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This report has been written with LATEX using Overleaf. During the project a hybrid
power plant was modelled in MATLAB and PowerFactory. A market participation algo-
rithm and hybrid plant control system for the same was developed using MATLAB.
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Chapter 1

Introduction

1.1 Background

Electricity demand has been increasing with the increase in population and eco-
nomic growth, especially in developing economies. In developing countries India
and China the demand growth is predicted to be higher compared to developed
countries like USA and Japan, where there is much slower growth [1]. Even though
in developed countries the growth of demand is slow, due to the new energy poli-
cies for climate change, developed nations will be decarbonizing their grids by
installing more renewable sources of energy. In the New policies scenario by the
IEA, installed wind and solar is set to grow at a high rate (Figure 1.1) [1]. Solar PV
is predicted to have the second largest installed capacity by 2040.

With the increase in renewable energy connected to the grid, the supply and
demand will not be balanced due to the intermittent nature of renewable energy.
This would reduce the reliability and stability of power grids. The complementar-
ity of solar and wind generation [2], would reduce the variability of power output
of hybrid power plant with both solar PV and wind farm. With the reducing cost
of batteries [3] [4], Battery energy storage system (BESS) is good storage option
which has a fast response and can be used for different applications like frequency
control, voltage control and energy arbitrage [5][6][7]. Thus, a hybrid power plant
with wind farm, PV plant and BESS is a very attractive solution for markets with
abundant solar and wind.

1.2 Problem formulation

The wholesale electricity pricing in competitive market has been on a decline in
the last 10 years [1]. Power plant have high capitals cost of construction. The
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2 Chapter 1. Introduction

Figure 1.1: Installed power capacity in the New Policies Scenario, 2000-2040 [1]

operating cost of renewables is negligible compared to conventional sources. In
order to recover the capital investment on the renewable based hybrid power plant,
the plant can participate in multiple electricity markets (day-ahead, intraday) and
provide ancillary services.
Providing a stable power output by the hybrid power plant can impact the lifetime
of the plant assets. Due to the variability of Wind and PV output the Battery system
will have to go through a lot of discharge cycles to provide a stable output at the
Point of common coupling which can deteriorate the lifetime of the battery system.
This will further increase the investments needed to replace the deteriorated plant
assets.

1.3 Objectives

• Objective 1: To develop, verify and validate control algorithms that enables
large-scale Hybrid power plant to participate on (multiple) energy markets

• Objective 2: To study a suitable electricity market to understand the rules,
regulation and settlement process of that market.

• Objective 3: Measure the economic impact on such a hybrid plant with pro-
posed control algorithm
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1.4 Expected outcomes

• Working control algorithm for hybrid plant which can participate in both
day-ahead market and balancing markets.

• The proposed algorithm can make maximum profits by participating in mul-
tiple markets for the plant owner.

• Understanding of the chosen electricity market on their compatibility to-
wards renewable energy hybrid power plants.

1.5 Methodology

In order to meet the objectives of this project certain task need to be carried out to
meet each of the objectives. The tasks are divided for each objective below
For objective 1:

• Carry out a literature review on the control of renewable energy hybrid plant,
Wind farms and PV plants.

• Carry out a literature review on renewable energy plants participation in
multiple electricity markets

• Develop the market participation algorithm for hybrid power plant for par-
ticipation in multiple energy markets considering forecast uncertainties of
wind and solar energy

• Design a control system for hybrid power plant to implement the proposed
market algorithm

• Verify the algorithm with simulations

For objective 2:

• Study the rules and regulation for a renewable energy hybrid power plant to
participate in the chosen market.

• Identify the possible restriction on renewable energy hybrid power plant for
participation in multiple energy markets

• Understand the settlement process for each of the market the hybrid power
plant participates in the chosen market region

For objective 3:

• Calculate the income made by the power plant from the markets it partici-
pated in as per the settlement process of the chosen market
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• Evaluate the degradation on the Battery energy storage systems with such a
control algorithm

1.6 Scope and limitations

• Auxiliary services (frequency control and voltage control) in the energy mar-
ket will out of scope of the developed control algorithm

• Reactive power control will out of the scope for the control algorithm

• • Battery energy storage systems are considered for the energy storage of
hybrid plant design

1.7 Contents of report

The chapters of this report contain the following content:
Chapter 2: State of the art in this chapter the literature review of the control of
renewable energy power plants is done. The state of art on hybrid plant operating
in multiple markets are also reviewed.
Chapter 3: Electricity market in this chapter describes what an electricity market
is and how it functions. Then the Australian energy market is studied to under-
stand it rules and regulation, and how the different markets work i.e. day ahead,
and balancing market.
Chapter 4: System design in this chapter the design of hybrid plant to be used in
the project will be proposed.
Chapter 5: Market participation algorithm in this chapter a market participation
algorithm will be proposed for the hybrid power plant which will determine the
market commitment of the hybrid power plant for the day ahead and intraday
electricity market.
Chapter 6: Hybrid power plant control in this chapter a control system will be de-
signed for the hybrid power plant which will be able to control the hybrid power
plant to deliver the energy to the market, as per the commitment by the proposed
market algorithm.
Chapter 7: Simulation and Analysis in order to test the market participation al-
gorithm, simulations will be carried out to see the effectiveness of the algorithm.
Economic evaluation of the simulations will be carried out to how much income
the plant operator was able to generate by participating in multiple markets for the
simulation period.
Chapter 9: Conclusion this chapter provide the conclusions the author has made
from this report.



Chapter 2

State of the art

In order to develop a control algorithm for participation of renewable hybrid plant
in multiple energy markets, the state of the art in market participation of renew-
able and control of large-scale renewable energy plants need to be reviewed. In
the following paragraphs, firstly the literature review of market participation of
renewable energy plants will be done. Followed by the review of control systems
of large-scale renewable energy (Wind and PV plant) power plants.

