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Frequency in a conventional system...

= Conventional system:

— Electromagnetic properties of the network and machines lock their behavior to be in

Sync

— A change in load is automatically/naturally reflected in speed of rotation of the

machine

— System frequency is governed by speed of rotating machines

Nechanical frequen&

speed of
generator

Rotational |influent

Electrical frequency

-~

Rate of change | |nfluences
of generator
terminal bus

angle

es

terminal bus
angle

Rate of change | |nflue
of network/load

\

www.epri.com

Influences

mechanical frequen(%

Rotational
speed of
motors

© 2021 Electric Power Research Institute, Inc. All rights reservi

ed.


http://www.epri.com/

When all sources are synchronous machines...

= Arresting frequency drop

— Needs fast energy injection in o

the arresting period = sos

= Stabilizing frequency % o]

— Needs controlled and oo -
coordinated energy injection

during recovery T

= With smaller inertia constant

— Larger RoCoF ]

= -0.4082 Hz/s compared to a £

value of -0.1302 Hz/s 7

Value of nadir depends on inertia and time
constants in active power control loop
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IBRs and frequency response...
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Triggering of UFLS schemes is of prime concern with increase in IBR
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Can UFLS be triggered with only synchronous machines?

50.0 —_— — All sync myc with governors
50% load served by sync my'c without gowvernor

O With 50% Of maCh i nes ;'-I — 50% load served by IBRs in constant P,Q mode
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without governors: - |
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— UFLS triggered because of fewer
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frequency response
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Why is RoCoF such an imporiant factor...?

= Large value of RoCoF can result
In:
— Reduced time to deploy frequency

response reserves to prevent
activation of UFLS

— UFLS relay may themselves fail to
operate

Rotating machines can tolerate larger RoCoF —
designed to tolerate bolted fault at terminals
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Adapted from frequency response plots in Chapter 11, Power System Stability and

Control, Prabha Kundur
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Increase in IBRs and frequency control
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IBR percentages continue to increase

2019: 94% energy carbon-free resources
Slectric *
operator

Dec. 2018: 25%

‘ 1ISO
‘ NewEngland
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April 2020: 73.2% { g BT Fob, 2019:14.7%

L < New York 150
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Interconnection

May 2020: 16.4%

Electric Reliability
Council of Texas
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What does present draft IEEE P2800 standard say about
primary frequency response?

value
%*A

sb_high%
initial value (iv)
final value (fv)—100%

sb_low%

90%

10%

initial change (ic)—0%

©EPRI

seffing band e faure is notfo scale. Unifs Default Vale Minimum Maximum
= A system quantity may increase or ] ] 3
(Sb) decrease and may be positive or negative. REﬂCIlDI] [1111@ SCCOII(]S OSO 0!.0 1
= Initial (desired) and final values may be the
—74 ————— 4~ overshoot same; any difference may depend on (0 ﬁ fUl‘ WT(I)
droop, dead band, current limitations, -
transmission system parameters, etc. ste Iillle SCCOII(]S _1 0 2 0 20
Y A VY AR W system response (4.0 fOlWT(I)
Settling time seconds 10 10 30
"""""""""""" Damping Ratio | % of Change 0.3 0. 10
Settling band % of Change | Max (2.5% of change or 0.3% of ICR) l 5

step response time

Table 10 from Draft 5.1 of IEEE P2800 Draft Standard

(0-90%)

» | Settling time -~
rise time (O—[sb_low,sb_high] .
(10-90%)

plant

A 4

Figure 5(b) from Draft 5.1 of IEEE P2800 Draft Standard

Table 10 specifies minimum capability to be met
 Change in IBR plant power output may not be
required to be greater than maximum ramp rate of

* Should be as fast as technically feasible
\ e 15mHz - 36mHz deadband with 2% - 5% droop

\

J

Will this capability ever be sufficient for 100% IBR grids?

j

www.epri.com

© 2021 Electric Power Research Institute, Inc. All rights reserved.

