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ISGAN 1n a Nutshell

ISGAN is the short name for the International Energy
Agency (IEA) Technology Collaboration Programme

(TCP) for a Co-operative Programme on Smart Grids
(ISGAN — International Smart Grids Action Network).

It is also an initiative of the Clean Energy Ministerial
(CEM) and was formally established at CEM2 in Abu
Dhabi, in 2011 as an Implementing Agreement under a
framework of the International Energy Agency (IEA).

The International Smart Grid Action Network (ISGAN)
creates a strategic platform to support high-level
government attention and action for the accelerated
development and deployment of smarter, cleaner
electricity grids around the world.
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ISGAN In a Nutshell S

ISGAN currently consists of 27 Contracting Parties.

Their nominated representatives form the Executive Committee headed by the Presidium,
assisted by two co-Secretariats and the Operating Agent of ISGAN.
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ISGAN Vision e g

ISGAN'’s vision is to accelerate progress on key aspects of smart grid policy, technology, and investment
through voluntary participation by governments and their designees in specific projects and programs.
Its activities center foremost on those aspects of the smart grid where governments have regulatory
authority, expertise, convening power, or other leverage, focusing on five principal areas:

 Policy standards and regulation

« Finance and business models

» Technology system development

» Workforce skills and knowledge

« Users and consumers engagement

ISGAN facilitates dynamic knowledge sharing, technical assistance, peer review and, where
appropriate, project coordination among its Contracting Parties.



ISGAN Value proposition
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ISGAN Virtual Learning . e e

Offer the ISGAN community of high level engineers and decision makers a
means of rational and efficient continuous technical skills complement and
update in the field of smart grids

ISGAN Virtual Learning proposes e-learning core modules dealing with the J—
entire value chain of smart grid Virtual Learning

Fundamentals and further reading modules are also provided as appendices

Webinars organized every two months or co-hosted with the
Clean Energy Solutions Center

Operating Agent
OO0 »OFO©
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ISGAN Website: www.lea-isgan.org
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power plants for participation in a Dynamic e
Virtual Power Plant

Webinar will present
* generic models

* |ocal control schemes

of Renewable-energy Power Plants (RPP) for DVPP integration in the POwering SYstem flexibiliTY in
the Future through Renewable Energy Sources (POSYTYF) project.

The speakers:

* Prof. Horst Schulte, Professor, HTW Berlin
* Florian Pdschke, Research Assistant, HTW Berlin
» Dr. Stephan Kusche, Research Assistant, HTW Berlin

Please, use the Q&A tool to pose questions, the speakers will answer at the end of the presentation.

The recording will be available through the ISGAN YouTube channel.
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PV power generation: Primary Conversion
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1. Introduction HA o @

Webinar presents

* generic models
* local control schemes
of Renewable-energy Power Plants (RPP) for DVPP integration.
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1. Introduction . a4 e

This includes different types of power plants as wind turbines, wind farms, PV systems,
biogas-, hydropower, and solar thermal power plants.

Individual generating units are described in a unified model structure for local control
design, simulation and the analysis of their dynamical characteristics.

Derived models are intended for the integration into a higher-level control design of DVPPs.

| | | | | | | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant 10
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1. Introduction e Y g

Presentation addresses the following questions:

—What RPP dynamics are important when considering modeling for a DVPP level?

—Which functionalities need to be enabled?

—What are suitable models to described the dynamics?

—What are suitable reduced-order models for control design on a DVPP level?

| | | | | | | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant 11
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1. Introduction o out
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Modeling Framework
= Weighted convex combination of LTI state space models or affine state space models
N, /1
X = hi(z) (Ai X + B; u), X = Z hi(z) (A.f x+Bju+ a—z)=
y — ha(z) CE X y = Z hi(z) (Cg X ‘|‘ Ci)
i1 i=1
- components ;. j=1....1 of premise vector may include
a) measured states . i=1.....n .
_ o - convex sum condition
b) estimated states @i i=1.....n N,
0<hi(z) <1, i=1,2,...N,. > hiz)=1 Vz

c) variable parameters ¢

| | | | | | | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant 12
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2. Primary and secondary RPP models SRS

For participations in the DVPP some functionalities are necessary:.

