W N

L

i -\;_,_,_._.-‘—.-h‘;-’;"\f
!\-

Photo by Dennis Schroeder, NREL 55200




Background

“Renewed interest in PSH development started in

the late 2000s and resulted in an increased Note: The mop presenasncpsnot LS. Pumped Storage Hydropower Development Pipeline
aof the development pipeline as of Map Source: Schmid, E., Jhnsen, MM and Lvia-Marsinez, AL 2022 1.5, Fumped Stomge Hydrepower Development Fipeine Map FY2022. Hyorssoure,
number of preliminary permit applications to Pecember . 2021 e e U2 et et

FERC.” i R T
. (393 MW)-

“At the end of 2021, there were ~100 PSH projects

in the FERC development pipeline; most of them Southwost
are requesting or holding preliminary permits to
conduct feasibility evaluation studies.” Stage of PSH Development | %) soueast '
Pending Preliminary Permit® “Eag |L.|"1IJJ‘]1Q n
@ |ssued Preliminary Permit® i1 300 MW)

@ Pending License™
® Issued License™

Under Construction Type & Capacity (MW)
“ . . . New Capacity Addition
New projects seek to complement variable T el S
renewables and provide not only peaking energy .« Q) (] omonan S et
but also capacity and grid services (e.g., frequency s raewsbic tneroy GosiTarce () [ ]eom % QaK RIDGE

regulation). ”(FERC Order 841(2018))

Rocio Uria-Martinez, etc. “Overview of U.S. PSH fleet and development pipeline”, https://westernstateswater.org/wp-content/uploads/2023/01/Pumped-Storage-101-Deck-
A.pdf
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Types of Pumped Storage Hydro Technologies

Pumped Storage Power Plant
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Progress and Timeline

PSH specification v2.docx

Table-of-Contentsf|
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5.1 = T-PSH-Generating -MMode =, 20
plan to collect ang address all the feedback and < 7755 Eydesie Shor Cori o - 10
comments. (ongoing, by 5/31/2025) qepe 3 OperationMode Change in T-PSH - = Pl
* Based on the last meeting’s feedback, we are
working on revising the hydro governor model
from HYGOV to H6E. (ongoing, plan to be NREL | S

finished by 5/31/2025)


https://nrel.sharepoint.com/:w:/r/sites/PSH-Specification/Shared%20Documents/General/2_T-PSH%20model%20Specification/PSH%20specification_v2.docx?d=wfdc527f692b8420fba72004f73c184d4&csf=1&web=1&e=SRKHAY

T-PSH Turbine Model Upgrade: HYGOV - H6E

Updates we have done:
1.A gate-power nonlinear curve.
2.PID speed control.

Next step:
1. Work on turning the parameters
2. Work on the blue block.

HYGOV Model

GMAX

0] EiéiC)

H6E Model

sprate

pref

-sprate

If Tsp <0, then input is
per unit bus frequency
instead of rotor speed in

h6e - Governor configuration - speed control mode (Fd = 0)

calemax-gmax-Kpout

- caleminegain-Xpout
+ | M3

J

]

gate
positior]
comand

sprate

ref
B -sprate
+

-.I;

h6e - Governor configuration - load control mode (Fd<>0)

State Names
1. PElecMeas

s I

S
rate limit - V|

Only in HYGOVD 1 fl

GV g /P, > ST,
Hdani |

as%)

aNL

per unit. Also Abs(Tsp} 2. SpeedMeas

s used Rg 3. Integrator

o) DID A A 4. Derivative

L. 1 T U1l 1T U1
Governor Response Lii setting modifies these limits
" set to initial condition value
Fixed: min and max limits are set to the initial condition value
» hée - Turbine model
h dam
ate
An 3 1 +
tommand o JEn, i pgv/ . Pturh
B sTw | 9 +
Do ® 1
7T
deff State Names
_ - 5. Velocity
. 6. Gate
P . 7. GateDeadband
meeh i < hinck redures Tn smple ; 8. Blade
Qiata hysleresis with an inactive band of 2=dbbd | 9. TurbineFlow

1. Gate-power nonlinear curve
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Ternary Pumped Storage Hydro

* The fasgest-actin acrj1d advanced : oS conficurati e et
umped storage hydropower ernary-FSH configuration 44 1%, Synchronous
PSH) system available today - - E—— e’- it FE g SoRETRON

e _ B .4 p—_— Pelton turbine
. - e o] e s G @Y
* Separate Pelton turbine, motor- ST a,;g__{ g _ il =0
generator and multi-stage pump e f“ T I [ IS
stacked on a single shaft R GateVave |
[ 5 “— «— Clutch connected \

. o TN ‘.
 Continuously rotating in a single | B B |
direction 8 g '

e Technology commissioned at Kops
Il facility in Austria — 2008

* Can move quickly from pumping
to generating at an estimated 20- Hydraulic-short circuit mode (HSC)
40 MW/second

Source: GE Renewable Energy
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Configuration and Modeling

Upper reservoir

_____ Modeling
’!!-._. Synch ; .
| "}_’t o u, | gg:emﬁ"“ Lower reservoir 4 FU” dynamlc
o e )
Lo » m User-defined Governor
; — — .
O N | and Turbine Model
o Clutch connected
'
! e Simulate three operation
NHEGTT ',," modes in one model and
@® Interaction point pru LA - . .
m) Water flow in main penstock . ’ 11% H{?_‘ “ _ “ SWltCh among d'fferent
= Water fowin pump subpensiock | modes seamlessly.

