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Executive summary

This deliverable addresses models for dispatchable and non-dispatchable renewable en-

ergy power plants useful for the integration into a dynamical virtual power plant control

concept. It covers the following renewable energy sources: wind power, photovoltaic,

biogas, hydro and solar thermic power plants. All of the mentioned renewable energy

sources are described with their connection to the electrical grid resulting in a setup with

primary and secondary energy conversion. The primary conversion determines the ex-

ploitation of the renewable energy source, while the secondary conversion governs the

connection to the electrical grid. Different technologies including power converters, ro-

tating machines or electromechnical actuators govern this process. The operation of the

different components is determined by control schemes that are an integral aspect in

dynamical consideration of the power plants. The combined power generation shows a

variety of dynamics that are considered relevant for the time scales of a dynamical virtual

power plant. This report intends to summarize the existing knowledge on modeling of the

power generation and has a special focus on categorization of these dynamics in terms

of DVPP time scale categories.

The models discussed in the report can be implemented within suitable simulation envi-

ronments, allowing for an analysis of the differences and similarities in operation of the

renewable-energy-based power plants. Meaningful test cases influenced by the scenario

definitions within the project will be chosen to explore the limitations and flexibility pro-

vided by the different power plants. The use of identical simulation environments and test

cases aims for the creation of reduced-order models that provide a generic description.

These generic models are useful for the integration of the different power plant dynam-

ics in a dynamical virtual power plant with a large number of participating units and/or

large-scale simulation studies of the power system.
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1 Introduction

1.1 Taxonomy

The report intends to describe the individual power generation facilities for integration in

a dynamic virtual power plants (DVPP) by dynamical models. In detail, different types

and subtypes of power plants are presented and their integration into the DVPP concept

is motivated and discussed. In the context of the specific challenge and scope of LC-

SC3-RES-16-20192 topic, only power plants based on renewable energy sources (RES) are

considered. A specific focus is on power plants that convert the renewable energy sources

of solar and wind energy into electrical energy to support or form the grid. Furthermore,

a generic biogas power plant, a hydroelectric power plant, and a solar thermal power

plant are considered in the report.

A distinction is made between power plants that are fully or partially connected via elec-

tronic power converters (full and partial converters) and power plants that are directly

connected to the grid via a rotating machine like a synchronous generator without power

electronic devices. The latter include biogas, hydroelectric, and solar thermal power

plants [3]. A controllable and intermediately stored primary energy source is used to set

the prime mover of the generator to a desired operating point. As with conventional

power plants, the injected power can be increased or decreased to regulate the fre-

quency of the grid. For fluctuating renewable energy sources, electronic power convert-

ers such as AC/DC, DC/DC and DC/AC units adjust the electrical quantities to the con-

ditions at the grid connection point depending on the strategy encoded at the control

design stage. For grid-side converters, a distinction is made between grid-following and

grid-forming converters. As the characteristics of grid-following and grid-forming of power

converters do not depend on the device configuration (hardware) but only on the control

concept (software), one can also call it operating mode. Both variants of inverter control

systems are discussed in this report and suitable mathematical models are discussed for

consideration in a DVPP concept.

As mentioned above, full and partial converters are available in power plants based on

renewable energy sources. Full converters are used in photovoltaic power plants and

wind turbines with asynchronous, field excited or permanently excited synchronous gen-

erators (so-called Type-4 wind generators). For doubly-fed induction generators (Type-3

wind generators) the converter is rated at only 30% of the power fed into the grid.

2Development of solutions based on renewable sources that provide flexibility to the energy system.
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1.2 Objectives

The considered renewable energy power plants (RPP) are described with a common struc-

ture and interfaces for energy and information exchange. An overview of the generic

structure of RPPs is illustrated by the example of photovoltaic and wind power plants in

Figure 1. It mainly consists of primary and secondary power conversion with an overall

control system. The power plant controller includes internal current/voltage control loops,

control loops for power adjustment (e.g. maximum power point tracking or active power

control), and limitation functions for primary power conversion and active/reactive power

control of the secondary power conversion on the grid side. The loops are controlled by in-

ternal reference value generators from e.g. droop characteristics and external reference

values governed by higher-level transmission system operator or DVPP controllers.

secondary power 

conversion with 

inherent storage 

{WT , PV} power plant controller 

{ v , S } 
primary power 

conversion with 

inherent storage 

 P g Ppv{     ,      } 

Pref

Qref

P
Q

P Vterminal 

c2p c2s

Ipcc

Vpcc

Grid

DVPP

Figure 1: Unified scheme of RPPs consists of primary, secondary power conversion and control sys-
tem, where v denotes the effective wind speed far in front of the rotor, S denotes the
irradiation on the PV arrays. The bidirectional signal lines denoted by ′c2p′ and ′c2s′ sum-
marize the entire information exchange between the control modules (software) and the
components (hardware) of the primary and secondary power conversion. Active and
reactive powers are denoted as P and Q, while currents and voltages are given as I and
V , respectively.

Based on the taxonomy and generic structure described above, the objective is to pro-

vide an RPP description as a mathematical model using first principles and controller struc-

tures with a complete and reproducible model-based parameterization. The models are

intended to serve as design-oriented models for the conception of centralized and de-

centralized DVPP controllers as well as simulation models for the validation of DVPP con-

troller concepts applied in large scale power system studies based on realistic scenar-

ios. Depending on the purpose of either simulation or design, different levels of detail are

discussed to provide suitable models fitting the considered task. Further, a categoriza-
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tion based on the proposed DVPP concept in [4] developed in workpackage 33 is used.

Therein, the relevant time scales are distinguished as super fast, fast and slow, which cor-

responds to time scales of 10 ms to 1 s, 1 s to 10 s and ≥ 10 s, respectively. Different physical

phenomena can be attributed to the proposed time scales.

In terms of active power in the super fast domain, the reaction to disturbance within the

first-half wave of the grid frequency is connected to the inertia and virtual inertia of the

individual generating units. This is accompanied by varying primary conversion due to ac-

tive power control loops becoming active and reaching the time scale of a second. Addi-

tionally, in the super fast time scale voltage stability phenomena and their corresponding

control loops are active. Consequently, the investigated phenomena constitute problems

in the electromagnetic and electromechanical domain.

The fast domain is dominated by the electromechanical interaction of the individual gen-

erating units through the electrical grid. The incorporated dynamics can be mainly at-

tributed to the primary conversion process. Thus the energy generation dynamics and

the governing control loops are focused on in this time domain. The relevant dynamics

are located in the range of seconds and usually correspond to mechanical states of the

system. The slow time scale defined as >10 s handles the transition from one operating

point into another from a steady-state perspective. Secondary control loops are used to

provide appropriate power sharing and ensuring the steady-state values to lie within the

desired range. Additionally, the slow time range may be influenced from an economic

perspective to provide flexibility depending on the market needs.

3System-level ancilary services: centralized control, coordination and interactions, global validation

12
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2 Electronic power converters

Power converters are central components for renewable-based energy generation, see

e.g., [5, 6]. Generally, they are used to convert electrical power from one character-

istic form (e.g., direct current or alternating current at a certain voltage level) into the

desired form at another voltage level. This conversion process is conducted by semicon-

ductor switches operated by several interacting control schemes to effectively provide a

desired voltage at the converter terminal. The applied voltage depends on several possi-

bly cascaded control loops acting on e.g., injected current, power, or in case of primary

conversion the applied torque at the shaft.

Power converters are used at several locations within the generating system. On the one

hand, they provide the electrical connection to the primary conversion for synchronous

machine-based wind turbines (see section 3.6 & Fig. 4), in the rotor circuit of doubly-fed

induction machine-based wind turbines or as DC-DC converters in the PV system (see

section 4). On the other hand, power converters are used as the complete interface

for power injection into the electrical grid (see section 2.4) as discussed for synchronous

machine-based wind turbines (see section 3.6) and PV systems (see section 4), or at least

determine the stator power injection by controlling the rotor-circuit in doubly-fed induction

machines (see section 3.7).

2.1 Components and modeling

Power converters consist of semiconductor switching devices and an intermediate energy

storage usually in form of a capacitor. The power flow balance from the grid side to the

generator or PV side determines the capacitor’s state of charge and consequently the

voltage magnitude in the DC link. The dynamics inherited in this energy storage in terms

of the capacitor’s voltage vDC is given as [6]

dvDC

dt
=
igrid,DC − igen,DC

C
=
pgrid − pgen

CvDC
, (1)

where C denotes the capacitance, igrid/gen,DC are the current in the DC link and pgrid/gen

represent the power exchanged with the grid and generator/PV side, respectively. Con-

trollers on both sides govern the power flow by commanding the desired voltage at the

respective terminal of the converter. By discrete switching of the semiconductors usually

in form of pulse-width-modulation [6], the DC voltage is modulated to imprint a sinusoidal

variation in the nominal frequency domain of the electrical grid. This switching is usually

conducted in a frequency range of some kHz [5], causing the injection of higher har-

monics into the electrical grid and being a subject of investigation in terms of harmonic

stability, see e.g., [7]. On the relevant time scales for DVPP interference, i.e., ≥ 10 ms, how-
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ever, the system’s state trajectories on the nominal frequency domain are governed by

the controller’s voltage command. As a result, we restrict our investigation here to model

the terminal of the converters as ideal voltage sources commanded by the controller, i.e.,

neglecting the switching process. Due to the small time constant of this process in the

range of microseconds [8], this is commonly done for electrical grid stability analysis or

control design, see e.g., [9, 10, 11].

For the considered level of detail, the converter model can be simply described by the

DC link dynamics in conjunction with an algebraic equation relating the power at the

respective converter terminals to the powers used for the DC link model in (1), e.g., p =

Re{v · conj{i}} with v, i being space-vectors at the point of grid connection (or within the

machine for primary conversion) in an arbitrary frame [6]. Central for the dynamics seen by

the electrical grid or the primary conversion side is the applied controller that commands

the terminal voltage. On the one hand, this strong dependency on the applied controls

allows for a specific shaping of the resulting dynamics by dedicated control design. On the

other hand, favorable characteristics of conventional power plants from directly coupled

synchronous generators needs to be actively designed on both, the soft- and hardware

level of the converter.

Figure 2: Converter topologies (a) AC-DC-DC-DC used for PV systems (b) AC-DC-DC-AC used for
rotating generators as synchronous or doubly-fed induction machines.

2.2 Rotating reference frames & phase-locked-loop (PLL)

The power system on a transmission level mainly consists of three-phase AC quantities [12].

This establishes a rotating system that can be conveniently described using space vec-

tors [13], i.e., from the geometric addition of the three system phases a complex number

x(t) = Re(x(t)) + jIm(x(t)) results that describes the evolution of the system states like cur-

rents and voltages. In steady-state operation of the power system, i.e., at constant fre-

quency and magnitude, the space vectors in a synchronously rotating reference frame

coincide with the phasor representation [12] generally used for steady-state analysis of AC

systems.
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The space vector representation can be analyzed in different coordinate frames, which is

exploited to ensure specific characteristics within the currently used frame for control pur-

poses. A widely employed reference frame for power systems, commonly referred to as

dq-coordinates, is defined as rotating at the grid’s current frequency. Therein, the power

system states become DC quantities due to the synchronously rotating frame facilitating

control design. The time-varying transformation with angle θ(t) applicable to space vec-

tors can be given as

xθ(t) = xαβ(t)e−jθ(t) , (2)

where xαβ denotes a space vector in the stationary frame and xθ are the quantities in

a reference frame rotated by the angle θ. Setting dθ(t)
dt = ωt results in a description of

the power system in a reference frame rotating at an angular frequency ω. If the used

frequency for this coordinate transformation is equal to the grid’s frequency, DC quantities

result. Consequently, the unknown grid frequency needs to be gathered to calculate the

desired evolution of the transformation.

For assessing the grid’s current frequency, different methods exist, including Fourier analysis-

based, or dynamical observers like phase-locked-loops (PLL) [6]. Due to its central role in

synchronization with the electrical grid, the estimation of the current angle at the connec-

tion point and frequency of the electrical grid are studied in the context of power system

stability, see e.g., [14, 11]. It is especially important when operating the power converter

in a grid-following mode as discussed in the next section, where the control architecture

is formulated in a reference frame aligned with the voltage point of interest. Effectively,

this results in DC quantities and ensures a decoupling of active and reactive power in the

rotating state-space coordinates considerably simplifying the control task.

A PLL structure can be represented as [6]

dθPLL

dt
= ωnom(kp,PLLIm{vθPLL}+ ki,PLLxI,PLL)︸ ︷︷ ︸

ωPLL

dxI,PLL

dt
= Im{vθPLL}

, (3)

where θPLL is the estimated voltage angle at v and Im{vθPLL} is the imaginary component

of the measured voltage space vector. Essentially, the closed-loop dynamics formed by

the feedback gains ki,PLL and kp,PLL along with the integral state xI,PLL adjust the rotation

of θPLL such that Im{vθPLL} = 0 results and Re{vθPLL} represents the current voltage magni-

tude. The timescale of this observation is in the range of tens of milliseconds [6] and thus

can be associated with the super fast domain of the discussed DVPP categorization.
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2.3 Current control

Converters usually rely on cascaded control structures to transform power depending on

different measures. The inner control loop therein often consists of a current controller

with variable setpoint to e.g., induce the desired power for grid-following operation of full-

converters. The same approach is also adopted for the operation of doubly-fed induction

machines described in section 3.6 & 3.7, where e.g., a desired voltage space vector is

created in a grid-forming mode, or producing the desired electromagnetic torque for

induction machines as discussed in section 3.7.

For control design purposes, a process model describing the electrical dynamics from the

converter terminal to the desired point of power injection is desirable. The modulation

of AC voltages from the DC link necessitates a passive electrical filter element behind

the converter terminal to smooth the higher harmonics injected by the switching process

[15]. The filter usually consists of combined inductive and capacitive elements defining

a designed cutoff frequency in relation to switching of the semiconductors [6]. Depend-

ing on the control purpose, the filter elements are represented as either RL elements or

LCL elements [6] as shown in Fig. 3. Additionally, transformers are commonly used for

adjusting the voltage level. Depending on the length and electrical properties, lines for

power transmission may additionally introduce relevant dynamical and steady-state char-

acteristics necessary for control design and implementation. If the control point of interest

is located behind the transformer or a relevantly long transmission line, the influence on

the short-circuit ratio can be accounted for by parametrization of the longitudinal induc-

tances inherited in the equivalent circuits illustrated in Fig. 3.

(a) RL filter

R

vt

i
L

v

(b) LCL filter

i1

vt

R1 L1

CvC

iC

i2
R2 L2

v

Figure 3: Single-line equivalent circuits of converter filters used as models for control design.

A space vector description of the current dynamics i in Fig. 3 (a) can be given as

di

dt
= −R

L
i+

1

L
vt −

1

L
v , (4)

where transformation with θ(ωRF) as in (2) to a reference frame rotating at ωRF (for PLL-
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based synchronization using (3) ωRF = ωPLL) gives

diθ(ωRF)

dt
= (−R

L
+ jωRF)iθ(ωRF) +

1

L
v
θ(ωRF)
t − 1

L
vθ(ωRF) . (5)

Consequently, the control task is to define the converter’s terminal voltage vt to enforce a

desired reference current ir. To achieve this, the voltage control law usually consists of a

feedback vθ(ωRF)
t,FB and feedforward v

θ(ωRF)
t,FF term following

v
θ(ωRF)
t = −kP,CC(iθ(ωRF)

r − iθ(ωRF)) + kI,CC

∫
(iθ(ωRF)

r − iθ(ωRF))︸ ︷︷ ︸
v
θ(ωRF)

t,FB

+ vθ(ωRF) − jωRFLi
θ(ωRF)︸ ︷︷ ︸

v
θ(ωRF)

t,FF

. (6)

The feedforward component uses both, a measurement of the voltage v at the point of

interest to mitigate the influence of voltage transients, and a measurement of the grid cur-

rent iθ(ωRF) to achieve decoupling of the two components forming the space vector in the

complex plane. An ideal feedforward term establishes two separate linear single-input,

single-output models for the individual current components in the complex plane. Under

the ideal condition that ωRF represents the grid’s frequency, DC quantities result that allow

designing the feedback gains for the PI control law used for vθ(ωRF)
t,FB in (6) exploiting clas-

sical frequency domain approaches from linear control theory. The PI feedback control

law defined in (6), however, may also be recast into a state-space description in the time

domain allowing for the application of LMI-based methods discussed in the appendix C.

This basic description can be equivalently applied for a LCL filter-based system, that can

be modeled using (5) for both RL elements in conjunction with (1) for the capacitor (Fig.

3 (b)). Either, i2 is controlled to provide the desired power level in grid-following mode, or

i1 is controlled to ensure a desired voltage evolution at vC in grid-forming mode as e.g.,

shown in [11]. In general, the current control loops show dynamics in the time scale of

few milliseconds [16] and can thus be associated with the super fast dynamics. It is also

possible to directly apply a grid-forming operation using droops [17, 18] as discussed in

the next section. In this case, where a voltage space vector is enforced by the controller,

specific current control loops must be integrated to ensure a current limitation as discussed

in [19, 20, 11].

2.4 Grid-following and grid-forming operation

From the previous considerations, it is evident that the dynamical behavior facing the

electrical grid is governed by the applied control scheme. From a historical perspective,

converters were used to supply the power produced by the generator (almost) regardless

of the grid’s state (or to control a machine like a snychronous generator). This can be

achieved by commanding the reference currents ir as a function of the voltage v at the
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point of interest. In a reference frame aligned with the grid voltage v, i.e., Im{vθ(ωRF)} = 0,

the power injection may be calculated as

s =
3

2
vθ(ωRF)conj{iθ(ωRF)} =

3

2
Re{vθ(ωRF)}Re{iθ(ωRF)}︸ ︷︷ ︸

p

+j (−3

2
Re{vθ(ωRF)}Im{iθ(ωRF)})︸ ︷︷ ︸

q

, (7)

where p and q denote the active and reactive power, respectively. From (7) it can be

seen that for a given voltage v, the active power is determined by the real component of

the current, while the reactive power depends on the imaginary component, effectively

decoupling the bilinear power dependencies in a synchronously rotating reference frame.

To achieve a desired power injection, the reference currents ir = Re{ir} + jIm{ir} of the

current control framework described in the previous section are used. One possibility is

applying the static power relations given by (7) directly from the desired powers p and q [6].

