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Executive summary

This deliverable discusses the dynamical properties of the renewable energy power plants
as local generating units within a dynamical virtual power plant. The generation technolo-
gies considered include wind, photovoltaic, hydro and solar thermal power production. All
models consist of a primary converter driven by the renewable energy source and a sec-
ondary converter that provides the connection to the electrical grid. The plant dynamics
and control loops inherited in both converters combined form distinct dynamical proper-
fies that are analyzed and compared. Further, different possibly implemented operating
modes for the wind turbine and photovoltaic power plants and their implications for the
achievable dynamics fracking are briefly discussed.

The derived models are simulated in different test cases that are designed to evaluate the
properties in the reference fracking and disturbance rejection dynamics of the individual
power plant. For reference tracking, active power and reactive power demand changes
are studied, while the disturbance behavior is investigated by a variation of the primary
energy source, magnitude of the grid voltage or phase angle of the grid voltage. All
of these scenarios excite different transfer channels of the closed-loop system and can
be used to evaluate the different dynamical behavior of the studied power plant for the
investigated phenomenon.

The derived models will be made available at an accessible repository. Additional to
the possibility to be integrated in different simulation environments, the models contain
a linearization feature that allows to derive a linearized state-space model of the power
plant at an operating point of interest. This functionality can be used to evaluate the
dynamics in both, the time and frequency domain. Within this deliverable, some distinct
features of the different power plants and the chosen operating modes are discussed
based on the characteristics in the frequency domain. This methodology can be used
to yield an analytically treatable model description of the individual power plant either
directly or by applying model reduction in an intermediate step.

The model-based control approaches for a dynamical virtual power plant considered
within WP 3 and 4 are capable of infegrating different dynamical properties of the indi-
vidual power plant to form an overall beneficial behavior for stabilization of the electrical
grid. In this light, instfead of defining what objectives and assessment criteria for the the lo-
cal power plant level participating in a dynamical virtual power plant are mandatory, this
approach rather seeks to identify the present power plant dynamics and accommodates
them in a suitable fashion into the overall control objective. To achieve this, the definition
of test cases and a specified methodology to extract the relevant dynamical information
of the power plant to be used in the dynamical virtual power plant scheme represents a
reasonable approach.
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1 Infroduction

The key task of a dynamical virtual power plant (DVPP) - like any other power plant - is to
ensure that grid voltage and frequency remain for any expected or likely operation mode
or condition of the grid and its connected consumers within given boundaries. Conse-
quently, the dynamical reaction to changes in the frequency and voltage of the elec-
frical grid are vital characteristics in the formation of a DVPP (1). The admissible bound-
aries of frequency and voltage are usually defined by grid codes for a given electrical
system to comply with technical and physical limitations (2). The distributed character
of a DVPP implies that there are different functionalities located at different levels of the
group of generators included in the DVPP framnework and that communication between
the different units exists (2,13). A system-wide perspective is taken by the central DVPP con-
froller commanding its sub-units to jointly operate within the grid as a power plant. Due
to communication delays and the possibly fast dynamics involved in the stabilization of
the electrical grid, however, the local renewable energy power plant (RPP) that operates
within the DVPP needs to be capable of operating autonomously. The autonomous oper-
ation is vital for both, in cases where the communication fails or at events that due to the
tfimescales of the involved phenomena cannot be treated by the DVPP actively while the
event is occurring. From a stability point of view, the DVPP needs to maintain a basic set of
functionalities even under the condition of a complete loss of communication between
central control and local plants. As consequence, each local RPP should be capable
of providing sufficient capabilities to keep frequency and voltage stable within the given
physical boundaries of the RPP

From this perspective, grid frequency and voltage are the confrol objectives (2), active
and reactive power (or current) capabilities describe the manipulated control variables.
The dynamic response to reference or disturbance changes depend on the RPP capabil-
ities and control structures. These capabilities to support grid stabilization are commonly
referred to as ancillary services and are described in the grid codes. Due to the cur-
rent restructuring of the electrical grid, the requirements are being adjusted, where ad-
vanced functionalities like providing virtual inertia are discussed and introduced for non-
synchronous generator-based power plants (2).

For participation in a DVPE the local RPP must provide different functionalities and inputs
for the interaction with the higher-level logic. Apart from the energy production, renew-
able energy power plants, therefore, become providers of ancillary service either jointly in
an orchestrated group to form a DVPP or locally when reacting to e.g., voltage drops. Ex-
amples for functionalities possibly relevant for participation within a DVPP are: active and
reactive power tracking, provision of (virtual) inertia, variation of droop coefficient that
determine grid characteristics in terms of reaction to changes in the frequency or volt-
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age magnitude. Additionally, the desired behavior of power converters in case of voltage
drops occurring in the electrical vicinity to the considered RPP can be defined in terms of
relating the local reactive current reference to the voltage changes or the active current
reference to frequency changes to comply with existing grid codes (2).

The objectives and their assessment criteria for the RPP level depend on the strategy
in the design and implementation of the DVPP scheme, which usually groups the gen-
erators in dispatchable and non-dispatchable (1). Related to a specific phenomena,
e.g., frequency oder voltage dynamics, this can be referred to as controllable and non-
controllable power plants (3) to aggregate the degrees of freedom inherited at the RPP
level. The objectives define which functionalities are necessarily provided by the local RPP
to be considered as controllable for a specific phenomenon within the DVPP concep-
fion. From a local RPP control perspective considering the unity of primary and secondary
conversion, this question refers to which control loops need to be implemented to allow
for providing the desired functionality.

After identification of the objectives, the question arises on how to assess if a local power
plant can provide the necessary functionality for partficipation in the DVPR This involves
many questions arising generally in the definition of standards, e.g., are measurements
necessary or are simulation results sufficient? What is a proper description of ideal behav-
ior, e.g., in ferms of transfer functions, giving desired trajectories after some standard test
cases, or in terms of stafistical properties? On the other hand, the definition of objectives
and its assessment may also involve a different thought process for a DVPP concept, where
the basic idea is reversed: The DVPP does not define the necessary dynamics to partic-
ipate in the scheme but instead allows for a wide range of RPP dynamics, including the
explicit consideration of non-controllable dynamics. This is achieved by accommodating
the different RPPs within the conftrol scheme either by robustness properties or explicitly
considering different dynamical characteristics at the local RPP level within the DVPP con-
frol design. Model-based approaches as discussed in Deliverable 3.1 and work package
4 of the POSYTYF project are capable of accommodating the different dynamics of the
participant power plant in the DVPP by either dedicatedly designing the original control
loops inherited in the power plant as discussed in (4), or by applying a model-matching
control scheme on the local RPP level as suggested in (3, 19). These control concepts can
infegrate performance constraints to dedicatedly adjust the closed-loop response of the
controllable unifs to shape the entity of dynamics represented by the DVPR In this case,
the assessment criteria would need 1o be interpreted differently: the DVPP designers de-
fine test cases that need to be executed by the RPP to identify some key dynamic ele-
ments and possibly provide the basis for a reduced-order modeling applicable within the
DVPP control design process.

10
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For control design on a DVPP level, a categorization of the RPP dynamics considering the
inherited time scales is usually conducted to link the relevant dynamics to the considered
power system phenomena (1, 14, 16). The time scales are determined by both, the open-
loop dynamics of the plant and the applied control. For example, consider the following
description for the local RPP dynamics used in (3)

Ap;(s)

(M
Aqi(s)

=Ti(s)

that relates the change in frequency and voltage to the reaction of the local RPP device
in tferms of its dynamical active and reactive power injection. In (3), it is used as a basis for
model-based control design of a DVPP considering the frequency and voltage dynamics,
where the local, linearized dynamics are reflected by the transfer function T;(s). Con-
sequently, a categorization that links the relevant closed-loop dynamics at the RPP level
to the investigated phenomena is beneficial for the design process of the DVPP control.
Effectively, the aim of this work package is to identify the structure and parameters nec-
essarily contained in T;(s) to provide a suitable description. To proceed towards this goal,
the implemented models of the RPP developed in this work package including primary
and secondary conversion are used for simulation studies in specifically chosen test cases.
The test cases are designed to capture some of the mentioned functionalities that are
necessary for participation in a DVPP and illustrate the dynamical characteristics when
using different sources as the basis of the RPP

Additionally, this document serves as a short descriptfion of the simulation environment
created within the project, which will be made available at the following github repository
(https://github.com/viniciuslacerdaUPC/POSYTYF) tO be used and altered for simulation
studies or conftrol design. The general simulation setup and implementation are briefly
described. Input and output signals are shortly discussed along with functional aspects of
the implemented models to enhance further usability. The implementation of the models
allows for a numerical linearization of the given dynamics in any operational point and
thus can be further used for deriving suitable descriptions of transfer functions T;(s) that
can be used in the DVPP conftrol design and model the response of the local RPP unit
for the considered phenomena. The theoretical basis of the implemented RPP models is
discussed in detail in Deliverable 2.1 (/).

