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HYBRID POWER PLANT

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to Indian Provisional Application

201841047089 filed on December 12, 2018 titled “Full Time Renewable Energy Based

Power Plant,” the entire contents of which are hereby incorporated herein by reference.

TECHNICAL FIELD

[0002] Embodiments of the present specification generally relate to a renewable energy

based hybrid power plant and in particular, to a control system for the renewable energy

based hybrid power plant.

BACKGROUND

[0003] Conventional power plants, such as fossil-fuel plants, generally rely on known

energy production capacity and demand forecasts to control the plant’s energy production,

or that of multiple power plants. Renewable power plants, such as wind turbines or

photovoltaic arrays, are generally more difficult to manage due to the inherent uncertainty

in their energy source, e.g., wind and sunlight. When numerous power sources of various

types are combined into a hybrid power plant that services a variety of consumers, or

subscribers, with unique and ever-changing needs, managing power generation and storage

within the hybrid power plant becomes more challenging.

DRAWINGS

[0004] These and other features, aspects, and advantages of the present specification

will become better understood when the following detailed description is read with

reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:

[0005] FIG. 1 is a block diagram representation of a renewable energy based hybrid

power plant, in accordance with one embodiment of the present specification;



[0006] FIGs. 2A-2H show block diagram representations of example configurations of

power sources in the hybrid power plant of FIG. 1, in accordance with one embodiment of

the present specification;

[0007] FIG. 3 is a block diagram representation of a control system for a hybrid power

plant, in accordance with one embodiment of the present specification;

[0008] FIG. 4 is a block diagram representation of a multi-plant control system, in

accordance with one embodiment of the present specification;

[0009] FIG. 5 is a block diagram representation of a control system for a hybrid power

plant, in accordance with one embodiment of the present specification;

[0010] FIG. 6 is a block diagram representation of an example control system for a

hybrid power plant, in accordance with one embodiment of the present specification;

[0011] FIG. 7 is a graphical representation showing a normalized mean load demand

trend;

[0012] FIG. 8 is a graphical representation indicating how a power may be generated in

a load following manner, in accordance with aspects of the present specification;

[0013] FIG. 9 is a system for facilitating a load following power generation in a hybrid

power plant, in accordance with one embodiment of the present specification;

[0014] FIG. 10 is a graphical representation illustrating a load following strategy for a

hybrid power plant, in accordance with one embodiment of the present specification;

[0015] FIG. 11 is a flow diagram of a method for generating power in a load following

manner, in accordance with one embodiment of the present specification;

[0016] FIG. 12 is a flow diagram showing a method steps of a Day Ahead Scheduler

stage of FIG. 11, in accordance with one embodiment of the present specification;

[0017] FIG. 13 is a flow diagram showing a method steps of an intra-day MPC based

approach stage of FIG. 11, in accordance with one embodiment of the present

specification;



[0018] FIG. 14 is a graphical representation showing a load demand over a day and

during various short forecast windows, in accordance with one embodiment of the present

specification; and

[0019] FIG. 15 is a graphical representation showing uncertainty about MPC based

short term forecast values of the power generation.

DETAILED DESCRIPTION

[0020] In an effort to provide a concise description of these embodiments, all features of

an actual implementation may not be described in the specification. It should be

appreciated that in the development of any such actual implementation, as in any

engineering or design project, numerous implementation-specific decisions may be made to

achieve the developer’s specific goals such as compliance with system-related and

business-related constraints.

[0021] When describing elements of the various embodiments of the present

specification, the articles “a”, “an”, and “the” are intended to mean that there are one or

more of the elements. The terms “comprising”, “including” and “having” are intended to be

inclusive and mean that there may be additional elements other than the listed elements.

[0022] As used herein, the terms “may” and “may be” indicate a possibility of an

occurrence within a set of circumstances; a possession of a specified property,

characteristic or function; and/or qualify another verb by expressing one or more of an

ability, capability, or possibility associated with the qualified verb. Accordingly, usage of

“may” and “may be” indicates that a modified term is apparently appropriate, capable, or

suitable for an indicated capacity, function, or usage, while taking into account that in some

circumstances, the modified term may sometimes not be appropriate, capable, or suitable.

[0023] FIG. 1 is a block diagram representation of a renewable energy based hybrid

power plant 100, in accordance with one embodiment of the present specification. In some

embodiments, the renewable energy based hybrid power plant 100 may include one or

more power sources. The power sources may include one or more wind turbines 102, one

or more photovoltaic (PV) modules 104, a set of energy storage devices 106, and other type



of power generation sources (e.g., hydro-turbines, coal based power plants, gas turbines, or

combinations thereof - not shown).

[0024] In some embodiments, the wind turbines 102 may be installed in one or more

clusters. Such clusters of the wind turbines 102 may individually or collectively be referred

to as a wind farm. The wind turbines 102 are capable of generating electricity based on

wind energy.

[0025] Further, in certain cases, multiple PV modules 104 may be arranged in a solar

power park. The PV modules 104 are configured to generate electricity depending on a

time of the day, solar insolation, weather conditions, and the like. The PV modules 104

may be arranged in a series combination, in a parallel combination, or in a series parallel

combination in the solar power park. Each of the PV modules 104 may include one or more

PV panels that are arranged in a series combination, in a parallel combination, or in a series

parallel combination. Further, the set of energy storage devices 106 may include one more

batteries, capacitors, flywheel based energy storage systems, pumped-hydro energy storage

systems, or combinations thereof. In the description hereinafter, the terms “energy storage

device” and “battery” are interchangeably used.