Moreover, an outer control loop may be designed to ensure a desired power reference

tracking dynamics and stationary convergence [6]. Then, the necessary control loop may

designed as a PI-control scheme

iθ(ωRF) = −kP,s(sr − s) + kI,s

∫
(sr − s) , (8)

where the feedback gains kP,s and kI,s are chosen or synthesized to accommodate the

inner current control loop commanding the converter’s terminal voltage. The time scale

separation from the current control loop and the necessary filtering of the power signals

locate this dynamics in the range of hundreds of milliseconds and thus in the fast domain

associated with the discussed DVPP categorization.

Ultimately, the control objective of the above-described approach is to ensure the desired

power injection while assuming that there exists a grid that is able to absorb or supply the

generated power, i.e., ideally a stiff grid with constant frequency and voltage level [21, 22].

Effectively, these operational strategies supply power to an existing grid from which the

name grid-following operation emerged.

Opposed to that, in grid-forming concepts, an existing grid is not necessarily the founda-

tion for operating the power converter. Instead, the power converter is operated to form

a desired voltage phasor and is thereby capable of autonomously supplying loads. Im-

portant aspects in the operation of a renewable source as grid-forming are energy avail-

ability, synchronization with other grids, harmonic interaction, and power-sharing among

several participants [17]. The importance of grid-forming operation of power converters in

systems with a high share of renewables is widely discussed, see e.g., [20, 11, 21]. Different

approaches have been proposed to achieve grid-forming behavior of power converters

including the implementation of a synchronous machine model followed by the converter

to mimic conventional power plants, see e.g., [23] or droop control [17, 18]. Indeed, under
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certain steady-state conditions, the droop-based control can be proven equivalent to the

virtual synchronous machine implementation [23, 24]. The droop-based approach is used

for modeling the dynamics of grid-forming operation in the following.

When supplying power to a point of interest via an inductive transmission line denoted as

impedance X (see e.g., the RL- and LCL-filters in Fig. 3), in normal operation the voltage

angle δ and differences in magnitude ∆v of vt to v is usually small, which allows to give

decoupled power relations following [15]

p ≈ vtv

X
δ and q ≈ v

X
∆v . (9)

From (9), it is apparent that a variation of the voltage angle δ adjusts the active power,

while a change of the converter’s voltage magnitude results in varying reactive power.

Instead of enforcing desired injected currents to the grid, the controller aims at dictating

a desired voltage space vector, effectively building an electrical grid and supplying the

absorbed powers that result from maintaining the desired voltage vector. This provides

the basic idea for operating power converters in a droop-controlled mode, where the

frequency of the converter’s terminal voltage ωvt is varied according to the active power

demand and the voltage magnitude Vt depends on the reactive power, i.e.,

ωvt = kp(pr − p) + ωr and Vt = kq(qr − q) + Vr , (10)

where Vr and ωr denote the setpoints. The active and reactive power droop gains are

denoted kp and kq, respectively, and relate the power mismatches to an acceleration or

change in magnitude of the imposed voltage vector at the terminal of the converter.

Usually, the power p is low-pass filtered before being used for calculation of (10). Indeed,

at certain conditions4, the droop-operated converter is equivalent to the implementation

of a virtual synchronous machine that aims to provide virtual inertia for the electrical grid

[23, 24].

When using control law (10), the dynamical characteristics are governed by the choice

of the individual generator’s droop gains. The setpoints ωr and Vr may be adjusted by a

higher-level control scheme to participate in e.g., in a secondary control level [25] in the

slow time scale of the DVPP. If choosing this concept, the magnitude of the droops along

with a secondary control variation of the setpoints in a coordinated manner by a DVPP

provide the basis for adjusting the overall dynamical behavior of the power system under

investigation. Due to the measurments and filtering involved, the timescale of the associ-

ated command response dynamics of the power-based droop control are in a range of

hundreds of milliseconds [18] and thus associated with fast time domain of the discussed
4(i) first-order transfer function low-pass filter (ii) small deviation from nominal frequency and (iii) constant

setpoints [23, 24], i.e., considering only the disturbance dynamics in one operating point
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DVPP definition. To be considered grid-forming, converter control concepts also need to

provide certain dynamical characteristics associated to the disturbance response below

the time scales (≤ 10 ms) considered here for participation in a DVPP [26].
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3 Wind turbine system

3.1 Overview

Wind turbines are nonlinear dynamical systems driven by a stochastic source. Interdis-

ciplinary research is a key driver for enhancing wind energy to satisfy the increasing re-

quirements of current and future energy systems [27]. Wind energy is considered as the

backbone of the future energy system and is predicted to provide one-quarter to one-

third of the electricity demand globally by 2050 [27]. In the effort to reduce the levelized

cost of energy, the ongoing research and developments led to the production of turbines

with a power capacity in the range of 10 MW-20 MW [28], making wind turbines the largest

dynamical, rotating machines in the world [27].

Generally, wind turbines can be divided into two classes depending on their operational

behavior: fixed-speed and variable-speed wind turbines [5]. Fixed-speed wind turbines

are usually directly connected to the electrical grid by an asynchronous generator. Re-

gardless of the incoming wind, they operate at rotational speeds close (within slip range)

to the synchronous frequency of the generator dictated by the electrical grid. In these

concepts, the necessary power limitation to avoid overloading of the turbine components

is usually achieved through a passive stall-induced efficiency reduction considered in the

blade design [29]. Especially in the past, the simplicity of this concept resulted in a wide-

spread usage for grid connection of wind energy. The stall-induced excitation, however,

causes fatigue in the mechanical structure and provides a limited operational flexibility

[29]. Therefore, the focus shifted to variable-speed wind turbines that involve active con-

trol of the wind energy system. As this project is devoted to controllable units embedded

into a DVPP, fixed-speed turbines with their limited actuation capabilities are not further

considered5.

The vast majority of modern wind turbines rely on variable-speed concepts, which allow

for a flexible operational trajectory involving different control loops [30]. To achieve this

decoupling from the electrical grid, power electronic converters are used. In these con-

cepts, asynchronous, synchronous generators or doubly-fed induction generators are usu-

ally employed to connect the wind turbine and the grid. An overview of the considered

grid connection schemes is given in Fig. 4.

In asynchronous or synchronous generator-based wind turbines, a back-to-back converter

is connected to the stator circuit adjusting the electromechanical torque and thus deter-

mining the power injected into the DC bus of the converter. The interaction with the elec-

5The induction generator model used for the DFIG-based wind turbine in section 3.6 can be equivalently

parameterized to describe a fixed-speed wind turbine with an asynchronous generator by disabling control

of the rotor circuit and assigning a fixed voltage.
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trical grid is thus entirely governed by the voltage source converter facing the grid side

and the produced power is completely transferred through the (full) converter (FC). For

DFIG-based wind turbines, the converter forms the rotor circuit of the induction machine

while the stator is directly connected to the electrical grid. Therefore, only the rotor power

needs to be processed by the converter reducing its power rating to approx. 30% of rated

turbine power [31].

The discussed conceptual variety including different interfaces, components and control

modes of the wind energy converter is accounted for in the models considered. In Fig.

5, an overview of the derived models is given. Following the power flow from the wind to

the grid that is illustrated in Fig. 4, the wind turbine model is constructed using replace-

able modules to account for different variants. This approach is connected to what is

called composite component models for power system stability analysis in [7]. The overall

wind turbine dynamics is derived from a model of the individual components and subse-

quently interconnecting them into a (possibly nonlinear) state-space representation using

their physical (e.g., forces, rotational speed) or signal (e.g., the control input or measure-

ments) couplings. An effective wind speed is used to portray the energy source within an

aerodynamical model of the wind turbine. This model provides the aerodynamic force

and torque that drives the turbine rotation and excites the mechanical structure. A model

of the drivetrain dynamics with parameterizable detail level yields the generator speed

that is processed within the electrical generator model. The generator dynamics may rep-

resent either a synchronous generator or DFIG, where this choice also affects the model

used for the grid connection. A controller is implemented accounting for different tasks

in the energy conversion system. This includes control of the nonlinear aerodynamical tur-

bine and control of both, the generator- and grid-side converter. The control mode within

the model can be varied to account for grid-following and grid-forming operation of the

wind turbine. In the following, the different modules contained within the overview in Fig.

5 will be discussed in detail.

3.2 Wind modeling

Wind turbines face stochastic intermittent inflow conditions spanning across several spatial

and temporal ranges [29, 32]. The stochastic properties of the wind field vary depending

on different circumstances including e.g., topographical features or thermal effects [29].

Different wind profiles and models are used for testing turbine dynamics within simulation

studies for wind energy certification purposes. To evaluate ultimate loading scenarios rele-

vant for turbine mechanical dimensioning extreme operating gusts in the wind profile are

used [33] that usually display a drastic variation of the wind speed within a time range

of seconds. For fatigue analysis in the certification process [33], turbulent wind fields spa-
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Figure 4: Wind turbine grid interface for doubly-fed induction generators (DFIG), asynchronous
(ASG) or synchronous generators (SG).

tially distributed along the rotor and interacting with the blade segments are used to col-

lect long-term data in the range of minutes to hours (but with variations at a smaller time

scale). These profiles may be produced and tailored using e.g., the tool TurbSim [34]. This

allows generating input data for simulation studies at different wind conditions resulting in

either a single wind velocity in case of extreme operating gusts or a fully distributed wind

field in case of turbulent long-term operation.

As the produced power is the relevant measure for interaction with the electrical grid,

usually the spatial distribution of the wind field is not captured in the models for grid sim-

ulation studies. The turbine blade’s interaction with the incoming wind field produces a

resulting torque that drives the turbine shaft. In the context of electrical power simulation

studies, and for other purposes like control and observer design [35, 36], it is therefore rea-

sonable to portray the energy source as a rotor equivalent wind speed, which sums up all

aerodynamic effects and aims at an equivalent rotor excitation compared to a spatially

distributed wind field. This defines the energy source as a single, time-varying wind speed

that due to the interaction with the turbine model results in a power output injected into

23



POSYTYF Deliverable 2.1

Figure 5: Wind turbine modeling overview.

the electrical grid. The approach followed here consists of using TurbSim [34] to produce

wind conditions following certification guidelines for wind turbines [33]. In the case of spa-

tially distributed wind field data, an approximation of the rotor equivalent wind speed is

calculated using the spatial average over the rotor plane in direction of the turbine [35].

This yields a single time-varying wind speed that is used as input of the analytical wind tur-

bine description. The resulting power injection’s mean value is close to the power output

resulting from the originally generated wind field. This can be seen by comparing the time

series in Fig. 8 (a), where a single point wind speed in the rotor direction of the full field

is displayed along with the generated equivalent wind speed. As can be observed, the

spatial averaging results in a smoothing of the fluctuations distributed in the rotor plane re-

sulting in a reduced variance of the produced power in Fig. 8 (b). This averaging reduces

the power output variation caused by the spatial turbulent excitation of the rotor by the

wind. This effect is reduced if simultaneously considering several turbine, where smoothing

of the power output can be observed to due the graphical distribution of several turbines.

If desired, this effect on the single turbine level can be studied by directly coupling the FAST

interface to a grid simulation at the cost of not having a complete analytical description

as e.g. discussed in [37].

3.3 Aerodynamical modeling

Wind energy conversion is dominated by a nonlinear process, which is induced by both,

the cubical dependency of wind energy to the speed, and the aerodynamical interaction
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of the wind and turbine rotor [29]. The aerodynamical dependency is usually captured

in characteristics maps relating the efficiency of the conversion process in terms of the

torque, power, or thrust to the current states of the turbine and the incoming wind [38].

An example of the aerodynamic torque coefficient surface depending on the tip speed

ratio λ and the pitch angle β for the NREL 5 MW reference turbine [39] is given in Fig.

6. The tip speed ratio relates the turbine’s current angular velocity and the wind speed

as λ = Rωr
v with R being the rotor radius. For a given numerical turbine model, these

coefficients may be calculated in the stationary operation of the turbine at desired states

and by an evaluation of the corresponding torque, power, or thrust. With knowledge

about the blade profile characteristics, the coefficients may also be obtained using the

blade element momentum calculation [38].
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Figure 6: Wind turbine torque coefficient cQ of a 5 MW turbine

These coefficients are useful for interconnecting the wind and the mechanical states of

the turbine model. Consider the power of the wind at a speed v with

PW =
1

2
ρAv2︸ ︷︷ ︸

Fdyn(v)

v

where ρ andA are the air density and area swept by the rotor, and Fdyn is a reference force

consisting of the dynamical pressure in the rotor area [38]. In relation to this reference

force, the wind’s impact on the turbine can be described in terms of the rotor torque,

thrust force and rotor power as [38]

TR = cQ(λ, β)RFdyn(v) ,

FT = cT (λ, β)Fdyn(v) ,

PR = cP (λ, β)vFdyn(v) ,

(11)
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where cQ, cT and cP are the torque, thrust and power coefficients depending on the tip

speed ratio and pitch angle, respectively. These static cofficients are widely used to por-

tray the power generation’s nonlinear dependence on variation in the turbine states and

wind for grid simulation studies, see e.g., [40, 41, 42].

3.4 Mechanical modeling

Figure 7: Mechanical wind turbine model states

The fundamental mechanical state describing the turbine’s power conversion is given by

the rotor angular frequency ωr. A first-order model with J being the aggregated inertia of

the rotation and THS the torque applied to the low-speed shaft by the drivetrain, forms the

following model

Jω̇r = TR(λ, β, v)− THS . (12)

In the simplest form, the torque THS is algebraically related to the generator torque and

the rotor speed to the generator speed (possibly gearbox, no drivetrain dynamics), i.e.,

THS ∝ Tg and ωr ∝ ωg. The power produced by the generator (rotor) is then given as

Pg = Tgωg (Pr = Trωr), completing the power conversion process description.

The wind interaction, turbine rotation, and input actuation result in an excitation of the

wind turbine’s mechanical structure. The different dynamically interacting subsystems like

blades, tower, or drivetrain introduce several relevant eigenmodes into the process sub-

jected to rotation at variable speed, see e.g., the Campell diagram for the 5 MW refer-

ence turbine in [43]. Besides ensuring reference power production through control, exam-
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ples for couplings of the input to turbine states are; the sensibility of the drivetrain oscillation

and tower side-to-side movement to generator torque actuation; the influence of blade

pitching on the tower fore-aft movement and out-of-plane blade deflection. Some me-

chanical degrees of freedom are illustrated in Fig. 7 as tower fore-aft and side-to-side

movement (xTwFA&xTwSS), blade in-plane and out-of-plane deflection (xBiP&xBOoP ). The

drivetrain oscillation may be accounted for a coupled modeling of the generator ωg and

rotor speed ωr as illustrated in Fig. 4.

When studying grid integration of wind power, the surrounding mechanical dynamics as

given by the tower or blades are usually not considered. Historically, this perspective is

reasonable as the excitation of the mechanical structure was depending on the state of

the turbine and incoming wind field only, allowing for an isolated analysis. This assumes

that the electrical grid is capable of absorbing the produced power regardless of its cur-

rent state. With the integration of wind power into a DVPP, however, the commands to be

followed result from electrical grid states and thereby form feedback into the mechanical

structure. Especially the grid’s frequency dynamics are located in a time range possibly

resulting in interaction with mechanical components like the tower or blades. These dy-

namics have a minor influence on the power output in stable turbine operation and thus

their integration into a multivariable control design problem on a transmission level seems

unreasonable. However, models that portray surrounding mechanical properties provide

valuable insights into the resulting loading occurring during grid supporting operation. This

additional mechanical perspective on the wind turbine in grid studies allows for a more

general assessment of the effects due to participation in a DVPP. For this reason, some

vulnerable components are portrayed in the simulation models including blade in-plane

motion and tower side-to-side and fore-aft movement. A comparison of these mechani-

cal states to FAST simulations results is illustrated in Fig. 8.

The influence of the drivetrain dynamics in the context of power system stability for di-

rectly coupled fixed-speed wind turbines was noted in [44, 45]. As the mechanical system

is decoupled from the electrical grid through the back-to-back converter for FC-based

wind turbines, the drivetrain dynamics are usually neglected there, see e.g., [46, 47, 48].

However, the direct coupling is present for DFIG-based wind turbines. As a result, a drive-

train model is usually included when studying DFIG-based wind generation in the power

system context, see e.g., [49]. In these works, the model detail may vary, with most con-

cepts relying on a two- or three-mass approach possibly including a gearbox to couple

the rotational speed of the generator and turbine rotor [49, 50]. A comparative study of

drivetrain modeling concepts with varying detail levels and a discussion on their relevance

for power system studies can be found in [51]. As a coupling from the electrical grid states

to the mechanical states is also established für FC-based wind turbines when following a

DVPP controller, the created models can be parametrized to inherit the different levels of
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drivetrain detail as shown in Fig. 5.

The design and certification process of wind turbines necessitates a detailed evaluation

of the mechanical loading in several turbine components in a wide range of operational

scenarios [33]. Due to the continuous excitation of the turbine structure in operation, this

evaluation is central to ensure a safe and reliable operation during lifetime. Detailed wind

turbine component models have been created that capture mechanical and aerody-

namical properties at several time scales. These aeroelastic simulators like FAST [52] com-

bine different advanced engineering models including structural dynamics of the tower,

blades, or drivetrain with aerodynamic models. These descriptions may comprise several

eigenmodes of different components in various directions. Thus, these tools, also applica-

ble for certification purposes, providing a detailed description through interconnecting the

individual engineering models in a software package. An analytical description for sim-

ulation studies and control design of DVPPs covering all modeled aspects therein would

outreach the project scope and additional aggravate the complexity for control design

unnecessarily.