2.1 Market participation of renewables

In the literature review of market participation renewables, wind farm participa-
tion [8][9] as well as solar PV plant participation [10][11] was found. Except in [8],
all the proposed renewable energy systems had storage system. Storage systems
helped in providing a firm power output [11] at the PCC and in some cases also
provided energy arbitrage[10].
In [8], intraday and day ahead market participation of wind farm without any stor-
age system was proposed. The proposed control algorithm did not include any
optimization technique, instead relied on the forecast of wind power and forecast
of prices in the intraday markets. Authors found that bigger wind farms (above
5 MW) benefited more from participation in intra-day market, but as the capacity
of plant increased (above 500MW) the profits from trading starts reducing. In [9],
the authors proposed market participation in day ahead market and the frequency
control reserve market of a wind farm along with storage. The authors found that
participating in frequency reserve market provided high profits, but this profit
could be offset if the grid has very high wind energy penetration. The authors do
not discuss the effects of forecast uncertainties in the day ahead market participa-
tion and the effects on the battery lifetime due to market participation. In [12],
the authors discuss the possibilities of participation of Wind farms in day ahead
market in the Indian energy exchange market (IEX). The main idea was to have
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6 Chapter 2. State of the art

an accurate price forecast and wind power forecast in place to optimally bid in
the day ahead market. Short term price forecast was used to optimize the battery
usage to fulfill the day ahead market needs. The proposed wavelet based neural
network price forecast was accurate for the Indian energy market.
In [11], a solar plant with storage market participation in both day-ahead and intra-
day was proposed by the authors. Optimization was carried for sizing the storage
system with the help of PV forecast data and market data to maximize the revenue
of the plant. The same optimization framework was used for the control of the
plant as well which included the optimally sized storage system. The proposed op-
timization considered the battery lifetime degradation which was not considered
by other works presented above. The authors found that the revenue of such a
plant could be increased by energy arbitrage during the evening hours. In [10], the
same authors added an ancillary service of providing secondary frequency reserve
to the existing day-ahead and intraday participation of solar plant with storage.
This control worked effectively on a sunny day, where the plant participated in all
the markets and provided frequency service the whole day. On a cloudy day, the
frequency service was not provided during all periods of the day, as the battery was
trying to smoothen the variations of PV generation, and did have enough power to
provide for the frequency response. Thus, on cloudy day it is preferable to partici-
pate in the frequency service during the nighttime when there is no PV generation.

From the review of market participation of renewable, both solar and wind
plant could effectively participate in the day-ahead and intraday markets. The
battery degradation and lifetime assessment is an important aspect, which was
considered in [10][11]. Frequency regulation service could be difficult to achieve in
a hybrid power plant with both solar and wind as the battery would be required
to balance the variations of wind and PV plant outputs. In this review, there was
no research on wind + PV + BESS Hybrid power plant market participation in the
current literature.

2.2 Control of renewable power plants

Hybrid plant with renewable generators like PV plant and wind farms also need
to have control systems to have controllable active power output with smooth out-
put. In [13]], an optimization strategy was proposed to provide a smooth power
out with the help of storage system. A low pass filter was used on the power in-
put from the renewable generators to get the power signal for the storage system.
They found a way to size the storage system for smoothening of the power output
at the PCC from the hybrid plant. Another smoothen control was proposed by
[14], where ultracapacitors where used for the smoothening of the output. The hy-
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brid plant proposed by the author had a DC plant network which was connected
to a common grid side converter to convert to AC before being connected to PCC.
The authors did not discuss the effects of discharge cycles of the storage system on
its lifetime to provide the smooth output. In [15][15], an active power control for
hybrid power plant with wind and PV plant was proposed which stabilized the
frequency at the PCC. In [16], another hybrid plant with only wind and PV plant,
a fast frequency control was proposed. In this control inertia form wind turbines
and virtual inertia from PV plant from curtailed reserve power was utilized to pro-
vide the frequency response.

In small PV power plants, the plant produces maximum available power in the
plant, and different types of MPPT algorithms (Perturb and observe, Incremental
conductance) are used to achieve the Maximum power point. Whereas in large
scale power plants (MW to GW scale) (LPVPP) need an effective active power con-
trol in place, in order to provide stable power to the grid. The grid requirements
for LPVPP’s include the curtailment of power output, reserve power and ramp rate
levels for increasing and decreasing the power output [17]. In [17]], active power
control is proposed for a LPVPP without energy storage. In this control scheme
the MPPT algorithm is modified to follow a reference point of power flow rather
than maximum power point, this control was not able to follow the reference on
cloudy days when the output varied a lot. This proposed control was only for in-
dividual PV generators in a large-scale PV plant, the authors did not discuss about
the higher-level control on the power plant level and on ramp rate limit control.
In [18], a control for limiting the ramp rate for LPVPP with reserve power from
both PV plant and external storage was proposed. The authors found the capacity
of reserve power requirement is dependent on the size of the plant and the PV
penetration in the selected grid. It was found that the storage was required for
smaller plants (<100MW) whereas bigger plants could cover the reserve require-
ment just by 10% curtailment of plant output to satisfy the ramp rate limits, as
bigger plant had larger spatial distribution this reducing the overall fluctuation in
plant outputs. In [19], the LPVPP control at the plant level is proposed. Here the
PV generators (PV arrays + inverter) have their own control to follow the reference
powers, the proposed control is at the plant level which sent out the set points to
the generators to get the required power output at the PCC. The control takes into
consideration the ramp rate limits as per TSO requirements and compensate the
power losses in the power plant.
In large scale wind farms as well, it has become essential to control the active power
output with the increased penetration of renewable energy sources. In some mar-
kets the wind turbines can produce the maximum amount the available power, the
demand and supply are then balanced by the operator with conventional gener-
ation sources. But with increasing penetration of renewable energy to the grid,
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large scale wind farms need to be curtailed in its operation and maintain it ramp
rate limit like with LPVPP’s. In [20], control of wind farm was proposed, which
could curtail the power output or provide constant power output. The authors had
also formulated ramp rate limiter control into the control algorithm. The authors
did not consider compensation of the power losses in the network which meant
the power output did not meet the reference power accurately. In [21], another
active power control for wind farms was proposed. The authors had considered
forecasting errors of wind for different time steps and multiple time step dispatch
instructions for the wind turbines in the wind farm. In [22], active power control
based on a optimization technique is proposed, the number of running and stop-
ping of turbines in a large scale wind farm was optimized. This control used only
ultra-short-term wind forecast for its control thus the control was of wind farm
was done in real time according the to the available power which would not allow
the wind farm to participate in the day ahead market.