[0026] Moreover, the power sources of FIG. 1 may be interconnected in a variety of

configurations, without limiting a scope of the present specification. Some such example

configurations of the power sources of FIG. 1 are depicted in FIGs. 2A-2H. During

operation of the hybrid power plant 100, the electrical power generated by one or more of

these power sources may be supplied to a power grid 108 and/or one or more electrical

loads via a point of interconnect (POI) 110. By way of example, the power grid 108 may be

a utility power grid or a micro-grid. The power sources may be connected to the power grid

108 or the electrical loads at the POI 110.

[0027] FIGs. 2A-2H show block diagram representations of example configurations of

power sources in the hybrid power plant 100 of FIG. 1, in accordance with one

embodiment of the present specification. By way of example, FIG. 2A shows a block

diagram representation of an example configuration depicting connection of one example

wind turbine 102 in the hybrid power plant 100 of FIG. 1. As depicted in FIG. 2A, the wind

turbine 102 may be connected to the POI 110 via a doubly -fed induction generator (DFIG)



202. In particular, a stator winding 204 of the DFIG 202 may be connected to a farm cable

206 via a transformer 208 and a rotor winding 210 of the DFIG 202 may be connected to

the stator winding 204 via a rotor-side converter 212 and a line-side converter 214. The

rotor-side converter 212 is coupled to the line-side converter 214 via a direct current (DC)

link 216. By way of example, the rotor-side converter 212 and the line-side converters 214

may be bidirectional AC-DC converters.

[0028] Further, FIG. 2B shows a block diagram representation of an example

configuration depicting connection of a couple of example PV modules 104 in the hybrid

power plant 100 of FIG. 1. As depicted in FIG. 2B, the PV modules 104 may be connected

to the POI 110 via a DC-AC converter 218. The DC-AC converter 218 is configured to

convert DC power generated by the PV modules 104 into an AC power suitable to be

supplied to the POI 110.

[0029] Furthermore, FIG. 2C shows a block diagram representation of an example

configuration depicting connection of the set of energy storage devices 106 (e.g., batteries)

in the hybrid power plant 100 of FIG. 1. As depicted in FIG. 2C, the energy storage devices

106 may be connected to the POI 110 via a bidirectional DC-AC converter 220. The

bidirectional DC-AC converter 220 is configured to convert DC power received from the

energy storage devices 106 into the AC power suitable to be supplied to the POI 110

whenever required. Also, in some embodiments, the energy storage devices 106 may be

charged via the bidirectional DC-AC converter 220.

[0030] Moreover, FIG. 2D shows a block diagram representation of an example

configuration depicting connection of the example wind turbine 102 and a couple of PV

modules 104 in the hybrid power plant 100 of FIG. 1. For example, the wind turbine 102

may be connected to the POI 110 in a similar fashion as shown in FIG. 2A. Further, the PV

modules 104 may be connected to the DC-link 216 between the rotor-side converter 212

and the line-side converter 214 via a DC-DC converter 222. Similarly, FIG. 2E shows a

block diagram representation of an example configuration depicting connection of the

example wind turbine 102 and the set of energy storage devices 106 in the hybrid power

plant 100 of FIG. 1. For example, the wind turbine 102 may be connected to the POI 110 in

a similar fashion as shown in FIG. 2A. Further, the energy storage devices 106 may be



connected to the DC-link 216 between the rotor-side converter 212 and the line-side

converter 214 directly or via a DC-DC converter 224.

[0031] Further, FIG. 2F shows a block diagram representation of an example

configuration depicting connection of the example wind turbine 102, the couple of PV

modules 104, and the set of energy storage devices 106 in the hybrid power plant 100 of

FIG. 1. For example, in the configuration of FIG. 2F, the wind turbine 102 and the PV

modules 104 are connected to each other in a similar fashion as shown in FIG. 2D.

Additionally, the energy storage devices 106 may be connected to the POI 110 in the

similar fashion as shown in FIG. 2C.

[0032] Furthermore, FIG. 2G shows a block diagram representation of another example

configuration depicting connection of the example wind turbine 102, the couple of PV

modules 104, and the set of energy storage devices 106 in the hybrid power plant 100 of

FIG. 1. For example, in the configuration of FIG. 2G, the wind turbine 102 and the PV

modules 104 are connected to each other in a similar fashion as shown in FIG. 2D.

Additionally, the energy storage devices 106 may be connected to the line-side converter

214 (or the stator winding 204 of the DFIG 202) via a DC-DC converter 226 as shown in

FIG. 2G.

[0033] Moreover, FIG. 2H shows a block diagram representation of yet another

example configuration depicting connection of the example wind turbine 102, the couple of

PV modules 104, and the set of energy storage devices 106 in the hybrid power plant 100

of FIG. 1. For example, in the configuration of FIG. 2G, the wind turbine 102 may be

connected to the POI 110 in a similar fashion as shown in FIG. 2A. Additionally, both the

PV modules 104 and the energy storage devices 106 may be connected to the DC-link 216

between the line-side converter 214 and the rotor-side converter 212 via the respective DC-

DC converters 228 and 230 as shown in FIG. 2H.

[0034] Further, in some embodiments, the integration of the power sources in these

configurations depicted in FIGs. 1 and 2A-2H enhances control of power dispatch, a load

following power generation, reduces wastage of power generation from the PV modules

104, and/or improves life time of the energy storage devices 106 in the hybrid power plant

100. Further, it is to be noted that, the configurations shown in FIGs. 1 and 2A-2H are non-



limiting. The power sources may be connected in any suitable arrangement to achieve

required power demand and other system requirements.

[0035] Moving now to FIG. 3, a block diagram representation of a control system 300

for the hybrid power plant 100 of FIG. 1 is presented, in accordance with one embodiment

of the present specification. The control system 300 of FIG. 3 may be operatively coupled

to the hybrid power plant, for example, the hybrid power plant 100 of FIG. 1. By way of a

non-limiting example, the control system 300 of FIG. 3 includes one or more of a wind

farm controller 302, a solar plant controller 304, an energy storage plant controller 306, or

a hybrid plant controller 308.

