Matteo Frongillo

Exercises - Power grid
Exercise 1: Power-flow sign convention
Data:

U, = 76/4°kV,
I,, =450/ — 15°A,

U, = 76/8°kV,
Iy, = 300/18° A,

Uy =76/ — 11°kV,

—_

. Which areas provide active power? How much?
2. Which areas receive reactive power? How much?

S=UI'=U+1/-6°)]

I, = 5004 — 11° A

S, = U, I =76/4° - 450£15° — 76/ — 11° - 3004 — 18°
=124+ j22.2 [MW] = 12.4 [MW] + 22.2 [MVar]

Sy =Uylly — U Ity =3.59 [MW] +51.24 [MVar]
Sy =Uslh —Usliy = —15.99 [MW] — j23.43 [MVar]
Conventionally, S, @ > 0: provider, S,Q < 0: receiver

1. S,,2: provider, 12.4 MW and 3.59 MW
2. S receiver, 23.43 MVar

Exercise 2: Merit-order pricing
Sorted list of B1-B6 consumer offers:

B1 B2 B3 B4 B5 B6
700 MWh 200 MWh 250 MWh 250 MWh 750 MWh 150 MWh
0.08 Fr/kWh | 0.09 Fr/kWh | 0.10 Fr/kWh | 0.1 Fr/kWh | 0.12 Fr/kWh | 0.13 Fr/kWh
Sorted list of offers of electricity sellers S1-S5:
S1 S2 S3 S4 S5
50 MWh 200 MWh 250 MWh 250 MWh 400 MWh
0.07 Fr/kWh | 0.075 Fr/kWh | 0.085 Fr./kWh | 0.095 Fr/kWh | 0.15 Fr/kWh
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—— Supply
0.14 +|—— Demand
=
E 0.12 +
=
L
g 0.10 +
a
0.08 +
0.06 + t t t + ;
0 200 400 600 800 1,000 1,200

Electricity [MWh]

Exercise 3: Three-phase power
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Data:
Uy =110V£0°, U,y = 230VZ — 120°,

ZA = (30+j25)Q

Uy = 230V/120°,

Calculate the complex power S and the power factor A

U2
S:ZZLL

2 7%

Uy =U;n —Usy = 11020°V — 230/ — 120° V = 300.5/41.52° V
Uy = Usy — Usn = 230/ — 120°V — 230/120° V = 398.5/ — 90° V
Uy =Uspy — Uy = 230£120°V — 110£0° V = 300.5/138.48° V

[U1o]? + [Uss? + Uz 12 (300.5V)2 4 (300.5V)2 + (398.5 V)2

S = =
- AN 39.054 — 39.81° Q2
= 6.68 + j5.56 KVA = 8.69/39.81° kW

A = €0s(39.81°) = 0.768

Exercise 4: 4-wire system

Ll o 1
Uin R ;
> s K IN
L2 o L Ll
U L
U2N A —_—
VE 1 Uk
Lo I L Ukn
erx'j C
N o
Data:
U,y =220VZ0°, R =100%,
U,y = 220V —120°, L =160 mH,
Uy = 220V./120°, C = 40 uF,
f =50Hz, Ly = 500 mH.

Calculate: I, Iy, Iy, Iy, and Uy e, Usge, Usper Uge

Y Uiy +YoUsy +Y3Usy
Y +Y,+Y + Yy
li = Q»L'K X

13

Ugn =

QiK :QiN _QKN ;
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Admittances:

1
Y, =Yp=—=0.010£0°S,
R
1
Y, =Y, = —/—90°=0.01994 — 90° S,
wlL
Y=Y, =wC/90° =0.0126£90° S,
1
Yy=Y;,=——/—90°=0.00637Z — 90°S.
wL