1.1 Simulation environment and model implementation

The electrical connection of the RPP to the grid is modeled as a three-phase system. The
equivalent single-line diagram is shown in Fig. |1, where the electrical grid is represented
by the voltage v, and the point of coupling (PCC) is given by the voltage vector v. The

11
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(a) (b)

Figure 1: Electrical single line diagram of the simulation setup. v, and v denote the voltages of
the grid and the point of common coupling (PCC), respectively. (a) Converterbased
power production, where e denotes the converter terminal voltage, and Ly and Ry de-
scribe the output filter. (b) Synchronous -based power production, where e” denotes the
subtransient voltage behind the subfransient reactance given by L"” and the dissipating
resistance R.

transmission line from the PCC to the grid is modeled as a series of resistance R, and in-
ductance L,, where the per-unit impedance formed by L, is defined as = = 0.3 pu with
an r/z-ratio of 1/40. The model capturing the grid line is implemented as both, an EMT
and phasor version. All of the presented simulation results here are obtained from sim-
ulating the grid as a phasor equivalent with the limitations arising from neglecting the
dynamics inherited in the fransmission line. The base voltage of the simulation is chosen as
2700V phase-to-ground magnitude with a base power of the secondary conversion given
as 5 MW. Both considered secondary converters, i.e., synchronous generator and power
converter, are implemented in a per-unit description.

The synchronous generator model describes a sub-transient voltage source e” behind a
sub-transient reactance represented by L” as shown in Fig. [1| (b) following the description
in (8). The field voltage of the synchronous generator is controlled by using the parame-
ters and exciter model discussed in (). The excitation system is augmented with an outer
control loop using a Pl controller aiming for fracking reactive power demands. The po-
rameters of the synchronous generator are based on the per-unit parameters for a typical
hydro turbine synchronous generator as given in (10).

The converter used in the simulation studies covers both, a grid-following (GFOL) and grid-
forming (GFOR) operation. For the grid-following operation, a phase-locked loop (PLL) is
applied for synchronization with the electrical grid, while providing the reference angle for
controlling the converter in a synchronously rotating reference frame. A cascaded control
structure that fracks a given power demand is implemented in the grid-following mode.
The outer loop controls use the active and reactive power to provide the references for
the inner current control loop. For grid-forming operation, a similar approach as described

12
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in (2) is used, where a reference voltage vector is obtained using droops acting on the ac-
tive and reactive power while providing the reference for an underlying current controller.
The filters Svﬁ applied to the measurement of active and reactive power together with
the droops determine the inertia that is inherited in the closed-loop response of the con-
verter (11). Opposed to the GFOR concept in (2), however, here the reference voltage
vector obtained from the droops refers to the converter terminal voltage e rather than the
voltage at the PCC v. From the measurements of the voltage at the PCC v and the ref-
erence voltage vector, the reference currents are calculated using the the steady-state
solution of the converter’s output filter model, i.e., i = (e — v)/(Rs + jwL¢). This current
reference is then processed by the same current controller as used in GFOL mode, except
the angle for the coordinate fransformation to a synchronously rotating frame is given by
the reference voltage vector eof At the converter terminal. The block diagrams of the two
control schemes are shown in Fig. 2] and 3]

kps kpi joly
st o I ref e | dg €abe
50 > kl f _[” ——0 > kl. f >

8 abc

k

Iab p,PLL
1 abc
S. . % dq
sV, abe| Ve Im{y g} =0 OpLL
|8 o ] [

>0 ” kLPLL - f

TG PLL Im{v}T

Figure 2: Block diagram of grid-following (GFOL) converter control. The current i, voltage at the
PCC v, terminal voltage of the converter e and the power s are denoted as complex
numbers, where the conjugate complex is given as s*. The controller is based on a cas-
caded power and current control loop in a rotating reference frame using the angle 6p1,1,
obtained from the phase-locked loop.

In case of converter-based RPPs, the primary and secondary conversion are coupled by a
DC link modeled as a capacitor. A Pl controller uses the voltage measurement of the DC
link to manipulate the active power-component of the reference current in the converter
control loop for GFOL mode. Due to the application of the PLL in GFOL, the d-component
of the current directly relates to the active power injected and thus provides an effective
way to regulate the DC link voltage to its reference value. For GFOR mode, the synchro-
nization criterion of the PLL v, = 0 is not valid, an thus the active power injection can not
be attributed to either of the current components individually. As a result, the DC link volt-
age controller in GFOR mode directly acts on the frequency and angle of the reference
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Figure 3: Block diagram of grid-forming (GFOR) converter control. The current i, voltage at the
PCC v and the terminal voltage of the converter e are denoted as complex numbers.
The controller is based on a reference voltage vector calculation e,s from the active
power p and reactive power q injection. Using the measured voltage at the PCC v and
the reference voltage af the converter terminal e,.¢, the reference current is determined
and fed to an underlying current control loop. The rotating reference frame for the current
controller is determined by the angle O...s Of the reference voltage vector. The control
gains kr, and k, , are commonly referred to as droops of the confrol scheme.

voltage vector of the converter terminal voltage that yields the reference currents. Both
approaches regulate the DC link voltage to its reference value ensuring proper operation
of both the primary and the secondary power conversion.

1.2 Implementaion of simulation models and linearization

All models are implemented using S-Functions within the Matlab environment. S-Functions
provide a convenient application in different toolboxes that are implemented either di-
rectly within Matlab or the Simulink environment. Specifically, this implementation is suit-
able for an integration of the REP models within a script-based electrical grid simulation
toolbox based on e.g., MatPower/MatDyn or the Simscape environment for simulation of
the power system. Additionally, the autocoder implemented in Matlab is capable of pro-
ducing C code from S-Functions, such that the models may be included in other specific
programs for the simulation of the electrical grid and its dynamics.

A benefit of S-Functions is their directly mathematically interpretable structure, enabling
a convenient transfer from analyfically derived model descriptions as x = f;(t,x,u), y =
f,(t,x,u) to the implementation within the simulation environment. This is achieved by the

14
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definition of the following sub-functions within the S-Function framework

flag = 0 inifialize sys = system information
X0 =x(t =0)
str = additional information
flag = 1 derivatives sys = f(t,x,u)
flag = 3 outfputs sys = f,(t,x,u)
flag = 6 numerical linearization sys = 2 i

where usually S-Functions are used to produce the derivatives x and outputs y depend-
ing on the input and current states. From the simulation models, specific S-Function are
generated capable of numerically linearizing the inherited system dynamics at a desired
operating point. This allows for an analysis of the REP characteristics in the time and fre-
quency domain.

1.3 Test case description

The test cases are designed to cover a variety of different functionalities possibly occur-
ring when participating in a DVPP Especially, we focus on the dynamics when following
commands in terms of active and reactive power demands, and the reaction to sudden
changes in the magnitude or phase angle of the equivalent voltage source representing
the electrical grid. The aim is to identify which dynamics are relevant at which of the in-
vestigated phenomena to enable a discussion on reduced-order models for the control
design on the DVPP level.

In some test cases, it is observed that only a limited number of control loops is necessary
for representing the dynamics at the relevant time scale for the considered process at the
DVPP level. When using a power converter as the connection to the electrical grid, i.e., for
the wind turbine model and the photovoltaic power plant model, the primary conversion
is decoupled from the electrical grid, such that events on the grid side especially involving
reactive power changes, show only small interference with the primary conversion. The
secondary conversion dynamics are usually faster than the primary conversion, such that
phenomena delayed by the primary side show a very similar trajectory in terms of the
injected power to the electrical grid.