[0036] In some embodiments, the wind farm controller 302 may be operatively coupled

to one or more wind turbines 102 (shown in FIG. 1) and configured to control operations of

the one or more wind turbines 102. Further, the solar plant controller 304 may be

operatively coupled to one or more PV modules 104 (shown in FIG. 1), a string of PV

modules 104, or combinations thereof disposed in the solar power park. The solar plant

controller 304 may be configured to control operations of the PV modules 104, the string of

PV modules 104, or combinations thereof. Moreover, the energy storage plant controller

306 may be operatively coupled to the set of energy storage devices 106 (e.g., batteries,

shown in FIG. 1) configured to control charging and discharging of the set of energy

storage devices 106.

[0037] Further, the hybrid plant controller 308 is operatively coupled to the wind farm

controller 302, the solar plant controller 304, and the energy storage plant controller 306

and configured to control operations thereof. In particular, the hybrid plant controller 308

may be configured to distribute set-points to the wind farm controller 302, the solar plant

controller 304, and the energy storage plant controller 306. In the embodiment of FIG. 3,

the hybrid plant controller 308 is shown separately from the wind farm controller 302, the

solar plant controller 304, and the energy storage plant controller 306. In some other

embodiments, any of the wind farm controller 302, the solar plant controller 304, and the

energy storage plant controller 306 may be configured to be operated as the hybrid plant

controller 308.



[0038] In some embodiments, one or more of the wind farm controller 302, the solar

plant controller 304, the energy storage plant controller 306, or the hybrid plant controller

308 may individually include a specially programmed general-purpose computer, an

electronic processor such as a microprocessor, a digital signal processor, and/or a

microcontroller. Further, the wind farm controller 302, the solar plant controller 304, the

energy storage plant controller 306, or the hybrid plant controller 308 may include

input/output ports, and a storage medium, such as an electronic memory. Various examples

of the microprocessor include, but are not limited to, a reduced instruction set computing

(RISC) architecture type microprocessor or a complex instruction set computing (CISC)

architecture type microprocessor. Further, the microprocessor may be a single-core type or

multi-core type. Alternatively, one or more of the wind farm controller 302, the solar plant

controller 304, the energy storage plant controller 306, or the hybrid plant controller 308

may be implemented as hardware elements such as circuit boards with processors or as

software running on a processor such as a personal computer (PC), or a microcontroller.

Details of the operations performed by the hybrid plant controller 308 is described in

conjunction with FIGs. 5-15.

[0039] FIG. 4 is a block diagram representation of a multi-plant control system 400, in

accordance with one embodiment of the present specification. By way of example, the

multi-plant control system 400 may include a plurally of hybrid plant controllers 308,

where each hybrid plant controller 308 may be similar to the hybrid plant controller 308

described in FIG. 3 and configured to control operations of one or more of the wind farm

controller 302, the solar plant controller 304, and the energy storage plant controller 306

disposed in the respective hybrid power plant 100. FIG. 4 is shown to include three hybrid

plant controllers 308 - hybrid plant controller-1, hybrid plant controller-2, and hybrid plant

controller-3. Without limiting the scope of the present specification, the multi-plant control

system 400 may also include less than three or more than three such hybrid plant

controllers 308.

[0040] Further, in some embodiments, the multi-plant control system 400 may also

include a multi-plant controller 402. The multi-plant controller 402 may be operatively

coupled to the hybrid plant controllers 308 (e.g., the hybrid plant controllers 1-3) and

configured to control operations thereof. By way of example, the multi-plant controller 402



may be configured receive data from the hybrid plant controllers 308 1-3 and configured to

communicate various set-points to the hybrid plant controllers 308 1-3. Further, in some

embodiments, multi-plant control system 400 of FIG. 4 may not include a separate multi

plant controller 402, instead one of the hybrid plant controllers 308 may be configured to

function as a master controller and other hybrid plant controllers 308 may function as slave

controllers under the supervisory control of the master hybrid plant controller. In such a

configuration, the master hybrid plant controller may function as the multi-plant controller

402.

[0041] In some embodiments, the multi-plant controller 402 may include a specially

programmed general-purpose computer, an electronic processor such as a microprocessor,

a digital signal processor, and/or a microcontroller. Further, the multi-plant controller 402

may include input/output ports, and a storage medium, such as an electronic memory.

Various examples of the microprocessor include, but are not limited to, a reduced

instruction set computing (RISC) architecture type microprocessor or a complex instruction

set computing (CISC) architecture type microprocessor. Further, the microprocessor may

be a single-core type or multi-core type. Alternatively, the multi-plant controller 402 may

be implemented as hardware elements such as circuit boards with processors or as software

running on a processor such as a personal computer (PC), or a microcontroller.

[0042] FIG. 5 is a block diagram representation of a control system 500 for a hybrid

power plant 100, in accordance with one embodiment of the present specification. The

control system 500 of FIG. 5 may include one or more components that are already

described in FIG. 3, the description of which is not repeated herein. By way of a non

limiting example, the control system 500 of FIG. 5 includes one or more of a work station

502, the wind farm controller 302, the solar plant controller 304, the energy storage plant

controller 306, or the hybrid plant controller 308.

[0043] The work station 502 may be coupled to the hybrid plant controller 308. In some

embodiments, the work station 502 may be a server computer that is located at the hybrid

power plant 100 where the hybrid plant controller 308 is located or may be remotely

coupled to the hybrid plant controller 308. By way of example, the work station 502 may

be coupled to the hybrid plant controller 308 via wired or wireless communication links

504. In certain other embodiments, functionalities of the work station 502 may be



implemented in one or more of the wind farm controller 302, the solar plant controller 304,

the energy storage plant controller 306, or the hybrid plant controller 308, without limiting

the scope of the present specification.