The engineering models captured within the aeroelastic simulators, however, provide a

valuable dynamical description of the energy conversion process. Exploiting the built-in

numerical linearization functionality of FAST [43], these tools may yield a linear model de-

scription in an evaluated operating point. This effectively casts the different engineering

models into an analytical state-space form. Applying the linearization procedure at var-

ious operating points allows to form an overall nonlinear description of the mechanical

turbine [36]. By interconnecting the resulting linear submodels in a convex combination

spanning across the considered operating range, the turbine dynamics can be displayed

as a Takagi-Sugeno model following the description in appendix B. This approach allows

the construction of analytically treatable nonlinear state-space model with adjustable

mechanical degrees of freedom within a defined operating range. Due to the process de-

scription inherited in the aeroelastic simulators, the derived models provide a description

from the wind interacting with the turbine’s mechanical states capturing aerodynamics

and mechanics simultaneously, as shown in Fig. 5. The resulting model may comprise dif-

ferent coupled second-order systems each describing a specific eigenmode [36]. These

models could also be analytically constructed from parameter values, but the necessary

parametrization may be hard to obtain as the dynamic effects are captured within the

inherited engineering models of the turbine simulation tools. This toolchain allows for both,

derivation of low (e.g., only rotational speed) and high (e.g., additionally capturing tower

and blades, drivetrain) detail wind turbine models depending on the purpose. A compar-

ison of the turbine outputs at turbulent conditions is given in 8. Therein, the dynamics of

the FAST simulator [52] for the 5 MW reference turbine [39] to an analytical TS model of this

wind turbine is shown. The plot comprises both, the comparison for a full turbulent wind

28



POSYTYF Deliverable 2.1

field and the corresponding calculated effective wind applied to FAST, which is then also

used for the TS wind turbine model solved by a conventional ODE solver. From Fig. 8 it

can be observed, that the dynamics captured within the analytical description provide a

good potrait of the principal turbine behavior while neglecting higher frequency excita-

tion due to casting the full wind field into a single effective wind speed. The inertia time

scale of the modeled rotational speed varies in a range of a second to tens of seconds

and is thus associated with the fast time scale of the discussed DVPP categorization.

Figure 8: Comparison of different wind turbine models following a power reference including turbu-
lent FAST simulation, effective wind speed FAST simulation and analytical model descrip-
tion used in an ODE-solver. (a) exciting wind speed or vector of the wind field (b) power
output (c) rotational speed (d) drivetrain torsional deflection (e) tower top side-to-side
deflection (f) tower top fore-aft deflection

3.5 Control of the aeromechanical subsystem

Control of the aeromechanical subsystem is dominated from a loading perspective [53].

Ultimately, the turbine controller needs to ensure the wind turbine’s states remain within

a defined operating range preventing the mechanical and electrical components from

overloading. At the same time, the controller aims at maximizing the power production

by operating on an optimal state trajectory depending on the current wind speed. Addi-

tionally to the turbulent wind, the control interference excites the mechanical structure in

operation. As a consequence, the controller needs to enforce an appropriately shaped

closed-loop dynamics in a wide operating range for this nonlinear system dominated by
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the aerodynamics of the turbine rotor. As shown in 6 by the tip speed ratio λ = ωrR
v con-

taining the rotational speed ωr, the turbine’s angular velocity along with the pitch angle β

govern the energy conversion process subject to the varying wind v.

Two main actuators are used for controlling this process. As can be seen from 12, the gen-

erator torque acts on the rotational speed dynamics of the turbine. On the other hand,

the turbine’s blades are pitched as illustrated in Fig. 7 and 6 to adjust the aerodynamic ef-

ficiency. Essentially, the wind operating range is separated into two regions depending on

the available power. Below the rated turbine power, a maximization of the output is aimed

for. Therefore, the blade’s pitch is set to a fixed value allowing for operation on the max-

imum power coefficient cP (λ, β). From the calculation of the aerodynamic forces [38], it

can be shown that the optimal power production is obtained when following a quadratic

control law for the generator torque depending on the turbine’s rotational speed, i.e.,

Tg = Koptω
2
r .

When the extracted power from the wind exceeds rated turbine power, the control objec-

tive changes from maximization to a power limitation using the turbine’s pitch system. The

controller enforces a constant rotational speed while being continuously excited by the

varying wind. The generator torque is either kept constant or slightly actuated for e.g., op-

eration at constant power [39] and/or providing active damping for certain components

within this operating range [53, 36]. Due to the nonlinearity inherited in the aerodynamics,

the common approach for control design relies on a gain-scheduled PI controller [53, 39].

The scheduling therein is usually formalized based on an analytic approximation of the tur-

bine’s sensitivity to varying pitch angles. In operation, the current pitch position resulting

from the controller is used to schedule the controller gains and consequently, closed-loop

system response [39]. As load mitigation is an explicit objective of control design in the

wind turbine context, different individually designed control loops are augmented to the

control response to provide active damping of components as e.g., damping tower fore-

aft movement using the pitch or damping the drivetrain oscillation using the generator

torque [53].

An important aspect when designing a controller for the DVPP participation of wind tur-

bines is to provide a power tracking functionality, i.e., the turbine’s power output needs to

follow a reference signal stemming from e.g., the DVPP. This considerably enlarges the op-

erational range coped by the applied controller for regulating the nonlinear aerodynamic

system. Different concepts have been proposed to tackle this control problem, including

an extension of the typically employed gain-scheduled control scheme, see e.g., [54].

Control design based on other model-based frameworks including linear parameter-varying

approaches, model-predictive control, or TS modeling has been reported to provide an

appropriate closed-loop turbine behavior [55, 56, 57, 36]. In these model-based ap-
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proaches, the control schemes provide active damping simultaneously in multiple degrees

of freedom while keeping the turbine states within their operational limits. Therein, the en-

larged operational range due following a power command and resulting in a deviation

from the maximum-power-point can be directly accounted for in the model construction

as discussed in e.g., [57, 36]. Following the discussion on applying TS modeling for the

aeromechanical dynamics, the control synthesis is directly performed within this frame-

work. The TS description is exploited to formulate a linear matrix inequalities-based opti-

mization problem determining the necessary controller gains. A detailed description of

this procedure applied to a specific turbine is illustrated in [36]. The time series in Fig. 8

result from closed-loop behavior using the discussed TS-based control approach.

3.6 Electrical modeling

The topology of the two commonly used electrical interfaces (FC, DFIG) for modern variable-

speed wind turbines is illustrated in Fig. 4. In an arbitrary reference frame rotating at fre-

quency ωRF, an induction machine dynamics (corresponding to asynchronous generator

or DFIG) dynamics can be described using the fundamental induction machine model

[31]

vs = Rsis +
d

dt
λs + jωRFλs

vr = Rrir +
d

dt
λr + j(ωRF − ωre)λr ,

(13)

where the indices r and s refer to the rotor and stator side of the machine, respectively.

All quantities are space vectors [13]. The currents are denoted as ir/s, voltages as vr/s
and λr/s describes the flux linkages electrodynamically connecting the rotor and stator

side. The coupling to the mechanical rotation is established by the (electrical) rotational

speed of the shaft that depends on the number of generator pole pairs p as ωre = ωgp.

The rotor and stator flux linkages are determined by the currents flowing through leakage

inductances Lls/lr and the magnetizing inductance Lm as given by [31]

λs = ((Lls + Lm)is + Lmir)

λr = (Lmis + (Lm + Llr)ir)

.

(14)

The electromagnetic torque produced by the generator can then be given by

Tg =
3p

2
real{jλsis} = −3p

2
real{jλrir} . (15)

The stator voltage vs and currents is are physical quantities of the grid, while the machine’s

rotor currents and voltages are decoupled by a back-to-back converter for DFIG-based
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wind turbines as shown in Fig. 4. The use of a converter in the rotor side allows for manipu-

lation of both, the generator torque (or active power) and stator reactive power individu-

ally in a grid following mode [31]. The rotor power injection is conducted by the grid side

converter that follows the descriptions given in section 2.4. By coupling this basic set of

equations to the electromechanical modeling described above, the power flow dynam-

ics for DFIG-based wind turbines can be displayed from the source to the electrical grid.

Comparable to the following discussion on synchronous machines in section 5.1, the flux

linkages coupling rotor and stator are active in a time range of tens of milliseconds and

thus associated with the super fast timescale of the discussed DVPP categorization.

For synchronous generator-based wind turbines, a modification of the induction machine

model shown in 13 can be used. In a rotor reference frame, the synchronously turning ro-

tor is usually displayed as an equivalent current source with properties defined by the type

of magnetization (i.e., λr = LdmIf for permanent magnets or externally excited rotor) [31].

The stator side of the synchronous generator is thereby controlled by a back-to-back con-

verter as shown in Fig. 4. Opposed to DFIG-based wind turbines, for FC-based systems this

complete decoupling of the electrical and mechanical side governed by the converter

facilitates neglecting the dynamics inherited in the generators for grid studies as e.g., done

in [47, 48]. Further, this is also reasonable when designing control for the aeromechanical

subsystem due to the greater timescale of the rotational dynamics compared to the gen-

erator dynamics (tens of milliseconds). A common approach is then either assuming the

generator torque exactly follows its demand [57, 36] or assigning a first-order dynamics for

a reduced-order equivalent description of the generator dynamics [55, 56].

3.7 Control of the electrical subsystem

The aerodynamical subsystem requires a generator torque reference tracking for turbine

power maximization and limitation depending on the current operating region. Therefore,

the generator is used to apply the desired torque to the drivetrain shaft. Apart from power

control, the generator torque loop’s timescale allows for the provision of additional damp-

ing in coupled neighboring mechanical components as the drivetrain or the tower side-

to-side motion [53, 36]. Usually, the torque control relies on a cascaded structure, where

the inner loop is a current controller that is fed either by an outer loop control scheme or

a static law relating the desired generator torque to the current.

A well-known approach for this problem is current control in a synchronously rotating refer-

ence frame. Therein, the torque of the non-salient synchronous generator is governed by

the stator current’s component on the imaginary axis [31], i.e.,

Tg =
3p

2
λrimag{is} (16)
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such that for a non-salient synchronous generator a maximum-torque-per-ampere con-

trol is given by tracking imag{is} for the desired generator torque and real{is} = 0 [31].

Then current control loops as described in section 2.3 can be used to track the desired

generator torque by manipulating the output voltage of the generator-side converter.

In principle, this control loop on the generator side remains unchanged even when the

synchronous-generator-based wind energy conversion system might be operated as grid-

forming. This stems from the grid-side converter being the controlled electrical grid inter-

face as discussed in section 2.4, while the controller applied to the aerodynamics governs

the produced power in the primary conversion.

Opposed to the synchronous generator discussed before, the DFIG’s direct stator circuit

connection to the grid along with the converter placement in the rotor circuit extends the

functional need for control. Additionally to generate the desired torque, in grid-following

mode the rotor-side converter can be used to adjust the stator’s reactive power output. In

a frame synchronously rotating with the stator’s voltage, the DFIG’s reactive power is seen

to be a function of the imaginary component of the rotor current, i.e., Qs = f(imag{ir})
[31]. Within this reference frame, the generator torque applied to the wind turbine shaft is

a function of the rotor current’s real component, i.e., Tg = f(real{ir}). These dependencies

allow for the application of control loops described in section 2.3 for the rotor current

by manipulating the output voltage of the rotor-side converter. The power transmitted

through the rotor can then be supplied to the grid side as shown in section 2.4 for the

grid-following converter control.

To enable a grid-forming operation of the DFIG-based wind turbine, an approach for is-

landed operation presented in [58] is adopted and extended here. In [58], a method

for direct voltage and frequency control is proposed, where a rotating desired stator flux

is tracked by controlling the rotor currents. As a result, the DFIG is capable of forming

an electrical grid and supply a load autonomously. This functionality is achieved by a

cascaded control structure, where the inner loop tracks the desired rotor currents as pre-

sented in section 2.3. The current setpoints therein are calculated in an outer control loop

that aims at tracking a fixed, synthetically designed stator flux dictating the frequency

and voltage in the electrical grid. When extending the stator flux reference calculation

using droops as shown in [59], the DFIG-based wind turbine can be operated in a grid-

forming mode, comparable to the converter control approach considered in section 2.4.

To this end, feedback from the grid frequency on the angular frequency of the reference

flux is introduced. This establishes power-sharing among the participants in an islanded

electrical grid. Additionally, droop feedback from the injected reactive power to the flux

magnitude is deployed aiming for stabilization of the voltage level within the grid. The

extension of the direct voltage and frequency control with droops additionally enables

a grid-tied operation inherently providing grid stabilizing features by trying to enforce the
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desired stator flux. This approach’s implications align with the discussed characteristics of

grid-forming converter control in section 2.4.

3.8 Wind turbine reduced-order models

In the previous sections, the different dynamics inherited in the energy conversion process

are discussed. Interconnecting the different component models (i.e., aerodynamical, me-

chanical & electrical) results in a detailed description of the dynamics. These models are

useful for simulation purposes and for an analytical evaluation by e.g., performing eigen-

value or sensitivity analysis, see e.g., [11, 14]. Depending on the model configuration, the

constructed model may have a state dimension in a range of ten to twenty for one energy

conversion system. These models are coupled to other generating or consumption units

via (possibly dynamical) models of the electrical grid. A DVPP controller aims at connect-

ing participating units to enable a desired dynamic behavior. Consequently, at the control

design stage of the DVPP controller, many units need to be considered jointly in possibly

varying configurations (e.g., different units connected at different times). The straightfor-

ward use of the discussed detailed models within the DVPP control design would result in a

high dimensional problem with many interacting dynamics and controllers at different time

scales (e.g., outer power control loop and inner current control loop in converter-based

systems). For a high-dimensional model like this, the construction of optimization crite-

ria aiming to define the closed-loop system behavior may be hard to formulate, contain

many decision parameters, and inherit dynamics at a timescale that do not dynamically

interfere with the essential timescales where the DVPP is active.

For the purpose of control design on a DVPP level, we study reduced-order models that

display the energy conversion process on a power level suitable for the DVPP design ap-

proaches. A scheme for DVPP control design is discussed in [60], where transfer functions

from a power demand to the power output are used to portray the relevant dynamics of

the different generating units (including wind power) on a DVPP level. We specifically fo-

cus on different operating strategies for power tracking of the nonlinear aeromechanical

subsystem and the consequences for the resulting power tracking dynamics and model-

ing. This work is motivated by the fact that the operating trajectory of the wind turbine

states for a given power demand is not unique, i.e., the produced power results from the

generator torque and rotational speed as p = ωRTg. The state trajectories for a desired

power output are governed by the chosen strategy inherited in the control design and

implementation.

For this purpose, two different strategies denoted as OS1&OS2 for following a (normalized)
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power demand pd are defined as

OS1 :


p(v) = ωR(v)Tg(v) if pd = 1

p(v) = ωR(v) pdTg(v)︸ ︷︷ ︸
=T (v,pd)

if pd < 1

OS2 :



p(v) = ωR(v)Tg(v) if pd = 1

p(v) =
√
pdωR(v)︸ ︷︷ ︸

=ω(v,pd)

√
pdTg(v)︸ ︷︷ ︸

=T (v,pd)

if pd < 1 and
√
pdωR(v) ≥ ωg

p(v) = lω(v, pd)
√
pdωR(v)︸ ︷︷ ︸

=ω(v,pd)

√
pd

lω(v, pd)
Tg(v)︸ ︷︷ ︸

=T (v,pd)

if pd < 1 and
√
pdωR(v) < ωmin

.

In OS1, only the generator torque setpoint is varied to account for the desired power

output while the controller is used to enforce a desired rotational speed only depending

on the current wind speed v. In OS2 both setpoints are varied depending on the current

power demand resulting in acceleration or deceleration of the turbine rotor. A minimum

rotational speed ωmin is defined to avoid hitting the first tower eigenfrequency with the

3P excitation of the rotation in OS2, see e.g., the Campbell diagram for the reference

turbine in [43]. For pd = 1 the two operating strategies perform the usually employed

maximum power point tracking described in section 3.5. A variation of pd < 1 results in

a power reduction as a percentage of the currently available turbine power with the

different operating strategies encoded in OS1 & OS2. A comparison of different stationary

power output operating points on the power coefficient surface of cP(λ, β) used in (11) is

illustrated in Fig. 9.

Figure 9: Steady-State operating points of OS1 & OS2 for different power levels in a range of wind
speeds spanning across the operating range. The shared operating points represent the
maximum power tracking strategy commonly used in wind turbine control.

Then, the control design procedure involving linearization, TS model construction and lin-

ear matrix inequality-based control design (see appendix B, C and section 3.5) is con-

ducted for the operating points considered in Fig. 9. A comparison of the power output
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time series using FAST [52] and the designed controller for OS1 & OS2 is shown in Fig. 10.

Essentially, the designed controller is capable of operating the turbine in both OS1 & OS2

which is externally scheduled and integrated into the TS description as a premise variable.

This allows for the blending from one operational strategy to the other as illustrated in Fig.

10.

Figure 10: (a) rotational speed (b) generator torque (c) generator power at OS1 & OS2 at a power
setpoint of pd = 0.7. Additionally, a transition within 15 s from OS1 to OS2 is illustrated
starting at 160 s and back at 195 s. (d) compares the power output of the wind turbine
in OS1 & OS2 excited by a turbulent wind field for 40 min at a power setpoint pd = 0.7.

Using the designed controller and FAST [52], step changes in the power command were

evaluated at constant wind speeds and different increasing and decreasing magnitudes

∆pd = {−0.3, −0.2, −0.1, 0.1, 0.2, 0.3} operating at a power setpoint of pd = 0.7 previous to

the step. The power output data was normalized to the different demand magnitudes

yielding the step response plots for OS1 and OS2 shown in Fig. 11. It is demonstrated that

the attainable dynamics of wind turbine active power control is not unique and that it is

heavily connected to the operating strategy inherited in the applied controller.

For OS1, the wind turbine closely follows the power demand step with first-order dynamics

in the range of milliseconds. Indeed, the behavior can be directly assigned to the inherited

synchronous generator dynamics in this simulation study having a time constant of≈ 20 ms.

It is observed that the first-order dynamics is present irrespective of the current wind speed,
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step magnitude, or direction of step. Therefore, we conclude that a first-order dynamics

GOS1(s) =
1

TOS1s+ 1
(17)

with timescale TOS1 governed by the closed-loop generator torque is sufficient for describ-

ing the power demand dynamics of the wind turbine if a concept like (or very similar to)

OS1 is chosen by the turbine control engineer. The step response of the transfer function

with TOS1 = 20 m/s is shown in Fig. 11.

If, however, acceleration and deceleration of the turbine is involved in meeting the desired

power demand as defined for OS2, the attainable power dynamics depends heavily on

the current operating point and direction of the step demand as illustrated in Fig. 11. As

a result, an adequate model of the active power dynamics for this strategy depends on

the current operating point and step magnitude, revealing the nonlinearities inherited in

the system. From Fig. 11 it can be observed that especially an increase in power, i.e.,

∆pd > 0 results in varying response dynamics due to the varying levels of excess power

when increasing the power demand6. Further, it can be observed that the resulting power

dynamics is governed by the applied control scheme, which is the cause for the non-

minimum phase behavior seen at some operating trajectories. Essentially, this behavior is

observed when operating the turbine in partial load region (i.e., in the simulated cases for

a wind speed of v = 8 m/s), where the generator torque is used to control the rotational

speed. When the power command increases, the altered rotational speed setpoint results

in a reduction of the generator torque by the controller to allow turbine acceleration.