Voltages:
Y \Uin +Y5Usn +Y3Usy

=238.4/ — 137.5°V,
Y, +Y,+Y;+Yy

Ugn =

Ui =U iy —Ugny =427.2/22°V,
Usge =Ugn —Upgny =71.924 —24°V,
Usp =Usny —Upgy = 357.8£79.4°V.
Currents:

I, =U Y, =4.27/22°A,

I, =Usp Y, =1.434 —114° A,

Iy =Ugp Yy =4.51£169.4° A,

Iy =UgnY Ny =1.52/132.5° A,

Exercise 5: Three-phase systems

L1 o _— ® 9

Zisg T:__ Ce Z
L2 o = L4 A

ZLU: :

— Ck
Zn

13— . .

Ziig —e

—_T

Data:
UL =400V /50Hz ; ZLtg =(1+52)Q ; Z, =30£60°

a) Calculate the line currents I and the voltages U , across the loads
Z A without the capacitor bank connected.

b) Calculate the capacitance Ck of the capacitor bank for reactive cur-
rent compensation of the loads Z 5.

c) Determine the line currents I in the compensated case.

a) Without compensation:

L. N TR S
B ZygtZy V3 ZLtherA

3

3

Un=V3Uy =V3(I Zy)=V3 (lL : Z7A)
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400V 1

VB 1404

30760° — 18.884 — 60.6°A

3
I, =1, —120° = 18.88./179.4°
I, =1, +120° = 18.88/59.4°

30£60° )
3

Uxr=+V3 (18.884 —60.6° - =327/ —0.63° V]

Ujpn =Upn +30° = 327/29.7° V]
Ugg p = Up — 120° = 3272 — 90.63° |V]
Usyn =Up +120° = 327149.37° [V]

Za =¢=30/60°Q

b) Compensation capacitance:

1
Yo =jwC ; XY:Z7 ; Im(Yo+Yy)=0

3
Y, = Z. = 0.05 — j0.0866 S — Im (Y, ) = —0.0866 S

EZWN
Im(Yo) = —Yy = 0.0866 S
0.0866
0.0866 = wC), — C), = ———— = 275.8 [uF
Wk kT or 50Hz [1F]

¢) With compensation:

1
Yioad = Re(xy) i Zload = Yi 3 Ztot = Zload +ZLtg

load

Zior = 202 + (14 52)Q = 21 + j2Q

U 400 1
CITRNNy V] St
Ziot V3 214 j52Q
Iy, =1, —120° = 10.95/ — 125.44 [A]
I3 =1, +120° =10.952114.56 [A]

I, = =10.95/ — 5.44° [A]

Exercise 6: Surge impedance loading
Equivalent line model of a lossless line with load Ry,:

L Lo b

J —F‘bﬁ Cb/;r
o o —©

U RL

Determine Ry, so that the lossless line is optimal operation. Data:

L; =1.3[mH/(km and phase)] ; C} =9.6[nF/(km and phase)]
1 = 250 [km( length of the line))

L Ly
Zo=|=2=\/Z" ; Ly=Ly-1 ; Cy=0C}-1
VeV b b
1.3E—3
Ry =Zc =[S e—g = 3689

Exercise 7: Transformers 1

Ts: YNdS T4 Yy6

{ Ty: YNyn6

T

— o
— (%3
o (=}
z z

Determine the index number of transformer Ts.

(T5+4+T4) mod 12 = (T35 +T> +T1) mod 12
11 mod 12 = (75 + 12) mod 12
(11-12) mod12=T3 — —1 mod 12=T3 — T3 =11

Exercise 8: Transformer 2

7 ' )
7 @
h20 k\j Tz: YNd11
T;: YNynO @ @ Ts

110 k¥ Ts: YNAS
v -ll kV
% ),

" —> *r—

Determine a suitable transformer configuration for Ty4.

To+Ty=T3+To = 11+T4 =5
11+74=5 mod 12— T4 =6

Suitable transformers: Dd6, Yy6, Dz6.

