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Ancillary Services from Inverter-Based Resources [l

JPower Grid Transformation

+  GB power system set to operate
with net-zero by 2050 ~ i

B Renewables

« Significant progress in 5 TWh
decarbonising electricity grid

160 TWh

— 6 TWh

24 TWh 14 TWh 90 Avh
16 TWh 32 TWh
9 TWh
2010 2020 2030* 2045*

*2030 and 2045 are an lllustrative snapshet of how the future could look based on the BOP
scenarno in work caried out by Energy Systems Catapult

Electricity generation in Scotland — past, present and future

Source: Scottish Energy Statical Hub and Scottish whole energy system scenarios

Source: https://www.gov.scot/publications/draft-energy-strategy-transition-plan/documents/
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Operational renewable capacity

JdPower Grid Transformation

« GB power system set to operate
with net-zero by 2050

« Significant progress in
decarbonising electricity grid

« Significant penetration of
renewable electricity generation

« High penetration of power
electronics interfaced distributed - _
Scotland’s electricity generation from renewable sources
Fen ewab I e resources Note - ‘other’ includes the following technologies: shoreline wave/tidal; landfill gas; sewage

sludge digestion; energy from waste; animal biomass; and anaerobic digestion

m Other
(0.3 GW)

m Plant biomass
(0.3 GW)

®m Small scale hydro
(0.3 GW)

m Solar photovoltaics
(0.7 GW)

m Large scale hydro
(1.3 GW)

m Offshore wind
(4.1 GW)

® Onshore wind
(10.3 GW)

Source: Energy Statistics for Scotland — Q4 2024 https://www.gov.scot/publications/energy-statistics-for-scotland-q4-2024/pages/renewable-electricity-capacity/
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dAncillary Services from IBRs
« Frequency and inertia support
« Synchronized regulation
« Contingency reserve
« Black-start regulation
« and more ....

\_1;’ Diesel Generator:

ced Energy Storage )
u
Sy, i
‘ 5 =0
C LEAN S PARK, ‘ )
@ PN Energy Consumption
r 2
K\F P /\

/\/ Solar Photovoltaics

Source: Yu, Z.-X.; Li, M.-S.; Xu, Y.-P.; Aslam, S.; Li, Y.-K. Techno-Economic Planning and Operation of the Microgrid Considering Real-Time Pricing Demand Response Program. Energies 2021, 14,

4597. https://doi.org/10.3390/en14154597
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dSignificance of Network Restoration

“Distributed ReStart was a world-first initiative. The project explored how distributed energy
resources (DER) such as solar, wind and hydro, can be used to restore power to the transmission
network in the unlikely event of a blackout - a process known as black start.” — National Grid

UK POWER
FAILURE
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O
110,000 . -
NORTHI RN POWER GRID
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Tens of thousands
SP ENERGY NETWORKS
‘ 300,000
500,000 vowsn

WESTERN NETWORKS
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DISTRIBUTION

16 000
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/ o_—_"\f— ( Networl?sy Otnel

Numbers of people M

Source: What did we Learn from the UK’s August Power Cut? https://www.test-meter.co.uk/blog/what-did-we-learn-from-the-uks-august-power-cut

Source: UK power failure -demand for answers (UK) -BBC News -10th August 2019: https://www.youtube.com/watch?app=desktop&v=y2C550Vij_4


https://www.neso.energy/about/our-projects/distributed-restart
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1 Relevant Capabilities

« Flexible voltage control
« Self-synchronization F
« Self-generated reference

Vace Vid AC Grid
»
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A. Alassi, Z. Feng, K. Ahmed, M. Syed, A. Egea-Alvarez, C. Foote, Grid-forming VSM control for black-start applications with experimental PHilL validation, International Journal of Electrical Power and Energy Systems,

8
volume 151, 2023, 109119, Doi: 10.1016/].ijepes.2023.109119.
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dGrid-forming Converter for Network Restoration — Key Challenges