This effect necessitates an extension of the transfer function assigned to OS1 accounting

for this kind of non-minimum phase behavior that usually also an important aspect in the

modeling of hydro-power [61].

Following the conception of OS2, the response characteristic is governed by two processes

consisting of generator torque actuation in parallel to a variation of the rotational speed.

The rotation is determined by a combination of excess power for (de-)acceleration and

the wind turbine inertia. Following this reasoning, a simple transfer function for OS2 consist-

ing of two parallel paths described as

GOS2(s) = GI(s) +GII(s)

with GI/II(s) = kI/II

aI/IIs+ bI/II

cI/IIs+ dI/II

(18)

shows to provide a reasonable match to the simulated turbine step response, see Fig.

11. As the dynamics vary with the wind speed, the transfer function displaying the power

dynamics in OS2 needs re-parametrization depending on the current operating point, i.e.,
6As the command is normalized to the currently available power, the same magnitude of ∆pd results in

different power levels depending on the wind speed usable for an acceleration of the turbine.
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Figure 11: Power step response of the controlled FAST wind turbine in (a) OS1 and (b) OS2 at
constant wind speeds v = {8, 12, 16}m/s and different demand magnitudes ∆pd =

{−0.3, −0.2, −0.1, 0.1, 0.2, 0.3} operating at a power setpoint of pd = 0.7 previous to the
step.

the parameters are functions of the wind speed k/a/b/c/dI/II = f(v). The parameters of the

"upper" and "lower" bound (for the considered scenarios in Fig. 11) in GOS2(s) are displayed

in Tab. 1. While the number of ten parameters might seem complex to parametrize, the

two configurations follow a physically interpretable rationale as follows.

Parameter kI aI bI cI dI kII aII bII cII dII

Upper bound 0.5 0 1 1.25 1 0.5 0 1 0.02 1

Lower bound 1 0 1 10 1 -1 0.5 0 1 0.05

Table 1: Parameters of the power transfer function in OS2

The upper bound parametrization corresponding to the highest simulated wind speed of

v = 16 m/s and consists of two parallel first-order functions, i.e., GI/II(s) = kI/II
1

cI/IIs+1 . As

the two parallel processes consist of torque and rotational speed setpoint variation, cI/II

describe the dynamics of closed-loop torque and inertia-based rotational speed evo-

lution, respectively. As the concept in OS2 relies on an equal setpoint sharing among

torque and speed (established by
√
pd in (3.8)), setting kI/II = 0.5 is an intuitive choice. On

the other hand, in the lower bound parametrization corresponding to partial load oper-

ation at v = 8 m/s, the discussed controller interaction from the rotational speed to the

torque actuation plays a dominant role and decays when the desired rotational speed is

reached. Therefore, the two parallel process are I: the torque actuated rotation as first-

38



POSYTYF Deliverable 2.1

order transfer functionGI = 1
cIs+1 and II: a negative derivative transfer functionGII = − aIIs

s+dII
.

The influence of GII(s) vanishes as s→ 0 to account for the non-minimum phase behavior

stemming from the control interaction. Note that cI represents the inertia in combination

with the available power in both upper and lower bound, but due to the varying power

levels substantially depend on the current wind speed, see the parameters in Tab. 1. This

parameter-varying model behavior is suitable to be embedded into the TS framework

described in the appendix B for further analysis, simulation, or control design. By describ-

ing the power dynamics from demand to the output, several control loops and structural

eigendynamics are cast into this single-input single-output form suitable for control design

on a DVPP level. When aiming for an analysis of how these dynamics evolve, the closed-

loop wind turbine in the TS framework that forms the basis for control design is capable of

displaying the characteristics especially with regard to the non-minimum phase behavior

while simultaneously allowing deeper insight through e.g., a sensitivity or eigenvalue anal-

ysis. Additionally, the formal descriptions as convexly blended state-space model allows

for an efficient implementation in simulation environments that offer numerical integration.

This is shown in Fig. 12, where the same TS model containing an explicit implementation

of a TS wind turbine model along with a TS controller is shown for a step response at 8 m/s

operated in OS1 compared to OS2.

Figure 12: Comparison of the step response in OS1 and OS2 for a closed-loop TS wind turbine model
at a wind speed of 8 m/s.

When comparing the dynamics inherited inGOS1 toGOS2, differences in the relevant timescales

for the DVPP are observed depending on the chosen strategy. While other aspects as fa-

tigue loading [36], noise reduction [62] or animal fatality reduction [63] might play a role

in manufacturers choice of designing a strategy, from a grid’s perspective due to the fast

actuation capabilities, OS1 represents the favorable option. If, however, a strategy similar

to OS2 (involving rotational speed variation) is chosen, the non-minimum phase behavior

in some operational ranges is a relevant phenomenon for the modeling of wind turbines in
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the context of DVPP control design as also found in [60]. The parallel dynamics involved,

consisting of generator dynamics and inertia-based state evolution, act at relevant time

scales for both the super fast and fast domain.

3.9 Wind farm modeling and control

The previously discussed models represent the dynamics inherited in a single wind tur-

bine system. Due to the possibility to share infrastructure, several wind turbines are usually

erected in the vicinity of each other, effectively forming a wind farm. The turbines within

a farm share a common connection with the rest of the electrical grid. To coordinate the

power injection as a whole, it is possible to define a point of common coupling (PCC) for all

turbines in the farm and to coordinate the response of the individual turbines referenced

to the PCC using a central wind farm controller. The dynamics seen by the electrical grid

are therefore dependent on both, the dynamics inherited in the individual turbines and

the control scheme commanding the entire farm.

Two main aspects dominate the rationale for wind farm control. Firstly, wind turbines lo-

cated within a wind farm often operate in the wakes produced by other turbines and

therefore influence each other’s active power production. Effectively, due to the power

extraction of the upwind turbine, this, amongst others, results in a flow deficit for the

downstream turbine along with an increase in turbulence intensity of the flow. A pro-

found overview of wind farm flow effects discussed in the literature can be found in [64].

Secondly, reactive power injection is necessary for ensuring network feasibility and power

transmission [15], power loss reduction and voltage regulation [65]. The provision of re-

active power can be used for an optimized power transfer through the transmission line

and/or by supporting voltage control of the receiving grid [66]. The active power distribu-

tion problem is dominated by a mechanical perspective, while the injection of reactive

power is governed by the electrical topology and states. As a result, the two control loops

are usually treated separately within the timescales relevant for control design on the wind

farm level. Generally, the wind farm controller’s objective is to regulate the individual tur-

bines such that an overall active and reactive power produced by the farm results at the

PCC.

The distribution of active power setpoints to the individual turbines within the wind farm is

not unique for attaining an overall desired active power injection. Different inputs (e.g.,

induction or yaw control [67]) and objectives (e.g., fatigue load alleviation [68], power

maximization [69], reserve power maximization [70]) can be used in the design stage. In-

depth surveys about the modeling and control of wind farms can be found in [69, 71]. The

modeling frameworks portray the interaction of turbines in a farm through the flow ranging

from three-dimensional high-fidelity numerical tools for solving the Navier-Stokes equations
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[71], two-dimensional reduced order description based on the Navier-Stokes equations

[72] up to computationally-efficient phenomenological models describing only specific

aspects like the wake deficit in the Jensen model [73]. The active power distribution and

tracking results in a dynamic interaction of the individual turbines forming the response

seen by the electrical grid.

As of the deliverable creation, it is not yet determined which model is created to portray

this dynamical process governed by the interaction of the individual turbines due to the

flow field. Effectively, each modeled turbine in the wind farm will have an individual wind

excitation that is determined by spatially distributed states as wind inflow direction, yaw

angle, or current power production of each turbine and will depend on the modeling

depth used, e.g., Jensen [73], Frandsen [74] or FLORIS [75]. In [76, 77], a similar approach

is followed by calculating individual wind speeds depending on the influence of wake ef-

fects throughout the farm. The employed controller usually consists of a power dispatcher

that distributes the turbine’s individual power setpoint and a dynamical component like

a PI controller ensuring steady-state accuracy [65]. For modeling within the project, a PI

controller will be employed in the active power wind farm loop. This controller can be

expected to be operating in a upper time range of the fast up to the slow region in terms

of the discussed DVPP categorization.

Dispatching the active power demands to the individual turbines influences the fatigue

loading or the power reserved. In [78], a wind park dispatcher depending proportionally

on the wind speed seen by the individual turbine is proposed. As noted in [65], this sim-

ple approach captures some basic features relevant from a loading perspective, i.e., it is

expected that turbines at higher wind speeds face greater fatigue loading. Thus, turbines

with greater excitation will have greater power reduction setpoints, effectively resulting

in lower fatigue loading for this turbine, and lower wake deficit and turbulence intensity

for the following downwind turbines. This is expected to result in a more even distribution

of loading among the turbines in the farm [65]. Compared to other approaches, e.g.,

look-up table-based [65] or model-based approaches involving online optimization [79].

The model-free approach in [78] has an efficient implementation while having an analyt-

ical description available following one possible rationale, i.e., aiming for load distribution

among the turbines. Further, the approach interacts seamlessly with the applied wind tur-

bine controller, which builds on a disturbance observer [36] yielding an estimate of the

current wind speed. Thus, the wind speed information of the individual turbines can be

gathered by the applied active power wind farm controller.

When building wind farm models for grid integration studies, usually an aggregation of

the individual turbines is conducted to approximate the wind farm dynamics. The sim-

plest form is to scale a single turbine to the power level of the entire wind farm, as e.g.,
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shown in [80, 81]. This approach portrays the dynamics inherited in the turbines but ne-

glects the aerodynamical and electrical interaction. Oppositely, the greatest detail level

is gained when portraying each generating unit of the turbine including aerodynamics,

generator dynamics, and control, and subsequently interconnecting the individual tur-

bines into a wind farm model at the cost of greater simulation time [82]. Between these

two boundaries, aggregation techniques at different levels can be used. This includes

automated (probabilistic [83]) clustering based on indicators as wind speed or rotational

speed [84, 85], clustering of the electrical system while keeping individual mechanical tur-

bine dynamics or keeping individual aerodynamics and clustering both, the mechanical

and electrical subsystem [82, 86]. While at this moment it is not determined which ag-

gregation technique will be used, a framework will be used that allows for modeling the

active power control dynamics, i.e., an aerodynamical interaction of turbines need to be

portrayed including the application of a power setpoint distributor for flow control within

the farm.

The provision of reactive power by wind farms is necessary for stabilization of the grid

voltage, ensuring network feasibility, or optimizing losses occurring due to the (variable)

transmission of active power. While wind turbines may be controlled to supply reactive

power depending on different measures locally (e.g., power factor, reactive power, volt-

age [67]), their influence on the voltage level depends on the grid impedance to the PCC.

The amount of deliverable reactive power, however, is limited due to the current-carrying

capabilities of the individual converters and depends on the active power injection and

the grid voltage [87, 67]. Therefore, additional components as STACOM in the electrical

vicinity to the PCC might be installed that allow to supply reactive power and are con-

trolled simultaneously to the turbines of the farm [88]. Usually, PI control is applied centrally

at the PCC acting on the reactive power deviation from its command and supplies reac-

tive power setpoints to the individual turbines. As also discussed for active power, the dis-

patching strategy providing reactive power setpoints influences the overall performance

of the wind farm by determining the electrical states as voltages throughout the grid, and

consequently active power losses. As a result, dispatching can be carried out using an op-

timization based on the electrical wind farm structure to enable e.g., operation within the

voltage limits assigned [66]. Generally, dispatching of reactive power can be considered

as a power flow problem that possesses several stable solutions, thus some measures need

to be applied defining which solution to choose. From this perspective, this constitutes

problem categorized as slow in the discussed DVPP categorization.
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4 PV system

The utilization of the photovoltaic (PV) effect through solar cells for the production of elec-

trical energy is a relatively young technology. Starting in the 50’s of the last century for

applications in space, the improvements of cell efficiency led to their broad usage in var-

ious applications of different power ratings. Since the technology can be easily scaled

and reaches a current average power rating of 10 MWp, PV power plants represent one

of the main contributors to renewable energy sources.

A PV system mainly consist of two parts: The PV cell, which generates electric current from

irradiation of the sun, and the attached converter, which sets the operating point of the

cell and feeds the electric energy into the grid (or any other consumer). Due to new

production techniques and by applying findings of the material sciences, the production

costs for PV cells reduce by 75 % every ten years (Swanson’s law, see [89, 90, 91]). But

even if the price for PV cells is falling exponentially, one cannot neglect the converter’s

efficiency: There is a need for an optimized (utilizing efficiency) and bespoken converter to

ensure maximum power production under changing surrounding conditions. The applied

maximum power point tracking (MPPT) algorithms become more intelligent and ensure

an MPPT efficiency of approx 99 % [92]. Furthermore, smart feedback controller can be

applied for a dedicated power tracking, which is the foundation for participation in upper

level grid stabilization schemes such as a DVPP.

In the frame of the DVPP, the PV plant exhibit effects in all mentioned time scales from

super fast to slow. Since the switching frequency of the inverters is fsw = 5 kHz and higher,

consideration of the average analysis is sufficient. In this average analysis, the time con-

stant is about 2 ms and therefore the super fast time scale applies. The MPPT algorithm

for power control, on the other hand, works with a step size of 100 ms. Multiple steps are

needed to meet an appointed power point. This means that the power control is on the

fast time scale, with response times of about 1 s and higher. Within the same time scale,

the effect of clouding can be categorized, determined by the ratio of the characteristic

length of the PV plant and the velocity of the clouds. At the slow time scale long term

environmental effects like day and night, weather, and thermal effects. Some of these

effects are predictable and should be considered by the DVPP.

4.1 Overview solar PV cell models

The different PV cell types can be distinguished by the used semiconducting material as

well as the production process. The vast majority of solar cells is made of crystalline silicon:

95 % of the annual production in 2019 [93], but other semiconductors like Gallium arsenide

and Cadmium telluride are used in thin-film solar cells. In case of wafer production, the
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production processes of silicon solar cells lead to single-crystal or multi-crystal cells, respec-

tively, while thin-film cells consists of amorphous silicon.

Aside from its manufacturing process the I-V-characteristic or P-V-characteristic of a solar

cell is immanently meaningful. This characteristic depends on the surrounding conditions

and can be measured. As the measurement process is a time intense and therefore costly

procedure, these empirical PV models are seldomly used. More common are the simpler

to use and to obtain Diode PV models, whose parameters depends only on few particular

points of the characteristic curve under some standard test conditions. Deviation from

the standard conditions is taken into account by correction formulas applied solely to the

short-circuit current and the open-circuit voltage.

An example of the I-V-characteristic is shown in Figure 13. Partial shading leads to a de-

formation of the characteristic curves resulting in varying extremum points. This is similar

to the effects from demand power point tracking, in which at least two operating points

are possible. Without loss of generality, in this report, it is subordinated to demand power

control, neglecting the effects of partial shading.

Figure 13: Typical I-V -characteristic for unshaded, shaded and partial shaded PV module. The
figure was taken from [94].

4.1.1 Single diode PV model

The Single Diode model, as shown in Figure 14, is the most common PV model due to the

lowest number of parameters. Apart from that, it comes in different variants of simplifica-

tions by neglecting either the shunt resistance Rh, the series resistance Rs or both. In its

complete version it is express via an implicit equation and needs numerical methods to

be solved:

ipv = iph − is
[
exp

(
vpv +Rsipv

vTAn

)
− 1

]
− vpv

Rh
− Rs

Rh
ipv. (19)
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This model is known to be suitable for a wide range of applications [95, 96, 97]. The dis-

advantage may be that it can have unreasonable parameter values like negative resis-

tances [98]. But this does not mean that it reproduces the I-V-characteristic in an erroneous

way. In fact, studies show a negligible advantage in the use of more complex models [99].

Furthermore, it allows parameter identification with a minimum of information about the

real solar cell, namely the values for the open-circuit voltage, the short-circuit current, and

(optional) the maximum power point - each under standard test conditions. For compar-

ison, Xiao [100] suggests using model performance indices to compare different models

(at selected points), while Mahmoud et al. [101] suggest using the root-mean-square de-

viation for comparison of the whole curve.

Due to its simplicity and generality, the Single Diode model is used for the exemplary PV

power plant described in full length in Appendix A.

Single Diode PV model

iph id

vd

Rh

Rs
ipv

vpv

Double Diode PV model

iph id,1

vd,1

id,2

vd,2

Rh

Rs
ipv

vpv

Figure 14: Single Diode PV model and Double Diode PV model.

4.1.2 Double diode PV model

The Double Diode model, as shown in Figure 14, is the extension of the Single Diode model.

While the Single Diode model assumes a constant diode ideality factor An, the Double

Diode model takes into account two distinct ideality factors An,1 and An,2. It describes

the diffusion and surface recombination with the first diode, and the recombination in

the depletion region with the second diode. This is especially useful under low radiance

conditions [102]. This model is expressed via the following equation:

ipv = iph − is,1
[
exp

(
vpv +Rsipv

vTAn,1

)
− 1

]
− is,2

[
exp

(
vpv +Rsipv

vTAn,2

)
− 1

]
− vpv

Rh
− Rs

Rh
ipv. (20)

Finding the parameter is sensitive to the initial guess of the parameters [103]. Due to the

more complex form, it seems less applicable and is seldomly worth the extra effort [104,

105].
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4.1.3 Multi diode PV model

The Multi Diode PV model is the logical expansion of the Double Diode model for the

purpose of more free parameters [106]. Its governing equation is as follows

ipv = iph −
Np∑
i=1

is,i

exp

 Ns∑
j=1

vpv +Rsipv

vTAn,ijNs

− 1

− vpv

Rh
− Rs

Rh
ipv. (21)

Again this model is more difficult to use and to adjust and should be used only in case that

simpler models fail to provide a proper description of the PV system.

4.1.4 Empirical PV model

Different to the aforementioned models, the Empirical PV model uses polynomial fitting

of measured data to describe the I-V-characteristic. Deviation from the standard test

conditions are treated directly by this approach. Developed by the Sandia National Lab-

oratories, the Sandia PV Array Performance Model is one of the most popular of its kind

[107]. The drawback is the enormous empirical effort, which is not applicable or necessary

in general.