== Water flow in turbine sub-penstock

Modified figure based on GE Renewable Energy

* This specification focuses on the governor and turbine model, shared penstock model,
and the control model for three operational modes (generating, pumping, and
hydraulic short-circuit) of the T-PSH system. NREL | 8



User-defined Dynamic Governor-turbine Model

>
gl
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Generating Mode

G Aw
] - H
I Power distribution:
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| Power 1 P
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| N Dlstrlblitlon
1 p,,,L__Function Pump Gate
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0 Generating Mode
1 Pumping Mode
>1 HSC Mode
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Pumping Mode

Pump Ga
| Power distriution! Control

I Gmax
Power | ~

|
| Order Distribution | Ure 1
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Hydraulic Short-Circuit Mode

|
|
I A
o J 1
| ! + sTy
|
|
e o - o - s e e e o o o O O S S D B B S S e e e S B B Eee Eee mee e | e
G
- ==---T= "l _ [ X H
I Power distriution q -
I Gmax G_
Power (I
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_» | >
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- o — = Gmin_/ Value
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G a, —
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G Ho gNL Penstock and Turbine for Pump
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Three Control Modes

| Power distrijution!

| ' _ _ .
| Power | Prer = —Ky X | pgenl 0  Generating Mode
| Order [ Distribution _ 3 K,=<1 Pumping Mode
| = Function G = |1 — K | X |P |
Pyon ref d gen >1 HSC Mode

- ref(pump) Tef(turbme) Pm (Steady state) m
0

|Pyen |Pyen Generating
1 | Pyen 0 | Pyen Pumping
_ _ _ Hydrauli

Ka>1 —Kax |Fgen|  (Ka-1)X |Pyen] | Pyen| shoyrtrca;?c:Jcit
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Operation Mode Controller

0 Generating Mode Grer = —Ka X |Pyen|
Ks =41 Pumping Mode
> 1 HSC Mode

pref = |1 _Kdl X |1_'?gen|

HSC

max
G_rei g -
|1+ 5Ty Gate - 30s S <60s \ \<60s

[UnN

. <60 .
Pumping > Generating

NREL | 14



Input and Output Channels and Parameters

Input Channel | Symbol | ____Description __|

Outpt chanvel_] s

Operation modes 0Co Turbine gate value, pu
ICo coefficient: 0 in generating
mode, 1in pumping oc1 Pump gate value, pu

mode, 2 in HSC mode
Power order for the entire
T-PSH system, MW.
Power order for the
pump’s hydraulic turbine
and governor system, MW.
power reference for the
turbine’s hydraulic turbine
and governor system, MW.
frequency error from the
grid

mechanical power output of
the T-PSH system, MW

mechanical power output
from the pump, MW

mechanical power output
from the turbine, MW

Speed, pu
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Symbol Example Value

Tg
Vi o
At
Dturb
gnl
hdam
R
r
Tf
Tr
Gmax
W22 Gmin
Kd
Velm

dbl
db2

Parameters

Gate servo time constant, s.

Water time constant for the entire penstock length of the pump part, s.

Water time constant for the shared-penstock length from the pump part to

the turbine part, s.

Water time constant for the entire penstock length of the generator part,

S., S.

Water time constant for the shared-penstock length from the turbine part

to the pump part, s.

Turbine gain, pu

Turbine damping factor, pu

No-load flow at nominal head, pu
Head available at dam, pu

Permanent droop (R), pu

Temporary droop (r), pu

Filter time constant, s.

Washout time constant, s.

Maximum gate opening, pu of mwcap
Minimum gate opening, pu of mwcap
Operation mode distribution coefficient

Maximum gate velocity, pu/s.

intentional deadband
Unintentional deadband

0.5
-1.17

0.43
1.17
0.43

1.48

0.3

0.1

1

0.04

0.31

0.05

6.88

1

0

0—generating mode

1—pumping mode

2—HSC mode

0.05—generating mode, pump mode, HSC mode;
0.04—generating mode to pump mode; 0.0333—
pump mode to HSC mode; 0.01666—HSC mode
to generating mode

16



Model Simulation

Test system: 3-gen Small System

In this system, there are three voltage levels, 24 kV, 34.5 kV and 230 kV. The test T-PSH unit is
placed on Bus 19; a gas turbine and a C-PSH unit are placed on Bus 20 and Bus 15.