Chapter 3

Electricity market

Electricity market is a system where producers and consumers can trade electric-
ity. Electricity markets are complex in nature as electricity is not easy to store
and the demand and supply can vary continuously throughout the day. Imbalance
between generation and supply can cause reliability issues in the power grid. Gen-
erally, Electricity market are divided into day-ahead, intra-day/balancing markets.
The electricity is sold in units of Power (MW) or energy (MWh) to the consumers.
The suppliers can participate in day-ahead, intraday/balancing markets depend-
ing on the demand and supply of power in the grid. The pricing of the electricity in
the market is dependent on the electricity demand and supply. In order to develop
a market participation algorithm, we study real electricity markets to understand
more about how the day-ahead and intraday market works and how the settlement
process is carried out to calculate the revenues generated. In this work the Aus-
tralian energy market is chosen as Australia as good resources of both wind and
solar.

3.1 Australian energy market

National Electricity market in Australia is the electricity market for the eastern and
southern regions, which facilitates wholesale trading of electricity between the re-
gions [23]. The western and northern regions have independent markets [23]. The
South west interconnected system (SWIS) has made the Wholesale electricity mar-
ket (WEM) for the western region of Australia [24]. In SWIS the electricity market
is managed by the Australian energy market operator (AEMO) [24].
The WEM is broadly divided into reserve capacity market and the energy market.
The reserve capacity mechanism is in place the ensure that demand for the year
is met by the supply in the market. The retailers can buy reserve capacity as per
the forecasted peak demand, bilaterally from the producers or from AEMO. The
retailers must pay fixed hourly price per MW for the reserve capacity they have

9



10 Chapter 3. Electricity market

purchased for the whole year whether they use it or not. The WEM energy market
consists of three trading means, bilateral trade, short term energy market (STEM)
and the balancing mechanism market [24]. Bilateral trade agreement is made be-
tween the producers and consumers well in advance for the energy to be supplied.
Then the consumers can buy or sell the variations from the contracted energy from
STEM on the day before or trading day market (Figure 3.1). The balancing market
is in the real time market where there will be deviations from the contracted en-
ergy from the bilateral trade and the STEM trade, the balancing market thus can
be used to trade these deviations in energy. The balancing market closes 2 hours
prior to the trading interval.
Intermittent generators like wind and PV plants are better suited to be in the en-
ergy market than the reserve capacity market. Wind plant can participate in the re-
serve capacity market, the capacity is calculated based on the average wind power
output in the last three years. As per the rules and regulation in WEM, intermittent
generators are classified as non-scheduled generators, the rules do not allow non-
scheduled generators to increase its generation in the balancing market, instead
only curtailment is allowed [25]. The non-scheduled generators are exempt from
funding for spinning reserve, if the operator can guarantee a gradual shutdown of
the generator at a ramp rate of installed capacity (MW)/15 (MW/min)[25]. Multi-
ple non-scheduled generators can be aggregated as one non-scheduled generator,
if they are located in the same area or have the same loss factor, and the generators
should not be part of an ancillary service[25].

In the bilateral market the energy producers need to submit their contract po-

Week before 
trading day

Trading day
Real-time 
Balancing 

market

8:00am 
One week before 

trading day
Submission of 

bilateral contract

8:30am 
AEMO 

communicates all 
received bids

Resubmission of 
bids for updated 

commitment
8:50am 

9:00am 
AEMO 

communicates all 
bilateral 

generation 
quantities for the 

trading day

STEM submission 
for trading day

9:00am- 10.50am

10:50am-11:30am
STEM auction 

results

8:00am 8:00am

1:00pm-3:50pm
Standing STEM 
submission for 

next day

Standing bilateral 
contract 

submission for 
next day

1:00pm-3:50pm

Trading interval t

Submission of 
balancing bids

2 hours prior to 
Trading interval t

Balancing market

Bilateral contracts

STEM market

Figure 3.1: Wholesale electricity market trading timeline of different markets
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sition one week in advance to the trading day (Figure 3.1) [25]. This contract in
then revised on the trading day according to the demand and supply. The bilateral
market is closed by 9 am on the trading day, after which the STEM market submis-
sion begins, which closes at 10:50am. Both in bilateral contract and STEM market,
the participant can resubmit a standing bid for the next day and make changes to
the previously submitted bids (1pm-3:50pm Figure 3.1). In case of the balancing
market, the participant must bid two hours prior to the trading interval in which
they are participating (Figure 3.1).

3.1.1 Settlement process

In bilateral contract the settlement is done directly between the participants who
are involved in the contract. The settlement for STEM is done for the trading week
which commences from Thursday and ends on Thursday of the next week. The
settlement process for balancing market participation is done for the trading day
which is from 8am to 8am next day. The settlement calculation for STEM market
for the trading week w for participant p is as given below[18]:

STEMSA(p, w) = Sum(d ∈ D, t ∈ T, STEMprice(d, t)

×STEMQuantity(d, t)× SSF(d, t)
(3.1)

• STEMprice – the STEM price for the interval ($/MWh)

• STEMQuantity – the quantity of energy produced during the interval in MWh

• SSF – STEM suspension flag which is set to zero if STEM market is suspended
and set to one otherwise

The settlement calculation for balancing market for the trading day t for partici-
pant p is as given below[18]:

BSA(p, d, w) = Balancingprice(d, t)×MBQ(p, d, t)× CONC(p, d, t)

×COFFC(p, d, t) × DIP(p, d, t)
(3.2)

• Balancingprice – Balancing market price

• MBQ – metered balancing quantity in MWh

• CONC – Constrained On Compensation for Market Participant

• COFFC – Constrained Off Compensation for Market Participant

• DIP – Non-Balancing Facility Dispatch Instruction Payment
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From the review of the Australian energy market, there is an understanding
on the market operation of day-ahead and intraday market (balancing market).
The settlement process described above will help to compute the economic per-
formance of the hybrid power plant with the market participation algorithm. In
Australian energy market intermittent generators like solar and wind are not al-
lowed to upregulate in the power in the balancing market, this rule can put strain
on the plant operators and they need to rely a lot on the day ahead forecast to
bid for the maximum amount of energy possible, this would be risky if the plant
is not able to produce the required energy. If intermittent plant can upregulate in
the balancing market this would make plants efficiently participation in both the
markets and increase the profits.



Chapter 4

System design

In this chapter the hybrid power plant required for the study of market participa-
tion algorithm is developed. The plant model design considered here is for large
scale hybrid plant models. The hybrid power plant is designed such that the plant
components like wind farm, PV plant and BESS are connected at the hybrid plant
substation (Figure 4.1).