= Commandable inputs from the DVPP to the RES:
requested active and reactive power

» RES dynamics depending on applied control scheme

= Suitable closed loop RES models for design on the DVPP level

| | | | | I | | pOSVTVF Modeling and control of renewable -energy power plants for participation in a Dynamic Virtual Power Plant
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2. Primary and secondary RPP models

P
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 Primary: wind turbine /
PV generator plus DC-DC

« Secondary: grid- following /
forming converter
(GFOL/GFOR)

full converter

» WT type 4:
full converter

J |

» photovoltaic power
plant

Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant

rotor side converter

» WT type 3:
doubly-fed
induction
generator
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3. Wind Turbine: Primary Conversion
Objectives of Modeling

« Focus: providing a process for derivation of WT models suitable for both, |
control design and simulation studies

« Different types/sizes/designs of wind turbines available: |
* Three-bladed horizontal axis wind turbine |
* 5 MW reference onshore turbine ||

» Type 4: synchronous generator connected generator  drivetrain  rotor
to the grid using a back-to-back converter
__________________ SG
| back-to-back converter | 0,
I 1)}
I g .-
va avi=
— — I
| .. a

| | | | | | | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant 15
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3. Wind Turbine: Primary Conversion .\..
Overview .

i
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TS modelmg ] I

Mechnical modeling |
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*  tower : :
* blades :
|
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|
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» Main power dynamics determined by rotation
influenced by the nonlinear aerodynamics over |

generjptor Drivetrain dynamics

|
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|
|
[
! dynamics
|
|
|
|
|
|
|
|
|
|
|
|

- Zir:]c;::g'r -.s‘pe_edl— ‘ | | Aerodynamic wind field

. . . : * torsional dynamics = forces, w2l effective time series

= Mechanical modeling: loading i T et
» RE Source: turbulent wind fields cenerstor | |t | Fmmrmm s R—
. . . . torque ) \ J comhman |
(generation characteristics) o ‘ i |
Observer & !

= Controller: operating nonlinear i
turbine dynamics in large operating range s e |

Controller ‘

» Observer: wind speed reconstruction
for monitoring and estimation of available power

» Generator: simple transfer function model

| | | | | I | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant 16
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3. Wind Turbine: Primary Conversion .\.
Linearization for TS modeling

Using aeroelastic simulators (FAST) as foundation for modeling
« suitable for certification of WTs, used in industry for load evaluation
* Inherits aerodynamics, tower, blades, drivetrain, (platform),..
* No electrical connection
« Modular approach to parametrize the turbine component
* Build-in linearization functionality
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3. Wind Turbine: Primary Conversion

Nonlinear Wind Turbine Model iIn TS Form
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3. Wind Turbine: Primary Conversion
TS model validation against FAST 23DOF simulation
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3. Wind Turbine: Primary Conversion e e
Wind speed observer design

 Wind speed v unmeasurable for control purposes!

=31, hi(v, Ap)(Ai(z — m0;) + B;(u — uo;) + Bai(v — voi))
 Augment system description:

X = ihi(’“} Ap)( {Jﬁét _Bﬁ,r} (x — xo0i) + l%] (u — uo;))

* Observer design for augmented system to estimate v!

| | | | | I | | pOSVTVF Modeling and control of renewable -energy power plants for participation in a Dynamic Virtual Power Plant 20
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3. Wind Turbine: Primary Conversion .\.
Reduced-order models of power tracking

o 6]  Black: hub height component of

D g 147 turbulent wind field

= E12

;é S10F /ereen: wind speed estimation
81 | | | | in different power tracking scenarios

250 300 350 400 450 500

= Wind speed observer allows for:
— Implementation of Condition monitoring systems ("digital twin")
— Estimation of available power (DVPP)

— (Possibly) optimized wind farm operation (load balancing, increasing energy
yield)

| | | | | I | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant 21



3. Wind Turbine: Primary Conversion

Power tracking operation

« In general: power tracking operation of a wind turbine is not unique

P=05c,(r anv_ (kB V)
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3. Wind Turbine: Primary Conversion g
Power tracking operation

« Consideration of two different operating strategies (OS)

OS1: variation of torque only OS2: variation of torque and rotational speed
p(v) = wr(v)Tx(v) if pg=1 p(v) = wr(v)Tx(v) if pg =1
OS1: 4 p(v) =wr(v)paL(v) if pg <1 0S2: ¢ plv) = \/_UJR( ) VPaTg(v) if pa <1
S
=T(v,pq) —w(vpa)  =T(v.pa)
9 I |
@ DC, 0.45
8 O 0OS1100% |
¢ 0S175% 0.4
2o ll Pow
_g * 0S2100%
- o 0S275%
3 6 ¢ 08S250%
8 O 082 25%
a5
4
3—2 -1 0 1 ) 2 3 4 5 6 7 v 8 9 10. 11 12 13 14 15 16 17 18 19