T-PSH
Bus19  Bus17y

Bus 13 Bus 14 Bus 15

O+ O+ ] ),

Load 1 l:l
OF 1 (00 puEe

GAS

Load 2

Bus 20 Bus 18 Bus 16 Bus 11 Bus 12

Test event:

1. Performance of T-PSH under Different Events
a. Dynamic response of T-PSH in generating mode
b. Dynamic response of T-PSH in pumping mode
c. Dynamic response of T-PSH in HSC mode

2. Operation Mode Switching

a. Dynamic response of T-PSH in operation mode switching

C-PSH

NREL | 17



Case 3: T-PSH in HSC mode

Pump Mechanical Power Pump Valve Value

T-PSH is pumping 500MW at HSC mode. The valve & ™ 5 |
velocity is 1/20 p.u./s. ¢ -

* t=10s, add load 2 (100 MW )
e t=70s, trip load 2 (100 MW ) e A B B R R

Observation:
* Turbine governor adjust the valve Ey 5

reference to let mechanical power '

output meet the power demands. g s . e s N I I A

* Pump part kept the power output
constant.

e Small variance in the mechanical
power of pump output caused by the

frequency fluctuation.

—380 1 Tas
AR

== Pm 1.015 4

1.010 4

1.005 4

Per Unit

1.000 1

0.995 1

0.990 1

0.985 4

T T T u T T T 0.980 T T T T T T T
0 200 40 60 80 100 120 140 [ 200 40 60 80 100 120 140
Time/s Time/s
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Shared Penstock and Turbine Model for Turbine

Upper reservoir Newton’s law of motion

e !5_“': Synchronous Lower reservoir d q
. ‘ . generator D .
' = '-.J W Pelton turbine pL dt o Apg (HO H)
To upper i ﬁ'*.ilf i =g | - “g—_'l’_ 3 L
reservoir . i - . ; L& — — t_' dq gA
N ' | o Bl - ~ l - = _(HO _H)
' N | |- = — Cll..ltch connected l L dt L
. 27 el d q=aqp—q
| iy py— p At
@ ol e pump /
: - BEsEE f . . . .
1 TEREE 0" In the first interaction point
* P
@ Interaction point i_;ﬁ,ﬂ;«: r" T, |
mm) Water flow in main penstock P i !_ ‘ L dq dq
B Water flow in pump sub-penstock : e e A (H — H) — e p — t
== Water flow in turbine sub-penstock - 0 - gA dt dt

.

. Lt dqt (H _H)=< C+ t>dqt_LC dCIp
(H — Hy) _gAttE [’ 0 ‘ gA. gAq) dt gA. dt

Turbine part secondary penstock




Shared Penstock and Turbine Model for Pump

e ~ Newton’s law of motion
jii-: M !;;:ﬂ Synchronous LOwer reservoir
LH, y ,’. i *r‘ generator d
4 Leui | t .__db_y,.a-Peltunmrb|ne L_q_ _A (H _H
— 1"1Ff- -— _an=-o -_— 3 L_d i !’ P Cit B Py 0 )
e ® B Lol
p i -y d A
~ | i S q g
' -‘{b _ [ =« Clutch connected l — = — (HO — H)
‘ -_p.m 1| - l ‘ Lc dt L
y ~ EJ - MI':—;— Pump lg q=4qp — 4qt
T S In the first interaction point
@ |Interaction point 4 ]’-"' - o
mm) Water flow in main penstock " r_ :
mp Water flow in pump sub-penstock ' _ | c dCIp dqt
== Water flow in turbine sub-penstock . (HO —_ H) = — —
gA:\ dt dt
Pump part secondary penstock @

B L, dqp _ L, \dq, L. dq;
(H _Hp) - gApp [’ (Ho - p) - (gA gApp) dt +gAC dt
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Shared Penstock and Turbine Model

L L d L dq _ 9base [ Lt | Lc — _ Lc apase
(HO - Ht) - ( . + : qt - ¢ p TW_tt B Hpase <9At + QAC) TW_tp N 9Ac Hpase

gA., gA;) dt gA. dt
LC Lp dqp LC dqt _ Abase  Lp L¢ _ Lc apase
H - H - — TW_pp - Hpase Tp + TC TW_pt N Tchase
(Ho — H, (gAC-l_gAp) dt +gAC dt <g ) ’

Second Order Shared Penstock

Matrix % Normalize
TW_tt TW_fP d_t With qpgse Hpase
Twpt Twopp]|ddp .
_ dt
B AH;
A,
AH, ]
p NREL | 22




Governor Modeling in Turbine Mode and Pump

Mode

* Permanente droop control: The basic function to control speed and/or load.

— involves feeding back speed error to control the gate position.

* Transient (temporary) droop control : Hydro turbines have a peculiar response due to water inertia: a change in gate position
produces an initial turbine power change which is opposite to that sought.

— alarge transient (temporary) droop with a long resetting time is required
* Gate valve control: In the real gate valve for the Pelton turbine, there are two mechanical devices to control the water flow

— injector and deflector

Turbine Governor Control Pump Gate valve control

R ( Gmax Gmax
Aw ) _
-~ 1 1 + STr 1 . Gre[ 1
Prer 11+ sTr rsT, 1+ 5T, Turbine 11+ sT, pump;
r‘_/ Gate Gmir_l_/ Gate
> i Value Value
- 1
- T,s + 1 L\, G=\1575) (Grer)
= w 9
rT¢T.s? + RT,s + rT.s + R\1+ Ts
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