For synchronous generator-based RPP i.e., for the hydro power plant and solar-thermal
power plant, the primary and secondary conversion is directly coupled through the me-
chanical shaft, such that changes in the rotational speed induced by the electrical grid
influence the primary conversion process. This necessitates control action on the primary
side resulting from variations in the rotafional speed. Depending on the magnitude of
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system excitation due to the event, the influence of the generator’s rotational dynamics
acting on the primary conversion ranges from small to relevant control action needed.

Generally, the number of interesting test cases is broad with a lot of parameters to define
the event that yields the system excitation. These parameters are for example the mag-
nitude of the changed quantity, the rate of change of this quantity, and the time span of
the event. We expect some basic functionalities and their properties to be at least rele-
vant for participation in a DVPR Therefore, the test cases cover the response to changes
in active power demand, reactive power demand, and primary power supply in form
of the energy source. Further, an appropriate reaction to voltage drops in the grid and
phase angle changes are important behavioral aspects that are investigated. Different
outcomes might result from different parameter values like magnitudes of the changes up
to provoking an instability of the power plant. This may occur e.g., from increasing the grid
voltage phase angle step in test case 5 resulting in unstable behavior of the PLL for the
grid-following operation of the converter or rotor angle tripping of the synchronous gen-
erator. For all considered cases, the trajectories depend on the chosen control gains and
open-loop dynamics of the process, where the discussed simulation results are derived
from one possible parametrization. The scenarios investigated here result in the sufficiently
damped operation of the power plants and allow a focus on the governing dynamics in
normal operational modes. The test cases are equally applied to the different RPP models
implemented so far covering converter-based power plants using photovoltaic and wind
power as primary conversion, or synchronous-generator-based power plants using hydro
power and solar-thermal power as primary conversion.

0.8ppase  fOr ¢ < tevent
Testcase 1 preqg =
0.9ppase  fOr ¢ > tevent

The active power request of the RPP is increased by 0.1 pu. For the PV and WT systems,
which are modeled without energy storage, this active power command can only be
achieved if the current primary energy source provides sufficient power. For this reason,
both RPPs are operated in a de-rated mode to analyze the dynamics inherited in the
active loops rather than revealing the physical limits from the power sources.

For hydro and solar thermal RPP this aspect is not of significance, as the storage units
are an integral concept of the primary conversion, and thus supposedly the storage is
sufficiently charged. We choose this boundary in the simulation models, as the storage
processes show timescales in the range of days to weeks. The idenfification of dynamics
involved in the variation of active power when following demands is expected to be of
vital importance for an efficient participation in a DVPP control scheme, especially with
regard to the frequency dynamics of the electrical grid.
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Testcase 2 A stepwise change of the power contained in the primary source is simulated.
To achieve this, for PV and solar thermal power plants the irradiation is altered. For wind
turbines, this is covered by a change in the wind speed that is used to excite the wind
tfurbine model. For hydro power plants due to the long timescales involved in balancing
the storage tank level, this test case is not applicable. The process in this test case is
mainly governed by the control loops and dynamics inherited in the primary conversion.
Especially for converter-based power plants, the dynamics of the secondary conversion
are much faster compared to the primary dynamics and effectively follow the trajectories
dictated by the primary conversion characteristics.

O for t < tevenf

Testcase 3 greq =
0.3ppase  fOr t > toyent

The reactive power request is varied as a step by 0.3 pu. This process is mainly governed
by the secondary conversion side, where either the setpoint for the current is recalculated
for the converter or the exciter of the synchronous generator is used to provide the de-
sired level of reactive power. A variation of reactive power directly acts on the voltage
magnitude of the considered connection point within the electrical grid and can thus be
used to enhance voltage stabilization. The changes following a reactive power demand
step are governed by either the cascaded power control acting on the current control
setpoint in the case of the converter or the voltage setpoint of the exciter in the case of
the synchronous generator. The closed-loop dynamics of this process are located in the
range of several tens of milliseconds or seconds, respectively, and investigates the refer-
ence tracking dynamics rather than the disturbance dynamics in case of e.g., voltage
drops (compare to test cases 4 and 5).

1pll for t < tevenf
Testcase 4 vyq =

0.9pu for t > teyvent

In test case 4, a voltage magnitude drop to 0.9 pu symmetrically at all three phases is
performed. The drop is chosen to evaluate the initial disturbance rejection dynamics in
normal operation, i.e., without hitting limitations or activating a fault mode due to an iden-
fified under-voltage. This relates to small-signal stability. This disturbance to the power plant
is usually handled by the secondary conversion, as the transfer to the altered operating
point yielding the pre-event power injection is governed by the cascaded power con-
froller in the converter or the rotational dynamics and exciter dynamics in the case of the
synchronous machine.
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0 for t<t
Test case 5 Apgig = { event

0.05pu for t > teyent

In this test case, a stepwise change of the voltage angle of 0.05 pu is conducted, relating
to a change of 18 deg. Usually, the phase angle jump occurs in parallel to a variation of
the magnitude due to, e.g., a line fripping or a sudden change in loading. To analyze
the phenomena separately, in this test case only the phase angle is varied. This fest case
allows studying the fransients of the generation especially considering the synchronization
process of the power plants to the grid’s voltage.
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2 Wind turbine-based power generation

The considered wind turbine model inherits a description of the structural turbine dynam-
ics in tferms of convexly blended linear submodels (quasi-LPV/Takagi-Sugeno modeling).
It consists of a description of the tower, blade and drivetrain dynamics that is driven by
a wind speed as input to the primary conversion system. A controller that is capable of
governing the wind turbine in a wide operational range, and in consequence allowing for
a variable power fracking operation, is applied. The control design is conducted in the
Takagi-Sugeno modeling framework, resulting in a convex optimization problem based on
linear matrix inequalities. In operation, the wind turbine controller produces the desired
pitch angle position and generator torque. The dynamics of the pitch system and gener-
ator of the wind turbine are modeled as first-order tfransfer functions with timeconstants of
0.1s and 0.02s, respectively. The resulting generator torque and pitch angle are applied
to the wind turbine model, where the power production of the turbine is calculated from
the rotational speed and the applied generator forque.

The produced power of the wind turbine is the input to the DC link dynamic model, which
captures the DC voltage as an infegral state and depends on parametrization of the
capacitance. The power injected by the converter in the secondary conversion process
is supplied to the DC link model, where the power balance of produced power by the
wind turbine and injected power of the converter determines the state of the DC link
voltage.

Some of the considered test cases are predominantly governed by the primary conver-
sion dynamics of the wind turbine, where the converter on the secondary side precisely
follows the active power trajectory of the wind turbine independent from being operated
in a grid-following or grid-forming mode. The results discussed in fest case 1 and 2 are
gained using the grid-following mode. The power tracking dynamics, however, depends
on the chosen operating strategy of the wind turbine manufacturer. To evaluate different
possible operating strategies in terms of its power generation dynamics, two distinct strate-
gies are chosen and compared. Both strategies are considered in the control design to
enable a variable power output fracking of the wind turbine depending on the demand
of an upper level logic like a DVPP In the first operating strategy (OS1), the power tracking
is performed using the generator torque only while keeping the rotational speed con-
stant depending on the wind only. Oppositely, the second operating strategy (OS2) varies
the setpoints for both, the rotational speed and generator torque to match the power
demand. Both strategies are described in more detail in Deliverable 2.1 of the posytyf
project.

The underlying modeling approach is discussed in POSYTYF Deliverable D2.1(/) (see Sec-
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fion 3 for a description of the wind power system and Section 2 for a description of the
power converter).

2.1 Test case 1: Active power request AP,., = 0.1pu
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Figure 4: Wind power plant simulation results in test case 1: (a) active power (b) reactive power (c)
estimated frequency of the phase locked-loop (d) voltage at the PCC

Within the simulated test case, a wind speed is chosen that can supply 1 pu available
power, i.e., above or equal to rated wind speed. The power demand is set to 0.8 pu be-
fore the stepwise variation of the active power request. Fig. 4| (@) shows that the altered
power demand is processed by the wind turbine conftroller adjusting the generator torque
and pitch angle to provide the desired power of 0.9 pu. Depending on the chosen op-
erating strategy, the settling fime to fulfill the demand varies. While in OS1 the generator
torque can be actuated at a fast scale, in OS2 the power output change happens at a
slower timescale due fo the rotational inertia of the turbine active when varying the roto-
fional speed setpoint. The timescale of the rotational motion is in the range seconds. The
converter dynamics act at a much faster scale, and consequently the power injected by
the converter increases along the frajectory of the power generated by the wind turbine
in both operating strategies as shown in Fig. [4] (o).