[0044] In some embodiments, the work station 502 may include a specially

programmed general-purpose computer, an electronic processor such as a microprocessor,

a digital signal processor, and/or a microcontroller. Further, the work station 502 may

include input/output ports, and a storage medium, such as an electronic memory 506.

Alternatively, the work station 502 may be implemented as hardware elements such as

circuit boards with processors or as software running on a processor such as a personal

computer (PC), or a microcontroller. In some embodiments, the work station 502 may also

be connected to an internet cloud 508, for example, an Amazon Web Services ™ cloud.

[0045] The electronic memory 506 in the work station 502 may include various

program modules including program instructions that can be executed by the processor

disposed in the work station 502. By way of example, the program modules may include a

hypervisor 510, an operating system (OS) 512, data communication adaptors 514, a control

data plane 516, and plant control services modules 518. By way of example, the hypervisor

510 is a known program that isolates process that separates the OS 512 and applications

such as the plant control services modules 518 from the underlying physical hardware.

[0046] The plant control services modules 518 may include one or more of level - 1

services, level-2 services, and level-3 services. Although, only three levels of services are

shown in FIG. 5, the present specification is not limited in this respect and any number of

services may be hosted by the work station 502. These services when executed by the

processor of the work station 502, the work stations 502 may facilitate control and

optimization for various parameters 520 including but not limited to energy storage 522,

power forecasting 524, power dispatch 526, energy accounting 528, market modeling 530,

or combinations thereof.

[0047] In some embodiments, for each parameter 520, the level- 1 services may include

performing certain basic processing to facilitate control of (e.g., for the purpose of

optimizing) the parameter 520. Similarly, for each parameter 520, the level-2 services may

include performing certain advanced level processing to facilitate control of (e.g., for the



purpose of optimizing) the parameter 520. Moreover, for each parameter 520, the level-3

services may include performing certain premium level processing to facilitate control of

(e.g., for the purpose of optimizing) the parameter 520. In some embodiments, the work

station 502 may facilitate a user interface 532 to a user/customer/administrator of the

hybrid power plant 100 with various options to subscribe to one or more services from a

list of level- 1 services, a list of level-2 services, and a list of level-3 services with

appropriate fees or subscription charges. Additional details of the plant control services

modules 518 are described in conjunction with FIG. 6 .

[0048] In some embodiments, depending on the services subscribed by the

user/customer/administrator of the hybrid power plant 100, the work station 502 is

configured to control control/optimize the parameters 520 corresponding to the subscribed

services. By way of a non-limiting example, for the parameter “energy storage” 522, if the

level-2 or level-3 services are not subscribed by the user/customer/administrator of the

hybrid power plant 100, set-points for the energy storage 522 in the hybrid power plant 100

may be determined based on the basic level processing included in the level-1 services.

However, for the parameter “energy accounting” 528, if the level-2 services are subscribed

by the user/customer/administrator of the hybrid power plant 100, the energy accounting

5285 for the hybrid power plant 100 may be performed using the advanced level processing

of the level-2 services corresponding to the energy accounting 528.

[0049] As will be appreciated, these services (e.g., the level -1, level-2 services, and

level-3 services) are distinct in how the corresponding parameters 520 are determined using

additional sensor information from internal (existing asset level data capture buffers)

and/or external sources (weather information, predictions, etc.). Underlying complexity of

the algorithms for these services may increase form basic (e.g., the level-1 services) to

premium (e.g., the level-3 services). In some embodiments, an access or an activation of

the subscription to any of these services may be controlled through a license service. The

license service may be installed at a central location (e.g., a cloud server 508 and/or a

remote operation server) depending on what the customer has subscribed for. In some

embodiments, the activation of the subscription to one or more of the services may be

accomplished via an automated license validation check at a customer’s location against

what is available in a central license configuration for the customer. The services may be



subscribed or unsubscribed by the customer and can be tracked at the central license server.

In certain embodiments, periodic checks may be conducted to ensure that the configuration

at the customer’s location matches against the selected applications to verify usage of the

selected services.

[0050] While the above approach requires a network connection to validate

licenses/subscriptions, in a scenario where network connectivity is poor, or the network

connectivity is not available, subscription may be done manually by the solution provider

after a series of validation stages which may include use of one or more of activation

codes, passwords, virtual private network (VPN) tokens, and the like. In certain other

embodiments, the customer may be able to activate or deactivate services using a

configuration user interface. The configuration user interface may display usage statistics

corresponding to the services and/or corresponding costs for the subscription determined

based on the actual usage of the services.

[0051] FIG. 6 is a block diagram representation of an example control system 600 for a

hybrid power plant 100, in accordance with one embodiment of the present specification.

The control system 600 of FIG. 6 includes one or more blocks similar to the blocks

depicted in FIG. 5, description of which is not repeated herein. In particular, the work

station 502 in the control system 600 of FIG. 6 includes plant control services modules 518

that may provide various services that may be subscribed by the

user/customer/administrator of the hybrid power plant 100 for the parameters 520 such as

energy storage 522, the power forecasting 524, the power dispatch 526, the energy

accounting 528, the market modeling 530, or combinations thereof.