4.1.5 PV array model

Single PV modules are connected series to increase the output voltage (PV strings, each

with a number of Ns cells) and in parallel (number of Np strings in parallel) to increase

the output current (altogether PV array). Assuming identical PV cells experiencing the

same conditions (irradiation, cell temperature), the PV array model can be aggregated

according to Figure 15.

PV cell model
Np

N−1
s

vpv

ipv

vpv

ipv

PV array model

Figure 15: Aggregation of the PV array model from PV cell model.

4.2 PV converters

Between the PV cells and the AC grid, single or double stage converter form an electric

interface, see section 2.
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In single stage conversion the PV cells are directly connected to the DC link, followed by

an inverter forming the AC currents fed into the grid [108, 109]. This inverter regulates the

DC link voltage and the reactive power fed into the grid. Since the DC link voltage equals

the PV cell voltage, this inverter is controlled by the MPPT algorithm. Smoothing of the

inverters output signal is necessary and performed by a LCL-filter [6].

The double stage conversion separates the PV cell and the DC link by an additional

DCDC-converter [110]. This converter is driven by the MPPT algorithm to adjust the PV cell

voltage independent from the now constant DC link voltage. What follows is the same as

in the single stage conversion: DC link, inverter, LCL-filter.

While the single stage converter has lower complexity and fewer electronic parts, making

it cheaper and more reliable, the double stage converter gives more degrees of freedom

to control the PV side and grid side characteristics. Especially in case of a regulated PV

power plant by means of variable active power, the DC link voltage is by far not constant

in single stage converters. The DC-link voltage is naturally limited in case of the single

stage conversion. This is advantageous in fault cases, since the PV cell leaves the MPP

for rising voltages and the current is reduced to zero. On the other hand, this limited

voltage sometimes necessitates a boost converter between PV cell and DC link. For a

more detailed comparative study about single and double stage conversion see [111].

In [112] the distribution of inverter technology on market products for PV generators above

10 kW is studied. According to this, inverters without a transformer are more frequently

used. Since in this work we do not focus on fault simulations, we model an double stage

inverter without a transformer, see Appendix A.

4.3 MPPT methods

Maximum power point tracking (MPPT) can be achieved by two ways. Firstly, a mechani-

cal apparatus (1-axis or 2-axis) ensures optimal alignment of the PV cells towards the sun.

This sun tracker is very ineffective by means of its cost-value ratio and therefore seldomly

used in special cases only. Secondly, the electrical tracking adjust the (electrical) opera-

tion point to harvest the utmost power from the given irradiation from the sun. The latter

approach earns a lot of attention from scientists and operators and is solely referred to in

the following by the term MPPT. Extension of P&O or ES methods to head for a DPP instead

of the MPP can be done by substitution of P through (P − Pd)2 and is referred to demand

power point tracking (DPPT).

The MPPT techniques can be divided into offline techniques, like the fractional open-

circuit voltage and the fractional short-circuit current techniques; online techniques, like

the perturb-and-observe and the incremental conductance techniques; and advanced
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(by means of computational effort) techniques, like the fuzzy logic control, artificial neural

network etc. techniques [113].

4.3.1 Offline methods

The fractional open circuit voltage method [114] utilizes that (approximately) the open

circuit voltage is directly proportional to the voltage at the maximum power point. If this

holds true, one can shut down the converter periodically and open the PV cell circuit to

measure the open circuit voltage. The voltage at the maximum power point can then

be calculated vMPP ≈ kvvoc, assuming a constant voltage factor (kv) for a broad range of

conditions, i.e. cell temperature and irradiation. Empirical work has to be done before-

hand to determine an average voltage factor, which is usually around 0.75.

The fractional short circuit current method [115] is on the lines of the fractional open circuit

voltage method. In this case, the short circuit current is assumed to be proportional to the

maximum power point: iMPP ≈ kcisc. For a comparison of the both techniques see [116].

The overall power output is reduced by the off time to overall time ratio during measure-

ment, means effective power reduction about 0.1 to 1 % of the theoretical maximum.

More impact has the inaccuracy of the assumed proportional laws arising from imperfect

or changing PV cells (ageing, surface pollution and partial shading). To avoid this, one

can sweep the PV voltage [117] or the PV current [118] over the whole range of possible

operation points. Again, during this sweep the power production is reduced and therefore

the authors suggest a sweeping time of 25 ms every 12.5 s to ensure a power loss smaller

than 0.1 %. But if the irradiation changes much faster, like it is common on a cloudy day,

one will be mostly at the wrong operational point.

Similar to the open circuit voltage method, one can measure the forward voltage drop

of the pn-junction diode and relate it to the voltage at the maximum power point [119].

Again this will give an poor approximation for the maximum power point if the ratio of

the wanted and measured voltage differs under varying conditions or is not know with

sufficient accuracy.

4.3.2 Online methods

Much attention among the online methods is spent on the perturb and observe (P&O)

method, e.g. [120, 121, 122, 123, 124, 125]. The basic idea of this method is to vary (per-

turb) the PV voltage and to observe the change in the power output. The direction of the

voltage steps is kept if the power increases and reversed otherwise. Metaphorically speak-

ing the operational point moves toward the extremum, hence this method is also called hill

climbing method. Once it reached the MPP, the system will oscillate about the MPP. Choice
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of the step size affects both, the time it takes to reach the MPP, and the minimal distance

to the MPP due to the oscillations. The first effect makes a large as reasonable step size

desirable, the second effect forces the step size to be as small as possible. Therefore one

of the first extensions of this method is to use adaptive step sizes [126, 127, 128, 129, 130].

The perturb and observe method can fail under changing irradiation conditions. If irradi-

ation increases, then regardless of the direction of the perturbation, the power output is

increasing and the algorithm will keep the direction. In [131] a three-point weight com-

parison P&O method is used to overcome this problem. A very extensive list off "‘(...) the

Improvements of Perturb-and-Observe-Based MPPT in PV Systems"’ can be found in [132,

Ch. 7].

The incremental conductance method, see e.g. [124, 133, 134, 135], exploits the fact

that at the MPP the derivative of the power with respect to the voltage (and current)

is necessarily zero. For discrete values, equidistantly distributed in time, this gives (index

denotes the discrete time):

dP

dV
= I + V

dI

dV
≈ I + V

∆I

∆V
= Ik + Vk

Ik − Ik−1

Vk − Vk−1
=


= 0, at MPP

> 0, left of MPP

< 0, right of MPP

. (22)

Overall the characteristics and the number of variations of the incremental conductance

method are comparable to the perturb and observe method. An in-depth discussion

about the development of both methods is given in [132, Ch. 1].

4.3.3 Advanced methods

The list of advanced methods is nearby endless, see e.g. [136, 132]. In this we want to

focus on techniques that use as little information about the system, i.e. the PV cell, as pos-

sible and is capable to find either the MPP or any other demanded power point (DPP). The

extremum seeking (ES) method is one of these methods, that can be applied for MPPT in

PV systems, see [137, 138, 139, 140, 141, 142]. Similar to the P&O method, a (harmonic) per-

turbation is fed into the system. The frequency of the perturbation signal has to be much

smaller than the characteristic eigenfrequency of the system, which allows to assume the

system to be quasi-static. Then the demodulated system feedback is proportional to the

slope, i.e. ∝ dP/dV , allow to adjust the controlled PV voltage until the MPP (dP/dV = 0) is

reached.
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5 Synchronous-generator-based power plants

5.1 Synchronous generators

Synchronous generators are rotating machines that transform mechanical into electrical

energy or act the other way around if used as a motor. They are widely employed within

the power system in all kind of generator sets, for example in combustion-based genera-

tion, for hydro-power-based power generation or in solar thermal power plants (sections

5.3, 5.2 and 5.4, respectively). Due to their prominent role in operation and stabilization of

the current power system when used as generators, the synchronous machine dynamics

is subject of many publications [143, 144, 11] or standard text books [145, 15] on the power

system and its dynamics. Synchronous generators are available in all power scales up to

1300 MW [15].

The characteristics of the synchronous machine, i.e., inherently varying the power by using

the rotational energy stored in the rotating parts of the generator in case of frequency

changes, play a dominant role in for the electromechanical stability of the electrical grid

[146]. While this response is intrinsically carried out due to the physical working principles of

the machine, other relevant characteristics are governed by the applied control schemes.

Typical control loops to operate the generation plant involve automatic voltage regulators

acting on the exciter current and govenor control acting on the active power production

in the primary conversion.

For the modeling within a DVPP concept, distinction has to be made between synchronous

generator models used as an intermediate part of the energy conversion system supplied

by a back-to-back converter as discussed for the wind turbine and synchronous gener-

ators that are directly coupled to the electrical grid while being supplied by the primary

energy conversion as discussed for hydro or solar thermal power plants. The latter are elec-

trodynamically coupled to the electrical grid and show relevant dynamical properties at

different time scales of the DVPP categorization. These dynamics result from the elec-

tromagentic coupling within the rotating machine. The first, however, is decoupled from

the electrical grid by the power converter. As the reaction to changes in the electrical

grid depends on the applied converter control, further model reduction compared to the

models discussed here may be applicable (also depending on the primary conversion) to

model the intermediate power transfer from the source to the converter as discussed for

the synchronous generator-based wind turbine in section 3.6.

The fundamental dynamics in modeling the directly coupled synchronous generator for

power system studies is provided by the swing equation, which can be either formulated

based on the torque or power balance and describes the rotational dynamics of the
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generation system. Given in terms of the torque balance, the swing equation is given as

[145]

J
d2δ

dt2
= Tm − Te −D

dδ

dt
, (23)

where δ describes the rotor angular position in a synchronously rotating reference frame,
dδ
dt is the rotor speed deviation from synchrony. The rotational inertia is denoted as J and

consists of the combined inertia from the primary converter such as a hydro turbine or a

combustion engine and possibly coupling elements like gearboxes. The dynamics associ-

ated with the primary conversion enter the model through the mechanical torque Tm. The

electromagnetic torque Te displays the interaction of the electromagnetic elements of the

synchronous generator with electrical grid. Thus, the swing equation couples the primary

conversion process to the secondary conversion that delivers power to the electrical grid.

The dynamical models for the primary conversion process governing Tm are discussed in

sections 5.2, 5.3 and 5.4 depending on the type of renewable energy source. The dynam-

ics that determine the evolution of the electromagnetic torque Te are usually categorized

depending on the considered timescale, where steady-state, transient and subtransient

operation can be distinguished (more granular distinction depending on the model order

can also be made) [15]. The usually employed modeling approaches describe the syn-

chronous generator dynamics as voltage source behind impedances, where the flux link-

ages couple the elements like stator, rotor, damper and exciter field windings. In steady-

state, the synchronous generator is represented by a constant voltage source behind an

impedance [145].

In transient operation, the voltage source is modeled to vary according to the dynamics

resulting from the exciter voltage acting on the stator through the flux linkages. In subtran-

sient operation, the damper windings located on the rotor are considered to introduce

additional dynamical states. The dynamics on both timescales can be stated in terms

of typical timeconstants. A synchronous machine at a multi-MW power rating acts in the

timescale of few seconds in the transient period and shows dynamics in the timescale of

tens of millisecons in the subtransient domain [145]. These timescales correspond to the

fast and super fast time domain of the DVPP categorization, respectively. For studying

electromechanical dynamics in the power system stability context (in the fast domain),

the models representing the transients while neglecting the subtransients are usually con-

sidered sufficient [15]. The subtransients, however, are associated to the damping charac-

teristics that counteracts a change in the rotational speed by providing an asynchrounous

torque. To introduce this effect in the model of the synchronous machine despite neglect-

ing the fast timeconstants in subtransient operation, the damping gain D in (23) can be

appropriately adjusted to not only cover the mechanical friction, but also account for the

damping provided by the damper windings on the rotor [15]. In this light, the parametriza-
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tion of the damping gain plays an important role when displaying the dynamics of the

synchronous machine in power system studies or the control design of a DVPP in the fast

domain. In the following, the model for transient simulation is briefly discussed. For the

subtransient period relevant for the super fast domain of the DVPP categorization, similarly

structured dynamical models at a higher order can be derived [145, 15].

In the transient operational regime, the synchronous generator’s stator voltage equations

can be described as a dynamic voltage E′q behind an appropriate reactance X ′q in a

rotating reference frame. This is denoted as [15][
Vd

Vq

]
=

[
0

E′q

]
−

[
R X ′q

−X ′q R

][
Id

Id

]
, (24)

where R describes the stator resistance and [Id Id]T denotes the current injected into the

electrical grid represented by the grid voltages [Vd Vd]T. The transient voltage can then

be modeled as [144, 15]

T ′d0

dE′q
dt

= Ef − E′q + Id(Xd −X ′d) , (25)

where T ′d0 denotes the transient time constant and Ef is the applied field voltage of the

exciter. To establish connection from the electrodynamics to the dynamics of the primary

conversion via the swing equation in (23), the electromagnetic torque Te produced by the

synchronous machine is calculated from [15]

Te =
1

ω
(E′qIq + (X ′d −Xq)IdIq) . (26)

In (24), the field voltage Ef appears as the input of the transient voltage E′q and is de-

termined by a control loops that acts on the voltage deviation at the terminal of the syn-

chronous generator. This automatic voltage regulation (AVR) is one aspects when studying

the dynamics of voltage stability phenomena [15] involving the closed-loop exciter mod-

eling in combination with the subtransient model. Different exciter systems are available,

including DC exciters, AC rotating exciters or static exciters using power electronics. De-

pending on the type of excitation, different transfer functions can be formulated to cover

the variety possible configurations [147]. A generic excitation system dynamics in the fre-

quency domain can be given as [148]

Ef(s) = min {Ef,max,max {Ef,min, E
∗(s)}} , E∗(s) =

K

1 + sTE

1 + sTA

1 + sTB
(Vref − Vc(s)) , (27)

where TA and TB represent the voltage measurement filtering, TE models the exciter dy-

namics andK is a proportional feedback gain. The limitation of the applied field voltage is

represented by its minimum and maximum values Ef,min and Ef,max, respectively. Here, Vc is

the load compensated measured voltage at the generator terminals, i.e., |Vc| = |Vg + ZcI|
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with I denoting the injected current of the synchronous machine. The compensation

impedance Zc may be chosen and effectively pushes the point of voltage regulation

electrically to a desired location into the grid [15].
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5.2 Hydro power plant

A hydroelectric power plant is a plant in which the potential energy of water is first con-

verted into the kinetic energy of its flow, and then into the mechanical energy of rotation

of the turbine shaft and, finally, into electrical energy in an electric generator. The ex-

ploitation of water potential energy is economically competitive with the production of

electricity from fossil and nuclear fuels, so historically hydropower is the most important

renewable energy source. In the last ten years, production in hydroelectric power plants

has increased by 18%, but its share is nearby constant, during which time production in

other RES has more than doubled [149]. Nevertheless, hydropower has still a higher share

(6.9% in 2020) than the other RES together (5.7% in 2020), both [149]. These data show that

the production in hydroelectric power plants is important, but its growth rates are very lim-

ited. The reason for this situation lies in the fact that the use of hydropower has significant

technical and natural limitations. The main limitation is the requirement for an abundant

water source throughout the year, in addition, in certain locations, it is necessary to build

dams and reservoirs to reverse the effects of water level oscillations. Their construction

significantly increases investment and environmental impacts.

The electrical energy is generated by means of hydraulic turbines, which are connected

directly to synchronous generators. The four common types of turbines are the impulse

or Pelton turbine, the reaction or Francis Turbine, the propeller or Kaplan turbine, and the

Deriaz turbine. Construction details and specific characteristics can be found in [150]. The

exact shape of the turbine has no influence on the modeling in the following considera-

tions since only an energy balance is considered. The elasticity of the pipe walls and the

water is also negligible. Deformation waves caused by load changes, which propagate

at a wave speed of 1200 m/s, only play a role in very long supply pipes. However, these

effects play a role above all in the static design and strength analysis. Another simplifying

assumption is the negligible flow resistance. The losses generated here can later be taken

into account as total power loss PL or as associated water speed difference vL = PL/H.

About the occurring time scales one can say that on the super fast time scale the inertia

of the synchronous generator can be settled. The wave travelling effects are neglected

in this, but also they would count into this time scale. On the fast time scale, the inertia

of the water column and therefore the primary energy generation can be classified. The

slow time scale plays no remarkable role for the hydro plant power production.

Derivation of the significant equations can be found in relevant textbooks, e.g. [145]. The

following geometric values are important for the description of the hydroelectric power

plant: the hydraulic head at gate h, the length of the supply pipes `, and their cross-

sectional area A. The gate opening G indicates the ratio of the current cross-sectional

area to the maximum cross-sectional area, i.e. it is a measure of the taper of the flow cross-
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section. From Bernoulli’s equation for incompressible flow equation and the continuity

equation follow for the flow velocity in the penstock v and the mechanical power P :

v = KvG
√
h , v̇ = −g

`
(h− h0) , Pm = Kphv , Kv,Kp = const (28)

where 

g, free fall acceleration
[
9.81m/s2

]
G, gate opening [0 ≤ G ≤ 1]

h, h0, hydraulic head and its steady state value [m]

Kv,Kp, constant factors [A]

`, penstock length [m]

Pm, turbine power [W]

v, flow velocity in the penstock [m/s]

(29)

Normalising these quantities by their rated values and rearrangement gives the water col-

umn equation respectively the turbine equation

˙̄v = − 1

Tw

(
v̄2

G2
− h̄0

)
, T̄m =

P̄m
ω̄m

=
v̄ − v̄L

ω̄m

v̄2

G2
. (30)

The water starting time Tw = `vr/(ghr) represents the time it takes to accelerate the water

column from zero to vr driven by the head hr. Typical values for Tw are between 0.5 s

and 4 s. In the turbine equation losses due to friction has be taken into account by the

associated water speed difference vL. The linearization of the turbine equation gives the

classical transfer function:
∆P̄m

∆G
=

1− Tw

1 + 1
2Tws

. (31)

From (30) it follows that the hydraulic turbine is a minimum phase system. The step response

of this system initially has the opposite sign. The governor of this power plant must take this

into account by means of a (temporary) transient droop. Usually, the droop is applied to

the gate’s control signal, see Figure 3.