Due to a change in active power, the voltage at the PCC is varied 4| (d), resulting in
a transient of the reactive power remaining that remains below 0.01 pu as shown in Fig.
(b). As the active power trajectory depends on the chosen operating strategies, the
voltage trajectories also vary depending on the application of OS1 or OS2. The transient
in the voltage at the PCC is also slightly observable in the estimated frequency of the PLL
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in Fig. [4] (). that converges to the grid frequency in the time range of milliseconds. The
cascaded power and current control loops used for operation of the converter force the
active and reactive powers to the reference values in the following.
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Figure 5: Wind turbine states in test case 1: (a) rofational speed (b) pitch angle (c) generator
torque (d) blade out-of-plane deflection

Fig. [4 shows some of the modeled wind turbine states. The change in power demand
results in an adjustment of both the pitch angle Fig. [ (o) and the generator torque [
(c) to match the desired power level. While the pitch angle is decreased to allow for
an increasing aerodynamical torque produced by the wind turbine rotor, the generator
tforque increases to match the aerodynamical torque. Depending on the operating strat-
egy, either a constant rotafional speed or a variation due to the altered power setpoint is
observable in Fig. [4 (o). The operating point change varies the thrust force that is acting
on the turbine structure. As a result, the mechanical components of the wind turbine show
a transient fransfer to the new steady-state value as observable for the blade out-of-plane
deflection in Fig. {4| (d). Depending on the chosen operating strategy, different trajecto-
ries and steady-state values result for the mechanical wind turbine structure as can be
observed by comparing OS1 to OS2 in Fig. [4l These transients due to tracking of desired
power demands induce mechanical loading into the turbine structure that can be ana-
lyzed in terms fatigue load analysis and the obtained cumulated damage can be used to
provide an estimate of the wind turbine lifetime.
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2.2 Test case 2: Decrease in wind inflow Av = —0.3pu

A change in the wind inflow of 30% is simulated from 1.3 pu to 1.0 pu. Even though the
wind speed varies the turbine operating point, sufficient power is available in the wind to
reach the desired power level of 0.8 pu. As described in test case 1, the converter dy-
namics are faster than the wind turbine dynamics, and thus the power injected into the
grid precisely matches the power production of the wind turbine (Fig. [ (a)). As the power
output changes are slow in the range of seconds, the reactive power is kept constant by
the converter and the frequency of the PLL shows no excitation. This behavior is generally
seen in wind turbine based on converters due o the slower timescales of the wind turbine
system and decoupling from the electrical grid due to the converter. As a result, distur-
bances in the primary conversion have little fransient impact on the converter states and
thus on the dynamics seen by the electrical grid. The change in active power due to the
varying inflow conditions result in a slight variation of the voltage at the PCC (Fig. [6] (d)).
Opposed to test case 1, the disturbance rejection dynamics of the wind turbine is very
similar in both operating strategies, and consequently very similar frajectories result when
comparing OS1 to OS2 in Fig. @
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Figure 6: Wind power plant simulation results in test case 2: (a) active power (b) reactive power (c)
estimated frequency of the phase locked-loop (d) voltage at the PCC

The wind turbine states are excited by the change of the incoming wind field. As a sud-
den decrease in wind speed occurs, the aerodynamic torque reduces due to the current
operating states governed by the generator torque and pitch angle. As a result, the wind
furbine controller adjusts the pitch angle aiming for a trajectory of the rotational speed
that results in operation at 0.8 pu again (Fig. [7). The transient due to the wind speed dis-
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turbance affects the mechanical wind turbine structure. The trajectory of the blade out-
of-plane deflection is shown in Fig. [7} As a result, the consequences for the mechanical
loading of the wind turbine can be analyzed considering both in parallel, the excitation
due to the varying wind speed and the mechanical loading due to a parficipation in a
DVPP by e.g., fracking given power demands.
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Figure 7: Wind turbine states in test case 2: (a) rotfational speed (b) pitch angle (c) generator
torque (d) blade out-of-plane deflection

2.3 Test case 3: Reactive power request AQ,., = 0.3 pu

As the active power demand is kept constant, the wind furbine power generation remains
constant. The active power injected by the converter shows an inifial increase in power
due to the variation of the PCC voltage as a consequence of the injected reactive power.
This active power fransient decays fast towards the desired setpoint due to the controllers
active in the converter as shown in Fig. [§ (a). Depending on applying GFOR or GFOL
mode, the active power frajectories shows a fransient behavior with and without an oscil-
lation observable. The power converter adjusts the reactive power output to the desired
value at 0.3 pu reaching steady-state at approximately 500 ms after the command. The
tfrajectory of the reactive power depends on the chosen control parameters in both con-
cepts. As a consequence of the reactive power injection, the voltage at the PCC is lifted
from 0.97 pu to 1.07 pu as shown in Fig. [8| (d). The transient in the PCC voltage results in
a slight excitation of the PLL frequency that decays without an oscillation in the range of
milliseconds as shown in Fig. [§ (c). Additionally, in Fig. [§(c) the oscillation in the frequency
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Figure 8: Wind power plant simulation results in test case 3: (a) active power (b) reactive power (c)
GFOL: estimated frequency of the PLL, and GFOR: frequency of the reference voltage
vector (d) voltage at the PCC

of the voltage reference vector due to the active power transient is observable in GFOR
mode is observable.

The cascaded power and current controllers in the converter adjust the converter terminal
voltage to enforce the desired reactive power injection. The resulting trajectories of the
tferminal voltage in a synchronously rotating frame with the PLL frequencyﬂ are shown in
Fig. @ The reactive power change induces a variation of the voltage magnitude from
0.99 pu to 1.11 pu for the terminal voltage e in both converter modes. The reactive power
injection is accomplished by delivering the g-component of the current, that is forced
from intially O pu to -0.28 pu as shown in Fig. [9] (b) and (d). As the active power demand
remains constant and the voltage magnitude increases at the PCC, the d-component of
the current is decreased by the converter 1o inject the same amount of the active power
info the grid as before the event. For the GFOR mode, the oscillation representing an
inertial behavior in terms of power swings can be seen in both, the g-component of the
tferminal voltage e and d-component of the current 7.

2ln GFOL mode a PLL is essential for the control concept, while in GFOR a PLL is running in parallel but not
influencing the converter control.
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Figure 9: Converter states in test case 3: (a) terminal voltage of the converter GFOL (b) current of
the converter GFOL (c) terminal voltage of the converter GFOR (d) current of the con-
verter GFOR

2.4 Test case 4: Grid voltage drop of 0.2 pu

The step-wise change decrease in voltage magnitude of the grid v, reduces the voltage
seen by the converter v at the PCC as shown in Fig. [T0(d). In GFOL mode, the converter
quickly adjusts the terminal voltages as a consequence of the feed-forward term using
the measurement of the voltage at the PCC. While this initial reaction is also true for the
current controller within the GFOR concept, the reference current calculation also uses
the measured voltage along with the reference voltage vector obtained by the droops
on active and reactive power. As a result, the converter injects the reactive power in
Fig. [T0]due to the g-component current seen in Fig. [TT](d). This result in a stabilization of
the voltage magnitude as can be seen from comparing GFOL and GFOR in Fig. [T0] (d)
until ending at the same steady-state operating point due to the controllers adjusting the
reactive power back to its reference value. This results in a transient of the PLL in the GFOL
mode that quickly decays in the range of milliseconds. The inifial excitation of the active
power dynamics due to the variation of the grid voltage results in an oscillatory behavior
until converging back to its reference.
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Figure 10: Wind power plant simulation results in test case 4: (a) active power (b) reactive power (c)
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Figure 11: Converter states in test case 4: (a) terminal voltage of the converter GFOL (b) current
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2.5 Test case 5: Phase angle step change of 0.05 pu
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Figure 12: Wind power plant simulation results in test case 5: (a) active power (b) reactive power (c)
GFOL: estimated frequency of the PLL, and GFOR: frequency of the reference voltage
vector (d) voltage at the PCC