Grid 
impedance

PV Plant Wind farm

Grid

PCC

Hybrid power plant 
substation

BESS

 Hybrid Power 
Plant controller 

(Hy-PPC)

PM -Power Meter

-Control signals

-Cable/Grid impedance

PM-
PCC

-Measurement signals

POC-WFPOC-PVP

Figure 4.1: Hybrid power plant layout

They are connected via medium voltage AC plant network. The hybrid plant
substation is then connected to the grid via point of common coupling (PCC). The

13



14 Chapter 4. System design

Plant assets can be situated from a few hundred meters to a few kilometers away
from the hybrid power plant substation. The Point of connection (POC) of the
plant assets are at the substation of the Hybrid power plant, therefore the plant
assets must produce the allocated reference power at that point such that all the
transmission losses until the POC are considered. The Hybrid plant controller (Hy-
PPC) controls the output power at the PCC. In this design there is only one power
meter used which is at the PCC to measure the output power of the hybrid power
plant. In the following sections, the design of individual plant assets, sizing of the
hybrid power plant and simulation modelling will be discussed.

4.1 Wind farm

A wind farm consists of Wind turbine generators (WTG), substation transformers
and power plant controller. The Wind farm design for this project has m number
of parallel strings with each string having n WTG’s. For the hybrid power system
proposed here, there is common power plant controller (Hy-PPC) to control the
power output for the entire power plant, thus there is no individual power plant
controller for the wind farm. Instead there is a wind farm dispatcher which dis-
patches the reference power of the wind farm between all the turbines based on
the available power at each wind turbine. In general, the distance between each
turbine is around 1 km so the cable length between each turbine can be assumed
as 1 km.

4.2 PV plant

Photovoltaic plant is made up of PV modules. PV modules convert sunlight to
electricity. Many PV modules are connected in series and parallel to form PV ar-
ray. The PV arrays are connected to a PV plant converter (PVP-C) to convert from
DC to AC (Figure 4.3). Each of these PVP-C’s can be considered as a PV generator
which produce the required reference power (Figure 4.3). In a large-scale PV plant,
there would be multiple such PVP-C’s connected to the PV plant substation. The
PV plant design for this hybrid power plant consists of n PVP-C’s and each of the
PVP-C has a n number of arrays (Figure 4.3). For simplicity each array is assumed
to have same number of modules so that all the PVP-C have the same rated power
output. The PV plant also has a dispatcher to dispatch the reference power be-
tween the PVP-C’s based on the available power on each of the units.

To design the PV plant, n number of PV generators will be connected to the PV
plant substation. Such a design is shown below in the figure where each PV gen-
erator is of the same rating and area (l x b). The length and breadth of the PV
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MV Bus

Wind farm
With n*m turbines

WT 
kn

WT((m-1)n+1)

WT((m-1)n+2)

POC WFWind farm-
Dispatcher

Wind farm

Figure 4.2: Wind farm layout

generators can help to calculate the lengths of the cables in the PV plant network.

4.3 BESS

Battery energy storage systems consists of batteries, converter, inverter, DC-link
and transformers (figure 4.4). The converter and inverter together can control the
power generation and absorption of the BESS. The transformer steps up the voltage
to MV level to comply with plant grid voltage.

4.4 Hybrid plant sizing

Sizing of hybrid plants with wind farm, PV plant and BESS can be very compli-
cated task. It depends of many factors like geographical location, available area,
cost, plant operation and market participation. For this thesis work the focus is
on developing hybrid power plant control system which can effectively participate
in multiple markets. For effective market participation of a hybrid power plant,
Battery sizing becomes an important aspect due to the variable nature of wind and
PV output. The battery would help to provide and constant power output during
each time interval in the electricity market. So, for this thesis work it is assumed
that the wind farm and PV plant size is provided, and the BESS need to be sized
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for the hybrid power plant. A simple way of sizing a BESS in hybrid power plant
was introduced in [26], where they operated a hybrid power plant with min-max
dispatch strategy, where the battery was used to store energy during low demand
time and discharge during high demand time. This type of sizing is would be a
simple solution for sizing the battery. As it makes sense to sell less energy during
low demand as the energy price would be low during which BESS can be charged
and then sell the stored energy when the prices are high during peak demand pe-
riods.
The day is divided into peak demand interval and low demand intervals. The min-
max dispatch strategy dispatches the minimum available power for low demand
interval and maximum available power for peak demand interval. Then for a given
wind and solar power profile for a day BESS power can be sized as the maximum
discharge power and maximum charge for peak and off-peak periods. For energy
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rating of the BESS, it is selected as per the number of peak demand period and low
demand period as this would determine the discharge cycles of the BESS in one
day.
In this thesis work the author has selected a 30 MW Wind farm and 10MW PV
plant, hybrid plant. The BESS needs be sized using the above technique for this
plant. The wind and solar irradiance data are chosen such that there are high vari-
ations in the PV and Wind farm output. This kind of data would allow for BESS
to be sized for the worst-case scenarios. The chosen hybrid power plant min-max
strategy power dispatch is calculated, based on the selected peak demand periods
from 05:30-10:30 and 16:00-21:00. As seen in Figure 4.5 the Hypp dispatches max
power during peak demand periods and min power during low demand periods.
From this data it was found that the maximum discharge power required for the

Peak 
demand 
periods

Peak 
demand 
periods

Figure 4.5: Min-max dispatch strategy power for HyPP

BESS was 19.4MW and maximum charge rate required was 14.06MW. The higher
value among the two is close to 20 MW , so the rated power of the BESS is chosen
as 20MW. Now for the energy capacity of BESS, maximum charge and discharge
energy during the charging and discharging periods are calculated from the below
graph (Figure 4.6) From this graph it clear that the maximum energy is required
during discharge rate (-5.80MWh), now considering a BESS efficiency of 80% the
required energy capacity of the BESS is -7.25MWh. Thus, considered a standard
rating we can round this figure to 10MWh which gives a BESS of 20MW @10MWh
capacity. This may not be an optimal way of sizing the BESS for this hybrid power
plant but could be reference point after analyzing how well the market participa-
tion algorithm works for the hybrid power plant by using a simple BESS sizing
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Figure 4.6: Dispatched energy vs BESS charge and discharge energy

technique. Further research can be carried out in the future to find a more optimal
sizing method.