Pitch angle in deg
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3. Wind Turbine: Primary Conversion .
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Power tracking operation
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3. Wind Turbine: Primary Conversion A e e
Reduced-order models of power tracking

h_) 1 "— s iesiacca =
5 e G _ 1
_g' :»,L turbine response OS1 OS1 (g) o Tos1s + 1
QN) 0 — e ‘Nf l-:.nuz,-u-u-u ........ GOS1(S)
c_és | i - = - normalized power demand
‘ £
= | s e N | - . )
S -1 , 1 1 1 Gosa(s) = Gi(s) + Gu(s)
55 60 65 70 75 ay/us + by,
. I/11¢ 1/11
C with  Gym(s) = kym T d
21t = T e - cyms I/11
o) L ane
o U R ey PO L L L . .
- RV R *  0OS1 power tracking determined by
g Ot e wer tracki
= Bl R upperfiower bound G _(s) generator dynamics
£ ' : : . . .
s 4} ettt Mg~~~ NOMaNZ6d power demand power tracking as combination of
C . .
55 60 65 70 75 generator and rotational dynamics
timeins
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Conversion .g ,;

Overview |
secondary primary
trans | filter ~ ~ N
line trafo converter generator drivetrain & rotor
Rl I m (T i ________ o :
voltage ! : v : : I I | : :
2 I :
source : | fﬂr : Lo ?qf:_:c I | SG o
. o ! |
| — o-blc e [N T 1\ 7N\ !
N e e T I — ——
T 1 A R S = = = . 7
! HE o | | :
: P : : DC Iink_ dynamics & _ ' lfirstorder || |
'l | I 'l | |  outputimpedance dynamics . transferfun. ! ' TS wind turblne |
e ol — : I _________ : i model l
éi..l.:::::::::::: 7p| ¢ power control ' ! |
I e cascade — terminal voltage l I :
| * DC link control _i .:_ TS observer ;
I q——l—l" (power balancing) Ap || & controller :
e ! * PLL for rotating ' : |
I Prog I reference frame (0 ;) | == '
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Conversion e g
Control of grid-side converter: Grid Following (GFOL)
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4. WT Power converter: Secondary ISGAN- . "

Conversion Fe
Control of grid-side converter: Grid Forming (GFOR)
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5. PV power generation: Primary

Conversion

secondary conversion

grid connection

|||||I|||pOSVTVF

Model overview

DCDC-converter

Converter
Model

Converter
Controller

Modeling and control of renew

able-ene

rgy power plants for participation in a

primary conversion

PV module

PV Cell
Electrical | <€

Model

Dynamic Virtual Power Plant

PV*Cell
Temperature
Model ~
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irradiation

iper Vo DC current/voltage

i Vpy PV array

current/voltage

inductor current

duty cycle
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5. PV power generation: Primary ISGAN-'I
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Conversion R S

Cell electrical model
The governing equation (2) becomes:
Single Diode PV model
. . 1 vy Vpv
ipy = iph — [exp ( i va ) - 1] R‘,’h = f(vpv). (3)

For the open-circuit iy, = 0, it follows from (3) that the diode reverse-bias satu-

ration current i can be expressed by the open-circuit voltage voe = vpy (ipy = 0):

ph OC

[op — ~&
, ph— R
______________________________________________ iy = ——— ()
N_l( Upv o E exp ( VOL) _
i tpv " Derivations from the STC are addressed by the following correction formulas:
VT T : . UPV :
R RN i ioh S Voc
' - : STC = ¢STC [1+on(Te - T079)], STC = =1+ Br(T. - T27). (5

______________________________________________

| | | | | I | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant 30



5. PV power generation: Primary
Conversion

Cell characteristic

« produced power has linear dependency of irradiation
 MPP voltage has strong dependency of temperature

I-V curve

o _/
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5. PV power generation: Primary ISGANf,:Ti?t.
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Conversion ey
Buck-boost converter
Gain vpc/vpy T A .
: ; LT T K
3 D § ;’
— - I L 4
| _/ ;i v Je i
0 5 0 ® ®
0 D 1
duty cycle (input) state space equation
u=>b dxq _ f(x1) —xu
dt C
States vector p )
X = (i) oz T Voell W)
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5. PV power generation: Primary ISGAN'I
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Conversion e SN
Buck-boost converter