The step-wise change in the grid’s voltage angle induces clearly visible transients in all
electrical quantities of the generation system. Depending on applying the GFOL or GFOR
mode, the transients show distinct dynamical properties. Both concepts operate in a
similar fime scale of tens of milliseconds, where the GFOL trajectories decay without an
oscillation and in contrast the GFOR mode shows inertial behavior. The fransient of the
reference voltage vector in the GFOR concept is reflected by its frequency in Fig. [T2](c)
and the oscillation visible in the g-component of the terminal voltage in Fig. [T3] Especially
the phase-locked loop experiences severe transients but remains in synchronicity with the
electrical grid as shown in Fig. [T2 (c). In both modes, GFOL and GFOR, the active and
reactive power show an initial increase in injected power that subsequently decays due
to the controllers (Fig. [12] (o) and (b)).
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Figure 13: Converter states in test case 5. (a) terminal voltage of the converter GFOL (b) current
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3 PV system

The primary energy conversion of the PV system contains the PV cells, the DCDC converter
and the power tracking algorithm. The PV cells consist of an electrical single diode model
and a model describing the temperature dependency. Inputs to the primary conversion
are the irradiation, the required active power and the DC link voltage of the DCAC con-
verter. The irradiation acts on both models of the PV cells, the DC link voltage is required
for the DCDC converter and the required active power is implemented by two different
algorithm to compare their dynamical properties. The output of the primary converter is
the active power injected into the DC link. The secondary converter for the PV system
is identical to the power converter model applied to the wind power-based power plant
featuring both GFOL and GFOR operation.

The underlying modeling approach is discussed in POSYTYF Deliverable D2.1(/) (see Sec-
tion 4 for a description of the PV power plant and Section 2 for a description of the power
converter).

3.1 Test case 1: Active power request AP,., = 0.1pu

In this test case, the PV power plant is operated in a de-rated mode prior to the event.
The power demand is set to 0.8 pu, where a simulated irradiation of S=1000W/m? is suffi-
cient to provide the desired power level at standard test conditions. Due to the increased
power demand, the power tracking algorithm that is controlling the primary conversion
needs to transfer the system to a new operating point respecting the non-linearity inher-
ited in the power conversion characteristic of the PV cells. To evaluate the influence of
the power tracking algorithm on the dynamical characteristics, two different algorithm are
compared. First, the P&O and then a generic algorithm is applied and compared.

The P&O algorithm proceeds step by step until the desired power is set. This behaviour
can be seen in Figure[14](a). After 13 seconds, the new operating point was reached. Fig.
[T4] (d) shows the PV voltage and Fig. [T4] (c) shows the load current. Both quantities are
fransfered to a new operating point, where a contfinuing fluctuation is observed.

The response of the system here is largely determined by the applied P&O algorithm that
varies the PV voltage while observing the change in produced power. Since every distur-
bance around the operating point reduces the power yield, a control objective is to keep
this disturbance low. However, a small disturbance also relates to slow responses when
following power fracking commands. The frequency at which the disturbances can be
induced is limited by the dynamics of the DCDC converter and each step is kept constant
for 100 ms. Thus, if faster responses are desired, the magnitude of the perturbation must be
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increased. Modified P&O algorithms can produce a faster responses open-loop control of
the applied disturbance as a function of the current operating point.
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Figure 14: PV power plant simulation results in test case 1 using the Perturb and Observation algo-
rithm: (a) active power production for primary and secondary side (b) voltage at the
PCC (c) reference (v,,) and actual v,, ».y Value of the PV voltage (d) PV output current
(Gipy) @nd inductor current (iy,)

The applied fast generic power tracking algorithm is assumed to be able to provide the
exact PV voltage as a reference value within a very short time. This behavior is modeled
as a first-order transfer function with a time constant of 10 ms, an open loop control based
on the current operating point and parameters of the plant (12). Within the application of
such algorithms, the measurements of irradiation and cell temperature are passed to an
adaptive model, which reconstructs the corresponding power curve.

The results when operating the PV system with the generic algorithm can be seen in Fig.
[T8 The reference value for the PV voltage is adjusted within 10 ms, see Fig. [T5](Q). The
relative quick change in the power fed into the DC link, Fig. [T5] () and (b) induces some
oscillations which decay after 400 ms.
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PV power plant simulation resulfs in test case 1 using the fast generic power tracking
algorithm: (a) active power primary side (b) active power secondary side (c) reactive
power (d) GFOL: estimated frequency of the PLL, and GFOR: frequency of the reference
voltage vector (e) voltage at the PCC (f) converter current (g) reference (v,,) and ac-
tual (v, rey) vValue of the PV voltage () PV output current (i,,,) and inductor current (ir,)
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3.2 Test case 2: Decrease in solar irradiation AS = —0.2pu

In this scenario, the intensity of the primary source considered as the irradiation forming
the input to the model drops abruptly by 20% starting from a nominal value corresponding
to the standard test conditions. After the step in the primary source, the power supplied
by the irradiation is not sufficient for the power plant to provide the desired active power
within this simulation setup as observable in the steady-state offset from the active power
demand (approx 73% power instead of the demanded 80%) in Fig. [14] ().

Similar to scenario 1, the applied power tracking algorithm plays a dominant role in form-
ing the characteristics of the REP response and its delay. The P&O algorithm has a com-
parable slow behaviour compared to the generic algorithm. Therefore, only the results for
the generic algorithm are further analyzed within this deliverable.

It can be observed that due o the shift of the maximum power point, the supplied active
power immediately decreases before the applied power tracking algorithm results in a
convergence towards the desired power setpoint. The PV voltage controller acts at a
faster time scale than the power tracking algorithm, which causes the peak in the power
shortly after the power drop.
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Figure 16: PV power plant simulation results in test case 2: (a) active power primary side (b) active

power secondary side (c) reactive power (d) GFOL: estimated frequency of the PLL, and
GFOR: frequency of the reference voltage vector (e) voltage at the PCC (f) converter
current (g) reference (v,,) and actual (vp. rcf) Value of the PV voltage () PV output
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3.3 Test case 3: Reactive power request AQ),., = 0.3pu

POSYTYF Deliverable 2.2

The stepwise change of reactive power demand results in the same trajectories in Fig. [T7]
as discussed for the wind-based power plant. A small variation of the DC link voltage due
to the varying active power injection that is shown in Fig. [T7] (0) can be observed. This
causes the oscillation of the produced active power by the primary converter shown in

Fig. [T7] ().
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3.4 Test case 4: Grid voltage drop of 0.2 pu

Despite the small oscillations seen in the power produced by the primary converter due to
coupling with the DC link voltage in Fig. [T8], the voltage drop evaluated in this test scenario
causes the quantities seen by the elecftrical grid to be almost identical o the trajectories
observed for the wind-based power plant. This response is dominantly governed by the
power converter on the secondary side and its implemented control schemes within.
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Figure 18: PV power plant simulation results in test case 4: (a) active power primary side (b) active
power secondary side (c) reactive power (d) GFOL: estimated frequency of the PLL, and
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3.5 Test case 5: Phase angle step change of 0.05 pu

As also argued in the test case before, the characteristics of the secondary conversion
dominate the response to the sudden change in phase angle of the electrical grids volt-
age vector. Due to the drastic change in active power supplied to the electrical grid in
case of GFOR operation shown in Fig. [T9 (o), the active power variation on the primary
side is affected and shows an oscillation at the frequency of the active power injection by
the power converter. However, even in this drastic scenario the power oscillations shows
a maximum magnitude of 0.1 pu due to the fast acting DC-DC converter within the PV
power converter at the primary side decaying after 200 ms.
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Figure 19: PV power plant simulation results in test case 5: (a) active power primary side (b) active
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4 Hydro system

The primary conversion of the hydro power plant contains a model of the turbine including
gate, governor and power control. As the storage tank showing long-term time scales is
neglected, the inputs to the primary conversion system are the angular velocity of the
shaft and the required active power. Consequently, test case 2, where a step change
in the primary source is performed, is omitted for the hydro power plant. The produced
mechanical power by hydro turbine is then processed to the mechanical model of the
synchronous generator that forms the secondary converter for hydro-based power plants.

The underlying modeling approach is discussed in POSYTYF Deliverable D2.1(/) (see Sec-
fion 5.2 for a description of the hydro plant and Section 5.1 for a description of the syn-
chronous generator).