4.5 Modelling of Hybrid power plant

In this work the hybrid power plant model needs to run the active power control
system of the plant to calculate accurately the power output at the PCC, thus help
evaluate the market participation algorithms effectiveness. The performance mod-
els of wind turbines, PV plants and BESS in [27] are perfect for this application
as it very simple lower order models which depict the real generators behavior
and very less computational effort. It is advantageous for the model to have low
computational effort as the model need to simulate minimum of one day. The only
power measurement point of the hybrid power plant is at the PCC of the hybrid
power plant. The simulation model needs to compute accurately the power output
at the PCC. A simple summation model of wind farm, PV plant and BESS can be
used to calculate at the active power PCC (Figure 4.7).
In order to compute active power at the PCC accurately with this model, the loss

factor of the wind farm and PV plant needs to be calculated to account for the
transmission losses in the plant network. The loss factor for BESS is ignored as the
it is situated very close to plant substation.
This loss factor calculation was done by forming quadratic equations of power loss
with respect to plant output [28]. The power loss equation using the curve fitting
technique is done for a Wind farm and PV plant for the proposed hybrid power
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plant.
The Hybrid power plant used for this project was first modelled in Powerfactory,
to calculate the power losses on wind farm and PV plant at until the POC of each.
To calculate the Kloss we assume the grid voltage as 1pu, SCR=15 and the X/R
ratio of the external grid as 5. Using these assumptions, a polynomial function is
derived for the kloss factor using the curve fitting toolbox from Matlab.
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4.5.1 Power loss for 30MW Wind farm

Figure 4.8: Power loss vs Power output for 30MW wind farm (Powerfactory)

Using curve fitting we get a third order and second order polynomial function for
the losses which fit the curve, the third order polynomial function is a closer fit the
curve hence third order equation is selected. Linear model Poly3:

PlossWF(PWF) = p1 ∗ (PWF)
3 + p2 ∗ (PWF)

2 + p3 ∗ PWF + p4 (4.1)

• p1 = -6.437e-07 (-6.447e-07, -6.427e-07)

• p2 = 0.0006331 (0.000633, 0.0006331)

• p3 = 2.84e-05 (2.774e-05, 2.906e-05)

• p4 = 0.001435 (0.001433, 0.001438)
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4.5.2 Power loss for 10MW PV plant

Figure 4.9: Power loss vs Power output for 30MW wind farm (Powerfactory)

Using curve fitting we get a third order and second order polynomial function for
the losses which fit the curve, the third order polynomial function is a closer fit the
curve hence third order equation is selected. Linear model Poly3:

PlossPVP(PPVP) = p1 ∗ (PPVP)
3 + p2 ∗ (PPVP)

2 + p3 ∗ PPVP + p4 (4.2)

• p1 = -4.814e-07 (-4.824e-07, -4.805e-07)

• p2 = 0.0005107 (0.0005107, 0.0005107)

• p3 = 1.2e-06 (1.132e-06, 1.269e-06)

• p4 = 0.0004789 (0.0004788, 0.000479)

Once power loss equation is obtained, then the Kloss factor can be calculated as
per below equation for each of the plant assets.

Kloss =
Poutput − Ploss

Poutput
(4.3)

This would help in modelling the hybrid plant for simulation as well as help with
power loss compensation of the Hybrid plant control system.
The Hybrid plant layout and the simulation model for the hybrid power plant
have been proposed in this chapter. This model is now suitable to run the market
participation algorithms and hybrid plant control systems.





Chapter 5

Market participation Algorithm

The market participation algorithm allocates the energy to be generated by the
hybrid power plant in the day ahead and intraday markets are per the forecasts
of wind and solar energy. The proposed algorithm is required to participate in
both day-ahead and intraday/balancing market. It is important to generate all the
renewable energy available in the plant as would increase the revenue generated
by the plant, but this would affect the battery lifetime. A trading day d is divided
into n number of trading intervals.

d = [1, 2, 3, . . . , n] (5.1)

As the trading day will have peak demand and low demand periods, this can be
defined by peak demand interval Pdi and low demand intervals Ldi,

Pdi = p1, p2, . . . .pm (5.2)

Ldi = ld1, ld2, . . . .ldl (5.3)

m < n (5.4)

l < n (5.5)

m + l = n (5.6)

Where pm is the peak demand trading interval and ldl is the low demand trading
interval during the trading day. m and l are the number of peak demand trading
intervals and low demand trading interval in a trading day The trading day (d) in
Australia is divided into 30 minutes trading intervals (t). So, in a day there are 48
trading intervals.

23
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5.1 Forecast Variables

The wind energy forecast for the trading day on the day of bidding is given by
WFdayahead, for each trading interval

WFdayahead = [w f 1, w f 2, w f 3, . . . , w f n] (5.7)

The wind energy forecast uncertainty for the day ahead forecast is given by WFundayahead,
this value can be anywhere from 10-30% depending on the quality of the forecasted
data and the forecast technique used.

WFundayahead = 20 (5.8)

The hourly wind energy forecast which update the forecast every interval for the
trading day d is given by WFIntraday, for each trading interval

WFIntraday = [iw f 1, iw f 2, iw f 3, . . . , iw f n] (5.9)

The wind energy forecast uncertainty for the hourly forecast is given by WFunIntraday,

WFunIntraday = 10 (5.10)

Similarly, for PV day-ahead and hourly forecast and its uncertainties are given be-
low,

PVFdayahead = [pv f 1, pv f 2, pv f 3, . . . , pv f n]

PVFundayahead = 20%

PVFIntraday = [ipv f 1, ipv f 2, ipv f 3, . . . , ipv f n]

PVFunIntraday = 5%

(5.11)

The forecast uncertainty depends on the quality of the forecast and the technique
used. In this market participation algorithm, the plant operator can choose how
much risk they want to take when bidding in the day ahead market. The risk levels
are described as high, medium and low. The risk rate (rr) is added to the uncer-
tainty depending on the chosen risk level as shown in the below equation.

Risk level =


high rr = +x

medium rr = 0

low rr = −x

(5.12)

Where x is the risk rate the plant take at high or low risk levels.

The BESS operation also needs to be considered for the market participation
algorithm as the batteries need to charge during the off-peak hours and discharge
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during peak hours. This can be done by the introducing a demand period offset
(Dpoff) for each time interval. Where,

Dpo f f set = [ dpo1, dpo2, dpo3, . . . , dpon] (5.13)

Dpo f f set(t) =

{
i f t ∈ Pdi −y%

i f t ∈ Ldi +y%
(5.14)

The Dpo f f set is the offset level which will be added to the market bids such that
that BESS can discharge and charge through the trading day, this offset to y for
peak demand and low demand periods as per the above equations.