=2l

ELECTRIC POWER
RESEARCH INSTITUTE


http://www.epri.com/

Example: Two PV plants in an existing strong network

30.0 MW

39.0 MW
579 Mvar 579 Mvar
13.5 MW
5.79 Mvar 14.89 MW
4.98 Mvar
Bus 13 T Bus 14
3.5 MW
1.8 Mvar
Bus 12

Bus 11 ?

29.49 MW
o 16.59 Mvar

Bus 10

=
<
5]
=

200 MVA

60.0Hz to 59.8Hz

Bus 1 1.59 Mvar
AN

=

7.59 MW =
=

ik

47.79 MW
-3.9 Mvar

|
Bus 2 Bus 3
I~}
=
200 MVA 21.69 MW I S gaomw
12.69 Mvar = 18.99 Mvar
Pv2

= Each 200 MVA PV plant is a full switching model?

ABAWY Z |

Active Power (MW)

= Frequency control with 17mHz dead band and 5% droop at inverter level

= Comparison with 1pu/s and 10pu/s ramp rate on active power command

Thttps://www.pscad.com/knowledge-base/article/521
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Both ramp rates meet requirements mentioned
in IEEE P2800 Draft Standard
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Lower ramp rates may not work in a 100% IBR system

= A low inertia power network £
needs fast injection of current ¢ .| “ /
.. . . o — PV1--10pu/s
to mitigate imbalances. E PV1-1puss
_ _ g 1297 __ pyispuss
= Suitable choice of ramp rate
limit can bring about a stable ¥ es-
> 64
response : o
£ 60- ﬂy o
Maximum ramp rate influenced by source behind g 58 - / \
the inverter E 56 100% IBR network formed 10% load increase
1.0 1.5 2.0 2.5 3.0 3.5 2.0
Batteries can tolerate higher ramp rates as opposed Time (s)
to wind turbines

J = 100% IBR network created at t=2.0s

L
= Load increase at t=3.0s
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Lower ramp rate requires more responsive resources

= Possible to obtain stable

frequency control in a 100%

IBR network, with lower
ramp rates

= Requires more resources to
share the change in energy

burden

= Any form of IBR
device/control can have
inherent ramp rate limits

Important to recognize this if newer IBRs
have to additionally support older IBRs

www.epri.com

160 —
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= 140 A J
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5pu/s — Two PV plants of 200 MVA each
J 2pu/s — Three PV plants of 100 MVA each
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Interim summary

Increase RoCoF can Draft IEEE P2800

cause UFLS to be
triggered faster

Standard may provide
tremendous benefit

e UFLS could mis-operate e Be cognizant of
e UFLS hit due to lower machines e Maximum ramp rate,
providing response e dynamics of source behind dc bus,
and

e number of participating resources

l Response from an IBR should be as fast as technically feasible without causing instability l
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Obstacles for conventional IBRs to provide frequency

response...

= Main concern in conventional

IBRS:

— time taken by the PLL to robustly
and accurately calculate
frequency under high sensitivity
of terminal voltage

— The longer the time taken,
higher is the chance to trigger

UFLS

www.epri.co

/'Robust and

tuned IBR
control

Options for

Provide ) IBR to ( f Robust
requency
m

fast power ! provide easurement
injection /4 frequency (if used)
: response
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Going beyond frequency droop with 100% IBRs
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What changes with 100% inverters?

= 100% IBR system:

— Break in the electromagnetic link between source and network
= Lock presently has to be obtained through a controller

— No physical link between generation/load balance and frequency

— Converters can operate at any frequency

Can this be
leveraged to bring
about superior
frequency control?