4.1 Test case 1: Active power request AP, = 0.1pu

The response to a step-wise change of the active power setpoint from 80% to 90% is solely
determined by the dynamics of the hydro power plant forming the primary conversion.
As can be seen in Figure 20 (c), the slow power change causes only a small deviation
of the rotational speed of the combined mechanical shaft. As is typical for hydro-based
power plants, opening the gate due to the altered active power setpoint initially causes
an opposite response in the mechanical power generated, i.e., the system shows non-
minimum phase behavior, Figure 20 (). The synchronous generator as primary converter
precisely follows the active power trajectories dictated by the hydro system.
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setpoint for the rotational speed and power ouput and the weighted cumulated signal
processed to the controller.
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4.2 Test case 3: Reactive power request AQ),., = 0.3 pu

The step-wise change in reactive power demand causes the outer control loop to alter the
voltage reference setpoint used in the exciter of the synchronous machine. As aresult, the
field voltage applied to the synchronous machine acts on the voltage magnitude behind
the reactance seen by the electrical grid. Consequently, the additional current injection
into the grid causes the change of injected reactive power as shown in Fig. 2T](b). Due to
the reactive power injection, the voltage magnitude at the PCC rises as can be observed
in Fig. [21] (d). The initial increase in voltage magnitude causes an initial increase of the
active power injected. This results in a minor transient accompanied by oscillations of the
synchronous generators rotational speed (Fig. 2] (c)) while converging to the operating
point voltage angle between the PCC voltage vector and the internal voltage vector that
represents the synchronous generator.
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4.3 Test case 4: Grid voltage drop of 0.2 pu

The sudden change in the magnitude of the grid voltage v, from 1 pu to 0.8 pu causes a
decreasing voltage at the PCC. As a result, the voltage drop reduces the injected active
power immediately by 0.15 pu and causes a transient in the power plants rotational speed
shown in Fig. 22 (c). The oscillation caused by the rotational dynamics of the generating
unit following the excitation due to the voltage drop can be seen in both, the rotational
speed and active power injected to the electrical grid (Fig. [22] (@)). This phenomenon
acts in the time scale of seconds. The sudden drop in the PCC voltage causes an im-
mediate injection of reactive power into the grid as shown in Fig. 22] (b), as the voltage
vector formed by the synchronous generator initially remains unchanged. The reactive
power control loop acting on the voltage setpoint of the field exciter subsequently forces
the reactive power injection back to its reference value at 0 pu. The decay of the injected
reactive power yields a reduction of the voltage magnitude, and in turn illustrates the nat-
urally available voltage stabilizing potential of synchronous generators in case of voltage
change due to the automatic injection of reactive power.
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4.4 Test case 5: Phase angle jump of 0.05 rad

The phase angle change simulated in the voltage vector of the grid immediately results in
excitation of the power plant in both, the primary conversion and secondary conversion.
The excitation of the active power compared to the reactive power is dominant due to
inductive nature of the modeled transition lines as shown in Fig. 23] (a) and (b). While the
active power drops below 0 pu, i.e., absorbing power from the grid instead of injecting
for a short time, the oscillations seen in the reactive power remain below 0.1 pu. The
synchronization of the generator rotation with altered angle of the grid voltage vector
causes the oscillation seen in states of the power plant and is shown in Fig. 23 (c). The
characteristics of the oscillation are dominated by the inerfia of the generator set, where
the transients decay within a time scale of seconds.
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Figure 23: Simulation results in test case 5: (a) active power (b) reactive power (c) rotational speed
of the synchronous generator (d) voltage at the PCC (e) gate position (f) deviation from
setpoint for the rotational speed and power ouput and the weighted cumulated signal
processed fo the controller.
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5 Solar thermal-based power generation

The considered generic solar power plant (SPP) is dispatchable and consists of an col-
lector field, storage tank, a power conversion system including a steam generator, steam
furbine and synchronous generator and two separate control loops on the primary and
secondary conversion side:

e Collector field: The field is composed of 480 distributed solar collectors, arranged
in 10 parallel loops. A simplified functional diagram of the power plant is shown in
Figure 19 of the POSYTYF Report D2.1(/). A total oil volume rate ¢ flows through the
collectors with temperature 4, af the inlet and 9,,; at the outlet of the field. The
difference Av = ¥, — ¥4, depends on the set flow rate ¢y and the irradiation S.

e Storage tank: The oil-storage tank has a capacity of 140 m?, which allows for storage
of 2.3 thermal MWh for an inlet femperature of 210°C and an outlet tfemperature of
290°C.

o Control system of the primary conversion side: There are two separate control loops
in the modeled solar power plant. The first is assigned to primary conversion (cf.
generic RPP scheme in (/), Figure 1), in which solar irradiation on the collector sur-
face is converted intfo a heat flow. The assigned conftrol system has the objective of
maintaining the outlet temperature 49,,; (Mmore precisely formulated the average out-
let temperature of all the parallel loops) at the desired level in spite of disturbances
like solar irradiation S (clouds and atmospheric phenomena) and variations of the
inlet oil temperature 9;, (13). The manipulated variable for outlet temperature con-
frol is the flow rate through the collector field ¢; by means of a pump. The pump
dynamics and inertia of the mass flows, including friction, are represented simplified
by a first-order model. A further simplification of the model is the assumption that the
input temperature is constant since, in practice, this is also controlled by a cooling
system (condenser and cooling tower, see(13)). Simulation of the dynamics of the
primary power plant area is illustrated in Figure [25]

o Conftrol system on the secondary conversion side: The secondary section of the SPP
includes the conversion of the heat flow info generator power by a steam generator
and a steam turbine. The requested power P, is faken from the heat tank via a con-
frollable heat flow ¢ depending on the storage temperature and fed to the steam
turbine via a valve gate quantified by the power valve spool position P, (see Figure
26f37P. In addition, the speed changes of the generator are compensated with a
simple governor mechanism. The required power is tfaken from the heat tank via a
conftrollable heat flow depending on the storage temperature and fed to the steam
turbine via a valve spool position. Overall, the following control law with feedback
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and feedforward is used on the secondary side
Py = D,w (Wref - WSG) + kp,p (Preq - PSP) + Preq )

where k, ,, denotes the proportional gain of the speed deviation with w,.y = 1pu and
k,p denotes the proportional gain of the control error between the power request
and the power of the SPP currently fed into the grid. The overall control scheme is
shown in Figure .
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Figure 24: Confrol scheme of the solar power plant. Nomenclature and associated plant model is
described in D2.1.(/)

The parameters of the above components and the primary control scheme have been
taken from (13). The model equations of the primary and secondary conversion are pre-
sented in D2.1 (/). It should be noted that the storage tank is modeled lossless and the
loading and unloading of the storage tank is modeled by an effective storage volume
change v4(t) = A x5(s), where Ay denotes the constant area of the storage tank and z;
the level of the storage medium. Furthermore, with this type of power plant, it should be
noted that the primary conversion as a slow process is mostly decoupled from the sec-
ondary side by the heat storage tank. This is only valid while the tank contains energy,
i.e. z, > 0. Otherwise ¢ is directly bound to ¢; and the fluctuations of the primary control
are directly transmitted to the secondary control loop. In the test cases we assume that
energy is stored in the tank, where z; > 0 is always valid, see Figure 24 (h) - [3T] (h). The
simulation results for all fest cases 1-5 are presented and briefly discussed in the following.
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Figure 25: Long-term simulation of the primary converter with step changes in irradiation to illusfrate
the set-point control of the difference AY = 9,,, — ¥;y, UsSing the volume flow q;

5.1 Test case 1: Active power request AP,., = 0.1pu

Figure |2_'5] shows the response to a positive active power request of AP,., = 0.1 pu under
constant solar irradiation. Due to the constant solar irradiation of S = 1000 W/m? and
constant heat flow ¢y from the solar field into the tank, the temperature difference Av =
Jdout — Yin QlSO remains constant. Note that the temperature difference is controlled by
the volume flow. In this case the system is in steady state on the primary converter side.
Furthermore, it can be seen that due to a significantly larger input heat flow ¢; to the
output heat flow ¢, related to the tank, the storage energy characterized by z,; increases.
On the secondary side from the tank to the generator causes the power demand a time
delay of two seconds in the power fed in by the generator (see Figure 25,(a) denoted as
Pscocrip). The power control (see control diagram in Fig. xx) causes an adjustment of
the slide valve position, whereby a heat flow from the tank into the steam generator is
effected and the torque at the turbine shaft is increased. The increase of electric current
through the impedances, which accompanies the jump of the requested active power,
causes also a sudden rise in the reactive power, which is stabilized to the required value
Qreq = 0 after 30 seconds.
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Figure 26: Simulation results in Test case 1. (a) request active power, (b) request reactive power,
(c) synchronous generator speed, (d) voltage at the PCC in d, q-coordinates, (e) irradia-
tion of the collector field, (f) Valve spool position of the steam turbine, (g) Temperature
difference between outlet and inlef temperature of the solar field, and (h) Input ¢y and
output volume flow q, of the solar storage tank, and energy storage Level x,