5.2 Day Ahead Electricity Market

As the day-ahead wind and solar forecast have a high uncertainty, the plant bids
for day-ahead market considering the uncertainties of both solar wind, the risk
rate and the demand periods offset levels.

MDA(t) = (100 − (WFundayahead + rr/2 + Dpo f f set(t)/2)) ∗ WFdayahead+

(100 − (PVFundayahead + rr/2 + Dpo f f set(t)/2)) ∗ PVFdayahead

(5.15)

Here for the day-ahead bidding the lower limit for forecast after uncertainty,
risk rate and demand period offset is considered. The actual available power at the
plant can be higher lower from the day ahead forecast.

5.3 Balancing Market / Intraday Market

In the intraday or balancing market, the plant can increase or decrease its gen-
eration. In the intraday market the plant has a more accurate forecast for power
generation. Depending on this forecast the plant can participate in the intraday
market. The bid for each intraday market trading interval is usually done from
one to few hours prior. In the Australian energy market, the balancing market
closes two hours prior to the trading interval. Even with this hourly forecast of
wind and solar there is still some level of uncertainty in the available power. Let’s
consider that the two hours prior forecast of wind and solar has uncertainty level
of WFunHourly and PVFunHourly. The energy forecast for interval t considering the
forecast uncertainty is given by E(t)intraday,

E(t)intraday = (100 − (WFunHourly + Dpo f f set(t)/2)) ∗ WF(t)Intraday +

(100 − (PVFunHourly + Dpo f f set(t)/2)) ∗ PVFIntraday
(5.16)
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Then the decision of participation in the intraday market is based on the amount
of energy required to be sold in that interval for the day ahead market.

Day ahead market bid MDA considering the uncertainty in 
forecast

Start

M(t)DA > E(t)Intraday

End

Day-ahead forecast of wind and solar

Intraday market / balancing 
market

Day ahead market

Wind and solar forecast updated each interval

M(t)Intraday = E(t)Intraday 

- M(t)DA

M(t)Intraday = E(t)Intraday 

- M(t)DA

Price(t)Intraday > 0

M(t)Intraday = 0

t = t+1 t = t+1 t = t+1

End End

This algorithm is repeated for each 
interval in intraday day trading 

market

Figure 5.1: Market participation algorithm

If M(t)DA > E(t)intraday, then the hybrid plant does not have enough energy to
meet the day ahead market bid.
But if there is more generation in the intraday market interval than the demand
then the plant can reduce its generation by buying energy during that interval,
thus reducing the output of the hybrid power plant. This market imbalance can
be identified in the intraday market when the intraday market price Price(t)intraday
for the trading interval t for generation is negative.
Other case is when M(t)DA <= E(t)intraday, then the hybrid plant has the opportu-
nity to sell more energy in the intraday market, provided there is a need for more
generation in the market i.e. the intraday market price is greater than zero.
Considering the forecast uncertainty of both the markets, in Figure 5.1 , the market
forecast algorithm selects the appropriate energy commitment for each interval in
both day-ahead and intraday market. The first part of the algorithm allocates the
day ahead market commitment for the plant. The second part of the algorithm run
before each interval in order to decide the plant commitment in the intraday mar-
ket which is two later from the current interval. In the second part the algorithm
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first checks if the plant is able to meet the day ahead market commitment and then
proceeds to commit the excess energy to the balancing market or buy energy from
the market the plant is not able to meet the day ahead energy commitment.
The proposed market participation algorithm in this chapter will provide a power
reference to the Hybrid plant control system to generate the required in energy in
each market interval.





Chapter 6

Hybrid power plant control

The Hybrid power plant control system controls the power output of the hybrid
power plant to achieve the energy commitments in each market interval consider-
ing ramp rate limitations and firm power output at the Point of common coupling
(PCC).
The main aspect of active power control of the hybrid power plant is firm power
output, ramp limiting during increasing or decreasing the plant generation and
finally power loss compensation to achieve the desired reference output power at
the PCC.

6.1 Hybrid power plant design

The Hy-PPC receives available power measurements from wind and PV plants,
and the SOC level in the case for BESS. The output power measurement at the
PCC is sent to the Hy-PCC. Using these inputs and the reference power input of
the plant the Hy-PPC is able to control the Hybrid power plant to produce the
required power by sending the reference power control signals (red line in fig) to
each of plant components ( Wind farm, PV plant, BESS). The total sum rated power
of wind farm and PV plant is considered as the base of the per unit of the system.
The available power at each of the plant assets is provided based on this per unit
base.

6.2 Hybrid power plant controller (Hy-PPC)

The Hy-PPC has three main objectives - ramp limiting, firm power output and
power loss compensation. Ramp rate limiting can be achieved by using a ramp
rate limiter as shown in the control diagram (Figure 5). The power measurement at

29
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PCC provides feedback to the control system, the PI control thus can compensate
the power losses in the system network to meet the required reference power at
the PCC. The hybrid plant dispatcher divides the power references between the
different plant assets depending on the available powers at each of these assets. The
Hybrid plant dispatcher used here is a very simple dispatcher, where maximum
amount of wind and solar energy is used for generation, and the battery system
charges or discharges depending on the reference power required and the SOC
level of BESS.
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Figure 6.1: Hy-PPC control diagram

6.3 Controller design

The Proportional integral controller needs to be tuned carefully to have a stable
control system which can provide a stable power output at the PCC. Due to the
complexity of the control system, the control system needs to simplify in order
perform stability analysis and tune the PI controller.
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Figure 6.2: Plant control loop

The plant needs to be simplified into Gp(s) in order to design the controller
Gc(s) [figure 6.2]. Hmeas(s) here is the measurement delay of the power meter, as
per [] this is a first order delay of,

Hmeas(s) =
1

1 + sTm
(6.1)

Typically, Tm has a value of 15ms [28]. The closed loop transfer function for the
system will be,

Gcl(s) =
Gp(s) Gc(s)

1 + Gp(s) Gc(s) Hmeas(s)
(6.2)