[0052] In some embodiments, by way of example, the level- 1 services for the parameter

- “energy storage” 522 may include performing rule-based processing 602. Using such

rule-based processing 602, a state of charge (SOC) of the set of energy storage devices 106

may be managed using a pre-defmed droop curve where the SOC may be maintained from

drifting towards top of charge or bottom of charge. The droop curve may include a bias to a

battery command to drive the SOC to a desired range. Further, by way of example, the

level- 1 services for the parameter - “power forecasting” 524 may include performing

statistical processing 604. Such statistical processing 604 may be suitable for medium and

short-term forecasts. The statistical processing 604 for power forecasting 524 may use



statistical methods based on autoregressive integrated moving average (ARIMA) that

utilize past data about power generated by the hybrid power plant 100 to predict a power

that can be generated. No additional sensor data other than the ones already available

through a supervisory control and data acquisition (SCADA) data stream may be required.

The limitation of this basic application is when model predictive control (MPC) may be

used or when the look ahead periods are longer. Furthermore, by way of example, the

level- 1 services for the parameter - “power dispatch” 526 may generally include a classical

606 proportional-integral-derivative (PID) based deviation correction using battery and

renewable assets. There may not be any predictive capability in this power dispatch

approach. Also, by way of example, the level-1 services for the parameter - “energy

accounting” 528 may include SCADA and/or E-meter 608. In these basic energy

accounting techniques, a basic display and storage of plant level data in SCADA are

provided. Also, energy is accounted via existing AC energy metering solutions. Moreover,

by way of example, the level-1 services for the parameter - “market modeling” 530 may

include providing basic energy production and feed in 610 at the grid interconnect. This

may also include basic grid features such as firming and frequency response.

[0053] Referring now to the level-2 services, by way of example, the level-2 services

for the parameter - “energy storage” 522 may include the MPC technique/algorithm 612

that allows for optimization of performance requirements and battery life. Advantageously,

this MPC based approach for the energy storage 522 may actively extend battery life while

meeting the power regulation goals. Further, by way of example, the level-2 services for

the parameter - “power forecasting” 524 may include performing statistical processing

described hereinabove and processing 614 based on information received from a global

forecasting system (GFS). Such GFS based processing 614 may be suitable for short,

medium and longer term (e.g., up-to day ahead) for predicting power that can be generated

by the hybrid power plant 100. This level-2 service for power dispatch 526 includes use of

weather data obtained from the GFS and use of various physics-based models to estimate

the power that can be generated by the hybrid power plant. Furthermore, by way of

example, the level-2 services for the parameter - “power dispatch” may generally include

the MPC 616 based approach where the power dispatch is determined based on a predictive

modeling. In such predictive approach, the battery and renewable asset dispatch decisions



are taken based on a short-term prediction. This improves performance and conserves

battery life as compared to using a classical control 606 approach of level- 1. Also, by way

of example, the level-2 services for the parameter - “energy accounting” 528 may include a

loss accounting (LA) 618 technique which accounts for losses, DC metering and estimating

power splits between multiple source points. Moreover, by way of example, the level-2

services for the parameter - “market modeling” 530 may include using “third-party

wheeling” 620 mechanism. The third-party wheeling 620 mechanism may include

scheduling between the hybrid power plant 100 and the load, inclusion of market

mechanisms that enable such transactions (e.g., open access, wheeling, energy banking,

etc.).

[0054] Turning now to the level-3 services, by way of example, the level-3 services for

the parameter - “energy storage” 522 may include accounting 622 for uncertainties in the

MPC algorithm 612 that advantageously prevents excessive cycling on the battery due to

poor look ahead forecast quality. Further, by way of example, the level-3 services for the

parameter - “power forecasting” 524 may include performing an ensemble 624 technique

where a third-party forecasting services may be used in combination with the statistical 604

(e.g., machine learning) and GFS 614 based methods. This approach determines optimal

weights that provide improved forecasting utilizing multiple sources. Furthermore, by way

of example, the level-3 services for the parameter - “power dispatch” 526 may generally

include accounting 626 for uncertainties in the MPC 616 based approach. This improves

robustness of MPC 616 technique by including formulations that explicitly model

uncertainty of forecasts and mitigates detrimental impact of poor forecasts on dispatch

quality. Also, by way of example, the level-3 services for the parameter - “energy

accounting” 528 may use techniques 628 including energy blockchain, renewable purchase

obligation (RPO) accounting, transaction tracking, and tagging using blockchain

technology to enable fleet level energy trade across multiple offtakes. Moreover, by way of

example, the level-3 services for the parameter- market modeling 530 may include

techniques 630 such as peer-to-peer (P2P) trading, sale of power within distribution

network, trading within microgrid, virtual power plant (VPP) based aggregation of multiple

resources.



[0055] By way of example, in some embodiments, in the VPP based aggregation of

multiple resources, multiple resources (e.g., power sources) that are physically connected at

different locations may be aggregated from a controls perspective to meet a common

and/or a distributed power generation goals. An example of such goal may be to serve a

combination of loads with reliable power which may be managed by the control of the

multiple resources leveraging active power controls of the power sources, battery control to

prevent energy spillage or shortage, while also meeting local control requirements such as

maintaining voltage, peak shaving of transformer load and other such requirements. By

such aggregation and a fleet level control of the power sources, a size of energy storage can

be reduced while also having an advantage of a natural leveling of the power generation

due to the distribution of the resources in a wider geographical area. Advantageously, this

VPP based aggregation of multiple resources leads to reduced overall energy costs (for

loads), increased revenue for power sources (sale to off-takers directly) and improved

control of active power at a system level. In certain other embodiments, virtualization of

generation resources can also be achieved at the bulk system level (e.g., at a transmission

level) when a fleet of wind, solar and pumped storage plants are controlled to provide

various services to the grid and the loads.