5.2 Test case 2: Decrease in solar irradiation AS = —0.2pu

The excitation caused by a change in irradiation of AS = —0.2 pu is illustrated in Fig-
ure27] For a short time, the temperature difference of the collector field decreases, which
is compensated by the reduction of the heat flow ¢y, see Sub-figure (h) in Figure |7_7[) The
long-term behavior of the temperature control is shown in Figure 25 Thereby, the irradi-
ation drop is compensated after 150 seconds. It is noteworthy that the change of the
renewable source in the case of solar power plants (class of dispatchable power plants)
has no effect on the power generation side if the storage is sufficiently loaded. Such be-
havior is evident for this generic model of a solar power plant. The power fed to the grid
follows exactly the power requested. The differences between P,., and Psgagrrp result
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from the losses in the generator.
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Figure 27: Simulation results in Test case 2: () request active power, (b) request reactive power,
(c) synchronous generator speed, (d) voltage at the PCC in d, g-coordinates, (e) irradia-
tion of the collector field, (f) Valve spool position of the steam turbine, (g) Temperature
difference between outlet and inlef temperature of the solar field, and (h) Input ¢ and
output volume flow qs of the solar storage tank, and energy storage Level x

5.3 Test case 2b: Decrease in solar irradiation AS = —0.2pu and power request
AP, =0.1pu

Test case 2b combines Test cases 1 and 2. It is to be shown that a requested power
increase can be served even though a sudden iradiation drop occurs, see Figure 28], par-
ticularly the Sub-figures (a) and (e) at the same time ¢ = 1sec. It can be seen in Figure [2§|
that due to the charged storage the power request can be served in the considered time
period. However, it is also visible that the produced instantaneous heat flow ¢ as the out-
put flow of the collector field from time ¢ = 10 sec is smaller than the required flow ¢, which
feeds the stfeam generator. And thus provides the power for the generator. It should be
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noted that in the considered period, the heat accumulator discharge has no impact. This
is perhaps to be taken into account for long term dynamics in the consideration of WPS
issues. The reactive power shows the same excitation and characteristics in the transfer to
the new operating point as observed for test case 1. Due to the longer simulation time of
50 sec (compared to test case 1, see28), it can be seen very well that the disturbance by
the active power step change is actually controlled to @ = 0.
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Figure 28: Simulation results in Test case 2b. (a) request active power, (b) request reactive power,
(c) synchronous generator speed, (d) voltage at the PCC in d, g-coordinates, (e) irradia-
tion of the collector field, (f) Valve spool position of the steam turbine, (g) Temperature
difference between outlet and inlet temperature of the solar field, and (h) Input ¢y and
output volume flow g, of the solar storage tank, and energy storage Level x,
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5.4 Test case 3: Reactive power request AQ),.,
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Figure 29: Simulation results in Test case 3: (a) request active power, (b) request reactive power,

(c) synchronous generator speed, (d) voltage at the PCC in d, g-coordinates, (e) irradia-
tion of the collector field, (f) Valve spool position of the steam turbine, (g) Temperature
difference between outlet and inlet temperature of the solar field, and (h) Input ¢; and
output volume flow qs of the solar storage tank, and energy storage Level x,

The overall performance of the solar power plant at a reactive power request of AQ,, =
0.3 pu is shown in Figure 29, The dynamics on the electric side (secondary power conver-
sion) in the grid-connected synchronous machine do not differ from the simulation results
of the hydro power plant illustrated in Figure 21] Also, the behavior on the primary side
is similar. Sudden voltage change also requires a short-time active power change. This is
achieved by briefly opening the valve for the steam generator (see Figure 29, (). Hence,
the gate of the hydro power plant is opened (see Figure[2T],(e)) to achieve the same effect
as the solar power plant .
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5.5 Test case 4: Grid voltage drop of 0.2 pu
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Figure 30: Simulation results in Test case 4: (a) request active power, (b) request reactive power,
(c) synchronous generator speed, (d) voltage at the PCC in d, g-coordinates, (e) irradia-
tion of the collector field, (f) Valve spool position of the steam turbine, (g) Temperature
difference between outlet and inlet tfemperature of the solar field, and (h) Input ¢ and
output volume flow g5 of the solar storage fank, and energy storage Level

In Test case 4, the reaction of the solar-thermal power plant (SP) to a symmetric voltage
drop of 0.2 pu is investigated. The voltage drop occurs at the ideal three-phase voltage
source v,, see the single line diagram in Figure |I| (b) for power plants with synchronous-
based power production. The reaction of the excitation side of the synchronous gener-
ator does not differ from the hydro power plant. Also, the coupling with the swing equa-
fion and the dynamics inherited in the synchronous generator is largely identical. There
are only differences to the control effort of the governor. The feed-forward path in the
power/frequency control of the SP (see control scheme in Figure 24) generates a larger
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control variable action than based on hydro power. However, this does not have any
significant effects on the power flow Psaogrip ANd QsgaariD.

5.6 Test case 5: Phase angle jump of 0.05 rad

A collective step change in the grid’s voltage angle of A¢ = 0.05rad induces visible tran-
sients in all electrical quantities (almost identical to the reaction in the synchronous gener-
ator of the hydro power plant). This is well illustrated in Figure [3T], (a) - (d). As a result, active
power requirements for frequency preservation are also influenced temporarily, which af-
fects the steam turbine’s fast power control by adjusting the valve position.
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Figure 31: Simulation results in Test case 5: (a) request active power, (b) request reactive power,
(c) synchronous generator speed, (d) voltage at the PCC in d, g-coordinates, (e) irradia-
tion of the collector field, (f) Valve spool position of the steam turbine, (g) Temperature
difference between outlet and inlef temperature of the solar field, and (h) Input ¢; and
output volume flow g, of the solar storage tank, and energy storage Level x,
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6 Analysis in the frequency domain

The possibility to linearize the models at the operating point of interest comprised in the
developed functions can be used to analyze the dynamical characteristics of the different
power plants. Fig. [32]shows the magnitude of the frequency response of different primary
renewable energy converters for (a) a change in the required power (reference tracking)
and (b) the primary energy source (disturbance rejection). The linearization is conducted
in the operating point used in all simulatfion studies before the event of the test case.

In Fig. [32)it is shown that the photovoltaic system can provide a good tracking behavior
up to frequencies of 100rad/s. The dip in the magnitude of the frequency response for the
photovoltaic system is caused by the DCDC converter on the primary side. The wind tur-
bine frequency response shows an increasing damping for frequencies > 0.1rad/s. While
there are limits in the dynamical response for the wind turbine due to e.g., the pitch dy-
namics, simulation studies have shown that wind turbine can provide a suitable power
fracking dynamics also at greater frequencies (14). While this effect needs further inves-
figation, this discrepancy may stem from the dominating non-linearity in the wind turbine
that cannot be represented using a single linearized model. The frequency roll-off of the
solar thermal power plant sets in at approximately 20rad/s, where the inertial behavior of
the generator set determines the cut-off frequency. This illustrates the time scales at which
the different power plants can provide a good fracking behavior of active power using
the primary conversion side. The analysis of the isolated primary conversion side can be
used to associate the response seen from the entity of the power plant including primary
and secondary conversion to the characteristics that is induced by the primary side.

The disturbance rejection characteristics to changes in the primary source is seen to be
consistently well damped for the solar thermal power plant due to the intermediate stor-
age. At approximately 20rad/s the photovoltaic magnitude gain to changes in the pri-
mary source increases due to the limitations inherited in the open-loop dynamics (the PV
cells show open-loop dynamics with small time constants) and the possibility of the ap-
plied control to react sufficiently fast to a varying irradiation. The wind fturbine can be seen
to reject a varying wind speed sufficiently well for all frequencies in this operating point,
where at the lower frequencies the controller is dominant and the roll-off at higher fre-
qguencies is determined by the inertia of the turbine rotor. For the hydro power plant, this
analysis is not applicable due to the time scales of the storage tank that decouples the
primary source from the generation.