The Hybrid power plant dispatcher is simplified here further, by replacing it with
gains based on the available of power at each plant asset [fig], this would help in
finding the Gp(s) for this plant. Now that the response time of Wind turbines, PV
plant and BESS are not the same, this would affect the design of the PI Controller.
Thus, it is necessary to tune the PI controller considering the different scenarios
of operations of the hybrid power plant. The scenarios of the operation of hybrid
plant can be classified as the following 1. Wind farm only 2. Wind farm + BESS
3. PV plant only 4. PV plant + BESS 5. Wind farm + PV plant 6. Wind farm +
PV plant + BESS The Control diagrams of each of the above scenarios are given in
Figure 6.3 and Figure 6.4.
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Figure 6.3: Plant control system for scenarios 1-4 (a)-(d)

In Figure 6.3, scenario 1 and 3 where only Wind farm or PV plant operates in
the hybrid plant, there is no gain in the system as all the power is provided by the
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respective plants.
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Figure 6.4: Plant control system for scenarios (a) 5 (b) 6

Now by generalizing the control systems we get Gp(s) as,

Gp(s) = PavWF ×
KlossWF

1 + sTrpWF
+ PavPVP ×

KlossPVP

1 + sTrpPVP
+ PBESS ×

1
1 + sTrpBESS

(6.3)

This equation can be applied all the scenarios, by adjusting the available power
gains. For scenario 1 and 4 this available power gain would be set to 1.
Now this is a very complex transfer function, as available powers PavWF and PavPVP

are variables. TrpWF, TrpPVP, TrpBESS are the time constants of each of the plant
assets.
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In [27], the response time constant for wind turbine and BESS are given as per the
values below,

TrpWF = 1 sTrpBESS = 1.388 s (6.4)

The response time constant for PV plant is much lower than that of wind turbines
or BESS. Thus, the value for it assumed as,

TrpPVP = 0.05 s (6.5)

Considering equation (3) as the plant transfer function Gp(s), the controller for the
hybrid plant can be designed for the 6 scenarios mentioned in this section.
The transfer function of PI controller Gc(s) is,

Gc(s) = P(1 + I/s) (6.6)

Where P is the proportional gain value and I is the integral gain value.
Considering that the open loop transfer function of the plant is the product of plant
transfer function Gp(s) and measuring delay function Hmeas(s)

Gol(s) = Gp(s) × Hmeas(s) (6.7)

The hybrid plant used for this work has a 30 MW wind farm and 10 MW PV plant,
thus the total rating of the hybrid power plant is 40MW which would be consid-
ered as the base of the per unit system. Thus, the Wind farm has a pu rating of
0.75pu and PV plant is 0.25pu.
In order to design this PI controller, the controller needs to be designed for differ-
ent output of plant assets. The available powers of each of the assets are set specific
values and then the PI controller is designed for each of the cases. The set points
for each asset is mentioned below.

PavWFset = [0 0.3 0.5 0.7]

PavPVPset = [0 0.1 0.2]

PBESSset = [0 0.1 0.3 0.5]

(6.8)

Using the SISOTOOL from Matlab we can tune the PI controller for various oper-
ating points of the Hybrid power plant. The operating points of the hybrid power
plant will be varied according to the different available power set points of each
of the assets. The design characteristic of the PI controller is that it has a response
time of 1 sec and Phase margin of 90 degree such that the overshoot is limited.
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Figure 6.5: Step response of 6 Scenarios of hybrid plant operation

In the following tables the gain values (P,I) have been calculated for 48 different
cases dependent on the operating points of the plant assets. These cases include
all the scenarios discussed earlier in the section.
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Table 6.1: Proportional gain values for different cases (48 cases) of wind farm, PV plant and BESS
outputs

Table 6.2: Integral gain values for different cases (48 cases) of wind farm, PV plant and BESS outputs

I can be seen from the tables above that the gain values different for the vari-
ous operating points of each of the assets. This was expected as the wind turbine,
PV generator and BESS have different response time constants, thus altering the
design variables in each of the case. The Integral gain (I) increases a lot when the
PV plant is in operation.
To implement this a gain scheduled PI controller [29](figure 6.6(Bett, 2005) (Figure
17) is required, where the gains are dependent of Power output at wind farm, PV
plant and BESS.
The gain schedule can be done with the help of a 3-dimensional lookup table
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Figure 6.6: Hybrid plant controller with gain scheduled PI

(Figure 6.6), as there are 3 inputs here (Power output of Wind farm, PV plant and
BESS). This lookup table will lookup the value from the tables above and predict
the gains required for operation of the Hybrid plant control system. The lookup
table gain prediction accuracy can be increased if more cases are included in the
table.

The Hybrid plant control system required to implement the market participa-

Figure 6.7: 3 dimensional lookup table for PI gain schedule

tion algorithm is designed in this chapter. The ramp limited will limit the ramp
rate of the Hybrid power plant, and the PI controller will help to compensate the
power losses in the system. It is yet to be seen how this gain scheduled PI con-
troller perform in the real power system, on how well the lookup tables perform in
approximating the controller’s gains. This would be further explored in the next
chapter.





Chapter 7

Simulation and Analysis

With the Hybrid plant model proposed in chapter 4, the market participation al-
gorithm along with the control system proposed in the previous chapter can be
simulated in this Hybrid plant model. One day simulation of the hybrid power
plant is carried out to obtain the revenues generated by the Hybrid power plant
with the proposed market participation algorithm. The data for solar irradiance
and PV panel temperature was obtained from installed PV system in Aalborg uni-
versity [30]. The wind data from a 2MW wind turbine was provided by Vestas.
The simulations were carried out for Australian energy market

Figure 7.1: Available powers at HyPP
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7.1 Market participation algorithm and forecast

The market algorithm requires day ahead and intraday forecast of both wind and
solar. The available real data of wind and solar was used to make an approxima-
tion of the solar and wind forecast. From the data, wind and solar energy was
calculated for each interval then a white gaussian noise was added to this value
to introduce some uncertainty to the forecasted energy. The variance of this noise
was adjusted as per the and type of forecast (day-ahead/intraday). For example,
the variance for wind on day-ahead forecast has higher value compared to the in-
traday forecast.
The day-ahead forecast of wind and solar can generate the market participation
for the all interval on the next day. As seen in Figure 7.1 market participation algo-
rithm keeps some margin for uncertainty and bids lower that day-ahead forecasted
power. This example is for medium case of risk, when the risk levels are increased
then the day-ahead market commitment is also increased as per the rr value asso-
ciated with the risk level.