- ®

Open Loop Eigenvalues Bode Diagram
50 0'1l ——
d 'Wwe)N)/C —D¢/C —if/C 40
LEWRIAC DY [ per| TEC g
dt D¢ /L 0 (Vpctvpy)/L 30 07
0.809
y 4
20
)4
§ 10 /
= (.848
Analysis of the converter coupled with the PV cell £ oje== 4 TieR
model shows different dynamics dependent of £ 10 :
the choosen operation point PEEAT
o o1 0.808 ...
S0 @ 0 0.7%
-> use TS modelling approach consisting of IR 0.36%
different linear models ® 08 0.0
50 ' 0 1 2 3
50 -40 30 20 10 0 10 10 10 10
real[eig(A)] Frequency (rad/s)
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5. PV power generation: Primary ISGAN--.
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Conversion e g
Converter (Integral-state-space) controller

« |-state-space controller (linear controller):

f
AD = Au=—-K,Ax — KI/ (vajref — va)dT
0
« |-state-space controller (TS controller)

Ny t
i=1

paramet% values

Premise Ve, i/ Vpv.MPP {0.3,0.6, 0.9}
variables S¢ {200, 333, 467, 600, 733, 867, 1000} W/m>

T, {273,303,333} K
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5. PV power generation: Primary ISGANf,:Ti?t.
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onversion < age
. n . ‘_
Controller validation (linear controller/ TS controller)
1200 | |
5 100 T 11 T [t Values of the reference PV
Ef’ : | i : | voltage, irradiation, and cell temperature (the
S an T Ek " premise variables) change their values
" 200 [ —— ¥ | abruptly every 0.5 seconds
0
o ——ll Controllers are tested with the nonlinear
= f I f e coupled system of converter and PV cell
2 | (linear top, TS bottom)
e ol L] VI RARR N
. -> TS controller shows a better performance
0 1 2 3 4 5 6 7 8 9 10
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5. PV power generation: Primary ISGAN- -.

Conversion
MPPT and DPPT via P&O

« Maximum Power Point Tracking can be achieved

via the (dP-) Perturb and Observation algorithm

 Demand Power Point Tracking can utilize the P&O

algorithm by slight variation of the power signal:

I:)PV* - |PPV B I:)reql

* If the requested power is smaller than the available

power, two distinguished maxima can be found

| | | | | I | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a
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P*-V curve, P,.; = 0.6 pu

1000 W/m? \
- = - - 800 W/m?

_03 ............... 600 W/m2
400 W/m?
- 200 W/m?
0.4 | |
0 0.2 0.4 0.6 0.8 1

v/ Voo [pu]
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6. Transfer functions of RPPs e @

Transferfunction as plant models for higherlevel DVPP design*
10’ :
m‘fﬂml(’q) - ﬂ?'ilt}(‘gl_}
mP(s) =3 mP(s)
g 10°
g 107l
y(s) = i3 (s)
mpd(s) =" mi(s)
4 10°
i . I | | §]0_1 L
BESS | |capacitor] ' DVPP 1
|
hydro _ B , . A
1002 10 102 *published in V. Haberle, M. W. Fisher, E. Prieto-
frequency (rad/sec) Araujo and F. Dorfler, "Control Design of Dynamic
(a) Case .Tf“d_}’ II: TEEE nine-bus (b) Magnitude Bode p]OtS of the Virtual Power PlantS:.An Adaptive Di\/-ide-a.nd-
system with DVPPs at buses | and 3. ADPFs of the DVPP 3 devices. Conquer Approach,” in IEEE Transactions on
Power Systems, vol. 37, no. 5, pp. 4040-4053,

| Sept. 2022
| | | | | I | | pOSVTVF Modeling and control of renewable-energy power plants for participation in a Dynamic Virtual Power Plant 37



6. Transfer functions of RPPs

Method and results

(a) From Preq to Pgrid

0 ‘
Numerical linearization n 20/ kY f
— finite (central) S 40!
difference approximations of various 2 _ | -
orders, coupled with a generalized g photovoltaic
(multiple term) Romberg extrapolation = |} aonr
--> see Derivest Tool 00 A
_ _ 107 10° 10 102 103
— applied to generated S-Functions
(b) From RES (wind or sun) to Pgrid
0 ‘ ; ;
Bode plots show approx. low pass @ 20/
behavior (Preq to Pgrid) ; -40/
— RES sorted by cut off frequencies: 2 ol F
Hydro, solar thermal, wind farm, PV & solar thermal
Ol [ \
-100 ‘ ‘