The permanent droop RP is usually chosen to be 0.05, which gives 100 % change in gate

position at a speed deviation of 5 %. For the temporary droop RT and the reset time

TR, the following suggestions are made in the literature (let H be the generator inertia

constant, [151]):

RT = Tw/H

TR = 4Tw
,

RT = Tw/H[1.15− (Tw − 1) ∗ 0.075]

TR = Tw[5− (Tw − 1)/2]
,

RT = 1.25Tw/H

TR = 5Tw
. (32)

However, better results than these rules of thumb are obtained if the system consisting of

governor, linearised turbine and generator is analysed [152]. Neglecting the small time
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Figure 16: Hydro power plant with governor (left), gate servo and hydro turbine (right).

constant of the pilot servo TP ≈ 0 the actuator control transfer function is:

∆G∗

∆ω
=

1 + sTR
TRs2 + (1 +RPTR +RTTR)s+RP

. (33)

For a parameter set of H = 8.3913 s and TG = 0.2 s, RT = 0.204 and TR = 8.192 s give

satisfactory results. A simulation with this parameter set is shown in Figure 17.

0 100 200 300 400 500 600 700
0.2

0.4

0.6

0.8

1

Figure 17: Simulation result for a hydro power plant under stepwise varying electrical generator
loads.
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5.3 Biogas power plant

Biogas, which mainly consists or methane and carbon-dioxide, can be produced in an

anaerobic digestion process from organic feedstock such as sludge from wastewater treat-

ment, animal manure, or energy crops [153]. Carbon-dioxide and other side products

lower the energy contained in the biogas, which is defined by the share of methane, and

increase undesired side-effects such as corrosion [154]. After an upgrading of the biogas,

i.e., removal of undesired contaminants, the resulting gas is comparable to natural gas.

As a result, the upgraded biogas can be transported in the existing gas grid and used as a

fuel for stationary or mobile applications (e.g., as vehicle fuel) thereby decoupling gener-

ation and utilization providing flexibility to adjust depending on the needs of the electrical

grid [155]. In 2019, biogas accounted for a share of 2.25% of the produced electrical

energy within the European Union ( 62.5 TWh
2780 TWh) [156, 157].

The timescales of biogas production from the anaerobic digestion process varies depend-

ing on the used substrate and ranges from several hours to several weeks [158]. Before

exploiting the biogas in an electricity-only or combined heat and power plant, biogas is

usually stored in units in non-pressurised or compressed form [158]. Due to the timescales

involved, the production and storage dynamics can be used for economical optimization

and participating in system services of the electrical grid starting in the range of hours

[155]. For faster phenomena in the relevant timescales of a DVPP concept, these dynam-

ics can be considered steady-state and are consquently not further addressed here.

Biogas can be used in a variety of technological concepts. Generally, the fuel is trans-

formed into mechanical power in a primary conversion stage. The rotational elements

drive an electrical generator that establishes the connection to the electrical grid. For

the first stage of this process, different combustion engines, e.g., diesel or spark-ignited

engines can be used [159]. Alternatively, biogas can be processed in a gas turbine to

generate mechanical power in the first stage [160]. The shaft of the combustion machine

or turbine is coupled to an electrical generator, where standard devices as synchronous

generators can be used, see section 5.1. Together, the coupled machines form a gener-

ator set that processes (bio)gas into electrical power and is governed by different control

loops. For participation in a DVPP, the power variation dynamics governed by the control

system in the relevant timescales will be discussed next.

5.3.1 Spark-ignited combustion engine modeling

Biogas can be used in spark-ignited combustion engines. In distinction to diesel engines,

they can be operated in a biogas-fuel-only mode. The technology is available in a variety

of power ratings from small-scale to large power plants [159]. Especially in Germany, which
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covers a share of ≈ 52% of the electricity produced from biogas in the European Union in

2019 [156], this technology is widely applied [155]. As a result, we focus on modeling

the spark-ignited combustion engine as the primary conversion stage of the generator

set when considering the dynamics of biogas processing for studying representation in a

DVPP.

The engine transforms the energy stored in the biogas in different cycles in a sequential

manner. Assuming the system is in operation, first, air is soaked into the cylinder during the

intake stroke of the piston, where a mixing with the fuel is realized. The movement of the

piston results in a compression of the fuel-air mix in the cylinder. A spark is then created

by the control system causing the combustion in the cylinder. The combustion drives the

piston and creates a torque at the shaft of the engine. Finally, due to the rotation of the

shaft, the piston moves upward and the used air is released through the exhaust valve.

These individual cycles can be modeled using thermodynamic descriptions in a relatively

small timescale [161]. Assuming a rotational speed of 400 rad/s results in ≈8 ms per cycle.

As only the combustion cycle contributes to the generation of torque at the shaft and all

cycles are necessarily performed, mean-value models are used to describe the externally

acting dynamical variables as torque at the shaft and thereby produced power [162] that

are active in the range of tens of milliseconds and thus possibly affecting both the super

fast and fast domain of the DVPP categorization. The system is controlled by a variation of

the throttle angle that determines the airflow into the cylinder and governs the combustion

process. This assumes an underlying fuel-injection control loop that maintains a desired air-

to-fuel ratio in the cylinders [162].

The described mean-value model dynamics show a nonlinear behavior and depend on

mean-value states as the rotational speed or the pressure in the intake manifold of the

combustion chamber [162]. Comparably to the discussion on modeling of wind turbines in

section 3, characteristic maps can be used to describe the nonlinear dependency of the

produced power or torque. These maps can be derived from dynamometer testing of the

combustion engine [162], usually in steady-state. An example of a characteristic torque

map f(ω, pman) suitable for first-order mean-value models is shown in Fig. 18. Especially if

connected to a synchronous machine in stationary applications for power production, the

machine operates almost at constant rotational speed. For first-order mean value models,

this reduces the dynamic description to the operating range denoted as f(pman) in Fig. 18.

Using the characteristic map, the torque produced in a mean-value description is given

as

T (ω) = f(ω, α) (34)

This torque acts at the shaft that is connected to the synchronous machine. The model

of the rotational dynamics that will be discussed in more detail as the swing equation in
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section 5.1 of the generator set can then be described as

Iω̇ = T (ω, α)− Tgen , (35)

where I, T and Tgen denotes the inertia of the generator set, the torque resulting from

the combustion engine and the electromagnetic torque produced by the synchronous

generator, respectively. This first-order nonlinear model can be converted to a Takagi-

Sugeno description, where the premise variables are given by the rotational speed and

the crank angle. For details see the description in the appendix B. This way, the model

dynamics of the gas engine can be integrated into the chosen general framework for

simulations studies and control design.

Figure 18: Characteristic map of a spark-ignited combustion engine expressing the dependence
of the engine torque T = f(ω, α) on the rotational speed of the shaft ω and the crank
angle α used for power control.
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5.4 Solar thermal power plants

5.4.1 Process description

Solar thermal power plants (STPP) do not use the photovoltaic effect to generate electric-

ity, but by means of solar radiation a fluid medium is heated to generate steam, which

drives a conventional steam turbine generator unit. The conversion of solar radiation into

process heat is achieved in different ways. The most common and commercially used

STPP type is the so-called parabolic trough power plant [163]. These power plants have an

efficiency of up to η = 21% (overall efficiency from collector to grid) and a power range

from 5 MW to 200 MW. In this type of solar thermal system, the radiation is concentrated on

a focal line by curved mirrors. To absorb the radiant energy, thermal oil flows in tubes lon-

gitudinally through the focal point, heating it to 150 ◦C and 350 ◦C. The heated oil is stored

temporarily or flows directly through a heat exchanger (oil/water) and steam generator,

which drives a turbine synchronous generator power train. A principle sketch of STPPs with

the three subsystems (1) collector field, (2) storage system, and (3) conventional power

conversion system are shown in Figure 19.

system
speed-governing 

collector field

q

storage system

f

qs

cooler

steam turbine

heat exchanger

SG

power conversion system

Figure 19: Principle scheme of solar thermal power plants (Type: parabolic trough power plant)
with thermal storage

• Collector field: The control objective of (1) is to keep the oil outlet temperature of

the collector field ϑout close to its set point. As a control variable for temperature
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control serves the oil flow rate qf . With the reasonable assumption of a volume flow-

controlled pump qf,ref ≈ qf holds. Disturbance variable is the varying solar irradiation

S.

• Storage system: The variable to be controlled is the amount of heat energy Epot that

is to be stored, which is given by integrating the difference between the incoming

and outgoing heat flow. The manipulated variable is the outlet flow qs in relation to

the inlet flow qf , see Figure 19. Disturbance results from losses due to heat transfer to

the environment.

• Power conversion system: The control objective of subsystem (3) is to control the

speed of the turbine. Standard models of speed-governing system of steam turbines

are used to describe this dynamics [1]. Here, the valve position of the turbine inlet

denoted as u3 is the manipulated variable, whereby the disturbance results from

varying electrical loads at the point of common coupling determine the moment of

the generator.

5.4.2 Reduced mathematical modeling

Collector Field:

Based on the lumped parameter model of [164] the rate of change of the total internal

energy of the collector field proposed in [165] can be described by

coil
dϑout(t)

dt
= η0Af S(t)− qf (t) γf

(
ϑout(t)− ϑin(t)

)
, (36)

where ϑout denotes the oil temperature at the field outlet, ϑin is the oil temperature at

field inlet, see Figure 19. The solar irradiation is denoted as S and q denotes the oil pump

volumetric flow rate. The constant parameters in (36) are Af as the field effective surface,

η0 the optical efficiency of the collector field, coil denotes the specific thermal capacity of

the oil, and γf aggregates the characteristic quantities of the parabolic troughs such as

individual area, number of collectors, and heat capacity etc. With the assumption that

ϑin is slowly time-varying and the introduction of ∆ϑ = ϑout − ϑin, where

d∆ϑ

dt
≈ dϑout

dt
(37)

gives the rewritten energy balance of the collector field

coil
d∆ϑ(t)

dt
= η0Af S(t)− qf (t) γf∆ϑ(t) , (38)

This model is used in [165] as the basis for a heuristic gain-scheduling controller design

with ∆ϑ as the controlled variable, qf as the manipulated variable and S is a disturbance.

Alternatively, one can use a more systematically Lyapunov/LMI based TS controller design
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like the WT and PV power plant (see section 3 and 4). Avoid algebraic loops, the dynamics

of the controlled pump are taken into account

dqf
dt

= − 1

τp
qf +

1

τp
qf,ref , (39)

where τp denotes the flow-controlled oil pump’s time constant. Following the operating

regimes of the gain-scheduled controller proposed in [165] (see Fig. 5) and weighting func-

tions (see [165], Fig. 6) the following integral state feedback controller can be applied:

qf,ref = −
Nr=6∑
i=1

hi(z) Kx,ix +

Nr=6∑
i=1

hi(z) KI,i

∫ t

0

(
∆ϑref −∆ϑ

)
dτ (40)

with z = (S , qf,ref )T and x = ( ∆ϑ , qf )T , where ∆ϑref denotes the nominal set point tem-

perature of the collector field.

Storage system:

As already explained, the stored energy is the result of the integration of the incoming

and outgoing heat flow in the tank of the storage system. The current stored energy results

from the product of the heat capacity and the current temperature difference.

Epot = Cs(xT ) ∆ϑ (41)

The heat capacity depends on the content of the storage tank. With the simplifying as-

sumption that the hot and cold medium do not mix, the heat capacity is given by

C(xT ) = As ρoil xT (42)

where As denotes the Cross-sectional area of the storage tank, ρoil denotes the average

specific density of the collector fluid, and xT is the level of the column of the hot medium

concerning the upper edge of the tank, see the counting arrow of xT in Figure 19. The reg-

ulation of the difference qf−qs determined whether heat energy is supplied to or removed

from the storage tank. his results directly from the flow balancing

As
dxT (t)

dt
= qf (t)− qs(t) . (43)

If qf − qs > 0, the energy (41) in the tank increases, i.e. the tank is filled up and if qf − qs < 0,

energy is removed.

Power conversion system:

Modeling of the power conversion system, including the speed-governing unit, follows the

investigations and suggestions published in [1]. We start with a simplified speed-governing

unit of a steam turbine system and assume that the steam pressure at the outlet of the heat
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exchanger is constant related to the time range in which the speed governor operates.

The general model for a speed-governing system of steam turbines is illustrated in Figure 20.

It contains the transfer function of the controller

Gc(s) = kp
1 + sT2

1 + sT1
(44)

with ∆ωg = ωg,ref − ωg as an input (control error), where ωg denotes the generator speed.

The servo valve model in Figure 20 with the power valve outlet Pvo as an output con-

tains a rate-limitation (Ṗup, Ṗdown) and is saturated (Pmin, Pmax). Parameters of four different

electro-hydraulic (EH) servo systems and controllers of conventional power plants have

been published in [1]. For example, the values for the EH servo system of a Westingshouse

power plant with steam feedback are as follows

kp =
1

ks
, T1 = 2.8, T2 = 1.0, T3 = 0.15 (45)

with ks as the steady state gain of the regulation system. Finally, the dynamics between

power valve position Pvo as an input and the output power of the generator can be spec-

ified for non reheat steam system as a first-order model

dPg
dt

= − 1

τCH
Pg +

1

τCH
Pvo , (46)

where τCH denotes the time constant, which represents delays due to the steam chest

and the inlet piping. In the literature, values between τCH = 0.2 and 0.5 are given. Note

that in [1] there are five more complex common steam configurations considered, which

are modeled with an interconnection of up to four first-order systems. These were tandem

and cross compound configurations with single and double reheat, which are also used

in solar thermal power plants.

-

Figure 20: General model for speed-governing system of steam turbines [1]
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6 Conclusions

Within this report, the focus is on renewable energy power plants, where different dynami-

cal models distinguished by the primary and secondary energy conversion are discussed.

For modeling of the individual process dynamics, the broad knowledge from engineering

advances represented in the literature can be used. A manifold of modeling techniques

from different perspectives and varying level of detail can be found for the considered

generating units. Within this report, essential dynamics from a DVPP perspective were

gathered to describe the coupled generation dynamics of the primary and secondary

conversion. A special focus within this report is on the discussion of the different dynam-

ics in terms of discussed DVPP time scale categorization [4]. This allows for a dedicated

control design for the different time scales and physical phenomena involved in opera-

tion and stabilization of the electrical grid. The majority of dynamics covered within this

report are active within a super fast and fast time scale (corresponding to 10 ms-1 s and

1 s-30 s, respectively). For time scales greater than that, the discussed generating units

can be usually considered to be in steady-state, thus algebraic equations apply allowing

to be used for e.g., economical optimization. The presented models give a dynamical de-

scription suitable for both, the numerical embedding in different power system simulation

environments and the model-based control design on a DVPP level.

The formulation of suitable models allows the different generating units to be used in similar

operational scenarios within an adequate simulation environment. The simulation studies

carried out to identify the characteristics, will include the scenarios identified from work-

package WP 17. By studying the occurring dynamics in different operational and com-

parable settings, similarities and differences in operation of the renewable-based power

plants can be detected [166]. The objective is to provide a generic, reduced-order mod-

eling framework comparable to the transfer functions for the wind turbine model discussed

in section 3. These reduced-order models may provide a low complexity dynamical de-

scriptions suitable for the simultaneous consideration of many units in a DVPP control de-

sign concept involving a large number of units. Additionally, they provide computationally

efficient (but approximative) dynamical models for large-scale power system simulations

(e.g., for simultaneous modeling of both transmission and distribution grid).

Additionally, the analysis of different renewable-energy-based power plants in compara-

ble operational situations will allow to discuss reasonable test scenarios for the identifica-

tion of parameters when aiming for the integration into a DVPP concept. This is crucial for

an application of the DVPP concept in a realistic setting. For the integration of a power

plant in a DVPP, some key dynamical simulations can then be carried out to identify the
7Scenario definition, system modeling and specifications for renewable based Virtual Power Plants (DVPP)

for actual and future power systems
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specified parameters. Then, the different generating units can be generically treated

within the intended DVPP control concept.
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A PV power plant (MPPT with P&O algorithm)

The photovoltaic (PV) power generator consists of mainly two parts: The PV module, which

converts solar radiation to electric power, and the converter, which properly connects the

PV module with the grid, either in a grid following or a grid forming way. As one can see in

Figure 21, the converter is further spitted into a grid connection part and into the DCDC-

converter part. Since this section solely focus on the PV module and the DCDC-converter,

for detailed information about the grid connection starting with the DC link the reader is

relegated to section 2.

The PV module is described using single diode models. Its governing equations and the

parametrization are outlined in A.1. The DCDC-converter is modeled either as Buck, Boost

or Buck-Boost converter. Together with the corresponding controller, they are described in

A.2.

ipviDC
S

Tc

DiL

vpv,ref

vpv

Ppv

vDC

PV moduleDCDC-convertergrid connection

Figure 21: Signal paths for the PV power generator from the physical power source (irradiation S on
the right hand side) to the electrical grid (in the left hand side).
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A.1 PV Module Model

The PV module model contains a single diode model (SDM, A.1.1), representing one cell of

a PV array. Simplification of this model to increase the handling leads to an explicit single

diode model (eSDM, A.1.2). The parametrization of the SDM (A.1.3) is done by given data

under Standard Test Conditions (STC) utilizing standard cell temperature and standard

irradiation. The influence of irradiation and temperature aside the STC are addressed by

correction formulas (A.1.4). Multiple SDMs are aggregated to an array of PV cells, forming

the overall PV module model (A.1.5).

A.1.1 Complete Single Diode Model

The complete single diode model (cSDM) is shown in Figure 22. It consists of the ideal

model of a photovoltaic cell (current source in parallel with a diode) completed by resis-

tors in serial and parallel to accommodate losses.