Figure 7.2: Day-ahead forecast and market commitment (medium risk)
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Figure 7.3: Intraday forecast and market commitment (medium risk)

During the trading day (during simulation) the intraday forecast is calculated
before each interval, this forecast is used to calculate the intraday market com-
mitment (Figure 7.2). In Figure 7.2, the intraday market commitment is shown in
red, where in few intervals the commitment is negative, as the intraday forecast
turnout to be less than that of the day-ahead commitment (Figure 7.3), thus the
plant purchase the energy from the intraday market to make up for this mismatch.

Figure 7.4: Day-ahead and total market commitment of HyPP
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Once the intraday market commitment is calculated for the interval the then to-
tal market commitment is provided to the Hybrid plant control system to generate
the required energy during that interval.

7.2 Hybrid plant control system performance

The hybrid plant control system converts the total market energy commitment for
the interval into a reference power point of the interval, this reference power is then
generated by the Hybrid power plant for that interval. In Figure 7.4, the medium
risk market participation algorithm is applied and the Hybrid power plant con-
trol is able to provide output around the value of reference power for most of the
intervals. The gain scheduler in some interval does not approximate the gain for
the PI controller accurately thus there are some oscillations as seen in the end of
simulation in interval 47 and 48.
Zooming into the power output in Figure 7.6, it can be seen that the power out-

Figure 7.5: Power output at PCC with medium risk market participation algorithm

put ramps up smoothly as per the ramp rate limit (0.02pu), and the power output
has small deviations from the reference power signal which can be expected for a
complicated control system. The deviations are generally around the +-0.25% of
the plant rating.
The energy generated at the PCC is compared with the total energy commitment

for the Hybrid power plant during each interval. Ediff is the energy difference
between market commitment and the energy produced, as seen in the graph in



7.3. Revenues of Hybrid power plant 43

Figure 7.6: Power output response for each interval

Figure 7.7. In most interval this value is very low, but in case where the controller
oscillates Ediff values are high, especially in the final intervals.

Although the Hybrid plant control system performs will, in some cases it is not
able to keep up with the reference power. This could be improved by including
more design cases in the lookup table for gain scheduler.

7.3 Revenues of Hybrid power plant

Three case studies where carried out on the model with the three risk levels (high,
medium, low). The proposed algorithm was able to participate in both day-ahead
and intra-day markets. The plant mainly participated in the day-ahead market and
used the intraday market as means of balancing out is day-ahead market commit-
ment errors. The revenues generated by the Hybrid power plant is calculated as
per the equations in chapter 3. The revenues generated in each case for one day is
shown in the table below. The calculation of intraday market or balancing market,
the values for CONC and COFFC as per equation (2) is ignored as hybrid plant
increase or decrease the output for the entire duration of the interval, which is not
the case in a real system as the grid operator can ask to increase or decrease as per
the balancing needs of the market.

From the table 7.1 it can be seen that higher risk levels of market participation
algorithm yields higher rewards, this is partly because the market participation
algorithm considers enough uncertainty in the Wind and PV forecast, so there is
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Figure 7.7: Energy difference between market commitment and output energy

Risk Level Revenue generated (AUS$)
High 15516

Medium 15376
Low 15238

Table 7.1: Revenues generated by market algorithm for different levels of risk

enough excess energy available at the plant to take the risk. Main reason for this
increased revenue at higher risk is because of the sizing of the BESS. The BESS
size is oversized for this application of multiple market participation. Maybe if the
Hybrid plant is more aggressively participating in the balancing market this BESS
could be strained more. Currently the SOC limits of the battery increases by the
end of the day and the state of charge does not cycle too much (Figure 7.8) even in
high risk scenario.

Even though there are few discharge cycles, the depth of discharge of the cycle
are very low, thus this operation would not affect the battery lifetime severely.
The market participation algorithm can generate power for both the electricity mar-
kets, participating in the intraday market allow the plant operators to take more
risks while bidding in the day-ahead. As discussed in chapter-3 the Australian en-
ergy market currently does not allow renewable generation sources to upregulate
power in the intraday market, only down regulation is allowed. The simulation
carried out has proved that upregulation of energy in balancing market can be
done effectively by Hybrid renewable energy plants, which can increase the profits
for the plant operators.
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Figure 7.8: BESS SOC and Power output (High risk case)





Chapter 8

Conclusion

The declining electricity prices in market, growing electricity demand has put im-
mense pressure on grids which are trying to decarbonize (IEA, 2018). Many coun-
tries in Europe like Germany, Denmark and Netherlands have removed the subsi-
dies from the renewable power plants, which means that renewable power plants
need to compete with conventional energy source to gain the market share. Ad-
vantageous aspect of renewable generation plants is it has very low capital cost
when compared to conventional sources. Effective market participation becomes
a key aspect for renewable power plants in order be cost effective and thus prove
attractive to investors to invest in renewable energy project.
Wind and PV generation have been growing all over the world, and it is set to
grow more in the coming year. Hybrid plant with wind, PV and BESS becomes a
very attractive solution, as BESS would be able to support the plant to give stable
output and participate more effectively in electricity markets. The market partici-
pation algorithm proposed in this thesis work was able to effectively participate in
day-ahead and intraday markets. The algorithm’s risk level gives plant operators
an option of how much risk they are willing to take, as this can depend on many
aspects like forecast data quality, geographic location etc.
Although the control system implemented was not able to fully keep up with the
power references in the simulation, this can easily be solved by increasing the
number of design samples for the gain scheduler. Electricity markets around the
world are still adapting to increasing the renewable energy generation share, the
regulation in place can sometimes halt this increase market share of renewables.
Providing the capability of ramping up power of renewable generation plant in in-
traday markets not only helps in increasing the revenues by plants, but also gives
the plant operators to avert some the risk taken in the day-ahead market.
BESS is a very important component in implementing such an algorithm in a hy-
brid power plant. The deterioration of BESS can increase the replacement cost for
the plant operator. In the proposed plant the BESS was sized using a simple sizing
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method, thus the BESS size proposed for the plant was very big. The proposed
BESS, the lifetime was not deteriorated that much as the depth of discharge of the
charge cycles where very small. Future work could be done on sizing of BESS,
which is suitable with the market algorithm used, as the BESS sizing is correlated
with applications it is used for. The control system proposed can be tested in a real
system, to validate it control capabilities.
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