[0056] In some embodiments, a user interface 532 is displayed on a display screen (not

shown) connected to the work station 502. The user interface 532 may provide various

options for the user/customer/administrator of the hybrid power plant 100 to select one or

more of the above described level-1, level-2, and/or level-3 services. The selected services

may be subscribed by the user/customer/administrator of the hybrid power plant 100 by

paying corresponding subscription fees.

[0057] In the description hereinafter, the MPC based approach is described. The MPC

based approach aids in producing power by the hybrid power plant 100 in a load following

manner.

[0058] Load following refers to the ability of the hybrid power plant 100 to match a

load pattern over a course of an operating day. The key requirement being able to provide

the power when and as needed by a load. In this sense, the hybrid power plant 100 follows

a load demand. As will be appreciated, the electricity prices are directly correlated to load

demand. Advantageously, a capability of being able to procure renewable power that has



been shifted to peak periods helps offset power procurement that may be made during peak

periods from other expensive generation sources.

[0059] In certain countries, for example, India, the demand peak periods are mostly well

defined from a time of day perspective and which occur during 6-9AM and 6-9 PM, for

example. The relative composition of lighting loads in the system plays a major role in

influencing this pattern. The morning peak is typically lower than the much larger evening

peak which may be related directly to the lighting load composition on the system. FIG. 7

depicts graphical representations 700 showing an example normalized mean load demand

trend per hour of day in each month of the year (2017) for the state of Tamil Nadu, for

example. As depicted in the trends depicted in FIG. 7, there are two peaks in the power

demand in a day.

[0060] In a conventional renewable power plant (hybrid or otherwise), no consideration

is generally given to the time of day and the power being generated by the conventional

renewable power plant. Hence, in such a scenario, there may not be a match between the

power generated and the load demand. One such example may be a PV plant which may

not produce power during the entire evening peak period.

[0061] A load following hybrid power generation in accordance with aspects of the

present specification, is be able to control a power output of the hybrid power plant 100 by

using the energy storage in the hybrid power plant 100 to provide a desired level of load

following to meet such peak power demand. FIG. 8 depicts a graphical representation 800

indicating how the power may be generated in a load following manner for example, in a

hybrid power plant having 37.5 MWh energy storage, in accordance with aspects of the

present specification. The extent to which the hybrid power plant 100 can meet the load

following requirement (duration and peaks) will be bound by the storage size and other

balance-of-plant (BOP) limits at plant level. The illustration in FIG. 8 shows a first peak

(i.e., a morning peak) 802 during the day occurring at 6 AM and a second peak (i.e., an

evening peak) 804 occurring at 6 PM. The energy storage devices 106 in the hybrid power

plant 100 may be charged during the low power demand period and discharged to meet the

power demand in the peaks 802 and 804.



[0062] Referring now to FIG. 9, a system 900 for facilitating a load following power

generation in a hybrid power plant 100 is presented, in accordance with one embodiment of

the present specification. The system 900 depicted in FIG. 9 includes various sub-systems

and the interfaces therebetween. The hybrid optimizer 902 determines the optimal storage

dispatch command based on certain real time and historical information. The hybrid

optimizer 902 interfaces with the forecast application 904, the grid interface 906, and the

hybrid plant controller 308. The hybrid optimizer 902 determines the setpoints for the

energy storage based on an economically beneficial or performance metric. Uncertainty in

the plant output may also be accounted for when determining an optimal dispatch. The data

exchange specification is tabulated in tables 1-4.

Table 1: Forecast Application: Data Interface Specification



Table 2: Grid interface: Data Interface Specification

Table 3: Hybrid Optimizer: Data Interface Specification



Table 4: Hybrid Plant Controls: Data Interface Specification



[0063] Referring to the hybrid optimizer 902 again, the hybrid optimizer 902 may

determine an optimal dispatch pattern for energy storage to derive best possible value from

a given storage resource. In some embodiments, the hybrid optimizer 902 may also account

for the uncertainty inherent with power production of the hybrid power plant 100. In the

case of the load following application, the hybrid optimizer 902 may also take into

consideration the need for a more accurate response during peak periods as compared to

non-peak periods while determining the optimal dispatch pattern.

[0064] From a load following perspective, the design intent for the hybrid optimizer 902

is to meet the dispatch as specified in FIG. 10, for example. FIG. 10 depicts a graphical

representation illustrating a load following strategy for the hybrid power plant 100, in

accordance with one embodiment of the present specification. As indicated in FIG. 10, a

sufficient storage capacity may be required to meet the morning and evening peaks. All

other hours during the day are considered “non-peak” and are used as opportunities for

preparing the SOC of the battery with the intent of meeting the peak schedule and to also

counteract deviations against a forecast during the non-peak periods (if economic to do so).

[0065] The load following technique consists of two different stages/steps which may

be executed at different frame rates due to update rates being inherently different. FIG. 11

is a flow diagram of a method for generating power in a load following manner, in

accordance with one embodiment of the present specification. A first stage in FIG. 11

represents a day-ahead scheduling stage where a goal is to determine a power schedule for

the peak periods that can be met by the hybrid power plant 100. This is determined based

on a demand forecast for the system (used to determine an allocation level for power

during peak periods) and the forecasted plant power for the next day. The first stage is

completed one day ahead, with the power schedule for the peak periods being fixed during

operating day. Here is a high-level summary of the first stage:

First Stage - Day Ahead Scheduler

• Determine an optimal schedule for next day based on a forecast

• Performance (lowest deviation from schedule)

• Use load curve form system and scale the energy to follow the shape of the curve

• Peak periods may be given highest priority



• Submit schedule for next day

[0066] FIG. 12 is a flow diagram of the Day Ahead Scheduler, in accordance with one

embodiment of the present specification. The purpose of the day ahead scheduler is to

determine a feasible schedule for next operating day based on forecasted power and

forecasted system demand. The demand profile from the load dispatch center may be used

as a profile that is used to 're-distribute' the forecasted energy from the park. In an ideal

scenario, if the plant output exactly matches this scaled profile, load following power

output may be generated. In certain instances, the size of the energy storage devices

necessary to achieve such load following may be cost prohibitive. Hence, in some

embodiments, the load following behavior of the hybrid power plant 100 may be

configured for a few peak periods where the value to the load dispatch center would be

maximized. The day ahead scheduler is important because it determines the schedule for

the key peak periods. If the schedule is determined to be too high, there may not be

sufficient battery capacity to meet it. On the other hand, if the peak schedule is determined

to be too low, there would be no issue with accuracy, but it would technically not be a peak

if plant power in other intervals exceeds the power during these periods.