* Inrush current mitigation for power
transformers energization during

network restoration [’“‘ J:II}KI}K‘}

- Network energization of critical = 4 4?
I

loads and its associated transient ]
and reliability issue
E ] ICnntrulJﬂ— YV Control |-

« Synchronization between =)
energized network and the main
grid after receiving the restoration
command from network operator

- .
Yere - Ligeer Viget

Power network with grid-forming converter for network restoration

A. Alassi, Z. Feng, K. Ahmed, M. Syed, A. Egea-Alvarez, C. Foote, Grid-forming VSM control for black-start applications with experimental PHilL validation, International Journal of Electrical Power and Energy Systems, 9

volume 151, 2023, 109119, Doi: 10.1016/].ijepes.2023.109119.
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Control Considerations (GFM Selection) Strathiclyde

Controllers Benchmark Strategy Sample Results
! P . .
LoadStep(0.5pu)  VocReferenceStep(0.2pu) P,e Step (0.5 pu) : ! —0 ! ;‘}‘; :‘:]:“’““' Ve D, ] ®<_ .
= —-&
' Zost 05 °
Define Common Testing Conditions (common-ground benchmark) = Pras ’:‘ L/ per 11 /s s -3
Unified Pl Tuning Unified P-f slope Unified DC Control ’ . 10 15 o 5 o s o =
' VISM Contr?l Mafching Canltrol
| | E — .
Frequency & RoCoF P&Q DC and AC Voltages ;f ¢ . - =
g Y ' i Zost 0.5 Qs "" Conventional VSM
= Ve Q-F Loop
Define Soft Energization Testing Conditions
00 5 10 15 nu 5 10 15 Vercrer
DefineloadPand Q Temp =108 ObserveP, @, Vand f time (s) ) time (s) ‘
Execute the automated scripted simulations under the various operating conditions K ey O b servations
- Performance similarity between different VSM is selected, but is not the only

grid-forming control techniques compatible control technique

Grid code compliance Performance rank Outliers identification » Persistent observation under transient,
steady-state and ramping conditions

A. Alassi, K. Ahmed, A. Egea-Alvarez, O. Ellabban, Performance evaluation of four grid-forming control techniques with soft black-start capabilities. In ICRERA 2020, the 9th International Conference on Renewable

Energy Research and Application, Glasgow, UK, doi: 10.1109/ICRERA49962.2020.9242758.
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Pre-Insertion Resistor

Requires the temporary connection of external
resistor(s) — complexity/cost

Limited reliance on unit measurements
Classically independent of VSC control

Recent proposals to mimic its behavior using VSC
control (virtual impedance)

Tx core flux (pu) under different PIR values
T T T T T T T

! i 1 i !
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[ —
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time (s)
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Tx primary voltage (pu)

Tx core flux (pu)

Controlled Switching

Requires switching-angle control
Single-Pole vs. Three-Pole CB considerations
Dependent on transformer measurements

Preliminary simulations show compatibility with
VSCs switching

' B
=
=
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Soft Energization

Exploits VSCs voltage control flexibility
Gradual voltage ramp to the setpoint
Dependent performance on flux initial point

Key question: how to design adequate ramp-rates?

Tramp impact on flux and inrush current variation
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10.1109/TPWRD.2022.3218923.

A. Alassi, K. Ahmed, A. Egea-Alvarez, C. Foote, Transformer Inrush Current Mitigation Techniques for Grid-forming Inverters Dominated Grids, |EEE Transactions on Power Delivery, volume 38, 2022, DOI:

12
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A. Alassi, Z. Feng, K. Ahmed, M. Syed, A. Egea-Alvarez, C. Foote, Grid-forming VSM control for black-start applications with experimental PHilL validation, International Journal of Electrical Power and Energy Systems,

volume 151, 2023, 109119, Doi: 10.1016/j.ijepes.2023.109119.
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3-Phase Tx 30 km