Figure 22: Single Diode Model

The diode I-V characteristic is described by the theory of Shockley [167]:

id = is

[
exp

(
1

An

vd

vT

)
− 1

]
, vT =

kBTc

qe
. (47)
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where

An ∈ [1, 2], ideality factor of the diode [1]

id, diode current [A]

is, diode reverse-bias saturation current [A]

kB, Boltzmann constant
[
1.38× 10−23 J/K

]
qe, elementary charge

[
1.602× 10−19 C

]
Tc, absolute temperature of the p-n junction, cell temperature [K]

vd, voltage across the diode [V]

vT, thermal voltage [V]

(48)

Together with Kirchhoff’s circuit laws

vd = vpv +Rsipv, ipv = iph − id −
vd

Rh
, (49)

this gives the following relation between ipv and vpv:

ipv = iph − is
[
exp

(
vpv +Rsipv

vTAn

)
− 1

]
− vpv

Rh
− Rs

Rh
ipv. (50)

where 

iph, photon current [A]

ipv, PV cell current [A]

Rh, shunt resistance [Ω]

Rs, series resistance [Ω]

vpv, PV cell voltage [V]

(51)

A.1.2 Explicit Single Diode Model

The CSDM includes 5 fitting parameters: (An, is, iph, Rh, Rs). In dependence on the amount

and accuracy of the data provided by the manufacturer about the photo cells I-V-characteristic,

it can be hard to identify all 5 parameters. Furthermore (50) gives only an implicit func-

tion for the photon current. To obtain an explicit form the CSDM is simplified by setting Rs

to zero leading to the explicit single diode model (eSDM). The governing equation (50)

becomes:

ipv = iph − is
[
exp

(
1

An

vpv

vT

)
− 1

]
− vpv

Rh
. (52)

For the open-circuit ipv = 0, it follows from (52) that the diode reverse-bias saturation cur-

rent is can be expressed by the open-circuit voltage voc = vpv(ipv = 0):

is =
iph − voc

Rh

exp
(

1
An

voc
vT

)
− 1

. (53)
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The model parameters An and Rh are assumed to be constant and identified in the next

section. After this, the dependencies from the irradiance and the cell temperature of the

variables iph and voc, are addressed.

A.1.3 Standard Test Conditions and Parameter identification

For STC using standard cell temperature T STC
c = 298 K and standard irradiance SSTC =

1000 W/m2 usually three distinctive points in the I-V-characteristic are given. These are for

the short-circuit: (iSTC
sc , 0), for the open-circuit: (0, vSTC

oc ) and for the maximum power point:

(iSTC
max , v

STC
max ). This gives the following nonlinear system of equations:

iSTC
sc = iSTC

ph (54)

0 = iSTC
ph − iSTC

s

[
exp

(
1

An

vSTC
oc

vSTC
T

)
− 1

]
− vSTC

oc

Rh
(55)

iSTC
max = iSTC

ph − iSTC
s

[
exp

(
1

An

vSTC
max

vSTC
T

)
− 1

]
− vSTC

max

Rh
(56)

For the case of the ideal single diode model (iSDM), the resistance Rh equals ∞ and the

aforementioned equations are sufficient to define all of the parameters. For the eSDM the

following maximum power point condition is derived:

0 =
dppv

dvpv

∣∣∣∣
(iSTC

max ,v
STC
max )

= iSTC
ph − iSTC

s

[(
1 +

1

An

vSTC
max

vSTC
T

)
exp

(
1

An

vSTC
max

vSTC
T

)
− 1

]
− 2

vSTC
max

Rh
. (57)

Altogether this nonlinear system of Equations (54) to (57) allows to identify the four unknown

parameters (An, i
STC
s , iSTC

ph , Rh). Reformulation allows to drop Rh by subtracting (56) from

(55) and (57), which respectively gives:

iSTC
max − iSTC

sc

(
1− vSTC

max

vSTC
oc

)
= iSTC

s

{
exp

(
vSTC

max

AnvT

)
− 1− vSTC

max

vSTC
oc

exp

(
vSTC

oc

AnvT

)
+
vSTC

max

vSTC
oc

}
(58)

2iSTC
max − iSTC

sc = iSTC
s

{
exp

(
vSTC

max

AnvT

)
− 1− vSTC

max

AnvT
exp

(
vSTC

max

AnvT

)}
. (59)

The quotient of (58) and (59) consists only of parameter An:

0 =
iSTC
max − iSTC

sc

(
1− vSTC

max

vSTC
oc

)
2iSTC

max − iSTC
sc

−
exp

(
vSTC
max
AnvT

)
− 1− vSTC

max

vSTC
oc

exp
(
vSTC
oc
AnvT

)
+ vSTC

max

vSTC
oc

exp
(
vSTC
max
AnvT

)
− 1− vSTC

max
AnvT

exp
(
vSTC
max
AnvT

) . (60)

Its single root within the interval [1, 2] can be found using the regula falsi method. If it turns

out that this procedure fails, for example, if (60) has no zero crossing in [1, 2], the model

is not suitable for the dataset. Then the simpler form of the ISDM can be used, if the

derivation from the maximum power point ((57) does not hold) is acceptable. If this is

not true, one has to choose the more complex implicit model. The last resort is to use a

polynomial approximation for the given data points.
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A.1.4 Variation with Irradiance and Temperature

Derivations from the STC are addressed by the following correction formulas:

iph

iSTC
ph

=
S

SSTC

[
1 + αT(Tc − T STC

c )
]
,

voc

vSTC
oc

= 1 + βT(Tc − T STC
c ). (61)

In the latter formula, the weak impact on the open-circuit voltage by the change of ra-

diation is neglected. The temperature coefficients αT and βT are usually given by the

manufacturer. One can see the resulting characteristics for change of irradiance and cell

temperature in Figure 23 and Figure 24 respectively.
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Figure 23: I-V -characteristic (left hand side) and P -V -characteristic (right hand side) for different
irradiances.
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Figure 24: I-V -characteristic (left hand side) and P -V -characteristic (right hand side) for different
cell temperatures.
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A.1.5 Array of Photo Cells

Multiple, identical, photocells are connected in parallel and series to form one photo-

voltaic array. The number of Np parallel branches multiply with the photo current of one

cell and the number of photocells within one branch Ns multiplies with the voltage of one

cell. This gives the accumulated current Ipv and voltage Vpv: Ipv = Npipv, Vpv = Nsvpv. Nev-

ertheless, in the following, we used the lower case letters to refer to the PV array values,

regardless of the number of PV cells used.

A.1.6 Model for Temperature Change by Irradiance

The cell temperature has much impact on the P-V-characteristic and therefore must be

given explicitly or modelled with sufficient detail. At first one has to decide whether dy-

namic effects shall be addressed or not. Static analysis makes it easier to solve the equa-

tions, see e.g. [168] in which linearisation in addition gives an explicit solution for the mod-

ule temperature as a function of the surrounding conditions like irradiation, ambient tem-

perature and wind speed. Analysis and measurements shows that the response to a step

change of the irradiation shows PT1 behaviour with time constant in the magnitude of

minutes [169].

For two reasons one should use a dynamic model. Firstly, the effects studied are within

the time domain of the thermal dynamics. Secondly, the irradiation changes quickly and

static models (without filter) gives unreasonable high temperature gradients with respect

to time. In the following the dynamic model proposed in [170] is discussed. This model was

further extended in [171, 172, 173, 174, 175].

Basic idea of the dynamic model is to accumulate convection and radiation heat transfer

and form the heat balance of the PV module:

cmod
dTc

dt
= qlw − qsw − qconv − pout (62)

where 

cmod, area specific heat capacity of the module
[
J/Km2

]
pout, electrical power generation

[
W/m2

]
qlw, long wave radiation heat transfer

[
W/m2

]
qsw, short wave radiation heat transfer

[
W/m2

]
qconv, convection heat transfer

[
W/m2

]
Tc = Tmod, cell temperature [K]

(63)

The module temperature is assumed to be equal to the cell temperature (in real there is a

small difference in the magnitude of 1 K) and the module temperature is assumed to be
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constant throughout the whole module. The reason is the good heat conductance of the

solid material and the sparsely connection to the carrier construction. Heat conduction

to the air and the basement is neglected. The heat capacity of the layered module

composes from each of the n layers properties:

cmod =

n∑
i=1

diρici (64)

where 
ρi, ith layers density

[
kg/m3

]
ci, ith layers heat capacity [J/kg K]

di, ith layers thickness [m]

(65)

Exemplary values for the modules heat capacity have a wide range, e.g. 5723 J/Km2

[170, 171] and 14 345 J/Km2 [174], depending on the construction of the modules and the

used materials.

The short wave radiation heat transfer is proportional to the irradiation

qsw = ηS (66)

where η, absorptivity [1]

S, irradiance on the PV module
[
W/m2

] (67)

The absorptivity η is a function of the inclination, resulting in decreasing values for decreas-

ing angles of the incident radiation, typically in the magnitude of 20% to 30% [168]. The

maximum value is given by the surface properties and has a range of η ∈ [0.7, 0.8], [176].

The long wave radiation heat transfer is given by the Stefan-Boltzmann law.

qlw = σ (Ffront−sky + Fback−sky)
(
εmodT

4
c − εskyT

4
sky

)
+ ...

σ (Ffront−ground + Fback−earth)
(
εmodT

4
c − εgroundT

4
ground

)
(68)

where 

ε..., emissivity factor [1]

σ, Stefan-Boltzmann constant
[
5.670× 10−8W/m2 K4

]
F..., view factor [1]

Tc cell temperature [K]

Tsky, sky temperature [K]

Tground, ground temperature [K]

(69)

Usually the emissivity factors ε for each surface are taken into account [176]. Since their

values all are close to 1 and more precise formulas just introduce more variables (e.g. the

72



POSYTYF Deliverable 2.1

dew temperature [170]) their values here are assumed to be equal. For a plate inclined to

the horizontal ground by angle α the view factors are: Ffront−sky = (1 + cosα)/2, Fback−sky =

1 − Ffront−sky, Fback−ground = Ffront−sky, Ffront−ground = 1 − Ffront−sky, see [174]. By neglecting

the emissivity factors the view factors sum up to 1 and (68) simplifies to:

qlw = σε
(
2T 4

c − T 4
sky − T 4

ground

)
. (70)

At least for clear sky conditions the sky temperature can be assumed to be equal to the

ambient air temperature [177]. Ground temperature is approximated by the weighted

sum of the air and module temperature: Tground = (3Tair + Tc)/4.

The electrical power generation Pout follows directly from the electrical model, but its im-

portant to relate the overall power to the overall area which contributes to the power

generation.

Under the operating conditions of the PV module the convective heat transfer is driven by

both, free and forced convection [168]. Mixed convection can be calculated by

qconv = hconv(Tc − Tair), hconv =
λ

L
Nuconv, Nu3

conv ≈ Nu3
free + Nu3

forced (71)

where 

λ, thermal conductivity of air [W/mK]

hconv, convection heat transfer coefficient
[
W/Km2

]
L, characteristic length of the PV module [m]

Nuconv, Nusselt number for mixed convection [1]

Nufree, Nusselt number for free convection [1]

Nuforced, Nusselt number for forced convection [1]

Tair, ambient air temperature [K]

(72)

The free convection along a inclined plane can be calculated by using the Rayleigh num-

ber. Since the flow goes upwards in the case of heating, on top surface separation can

occur and the formula has to be adjusted [178]. Altogether the Nusselt numbers for both

sides, top and bottom of the PV module, are added up.

Nufree = Nutop + Nubot (73)

Nubot =
{

0.825 + 0.387 [cos(ϑ)Raf1]1/6
}2
, f1 =

[
1 +

(
0.492

Pr

)9/16
]−16/9

(74)

Nutop = 0.56 [Rac cos(ϑ)]1/4 + 0.13
(

Ra1/3 − Ra1/3
c

)
(75)

Ra =
gL3

να

Tc − Tair

Tair
, log10 Rac ≈ 8.9− 0.00178

(
ϑ

180

π

)1.82

(76)
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where 

α, thermal diffusivity of air
[
m2/s

]
ν, kinematic viscosity of air

[
m2/s

]
ϑ, angle between plate and horizontal ground [rad]

g, free fall acceleration
[
g = 9.81m/s2

]
Nutop, Nusselt number top side of the module [1]

Nubot, Nusselt number bottom side of the module [1]

Pr = ν/α, Prandtl number [1]

Ra, Rayleigh number [1]

Rac, Rayleigh number inclined plate [1]

(77)

Calculation of the forced convection is even more complicated and geometry depen-

dent. Values calculated with different formulas tend to scatter, as Jones and Underwood

pointed out [170]. An empirical formula applicable for a wide range of geometries is given

in [179].

Nuforced = 0.931 · Re1/2Pr1/3, Re = v
L

ν
(78)

where vwind, wind speed
[
m/s2

]
Re, Reynolds number [1]

(79)

The properties of the air (α, λ, ν) in the vicinity of the module are needed. They can be

calculated by fitting formulas assuming the air temperature is represented by the average

temperature of the thin film of air around the module defined as: Tfilm = (Tc + Tair)/2, see

e.g. [178]. Mentionable is that the air properties varies only little with the air temperature

and have less impact on the overall outcome by means of the resulting module temper-

ature. The characteristic length L can be either the length of the plate in direction of the

flow [178] or the area divided by the perimeter of the plate [180]. The later formula may

improve the empirical formulas given above.
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A.2 DCDC-Converter

As one can see in (50) the PV cells operating point is controlled via the PV voltage vpv. This

voltage is kept constant by a DCDC-Converter which feeds the generated power into a

DC link. Therefore the converter has to cancel out the influence of changing irradiance

and changing temperatures. The voltage reference value is chosen either to meet the

maximum power point (MPPT) or any other specified operating point, depending on the

demands of the network operator.

We perform our analysis exemplary for three different converters: the buck converter, the

boost converter and the buck-boost converter. Circuits and basic equations for these

converters can be found in [181] and are given in Figure 25. The converter circuits can be

analysed either for the switching FET (pulse width modulation mode) or as an averaging

model. In the first case, D can be either 0 or 1, representing the state of the either closed

or opened FET. In the later case D ∈ [0, 1] represents the average over time of open state

of the FET, so called duty cycle D.

A.2.1 Parameter Choice

The parts used in the converter, namely L and C, are dimensioned in dependence of

the nominal operating point. This point is characterized by the maximum power point

(MPP) under standard test conditions, i.e. (vpv,r, ipv,r). On the other side of the converter

the nominal direct current link voltage vDC,r gives the nominal duty cycle Dr. Finally the

pick-to-pick value of ripple current ∆iL and the pick-to-pick value of ripple voltage ∆vpv

together with the switching frequency fsw are considered:

L =
1

∆iLfsw


vDC,r(1−Dr)

vpv,rDr

vpv,rDr

C =
1

∆vpvfsw


ipv,r(1−Dr) Buck

∆iL/8 Boost

i0pv,r(1−Dr) Buck-Boost

(80)

A.2.2 State Space Equation and Linearization

Under the assumption, that the polarity of the switch current or voltage does not change

during the whole cycle (continuous conduction mode, see [182]), switching mode and

average analysis results in the same describing state space equations for the converter:

d

dt
vpv =

1

C


ipv − iLD Buck

ipv − iL Boost

ipv − iLD Buck-Boost

d

dt
iL =

1

L


vpvD − vDC Buck

vpv − vDC(1−D) Boost

vpvD − vDC(1−D) Buck-Boost

(81)
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Figure 25: Buck, Boost and Buck-Boost converter. D denotes whether the MOSFET is open (D = 0)
or closed (D = 1). The average values of duty cycle and the voltages are given in the
formulas on the right hand side.

Define the input as u = D, the states as x = (vpv, iL)T and the function ipv = f(vpv) one gets

d

dt
x1 =

1

C


f(x1)− x2u Buck

f(x1)− x2 Boost

f(x1)− x2u Buck-Boost

d

dt
x2 =

1

L


x1u− vDC Buck

x1 − vDC(1− u) Boost

x1u− vDC(1− u) Buck-Boost

(82)

Taylor linearization around one arbitrary stationary operating point (superscript e) defined

by ~xe = (vepv, i
e
L)T and ue = De gives the linear system (∆~x = ~x− ~xe, ∆u = u− ue)

d

dt
∆~x =

[
f ′(vepv)/C −ae/C
ae/L 0

]
∆~x+

[
−be1/C
+be2/L

]
∆u = A∆x + B∆u, (83)

ae =


De

1

De

be1 =


ieL

0

ieL

be2 =


vepv Buck

veDC Boost

veDC + vepv Buck-Boost

(84)
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For all converters y = vpv = x1 applies, and therefore ∆y = C∆x, C = (1, 0).

A brief analysis of the obtained linear models shows a strong dependency of the model

properties from the chosen operating point. Assume standard test conditions for tempera-

ture and irradiation, then the eigenvalues and bode plots shown in Figure 26 are obtained

for different PV voltages vepv.
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Figure 26: Eigenvalue and Bode diagram for the buck-boost converter coupled with the eSDM.

A.2.3 DCDC-Converter Control Loop

To meet the predefined reference PV voltage vpv,ref a I-state-space controller is used:

∆D = ∆u = −Kx∆x−KI

∫ t

0
(vpv,ref − vpv)dτ. (85)

The integral on the right-hand side of (85) can be understood as an additional state. Let

be xI =
∫

(vepv−vpv)dτ and xeI =
∫

(vepv−vpv,ref)dτ , then ∆xI = xI−xeI and ∆ẋI = −C∆x, under

the assumption vpv,ref = const. Collecting the states as one vector this gives the new state

space equation:

d

dt
∆x̃ =

(
A 02x1

−C 0

)
∆x̃ +

(
B

0

)
∆u = Ã∆x̃ + B̃∆u, ∆x̃ =

(
x− xe

xI − xeI

)
. (86)

Following this scheme, the controller can be written as state space controller, namely

∆u = −K̃∆x̃ and K̃ = (KT
x,KI)

T.
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A.2.4 LMI Controller Design - Single Model

The controller in form of the matrix K̃ can be found using linear matrix inequalities (LMIs)

conditions. The conditions are in general derived from analysis using the Direct method

of Lyapunov [183]. A common Lyapunov function candidate is of the quadratic form,

V = xTPx. Together with the controller and the state space equation this gives the matrix

inequality that contains the unknown controller K̃ and the variable P:

∀x :
dV

dt
=

d

dt
(xTPx) = xT

[
(Ã− B̃K̃)TP + P(Ã− B̃K̃)

]
︸ ︷︷ ︸

≺0

x < 0. (87)

Their feasibility can be verified by finding a solution using interior-point methods [184]. In

this study we use the Yalmip library for Matlab [185] together with the Mosek solver [186].

The inequation (87) can be extended to add some restrictions about the closed-loop pole

[187]. In this, we set a minimum decay rate α, a minimum damping ratio ζ = cos(Θ), and a

maximum undamped natural frequency ωd = r sin(Θ) according to Table 2.