[0067] Referring again to FIG. 11, the second stage involves the real time optimal

control stage, where the battery dispatch is determined based on an MPC approach in a

receding horizon formulation. The idea is to determine dispatch of the energy storage

device(s) not only based on current feedback, but also based on a short-term prediction of

future states. This is especially important when the accuracy/value requirements are

different in different intervals. Here is a high-level summary of the second stage:

Second Stage - Intra-day MPC

• Objective is to meet schedule as closely as possible (least deviation)

• Use a model predictive approach (receding horizon form) to predict within day

power

• and determine an optimal battery dispatch

• Short term forecast adjusted based on control goal of meeting peak schedule with

highest compliance



• Solve the optimization problem at finer time steps (at 5 minutes, 10 minutes, 15

minutes, etc.)

• Submit optimal battery dispatch to hybrid/plant/battery controller

• Submit updated intra-day forecasts to regulator, for example, an Independent

System Operator (ISO), a Regional Transmission Operator (RTO), a State Load

Dispatch Center (SLDC), or combinations thereof.

[0068] FIG. 13 is a flow diagram of the intra-day MPC based approach, in accordance

with an embodiment of the present specification. The purpose of the intra-day MPC based

approach/algorithm is to determine the setpoint for storage in real time based on plant

power and storage SOC feedback. The approach is based on MPC and uses current

information and a short forecast window (see FIG. 14) to determine an optimal dispatch for

storage. FIG. 14 is a graphical representation showing the load demand over a day and

during various short forecast windows.

[0069] It may be noted that MPC based short term forecast values of the power

generation may involve certain uncertainties. In some embodiments, the work station 502

may also facilitate accounting for these uncertainties for enhancing overall life of the

energy storage devices 106 used in the hybrid power plant 100. FIG. 15 is a graphical

representation showing uncertainty about MPC based short term forecast values of the

power generation. In accordance with some embodiments, power dispatch setpoints may be

determined based on prediction of the uncertainties to ensure that MPC solution only

impacts dispatch when plant prediction certainty is high. In some embodiments, MPC

solution with uncertainty accounting may be represented by

where (t) is the uncertainty around the plant prediction from MPC.

[0070] Here are some details of determining the uncertainty around the plant prediction

performed using the MPC technique. By way of example, an actual value of

forecast/prediction at any time t can be represented as: where y represents

actual value of forecast, represents a value predicted using the MPC technique/model,

and e represents an observed error in the forecast.



[0071] The objective of the developed forecasting model (e.g., the MPC

technique/model) is to minimize \e \ at all t . For any developed model, value of e is

drawn from a distribution which comes from the inherent assumptions taken into

consideration during the development of model. For example, in an auto-regressive model,

et is assumed to be white noise. If a range of et is quite large, a purpose of developed

model may not be served. It may be desirable to have the range of e to be as small as

possible. In an ideal scenario,

[0072] By way of an example., a prediction range of y may be defined as

where represents a lower bound, represents an upper bound, p represents a

probability. Mathematically, defines the

uncertainty in the predicted value. In some embodiments, uncertainty in the predicted value

may include uncertainty in the model, uncertain estimates of the parameters in a model (i.e.

the confidence intervals for those parameters), and the individual randomness associated

with a particular point or points being predicted.

[0073] In some embodiments, a method of determining the uncertainty in a single step

ahead forecast model may include one or more of following steps.

• Predict the Single Step Ahead value on variable on known time stamps of Time
Series Data using a ForecastModel

• Create a vector of errors on known time stamps of Time Series Data.

• Let denote the distribution of errors.

• percentile of percentile of

•

[0074] It may be noted that, if the ForecastModel is an autoregressive model then

is normally distributed.



[0075] In some embodiments, a method of determining the uncertainty in a multi-step

ahead forecast model may include one or more of following steps. Input to the multi-step

ahead forecast model may include information from the ForecastModel and time series

data, and the probability p . The steps may include one or more of:

• Predict a Multi-Step Ahead value based on variable on known time stamps of Time
Series Data using ForecastModel



• Create a vector of errors for each lookahead on known time stamps of time series
data.

• Let denote the distribution of errors.

• percentile of percentile of

•



WHAT IS CLAIMED IS:

1. A hybrid power plant comprising:

a plurality of power sources;

a plurality of controllers corresponding to and configured to operate said

plurality of power sources according to corresponding operating set points;

a hybrid plant controller coupled to said plurality of controllers and

configured to transmit the corresponding operating set points to said plurality of

controllers; and

a computing system coupled to said hybrid plant controller and configured

to:

receive a first set of input parameters from a first subscriber of said

hybrid power plant;

carry out a first level of services to which the first subscriber

subscribes, based on the first set of input parameters, to determine operating

parameters for the first subscriber;

receive a second set of input parameters from a second subscriber of

said hybrid power plant;

carry out a second level of services to which the second subscriber

subscribes, based on the second set of input parameters, to determine operating

parameters for the second subscriber; and

compute the corresponding operating set points based on aggregate

operating parameters for the first subscriber and the second subscriber.