_L.‘:lt_l

z -—llcmtul|<—|vcnuoll<- VSM |2 &
& oy 2

— v Ioe ¥, Vs
G = Verc — I‘f-'l"‘f 2gref Modified [ IPCC

. Extenda%le to multi-converter systems

: free e P » Objective: synchronize to the neighbouring ‘island’ or grid
; T * Inserts a virtual power reference to the power loop for angle
Yoo LTI : T matchin
HJUT 2

(a) Angle Error (radians)
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A. Alassi, Z. Feng, K. Ahmed, M. Syed, A. Egea-Alvarez, C. Foote, Grid-forming VSM control for black-start applications with experimental PHilL validation, International Journal of Electrical Power and Energy Systems,

volume 151, 2023, 109119, Doi: 10.1016/j.ijepes.2023.109119.
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Experimental Validation Strathclyde

d Limitation of Pure Simulation d Limitation of Hardware Experiment

* Limited computation capability for In- * Risky pure hardware experiment with high
depth and comprehensive testing of cost

GFM - Impractical and inefficient hardware
 Lack of real physical dynamics of experiment in MW scale in laboratory
GFM e e ey - et
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Pure software based simulation and validation Pure hardware based experimental validation
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d Power Hardware-in-the-Loop Experimental Validation
« Narrow the gaps between pure simulation and hardware experiment

« Evaluate the potential of the network restoration capability of grid-forming converters in
different networks and network configurations

. GI‘Id formlng control valldatlon In a controllable testing setup with massive testing scenarios

Tmva =
11111

e Veitage and
Curert Cowa Loms

COTa Mode Seewri
s rarstre o

Hardware experlmental setup of system under test Pure simulation of system under test
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 Candidate PHIL Interfacing Methods [ Assessment Criteria

 |deal Transformer Model (ITM)  Feasibility
» Transmission Line Model (TLM)  Applicability
 Partial Circuit Duplication (PCD) « Stability & Accuracy

Damping Impedance Method (DIM)
Time-Variant First-Order Approximation (TFA)

( \ +  Amplifier
E.. .......... § \ \ _ { -:é:-.--\
i DA i— | A~ l\ ==
== i 1T g =
Simulated power D/A . Sensor hard::::e;evice
\ B / ....................... ¢ Wy,

Equivalent PHIL diagram

Source: W. Ren, “Accuracy Evaluation of Power Hardware-in-the-Loop (PHIL) Simulation,” Ph.D. dissertation, Florida State University, 2007
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dInterface Method I: Voltage-ty
« Extensively applied for grid-followin
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pe ideal transformer model (ITM) interface
g converter testing

« Simplified structure and ease of implementation

o Stability & Accuracy (’?)

_______________________________________________________________________

.[ e PCC AC Grid

1O ¥
: : Gradual Voltage Ramp : :9
I, (Soft Energization) 0!

: ' . iy

I

L

' ! I
I
e Lo I, ' J :
e i ) AT v -'I_"J | 1
-t 1, V”‘J__ - Lap \ i Vocz |
- : f'_ i Fi T : i }.l 1
| L ' I-— AT Al : | ;

-sseemenales
—
N

L,
AT
o AT
Cl_'_ 1 _I_ : o (-.11£ _L FI™ :
[ T T : i & -1 I
PWM Lot T v T pwmf |
| Inner Currentf=—7#> b .

Outer Voltage |e—2ak . I "v’lrtual Circuit
! 1 Control  |-ethabc vy ”"*’*' C nntrnl
: —l K o o
" --_j - i‘l T T ____:_:_J 1 I IP:-CJJ‘
' —— - — l — —— —— e P e ——r e

i @ Real-time emulated power network (software) @ Voltage-mode power amplifier @ Grid-forming converter under test (hardware)

Equivalent circuit diagram of the PHIL with

grid forming converter and voltage-type ITM interface

Z. Feng, A. Alassi, M. Syed, R. Pena-Alzola, K. Ahmed, G. Burt, Current-type power hardware-in-the-loop interface for black-start testing of grid-forming converter. in IECON 2022, The 48th Annual Conference of the