The linearization procedure can also be applied to coupled models including the primary
and secondary conversion to allow for an analysis of the overall dynamics that is seen by
the electrical grid. The reference fracking dynamics for active power and reactive power

52



POSYTYF Deliverable 2.2

(a) From Preq to Pgrid

0 O]
B s0¢
£
[0}
T 100+
c solar thermal
% 150 - — photovoltaic
=" wind turbine
——hydro power
-200
102 10° 102
(b) From RES (wind or sun) to Pgrid
0 L
S
p= -50 1
S
2 -100
c
=)
(E“ -150 solar thermal
— photovoltaic
200 wind turbine
102 10° 102
w in rad/s

Figure 32: Active power frequency response of the power plants to changes in (a) the active power
demand and (b) renewable energy source.

presented are shown in Fig. [33|(a) and (d). respectively. It can be observed that the ac-
five power tracking is mainly determined by the characteristics of the primary side, where
the response primarily follows the slopes observed in Fig. 32 (o). A slight difference can
be observed depending on choosing the GFOR or GFOL converter operating mode due
to the oscillatory behavior of the GFOR scheme. The response to changes, however, is
determined by the secondary conversion as shown in Fig. [33] (d). As both hydro and so-
lar thermal power plant use the same synchronous machine model and exciter, and the
wind and PV power plant share the same converter, the individual response are identi-
cal, respectively. The resulting slopes differ only depending on applying GFOL or GFOR
mode in the converter where it can be observed that GFOL operation shows an increas-
ingly damped behavior at higher frequencies due to the outer power control loop. For
the GFOR mode feed-forward terms directly acting on the voltage magnitude causes an
infense interaction even at higher frequencies. Additionally, the cross-coupling of tracking
reference commands to the respective other quantity can be analyzed as shown in Fig.
B3] (b) and (c). The cross-coupling can be seen to be damped for all of the considered
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power plants with local peaks due to the interactions of different controller structures and
open-loop dynamics. The greatest magnitude in cross-coupling can be seen when using
GFOR operation for the power converter. This is caused by the ideadlized assumption within
the GFOR approach that active and reactive power are completely decoupled using the
voltage angle and magnitude, respectively. For all power plants, the characteristics in
cross-coupling of active power tracking are dominated by the primary conversion and
the reactive power tracking by the secondary converter.
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Figure 33: Power fracking frequency response of different power plants including both, primary and
secondary conversion. Active power response to changes in (a) the active power de-
mand and (b) reactive power demand. Reactive power response to changes in (c)
active power demand and (d) reactive power demand. For the wind and PV power
plants based on a power converters, the response when using grid-following and grid-
forming operation are shown.

The disturbance rejection characteristics o changes in the electrical grid in terms of volt-
age angle and voltage magnitude variation of the different power plant models is shown
in Fig. [34] It can be observed that the disturbance characteristics to changes in the
electrical grid are dominated by the secondary conversion. The response of the active
power for solar and hydro are slightly different at lower frequencies due to the coupling of
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the synchronous generators rotational speed to the primary conversion. The grid stabilizing
characteristics of the synchronous generator is seen by the high magnitude of the reactive
power injection to changes in the voltage magnitude in Fig. [34 (o), and the peak of the
active power injection due to a variation in the voltage grid angle followed by a constant
magnitude at higher frequencies in Fig. [34)(c). The similarities fo the synchronous machine
when using GFOR mode is observable from the slopes in the frequency response. The
slopes shown by the GFOR operation are determined by the choice of droops and filter
tfime constants and effectively provide a linearized dynamic response of the synchronous
machine at a single operating point. Oppositely, the GFOL mode shows highly damped
responses in reactive power due to a change in voltage magnitude and in active power
due a change of the voltage angle.
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Figure 34: Disturbance rejection frequency response of different power plants including both, pri-
mary and secondary conversion. Active power response to changes in (a) the voltage
magnitude and (c) volfage angle of the PCC voltage. Reactive power response to
changes in (b) the voltage magnitude and (d) voltage angle of the PCC voltage. For
the wind and PV power plants based on a power converters, the response when using
grid-following and grid-forming operation are shown.
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7 Conclusion

Within this deliverable, a discussion on the dynamical properties of different local REPs
is conducted based on simulation models. This is infended to serve as the basis for de-
riving reduced-order analytically freatable (possibly reduced-order) models that can be
used within a model-based control design on the DVPP level. It is discussed that differ-
ent primary and secondary sources forming the REP show distinct dynamical properties.
Depending on the control loops and the chosen operating modes, the dynamical re-
sponse to setpoint changes and disturbances differs significantly. The analysis on the dy-
namical aspects has implications for how different units with varying dynamical properties
need to be accommodated in the conception of the DVPP (up to being considered non-
controllable for a particular phenomenon). Due to the model-based approaches used for
control design on the DVPP level, the definition of objectives and assessment criteria can
be interpreted differently from a classical approach. Instead of defining what dynami-
cal properties need to be ensured to participate in a DVPE the task of the control design
level is to include the different dynamical properties info a generic structure that allows
for assigning desired behavior of the collected group of generators forming the DVPP In
the light of the different physical phenomena and time scales involved in determining the
stability of the electrical grid, one REP device may be considered as controllable at one
phenomenon while being considered as non-controllable for a different aspect. An exam-
ple is the wind turbine or the PV power plant when the secondary conversion is operated
in a grid-following (GFOL) mode, where it can be observed that tfracking of both, reactive
and active power can be achieved while the initial reaction to a voltage drop yields only
minor increase in reactive power injection. Due to the control mode, the converter can
be considered non-controllable for the voltage drop phenomenon while the reaction of
the grid-forming (GFOR) converter can be specifically shaped and the similarity to the
synchronous generator-based REP is observable. This difference in confrol mode is also
apparent for a phase angle change of the grid voltage. Another example is given by
the synchronous machine, that shows beneficial behavior when subjected to a drop of
the grid’s voltage, where the immediate injection of reactive power stabilizes the voltage
at the PCC. Due 1o the relatively slow exciter and rotational dynamics acting in the time
range of seconds, however, for the fracking of active and reactive power at a fast time
scale << 1s the synchronous generator may be considered as non-controllable.

Models and their dynamical properties for different renewable sources as primary conver-
sion and two secondary converters are compared within this deliverable. The models in-
clude wind power and PV power plants interfaced with a power converter as connection
to the electrical grid, and hydro and solar thermal power plant with synchronous genero-
tors as secondary conversion. Further, the influence of different control modes, i.e., grid-
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following and grid-forming for the converter, different operating strategies for the wind
tfurbine and different power tracking algorithms for the PV power plant are considered.
An extension of the models to include biomass-based power production by modeling a
combustion engine as primary conversion is currently investigated. Additionally, we are
implementing a model of a wind farm including an aerodynamic interaction among the
turbines using the described simulation structure of the discussed REPs. While currently the
wind power-based REP is freated as an aggregated wind farm as a single turbine, this will
allow the consideration of spatially distributed effects, where the turbines are dynamically
interacting.

To investigate the dynamical properties and allow for a categorization of different dynam-
ics based on the time scales, test cases were chosen that show the different responses of
the REP considering relevant control and disturbance inputs. The control inputs considered
here are the desired active and reactive power injection, while the disturbance inputs are
defined as the change in the primary source, drop in voltage magnitude or change in the
voltage phase angle. A comparison of the simulated trajectories allows for a discussion on
the working principles and time scales of the individual REP Further, the linearization func-
tionality inherited in the developed models is presented, where a linear state-space de-
scription of the captured closed-loop dynamics is derived at a operating point of interest.
This enables analysis and control design based on the location of the systems eigenvalues
in the complex plane. Additionally, the state-space system can be used for an analysis of
the dynamical properties in the frequency domain. Within the deliverable, it is discussed
how the individual REP models and the applied control modes and schemes are reflected
by the characteristics seen at the frequency domain. This methodology can be used to
represent the dynamics of the local REP in DVPP control design, by either directly using
the obtained state-space models or an appropriate model reduction beforehand, e.g.,
based on their properties in the time or frequency domain at the phenomenon of interest.
From this perspective, the objectives and assessment criteria become the definition of ap-
propriate test cases and the identification of suitable dynamical models from the reaction
of the candidate REP that can be embedded into the model-based control design on a
DVPP level.
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