Table 2: Exemplary parameter of the single model

parameter vepv/vpv,MPP Se = SSTC T ec = T STC
c α Θ r

value 0.9 1000 W/m2 298 K 25 20◦ 51

A.2.5 LMI Controller Design - TS-Model

The TS-Model is now used to find controller for each operational point, in such a way that

the following control law is applicable:

u = D =

Nr∑
i=1

hi [De
i −Kx,i (x− xei )−KI,ixI] , xI =

∫ t

0
(vpv,ref − vpv)dτ. (88)

The methodology in applying the Direct method of Lyapunov is the same as before. But

now, multiple inequations of the type (87) has to be solved simultaneously for different

matrices K̃i but the same variable P. Using the same P guarantee not only local stability,

but global stability. Like before, additional constraints are applied to the LMIs. They are

chosen independently for each model.
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B Modeling in the Takagi-Sugeno Framework

B.1 Introduction

In the literature, the terms Takagi-Sugeno (TS) model and TS system are not clearly distin-

guished from each other. Frequently both concepts are used as synonyms. For the sake

of clarity, a clear distinction is made between both terms:

• TS systems stand for their own without a direct reference to an object in the real

world. Their construction, mathematical properties, and use are described in this

section.

• TS models: TS systems become TS models when referring to a real object in the world.

The concrete use of TS models and the modeling approach to describe RPPs and

their components are addressed in the main part of D2.1.

Given is the nonlinear parameter variable dynamic system

ẋ = f(x,u, θ) , x0 = x(t0) ,

y = g(x) ,
(89)

where f : Rn → Rn and g : Rn → Rp are smooth vector-valued functions, x ∈ Rn denotes

the state space vector, u ∈ Rm is the input vector with controllable and uncontrollable

inputs, θ ∈ Rd denotes a time variable parameter vector, and y ∈ Rp denotes the output

vector. In this thesis, an exact representation or approximations of (89) by Takagi-Sugeno

(TS) systems [188] are investigated. The class of TS systems provide a useful and uniform

framework for nonlinear controller and observer design. Originally introduced in the con-

text of fuzzy systems [188], TS systems are weighted combinations of linear systems such

as

ẋ =

Nr∑
i=1

hi(z)
(
Ai x + Bi u

)
, x0 = x(t0) ,

y =

Nr∑
i=1

hi(z) Ci x

(90)

or affine systems

ẋ =

Nr∑
i=1

hi(z)
(
Ai x + Bi u + ai

)
, x0 = x(t0) ,

y =

Nr∑
i=1

hi(z)
(
Ci x + ci

) (91)
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with Ai ∈ Rn×n, Bi ∈ Rn×m, Ci ∈ Rp×n, ai ∈ Rn, and ci ∈ Rp. The functions hi : Rl → R are

the membership functions and fulfill the convex sum condition

0 ≤ hi(z) ≤ 1 , i = 1, 2, . . . Nr ,

Nr∑
i=1

hi(z) = 1 ∀z . (92)

The vector of the so-called premise variables may directly contains states xk, inputs uk,

and time variable parameters θk or be a function z = z(x, u, θ).

B.2 Constructing TS systems

There are two different methods to construct TS systems from a given nonlinear system (89):

(i) The sector nonlinearity approach and (ii) a techniques based on interpolation of Nr LTI

systems obtained by Taylor linearization. With the latter method, the linearization can also

be done numerically, where the original systems do not have to be available in a closed

analytical form.

B.2.1 Sector-Nonlinearity approach

The Sector-Nonlinearity (SL) approach provides an exact representation of a given nonlin-

ear system (89) through a TS system (90) in a predefined compact set of the state space,

input and output space. It was first introduced by [189]. First (89) is represented in the form

ẋ = A(x,u,θ) x + B(x,θ) u , x0 = x(t0) ,

y = C(x,θ) x .
(93)

Thus the nonlinear system is set to an A, B and C matrix structure as in LTI systems. In gen-

eral, the matrices contain not only constant coefficients but also scalar-valued functions

fj(·), where these can depend on the components of x, u and θ. Assuming that these

functions have a minimum
¯
fj = min(fj) and a maximum

¯
fj = max(fj) in a predefined

region (·) with fj(·) ∈ [
¯
fj , f̄j ] then these can be represented by sector functions

fj(·) =
f̄j − fj(·)
f̄j −

¯
fj ¯

fj +
fj(·)−

¯
fj

f̄j −
¯
fj

f̄j . (94)

Here the proportion of the minimum
¯
fj and maximum f̄j are weighted by the variable

terms defined as

w1,j(·) =
f̄j − fj(·)
f̄j −

¯
fj

, w2,j(·) =
fj −

¯
fj

f̄j −
¯
fj
. (95)

These are denoted in the following as weighting functions with the convex sum condition

w1,j(·) ≥ 0, w2,j(·) ≥ 0, w1,j(·) + w2,j(·) = 1 (96)
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for any value in the predefined region of (·). By replacing all variables in A(x,u,θ), B(x,θ)

and C(x,θ) of (93) with fj(·) and summarizing all weighting functions under use of the

convex sum properties one obtains

Nr∑
k=1

hi(z) =

Nl∏
j=1

2∑
k=1

wk,j(·) , Nr = 2Nl , (97)

where z ∈ Rl denotes the vector of premise variables, which summarize all variables of the

wk,j functions (95). For illustration, we consider a system with Nl = 2. Then with (97) we get

the sum of all membership functions

2Nl∑
k=1

hi(z) =
(
w1,1(·) + w2,1(·)

)(
w1,2(·) + w2,2(·)

)

containing the terms

h1(z) = w1,1(·)w1,2(·), h2(z) = w1,1(·)w2,2(·),

h3(z) = w2,1(·)w1,2(·), h4(z) = w2,1(·)w2,2(·) .

B.2.2 Taylor linearization and interpolation

The second methods based on an approximation of a given nonlinear differentiable sys-

tem

ẋ = f(x,u) , x0 = x(t0) ,

y = g(x) ,
(98)

using an interpolation of Nr local LTI systems. In contrast to the SL method an approxi-

mation of the original system is used instead of an exact description. The approximation

error depends on the selected number and distribution of local systems in the input, state

and output space of (98). In [190] it could be analytically shown that the right hand side

approximation error decreases with increasing number of local models. Whereby for a

permitted error bound a necessary number is analytically calculable under the assump-

tion of an equidistant model distribution [191].

The TS system construction by Taylor linearization and interpolation based on three steps:

1. A set of Nr equilibrium points (EPs) {xei ,uei}i=1,2,...,Nr is obtained from (98) with

f(xei ,u
e
i ) = 0 . (99)

These are parameterized with a minimum possible dimension of z

zi = {xei,k , uei,k}, k ∈ N . (100)
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For example, to parameterize the equilibrium points of the wind turbine model in the

full load region, one dimension z ∈ R+ is sufficient. Figure 27 illustrates the variable

coordinates of the EPs as a relation between the pitch angle βe and effective wind

speed ve where the remaining coordinates are constant. In this case the rotor speed

and generator torque are constant

ωer = ωr,R = const. , T eg = Tg,R = const. ,

where ωr,R denotes the rated rotor speed and Tg,R the rated generator torque.
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Figure 27: Curve of equilibrium points {vei , βe
i } related to the NREL 5 MW wind turbine [2]

2. The Taylor linearization is used to calculate a set of LTI state space systems, which

describe the dynamics of the original system (98) around i = 1, 2, . . . , Nr equilibrium

points

∆ẋi = Ai∆xi + Bi∆ui

∆yi = Ci∆xi
(101)

with

∆xi(t) = x(t)− xei , ∆ẋi(t) = ẋ(t) ,

∆ui(t) = u(t)− uei , ∆yi(t) = y(t)− yei .

The matrices Ai Bi and Ci for i = 1, 2, . . . , Nr in (101) are determined by the Jacobi

matrices

Ai =
∂f(x,u)

∂x

∣∣∣∣
zi

, Bi =
∂f(x,u)

∂u

∣∣∣∣
zi

, Ci =
∂g(x)

∂x

∣∣∣∣
zi

(102)

with zi as i = 1, 2, . . . , Nr linearization points.
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Figure 28: Test-functions (105) of four linearization points zei−1, . . . , z
e
i+2

3. The set of local linear systems are related to the common state and input vector

ẋ = Ai x + Bi u +
(
−Ai x

e
i −Bi u

e
i

)︸ ︷︷ ︸
ai

,

y = Cix +
(
−Ci x

e
i

)︸ ︷︷ ︸
ci

,
(103)

where ai and ci denote the biases of state and output equation. Finally all linear

systems are interpolated in the multidimensional z space, see(91),

ẋ =

Nr∑
i=1

hi(z)
(
Ai x + Bi u + ai

)
,

y =

Nr∑
i=1

hi(z)
(
Ci x + ci

)
by local membership functions hi(z) based on products of sums of local test-functions

wk,j(zj)

Nr∑
j=1

hi(z) =
l∏

j=1

Nj∑
k=1

wk,j(zj) with Nr = l
l∑

j=1

Nj (104)

where z = [z1, . . . , zj , . . . , zl]
T .

In cases where the Taylor linearization and interpolation is being used for the TS con-

struction, the triangular test-function is utilized

w(z) =


z−zmin
ze−zmin if zmin 6 z < ze

1− z−ze
zmax−ze if ze 6 z 6 zmax

0 otherwise

, (105)
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where ze denotes the linearization point of the associated LTI system for which w(ze)

= 1. Furthermore the parameters zmin and zmax in (105) define the range of z in which

w(z) is not equal to zero. For the case of a scalar-valued z ∈ R triangular test-functions

(105) of four linearization points are illustrated in Figure 28. In this case hi(z) = wk(z),

Nr = N1 which follows directly from (104) with l = 1. Note that the convex sum

condition (92) with
∑4

i=1 hi(z) = 1 holds in the range z = [ zei−1 , z
e
i+2 ].
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C LMI Conditions for Stability Analysis and Control Design

C.1 Introduction

As shown in the previous section, TS systems (90), (91) are used to obtain a convex rep-

resentation of any nonlinear system of the form (89). It is now shown how linear matrix

inequalities (LMIs) conditions can be used to analyze the stability of TS systems and to de-

sign model-based controllers and observers. The conditions are in general derived from

analysis using the Direct method of Lyapunov. Their feasibility can be verified by finding a

solution using recently developed interior-point methods [184].

C.2 Linear Matrix Inequalities

C.2.1 Basics

A linear matrix inequality (LMI) with given constant symmetric matrices Fi = FT
i ∈ Rn×n,

i = 0, 1, . . . ,m has the form

F(x) , F0 +

m∑
i=1

xi Fi � 0 , (106)

where x = [x1, x2, . . . , xi, . . . , xm ]T is the vector variable [192] and F(x) � 0 denotes that

F(x) is positive definite. The inequality (106) is fulfilled if ∃x so that F(x) is positive definite,

i.e. yT F(x) y > 0 for all nonzero y ∈ Rn. The LMI (106) is equivalent to a set of n polynomial

inequalities in x, where the constituent principal minors of F(x) must be positive. In the

analogous way, a LMI for the negative definiteness of H(x) with H(x) ≺ 0 can also be

specified

H(x) , H0 +
m∑
i=1

xi Hi ≺ 0 , (107)

where (107) is equivalent to a set of n polynomial inequalities in x, where the constituent

principal minors of H(x) must be negative. An example will illustrate this circumstance:

Given the matrix

H(x) =


x1 − x2 0 0

0 x2 − 1 x1

0 x1 −1


with m = 2 variables, i.e. x = [x1, x2]T . We are looking for the solution set of H(x) ≺ 0, which

can be written in a LMI form (107)

H(x) = H0 + x1H1 + x2H2 ≺ 0 (108)
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where

H0 =


0 0 0

0 −1 0

0 0 −1

 , H1 =


1 0 0

0 0 1

0 1 0

 , H2 =


−1 0 0

0 1 0

0 0 0

 .

To determine the solution {x |H(x) ≺ 0} of (108) by n = 3 polynomial inequalities in x, we

use the minor criteria of negative definite matrices

∆1 = det
(
x1 − x2

)
= x1 − x2 < 0 , ∆2 = det

(
x1 − x2 0

0 x2 − 1

)
> 0 ,

∆3 = det(H(x)) < 0 .

This results in

(x1 − x2)︸ ︷︷ ︸
<0

(x2 − 1)︸ ︷︷ ︸
<0

> 0 , (x1 − x2)︸ ︷︷ ︸
<0

(
(x2 − 1)(−1)− x2

1

)︸ ︷︷ ︸
>0

< 0

which determine the feasible set illustrated in Figure 29.

Figure 29: Feasible set of (108) (hatched area)

D Stability Analysis and Synthesis of TS Systems

The stability analysis and synthesis of TS systems is investigated using the Direct Method

of [193]. Additional constraints are introduced for a more specific control-oriented sys-

tem analysis that also establish the foundation of controller design in section E. The Direct

Method makes use of a Lyapunov function V : Rn → R with the properties

1. V (x) = 0 if and only if (iff) x = 0

2. V (x) > 0 iff x 6= 0

3. V̇ (x) = dV
dt =

∑n
i=1

∂V
∂xi

ẋ < 0 for x 6= 0

The stability analysis of a dynamic system ẋ = f(x) is reduced to finding a Lyapunov func-

tion V (x). Lyapunov realized that stability of the dynamic system described by a differen-

tial equation can be proven without requiring knowledge of its solutions x(t) for t ∈ [t0,∞].

In this investigation, we restrict the analysis to dynamic systems in Takagi Sugeno form (90)

and (91).
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D.1 Stability of Unforced TS Systems

D.1.1 Asymptotic Stability

A common Lyapunov function candidate is of the quadratic form

V (x) = xT P x (109)

with a positive definite matrix P = PT � 0. The time derivative of V (x) gives

V̇ (x) = ẋT P x + xT P ẋ . (110)

The unforced TS system (eq.(90) with u = 0)

ẋ =

Nr∑
i=1

hi(z)Aix (111)

is asymptotically stable if (109) fulfills the above mentioned properties (1) to (3). To verify

this, the derivative ẋ is replaced by the right side of (111).

V̇ (x) =
( Nr∑
i=1

hi(z) Ai x
)T

P x + xT P
( Nr∑
i=1

hi(z) Ai x
)

=

Nr∑
i=1

hi(z) xT
(
AT
i P + P Ai

)
x . (112)

Thus one obtains the following theorem that contains a sufficient stability criterion based

on a LMI condition:

Theorem C1[194]

The unforced Takagi Sugeno system ẋ =
∑Nr

i=1 hi(z)Aix is global asymptotically stable

(GAS) if there exists a common matrix P = PT � 0 such that the LMI problem

AT
i P + PAi ≺ 0, i = 1, 2, . . . , Nr (113)

is feasible. Note that a system is global asymptotically stable (GAS) if for every trajec-

tory x(t) → xe for t → ∞. The vector xe denotes an equilibrium point of the system (111),

f(xe) = 0.

Proof. V (x) (109) fulfills the three properties of a Lyapunov function: (1) V (x) = 0 iff x = 0,

(2) V (x) > 0 iff x 6= 0 with P = PT � 0 and using the previous derivation (111) is (3) V̇ (x) < 0

for x 6= 0 due to

V̇ (x) =

Nr∑
i=1

hi(z) xT
(
AT
i P + P Ai

)
︸ ︷︷ ︸

Γi

x < 0 (114)
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if Γi ≺ 0 considering the property hi(z) ≥ 0, see (92). Hence, all summand Γi, i = 1, 2, . . . Nr

must be negatively definite.

D.1.2 Exponential stability

Exponential stability is an important tool for the design of closed loop guaranteed dynamic

controllers. The exponential stability in the state space is related to the Direct Method of

Lyapunov [193] if the function V (x) possessing the following properties

V̇ (x) + 2αV (x) < 0 for x 6= 0 , (115)

where α > 0 denotes the exponential decay rate of x(t) for t ≥ 0. With the substitution of

V (x) by (109) and V̇ (x) by (112) in (115) and the convex sum condition (92) one obtains

Nr∑
i=1

hi(z) xT
(
AT
i P + P Ai

)
x +

Nr∑
i=1

hi(z)︸ ︷︷ ︸
=1

2αxTPx < 0

xT
Nr∑
i=1

hi(z)
[ (

AT
i P + P Ai

)
+ 2αP︸ ︷︷ ︸

Γi

]
x < 0

with the sufficient condition Γi ≺ 0, i = 1, 2, . . . , Nr. Using the congruence relation [195]

Γi ≺ 0 ⇔ X Γi X ≺ 0 we get with X = P−1

XAT
i + AiX + 2αX ≺ 0 .

The function V (x) ≤ V (x0)e−2αt fulfill V̇ (x) + 2αV (x) ≤ 0, x0 = x(0). Based on the quadratic

Lyapunov function V (x) (109) results in

V (x) ≤ V (x0)e−2αt

xTPx ≤ xT0 Px0 e
−2αt = xT0 e

−αt P x0 e
−αt

⇒ x(t) ≤ x0 e
−αt

E State feedback design for TS systems

The states feedback design for TS systems in this thesis based on the PDC (Parallel Dis-

tributes Compensation) scheme

u = −
Nr∑
i=1

hi(z) Ki x (116)
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with the state feedback gains Ki ∈ Rm×b where hi(z) is equivalent to the hi-functions of

the TS system (90), (91). As for LTI systems, this control law can be extended by an external

reference signal w ∈ Rp without an integral term such as

u =

Nr∑
i=1

hi(z)
(
−Ki x + Fiw

)
(117)

or with an integral term

u =

Nr∑
i=1

hi(z)
(
−Kx,i x + KI,i xI

)
, xI =

∫ t

0

(
w(τ)− y(τ)

)
dτ . (118)

The design with the latter control law based on an augmented TS system with x̃ =
[
xT xTI

]T .

The following method of pole region specification with LMI based criteria provides a de-

sign method for calculating the desired Ki values in (116), (117) and K̃i =
[
Kx,i −KI,i

]
in

(118).

The starting point of the design is the closed loop system consists of the TS system (90) as

the plant and the control law (116). Substitution of the plant input in TS form by the control

law results in

ẋ =

Nr∑
i=1

hi(z)
(
Ai x−Bi

Nr∑
j=1

hj(z) Kj x
)

=

Nr∑
i=1

hi(z)
( Nr∑
i=1

hi(z)︸ ︷︷ ︸
=1

Ai x−Bi Kj x
)

which implies that

ẋ =

Nr∑
i=1

Nr∑
j=1

hi(z)hj(z)
(
Ai −Bi Kj

)
x . (119)

Therefore, the closed loop system is a weighted combination of N2
r linear models. In the

specific case that the TS system consists of common B matrices there are only Nr linear

models, due to

ẋ =

Nr∑
i=1

hi(z)
(
Ai −B Ki

)
x . (120)
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