IEEE Industrial Electronics Society, Brussels, Belgium, pp. 1-7, doi: 10.1109/IECON49645.2022.9968517
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A Interface Method I: Voltage-type ITM interface

« Key Challenges: Lack of voltage angular synchronization _ i}
at the coupling point between GFM and power amplifier

« Stability & Accuracy (X)
 Feasibility & Applicability (x)

Voltage(pu

:'é = [ ‘ l‘ HUui
5 g , g |H|‘|\HHPI}
: L g I, ' | = | ALY
:P.- AT L I~ L | P A — . : = \ !
RSt e
! Lo 1 ' - '
0 alme L L, ﬂ‘_f : !
' A L L 1 el J !
i 1 —— : | 2 |
PWM L T P PWME |
i V. [Inner Current}= 7o o - . =)
t r=—={Outer Voltage <—ae Virtual Circuit £
il Control |etab Control -
: ¥ 5
1 . ~
IVvtff <
#® Voltage-mode power amplifier ® Grid-forming converter under fés]:_(l_nél_w:_lﬁrﬁ_ré]_ ________________ 0 0.1 0.2 03 0.4 0.5 0.6 07 08

Time(s)
Equivalent circuit diagram of the PHIL with grid forming converter and voltage-type ITM intertace
Z. Feng, A. Alassi, M. Syed, R. Pena-Alzola, K. Ahmed, G. Burt, Current-type power hardware-in-the-loop interface for black-start testing of grid-forming converter. in IECON 2022, The 48th Annual Conference of the

IEEE Industrial Electronics Society, Brussels, Belgium, pp. 1-7, doi: 10.1109/IECON49645.2022.9968517
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d Interface Method II: Partial Circuit Duplication (PCD)

* \Voltage synchronization issue was tackled by - it s "
Inserting a large physical linking impedance L e 1 e |
. n _’_NW\_/\/\/\/_/_. ........
between GFM and power amplifier QEZ T & %
: P : . [Polert| | |
* A physical linking impedance was implemented R | 1 mpiter| |\
In simulation side to form a digital twin of the g, | |
1 1 1 1 i Voltage signal imulation signal to | 1 s
physical linking impedance /fmgsngn e |
 Feasibility and Stability (v) D | R >
frequency 51 s o} _._
il XA XD Xl i ) —l l
VSS Zab Zab HUT Simulated
1L Loads
Zy Zp \ v J
SIMULATION

Equivalent diagram of PHIL setup with grid
forming converter and PCD interface

Source: J. Hernandez-Alvidrez, N. S. Gurule, M. J. Reno, J. D. Flicker, A. Summers, and A. Ellis, “Method to interface grid-forming inverters into power hardware in the loop setups," in 2020 47th IEEE Photovoltaic

Equivalent diagram of PCD interface

Specialists Conference (PVSC), 2020, pp. 1804-1810.
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d Interface Method II: Partial Circuit Duplication (PCD)

 Feasibility and Stability (v') s HARDIVARF .
 Applicability (?): L Re 1
 Limited by the availability of physical linking impedance in QEZ ey | 7T .
the lab cPm_ |~ 1 i) \
 Accuracy (X): _ -l
« (i) The accuracy is highly dependent on the % P
consistency between the physically inserted linking e | e T
impedance and its digital twin in simulation equency | FaO i T =
- (ii) The implementation of the simulated linking Y S ﬂ
Impedance in the simulated network introduces Simutc
additional dynamics to GFM S ]
« (iii) Detrimental impact on the power signal SIMULATION

synchronization between hardware and simulated GFM  Equivalent diagram of PHIL setup with grid
forming converter and PCD interface

Source: J. Hernandez-Alvidrez, N. S. Gurule, M. J. Reno, J. D. Flicker, A. Summers, and A. Ellis, “Method to interface grid-forming inverters into power hardware in the loop setups," in 2020 47th IEEE Photovoltaic

