available;

the mid-timescale optimization scheduling is performed by solving a
second optimization problem based on forecast data and the measured
data of the plurality of DERs if it is determined that the long-timescale
operation planning data is not available, the second optimization problem is

different from the first optimization problem; and
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11.

an edge computing-based real-time scheduler for at least close to real-time
optimization scheduling of the electrical power system based on the the mid-
timescale operation planning data, the measured data of the plurality of DERs and
grid signals of the electrical power system to obtain short-timescale power
setpoints for the plurality of DERS;

wherein the long-timescale is a first timescale that is longer than the mid-
timescale, the mid-timescale is a second timescale that is longer than the short-
timescale, and the short-timescale is a third timescale that is shortest of the first

timescale, the second timescale and the third timescale.

The electrical power system according to Claim 10, wherein
the first optimization problem is defined by:

QUG,E + QUG,unc + ZieES( Qllz"S,cyc + Ql?‘S,dev) +' ZieCPV Qé‘PV,pen + ZieCL Qé‘L,cur +
Yieet (Qcrc + Qérref)

and the second optimization problem is defined by:

QUG,E + QUG,unc + Z (Qllz"s,cyc - QIL:"S,FR) + Z Qé‘PV,pen + Z Qé‘L,cur
i€ES ieCPV ieCL

+ Z (Q¢rc + Qcrsu)
i€GT

wherein
Que £ IS @an energy procurement cost;
Quc.unc 1S @n uncontracted capacity cost;
QépV,pen Is a curtailable photovoltaic (CPV) penalty cost;
QéL,CW is a controllable load (CL) curtailment cost;
Q,és,cyc is a battery energy storage system (BESS) cycling aging cost;
QES,FR is a BESS regulation capacity revenue;
Q,gs,dev is a BESS cost of deviation from engine charging/discharging
power references for long-timescale optimization scheduling;

QéT’G is a gas turbine (GT) operation cost;
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Q};T,SU is a GT startup cost; and
Q(i;”ef is a GT cost of deviation from engine power references for long-

timescale optimization scheduling.

12.  The electrical power system according to Claim 10 or Claim 11, further comprising:
a data interpolator for obtaining interpolated long-timescale operation
planning data based on the long-timescale operation planning data; and
wherein performing the mid-timescale optimization scheduling by solving
the first optimization problem based on the long-timescale operation planning data
and the measured data of the plurality of DERs if it is determined that the long-
timescale operation planning data is available comprises
performing the mid-timescale optimization scheduling by solving the first
optimization problem based on the interpolated long-timescale operation planning
data, and the measured data of the plurality of DERs if it is determined that the

long-timescale operation planning data is available.

13. The electrical power system according to Claim 12, wherein:

the data interpolator further obtains interpolated forecast data based on the
forecast data; and

wherein performing the mid-timescale optimization scheduling by solving
the first optimization problem based on the interpolated long-timescale operation
planning data and the measured data of the plurality of DERs if it is determined
that the long-timescale operation planning data is available comprises

performing the mid-timescale optimization scheduling by solving the first
optimization problem based on the interpolated long-timescale operation planning
data, the interpolated forecast data and the measured data of the plurality of DERs

if it is determined that the long-timescale operation planning data is available.
14.  The electrical power system according to Claim 13, wherein the data interpolator

obtains at least one of the interpolated forecast data and the interpolated long-timescale

operation planning data asynchronously from the mid-timescale optimization scheduling.
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15. The electrical power system according to any one of Claims 10-14, wherein the
mid-timescale optimization scheduling comprises Model Predictive Control (MPC)-based

mid-timescale optimization scheduling.

16. The electrical power system according to any one of Claims 10-15, wherein the

long-timescale operation planning data comprises at least one hour-ahead planning data.

17. The electrical power system according to Claim 17, wherein the mid-timescale
operation planning data comprises at least a minute-ahead operation planning data

corresponding to the at least one hour-ahead planning data.
18.  The electrical power system according to any one of Claims 10-17, wherein the

forecast data comprises at least one of price, load and renewable energy generation

forecast data.
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