2 . The hybrid power plant of claim 1, wherein said plurality of power

sources comprises two or more of a wind power plant, a photovoltaic plant, or an energy

storage device.



3 . The hybrid power plant of claim 1, wherein the first level of services

includes basic processing to determine the operating parameters for at least one of energy

storage, power forecasting, power dispatch, energy accounting, or market modeling.

4 . The hybrid power plant of claim 3, wherein the first level of services

for energy storage includes rule-based processing to determine a battery command based

on a pre-defmed droop curve to control a state of charge of at least one energy storage

device of said plurality of power sources.

5 . The hybrid power plant of claim 3, wherein the first level of services

for power forecasting includes statistical processing of past data about power generated by

said plurality of power sources to generate a power generation forecast for a short-term or a

medium-term.

6 . The hybrid power plant of claim 3, wherein the first level of services

for power dispatch includes executing a proportional-integral-derivative (PID) control loop

for determining operating parameters for energy storage devices and renewable power

sources of said plurality of power sources.

7 . The hybrid power plant of claim 3, wherein the first level of services

for energy accounting includes collecting energy consumption data from at least one

supervisory control and data acquisition (SCADA) system or an electric meter system.

8 . The hybrid power plant of claim 3, wherein the first level of services

for market modeling includes controlling energy production and supply to an electric grid

interconnect.

9 . The hybrid power plant of claim 1, wherein the second level of

services includes advanced processing to determine the operating parameters for at least

one of energy storage, power forecasting, power dispatch, energy accounting, or market

modeling.

10. The hybrid power plant of claim 9, wherein the second level of

services for energy storage includes processing of input parameters to determine a battery

command to control a state of charge of at least one energy storage device of said plurality



of power sources to optimize performance requirements of the second subscriber and to

extend a service life of the at least one energy storage device.

11. The hybrid power plant of claim 9, wherein the second level of

services for power forecasting includes:

receiving global forecasting system (GFS) data; and

statistical processing of past data about power generated by said plurality of

power sources and the GFS data to generate a power generation forecast for a short-term up

to one day ahead.

12. The hybrid power plant of claim 9, wherein the second level of

services for power dispatch includes:

receiving global forecasting system (GFS) data including weather data;

executing a physics-based model to estimate power generation by said

plurality of power sources;

executing a predictive model to predict short-term power demand for the

second subscriber; and

determining operating parameters for energy storage devices and renewable

power sources of said plurality of power sources based on the predicted short-term power

demand.

13. The hybrid power plant of claim 9, wherein the second level of

services for energy accounting includes collecting loss data, DC metering data, and power

split data between at least two of said plurality of power sources.

14. The hybrid power plant of claim 9, wherein the second level of

services for market modeling includes generating a generation schedule for said plurality of

power sources and generating a consumption schedule for the second subscriber.

15. The hybrid power plant of claim 1, wherein said computing system

is further configured to:



receive a third set of input parameters from a third subscriber of said hybrid

power plant;

carry out a third level of services to which the third subscriber subscribes,

based on the third set of input parameters, to determine operating parameters for the third

subscriber; and

compute the corresponding operating set points based on aggregate

operating parameters for the first subscriber, the second subscriber, and the third

subscriber.

16. The hybrid power plant of claim 15, wherein the third level of

services includes further advanced processing to determine the operating parameters for at

least one of energy storage, power forecasting, power dispatch, energy accounting, or

market modeling.

17. The hybrid power plant of claim 16, wherein the third level of

services for energy storage includes processing of a power generation forecast to determine

uncertainties and to prevent excessive cycling on at least one energy storage device of said

plurality of power sources.

18. The hybrid power plant of claim 16, wherein the third level of

services for power forecasting includes:

receiving global forecasting system (GFS) data;

statistical processing of past data about power generated by said plurality of

power sources and the GFS data to generate a power generation forecast for a short-term up

to one day ahead; and

combining the power generation forecast with a third-party power

generation forecast.

19. The hybrid power plant of claim 16, wherein the third level of

services for power dispatch includes:



receiving global forecasting system (GFS) data including weather data;

executing a physics-based model to estimate power generation by said

plurality of power sources;

executing a predictive model to predict short-term power demand for the

second subscriber;

processing predicted short-term power demand to determine uncertainties;

and

determining operating parameters for energy storage devices and renewable

power sources of said plurality of power sources based on the predicted short-term power

demand and the uncertainties.

20. The hybrid power plant of claim 16, wherein the third level of

services for energy accounting includes:

enabling renewable purchase obligation (RPO) accounting; and

tracking energy transactions using tagging and blockchain technology.

2 1. The hybrid power plant of claim 16, wherein the third level of

services for market modeling includes:

enabling peer-to-peer energy trading;

enabling sale of power within a distribution network;

enabling energy trading within a microgrid; and

enabling energy aggregation of two or more of said plurality of power

sources to define a virtual power plant.

22. The hybrid power plant of claim 1, wherein said computing system

is further configured to compute the corresponding operating set points according to a load

following scheme.



23. A method of controlling power generation by a hybrid power plant,

said method comprising:

dispatching energy storage set points for at least one energy storage device

based on real-time and historical power generation and power demand data, and based on a

power generation forecast and a power demand prediction;

computing operating set points based on the power generation forecast, the

power demand prediction, and an actual stator of charge for the at least one energy storage

device, for a plurality of subscribers for the hybrid power plant; and

transmitting the operating set points to a plurality of controllers for a

plurality of power sources of the hybrid power plant.

24. The method of claim 23, wherein dispatching energy storage set

points further comprises determining uncertainty in the power generation forecast and the

power demand prediction.
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