Specialists Conference (PVSC), 2020, pp. 1804-1810.
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dInterface Method Ill: Current-type ITM interface
« Current-mode power amplifier for interfacing GFM and simulated network
 GFM output voltage measured and injected to simulated network

« Dynamic replication of simulated network to GFM by Power amplifier
 Feasibility (v)

e . . e e . . . . S S . S S S S S S S S S S " 4 S S S S S S S S S S S S S S S S S S S S S S

— b

1 1
1 1
) / : ' f f s
il | AR * o A ]
' L't/(' L AAAA—TN—t £d U : TN—AM Uy, "
1 | / ' de 1
; FAAMA—ITNGS- ; L T b g A | :
1 / : : 1

1

C/= =H ==
PWMT L. PWMA
_:____:__.___. Inner Current : Ui Grid Forming
' Control b : : Loa »|  Control
1 ' . ]
' Triphase 15kVA Power Amplifier (Current-mode) , . Triphase 90kVA Power Converter (Hardware) !

---------------------------------------------------------------------

Equivalent circuit diagram of the PHIL with grid forming converter and current-type ITM interface

Z. Feng, A. Alassi, M. Syed, R. Pena-Alzola, K. Ahmed, G. Burt, Current-type power hardware-in-the-loop interface for black-start testing of grid-forming converter. in IECON 2022, The 48th Annual Conference of the

IEEE Industrial Electronics Society, Brussels, Belgium, pp. 1-7, doi: 10.1109/IECON49645.2022.9968517 =
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A Interface Method lll: Current-type ITM interface

« Accuracy (?): Accuracy issue arising from the time delay within the PHIL setup
() Inaccurate voltage and current signal replications at both hardware and software

(i) Inaccurate power measurement at the hardware and software, and leads to abnormal
operation of grid synchronization control

e . . e e . . . . S S . S S S S S S S S S S " 4 S S S S S S S S S S S S S S S S S S S S S S

— b

1

’ 1 » LI R, :

b [ | A& - L A ]

1 Vde ‘{ LA —N—4E =4 : - AT A |.. s

1 " 8

" T— wvw—fm‘fl"’“ ¢ . T P—g— P — A _-l :

1 f ' : Cl':T: -~ T |

PWMT ! I PWM* -

_:____:__.___. Inner Current : Ui Grid Forming
Control ube ' : Loane »|  Control

1 1 " . ]

' Triphase 15kVA Power Amplifier (Current-mode) . Triphase 90kVA Power Converter (Hardware) !
\ p P

---------------------------------------------------------------------

Equivalent circuit diagram of the PHIL with grid forming converter and current-type ITM interface

Z. Feng, A. Alassi, M. Syed, R. Pena-Alzola, K. Ahmed, G. Burt, Current-type power hardware-in-the-loop interface for black-start testing of grid-forming converter. in IECON 2022, The 48th Annual Conference of the

24

IEEE Industrial Electronics Society, Brussels, Belgium, pp. 1-7, doi: 10.1109/IECON49645.2022.9968517



« Iberdrola o é%;é

Experimental Validation Strathclyde

A Interface Method lll: Current-type ITM interface
« Accuracy (v'): Accuracy issue arising from the time delay within the PHIL setup

— Delay compensation by adding additional phase to the modulating signal

(a) 180 Degrees Range
L T ] T

40
GFC ) Power Amplifier : Active Power P (MW)
I | | (TP90KVA) (TP1SkVA) | 5 : Reactive Power Q (MVAR)
=z 20n
+ Ly K Ly Ly -- £ '
YY Y\ Y YT E |
Voc T aaaar N o AAAL T Voc (E 0
= FLMJ- 1, J_fu} - i
_20 L L 1 1 1 L 1 L L
| TT mcﬂ | 0 20 40 60 80 100 120 140 160 180
me h — X X — g 12 . = (l:ll) ZoomI aroundllﬁ clegrlees range . i
From ™| Calculate Curvent [ daf 2= g S . n
DRTS Orer p  Laget Control | #™ > abce . = _’—b- =L ) i
> — =z < g |
A A ‘ || b s 8r I
5 = €——— 5 =1.688° (94 ps)
Vo ' < | comp
- abc 7 abc . ; ' = 6 i
1,0 ﬂqO o o0 (}j "
“« 1,. s S e
PLL --9‘--_:-----_-------------@-_-_----_----_-_--_-_----_-_I_--_-_----_----_-_--_-_----_----_-: 2 1 : L 1 1 L 1 L 1 1
T 's 0 1 2 3 4 5 6 7 8 9 10
Comp. comp Compensation Angle (Degrees)
Time delay compensation for current-mode power amplifier Time delay compensation impact illustration