/ Electrical frequency Mechanical frequenc%
Converter |influentes Ra]'Ee of chatnge Influences Rfatet(\)/\tcrllzngg Influences | Rotational
of generator OT hetwork/Ioa
control terminal bus terminal bus speed of
scheme angle angle motors
Influences
( Can ideal L shaped frequency response, or better, be achieved? ]
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Frequency in a 100% IBR system...

Would we still need it...?

= Traditional needs for frequency control

17

Motor drives

Clocks

Transformer magnetics
Machine torsional stress

And many more...

Can we do it in a better manner...?

= Changes in the system

Lower source time constants due to static
generators

Faster control capability

Loads interfaced through power electronics
Smart transformers

Power flow control devices

Increased observability

Just because It can be done, should it be done?

EEEEEEEEEEEEE
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With high percentage of IBRs, do we need to hold onto to
frequency droop control...?

60.0—

o
=]
o

59.71

System Average Electrical Frequency (Hz)
&S
oo

59.61

— All synchronous machines
All1BRs with 10ms delay in communications

18

10 15 2
Time (s)

5

= Distributed slack bus
concept used for
sharing of power

— Denoted as angle
droop control

= Better thanideal L
shaped response

Frequency (Hz)

(=)}
I

N
—

(=)}
o

N
o

581

— Frequency+angle droop
Frequency droop only

1 — Angle droop only

[ Lower (or zero) inertia sources allow for faster movement ]
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Different types of resources can provide similar response

= 100% IBR network with
load increase at 7.0s and
load decrease at 12.0s

= From a system operation
perspective, all three
responses are acceptable

Wide variety of frequency control solutions
may be possible in 100% IBR network

Important to focus on IBR performance

—— PV Droop

Active Power (MW)

S
o

PV Constant Frequency
BESS Virtual Oscillator ==

Electrical frequency (Hz)

capability rather than control methodology

/
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10 12 14
Time (s)
PV plant modeled with switching model
BESS modeled with average model
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Positive sequence models and 100% IBR
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Are present generic positive sequence models useful?

L
2=
30.0 MW a5 Wind/PV/St .
5.79 Mvar - § Ouigu n orage Output | Network interface
13.5 MW E 2 REPC * feeds into feeds into
5.79 Mvar T 14.89 MW 23 - d REEC_* R
Tl 4.98 Mvar g T = Srale f REGC_*
3 ingle type of resource
Bus 13 Bus 14 22
| =8 :
b Plant level controller Electrical controller Generator/convertor
35 MW model model model
1.8 Mvar
AN
Bus 12 1.5 MW
J7 Bus 11 0.28 Mvar
S L 2949 MW )
gsar-:q\:;r Bus 10 T @ 1859 Mvar o
- 119w * 100% IBR network compared between
2 Mvar
EMT domain & positive sequence
domain

Bus 6

7.99 MW
1.59 Mvar
AN

Bus 1

* [BR1 & IBR2 — energy storage devices
represented using Virtual Oscillator
Control in EMT domain

47.79 MW
-3.9 Mvar

* |IBR3, IBR4, IBR5 are STATCOMSs

Bus 2 Bus 3
- 21.69 MW - 042 11 _* Performance noted for load changes /
12.69 Mvar 18.99 Mvar L™ e

ELECTRIC POWER
RESEARCH INSTITUTE
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Modeling in positive sequence simulation software

mmm IBR Type in EMT Models used in positive sequence

control

123.0 10.5  Virtual Oscillator REGC_C+ REEC_C
+ user defined active power controller
2 129.0 13.8  Virtual Oscillator REGC_C + REEC_C
+ user defined active power controller
3 1.8 7.3 STATCOM REGC_C + REEC_C
6 1.8 0.0 STATCOM REGC_C+ REEC_C
8 1.8 5.8 STATCOM REGC_C + REEC_C
Vab,c l Drp O ref GOing beyond
PLL p S frequency droop
Wnetw ref ]
(UTL:@*/J . Kf:r‘r - —ngrr_P 1+15T6 -

User defined active power controller - distributed slack bus based angle droop active power
controller loosely based on isochronous control

22 www.epri.com 2021 Electric Power Research Institute, Inc. All rights reserved.
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Comparison of response for load changes
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Existing generic models (if appropriately
parameterized) can potentially provide a good
representation of response in 100% IBR network

=2l

ELECTRIC POWER
RESEARCH INSTITUTE


http://www.epri.com/

What would Balancing Authorities (BA) do?