|||||II||pOSVTVF

10 10° 10" 102 10°

w in rad/s
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Distinct dynamical
properties
depending on type
of RPP and its
controls
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6. Transfer functions of RPPs o it
Results: Comparison of wind power plant dynamics with two power
tracking operating strategies and converter types
(@) FromP _toP id (b) FromP _toQ id
0 ‘ req gri ‘ 0 ‘ ‘req gri ‘
) ol e
20! = 2 Q
° ‘o 40f
£ — 2 60 S — g i
O N 5% =% = TR = Operating strategy
= ——0S2 GFOL = 8o ——O0S2GFOL | - determines dynamlcal
---------- 0S2 GFOR < 0S2 GFOR . .
s ) : ’ . 100/ 5 . . 3 properties for wind
107 10 10 10 10 107 10 10 10 10 :
. w in rad/s b F w in rad/s turblnes
0 (c) From Qreq to grid o ‘(d) rom Qreq to C)gri ¢
m O T | g 5 e \
£ 5 £ | e
%'100 e ——0S1 GFOL %’ -5 |——0s1 GFOL
P S O R 0S1 GFOR © | e 0S1 GFOR
= A50 for —— 082 GFOL = -10F — 082 GFOL
---------- 0S2 GFOR ~ 082 GFOR
-200 ‘ ‘ ‘ -15 ‘ ‘ ‘
107 10° 10 102 103 107 100 10 102 108
| | w in rad/s w inrad/s
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6. Transfer functions of RPPs e

LS

- @
Results: Dynamics of single wind power plants in a wind farm

(a) From Preq to Pgrid (a) From Preq to Pgrid

0 = ——m 0 —— |
% single turbine o 207 i
c -10+ WP overall ()
= WP turbine 1 T 40t : :
% — WP turbine 2 < single turbine
= ——— WP turbine 3 o —— WP overall
e WP turbine 4 s -60r WP turbine 1
2-20F WP turbine 5 £ WP turbine 2
. WP turbine 3
S WP turbine 6 80t WP turbine 4
— WP turbine 5 - .
30 | * -100 —" A | = For active power:
-2 0 2 2 0 2 :
10 10 10 10 10 10 wind parks can be
w in rad/s . .
(b) From RES (wind) to P (b) From RES (wind) to P_, aggregated into single
0 w w 400 x : . .
Singl twrbine wind turbine model
/ WP overall
m . \ WP turbine 1
© 50 \ 2 200 WP turbine 2 | |
£ IUT 1 S WP turbine 3
() single turbine c WP turb?ne 4
S | . 3 e e
= WP turb!ne 1 &
o -100 F|—— WP turbine 2 R c
Y —— WP turbine 3 o
= WP turbine 4
— WP turbine 5
{5Q L WP turbine 6 1 1 ¢
1072 10° 102 102 10° 102
win rad/s winrad/s
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7. Conclusion S Sy

 We have shown that the modeling of the primary power conversion and also the secondary
gride side influences the overall closed-loop dynamics

 We have seen significant differences between the power plant types relevant to the DVPP
and the associated converter concepts (GFOR, GFOL) of PV and wind power plants

e Suitable models to describe the RPP dynamics are

— Interpretable state-space models for simulation and model-based controller design (device
level)

— transfer functions of RPPs derived by numerical linearization at relevant operating points

— sets of transfer functions can be transferred to LPV models for DVPP design viathe TS
approach using weighted convex blending.
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Appendix: Testbed system

main
power

supply

direct grid connection

22 kW synchronous generator

P

loads

extensional devices

configurable
resisitve load

configurable
inductive load

scaled AC grid

| -

—— L O=C)—

11 kW back to back converter

——Aﬂ&ﬂlﬁwﬂ—i

11 kW doubly fed induction generator

D~

external project devices

4IFT¥ <

fault container
configurable %hort circuits
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Publications of interest vy

&

« Dynamic Virtual Power Plant: A New Concept for Grid Integration of Renewable Energy Sources,
see https://ieeexplore.ieee.org/document/9885182

« POSYTYF project deliverables, WP2: Generic design of DVPPs at the device level,
see https://posytyf-h2020.eu/english-version/deliverables

 Load mitigation and power tracking capability for wind turbines using linear matrix inequality-based control
design,
see https://doi.org/10.1002/we.2516

« Evaluation of different power tracking operating strategies considering turbine loading and power dynamics,
see http://dx.doi.org/10.5194/wes-7-1593-2022

« Demanded Power Point Tracking of PV Power Plants without Battery Energy Storage,
see https://doi.org/10.5445/KSP/1000138532

* Models implemented in Matlab availiable upon request horst.schulte @htw-berlin.de
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