A. Alassi, Z. Feng, K. Ahmed, M. Syed, A. Egea-Alvarez, C. Foote, Grid-forming VSM control for black-start applications with experimental PHilL validation, International Journal of Electrical Power and Energy Systems,
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GFM Voltage Ramp
Critical Load Pick-up
Grid Synchronisation

Active Power Reference Change and Load Disturbance

(b) Hardware GFC Voltage

(a) RTDS Voltage (scale: 27.5)

10 ———
P < 300
Z s &
= ¥ 150
% Ph. A £
& 2
3 0 Ph.B : 0
; Ph.C ]
E 5 _"f- 150
~ o
. o T 2300
10
0 20 40 0 20 40
time (s) time (s)
10 Zoom-in around t = 10 s (HW voltages scaled by 27.5)
T T T T T T T

Voltage (kV)

9.99 10 10.01 10.02 10.03 10.04
time (s)

RSCAD Scaled Current (kA)

&

Hardware Current {A)

Y

v

|
r

(1) RSCAD Current (scale: 150)

2 (b) Input Current around tsync

-

. |
I"IJI | II" |||| I"' |||| HI\ |||| |I|| |

|! |||\|I||||II\ I|| |

|\‘
111 'lulll"n J u

i“”Illl ||I ||||'|i|| I‘II' |||, I|

Ph. A
Ph. B - WU
Ph.C 5 |
w20 30 40 50 22.65 22.7 22,75 208 22.85
{¢) Hardware Converter Current 15 (d) Input Current around isync
| 10 !
J - || AN ANV AN AR AT A
oo ST J\ 'm.u. .J |'
| | 1
4 - L ‘||||||'1'H'||||,|
o l' ||I||I"I'|'I'||'I \
unHm i 1!
'I'\”.'lf i Iﬁl'l' 1|‘I|'
‘ -10 JI UARRTA TR A IR TATATA R u-' uu v '.".-|
-15
m 20 30 40 S0 22.65 227 22,75 228 22.85

time (5)

time (5)

University of

Strathclyde

Engineering

(a) Software/Hardware Active Power Comparison (MW)

40
30 -
20 EE——
10 .
RTDS Measured P - - = = Hardware P (Scaled)
0 Pref .
0 10 20 30 40 50
{b) Software/Hardware Reactive Power Comparison (MVAR)
2 = =
RTDS Measured Q)
2P Hardware Q (Scaled) ]
0 10 20 30 40 50
time (3)

A. Alassi, Z. Feng, K. Ahmed, M. Syed, A. Egea-Alvarez, C. Foote, Grid-forming VSM control for black-start applications with experimental PHilL validation, International Journal of Electrical Power and Energy Systems,

27

volume 151, 2023, 109119, Doi: 10.1016/j.ijepes.2023.1091109.



« Iberdrola e

Strathclyde

Engineering

Outline of the presentation

 Takeaway Messages
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Takeaway Messages Strathclyde

O Critical role of IBRs in the future of ancillary services
O Network restoration through IBRs is becoming more critical as their penetration increases
O GFMs can effectively play an anchor role in restoring power networks

0 Classical GFM structures may require adjustments to adapt to application requirements
(e.g., inrush mitigation)

 Arestoration scenario is presented and validated with a modified VSM control and validated
through PHIL experiments

O Electrolysers (coupled with energy buffers) can similarly play a role in networks restoration
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