3300
Area 2 — Case 2
—— Area 2 — Case 3
12500

3250
12000 3200
=
=
= 11500 3150
=
o
|_
3 11000 3100
<<

3050

10500
Area 5 — Case 2
: : : — Area I5 — Case 3 3000 : I : I
O 20 40 60 80 100 O 20 40 60 80 100
Time (s) Time (s)

= Visibility of generation/load event only based on tie line flow
— Impact of SCADA/EMS refresh rate

= BA’s evaluation of NERC’s Control Performance Standards (CPS)?
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Larger Networks
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Location of frequency response can be important

— 1200 1 o Sbmy e machines
88% IBRs Case 2
§ 0000 | AA 1000
L AR AR AR A A RS BAAAAARRLALA lv uﬁvh- ........ JAAARRAY
IS, | _
S 59.90 = 800/
3 —
o | 3
£ 59.80- % 600 .
et =
2 . =
& 59.70- —— All synchronous machines | = 200
—— 88% IBRs Case 1 =
59 60 - 88% IBRs Case 2 L
. - : . . : ; 200 -
0 5 10 15 20 25 30
Time(s)
. 0 - ll
Case 1 — Only IBRs located electrically far away
provide response | «F &{@ « Cﬁ}@ Q@{@ dﬁ& e S
Case 2 — IBRs located nearby also provide response < &S5

= With appropriate amount of headroom, IBRs can provide adequate
frequency response

= Location of response w.r.t. disturbance is important to be considered

EEEEEEEEEEEEE
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WECC 100% IBR operation on frequency droop

60
59.98 -
E 59 96 - K All IBRs were assumed to\
; operate with sufficient
- 5994 | energy/power headroom
% * Simulation was
o numerically robust
59.92
L?Lj . —w— * Distributed slack bus
59 9 Southern California ——Southern California i based angle droop was
Central Northern California 599 i _ﬁggt'::l:eg:mhem California \\ not 'mplemented /
59 .88 Northwest - ——Canada .
Canada
59.86 | | 15 16 17 , 18
5 10 15 20 29 30 35 40

Time (s)
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Robust frequency conirollers can help push more power from
IBR

« Local region in South t
Texas had N-1 instability e 4 ﬂ
1 ,
for wind export greater d g-\ch' """ | r
than 70% -~ \‘ I \h NV\/]M J*\Wi

—70 percent IBR without V control or f control
—99 percent IBR without V control or f control

99 percent with V control only
—99 percent IBR with V control and f control

= Robust frequency and
voltage control allow for
increased power export

— Similar behavior observed 0.7

J

o
oo

0.75

345 kV Transmission Bus Voltage (pu)
S o
on (o]
—
-£:
=

.f:

]
.
——

. ] ] 0 5 10 15 20
with rotating machines Time (s)
( With the inclusion of both V and f controls, wind export could be increased by 1 GW J
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Summary...

Possible to take advantage of quick and highly flexible IBR response characteristics

Present draft IEEE P2800 standard has potential tremendous benefit
- Important for IBRs to deliver primary frequency response as fast as technically feasible

Frequency droop control was a necessity with mechanical speed being the controlled variable
— Power sharing across balancing areas can still be achieved

Similar operational characteristic can be obtained from different IBR devices and control methods
— Focus should be on specifying performance requirements

Present generic positive sequence models may have potential to even represent 100% IBR systems
— If appropriately parameterized

In larger networks, location of delivery of frequency response can play a crucial role
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