Exercise 9: Active and reactive power of a synchronous generator
Athree-phase synchronous generator (star connected) is built as a non-
salient pole machine. It operates at constant voltage and frequency.
Data:

Sy =400MVA ; Uyx =20kV/50Hz ; X4z=2p.u.

E=25kV ; §=230°

Un, unless otherwise specified, is line-to-line voltage.

Determine the active and reactive power of the generator. Is the ma-
chine capacitive or inductive?

U-Up .

P= Psin(®) ; Py =3-P

X4
U-U, U?

Peos(9) — — ; Qap=3-Q
Xq

Q=
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_ 20E3[V] - 25E3 [V]
V3-2[p.ul]

P3, = 3-72.2 = 216.6 [MW]

sin(30°) = 72.2 [MW]

20E3 [V]

2
c0s(30°) — (2\;‘;’[]) = 58.33 [MVA]

o — 20E3 V2563 1V]
T V3-2[p.ul
Ps, = 3-58.33 = 175 [MVA]

Exercise 10: Interconnected control areas
Three control areas N1-N2-N3 are connected by L, and Lo, initially
without power exchange. A 100 MW plant fails in Na.

fN=50HZ ; KN1=400MW/HZ ; KNQZKN3=5ODMW/HZ

a

~

What frequency will occur in the control areas after the primary
controllers have been activated?

What power is then exchanged between the areas?

What input signals APy are given to the secondary controllers of
the three areas?

When will the power exchange on L1 and L2 return to normal?

b

n
— =

&

Ny

Ly

k

Lo

%099

a) Frequency shift:

AP

AP = =3 (KNi)Af <= Af = W

100 [MW]
— (400 + 500 + 500) [MW/Hz]

b) Power exchanged:

Af =

= —0.0714 [Hz]

AP; = —Kn;Af

AP} = —400 [MW/Hz] - (—0.0714) [Hz] = 28.56 [MW)]
APy = AP3 = —500 [MW/Hz] - (—0.0714) [Hz] = 35.7 [MW]

¢) Secondary controllers:

| APri = AP, — AP;

APr; = AP + Kn1Af = 28.56 [MW] — 28.56 [MW] = 0 [MW]
APry = APs + Kn3Af = 35.7[MW] — 35.7 [MW] = 0 [MW]
APp3 = AP> + KnoAf = — (AP1 + AP3) + KnaAf

= —(28.56 + 37.5) [MW] + 500 - (—0.0714) [MW] = —100 [MW]

d) Time period: Between 5 to 15 minutes.
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Exercise 11: Ybus
Form the Ybus of the following system:

1 . 2
| j0.25
p-u. —
jO.1
— p.u.
3 —
1 ) .
I = 025 (v1 —v2) I1 = —jdvy + jdvo
I ! ( )+ ! (v ) I j14 i10 j4
= —— (v2 — —_— —v = —
2 j01 2 3 7025 V2 1 2 714v2 + 71003 + j4v:
1
I3 = — (’U3 — Ug) 13 = *jlo’l}3 +j10’l)2
70.1

I —j4 44 0 v1
L =174 —j14 410 |- |vs
I 0 j10 —j10| |vs

Exercise 12a: Two-node system (Pz and Q)

Data:

U, =400£0° V], Zap=0.1+;0.1[Q], Ug = 396.3¢/(~0-17747) |v]

Calculate Pg and Q. Is the node inductive or capacitive?

Zap = Rap+jXap =|Zap|e’?
Ual|U Ug|?
PBzil all Blcos(9+6) U] cos(0)
|ZaB] |ZaB]
UallUs| . Ugl® .
Qp = 1Ual|Us] sin(@ +6) — U] sin(6)
|ZaB] |ZaB|
Zap = 0.1414¢945° [Q]
400 - 396.3 _ 396.32
Pg = —— " cos(45° — 0.1774°) — cos(45°) = 9815 [W]
0.1414 0.1414
400 - 396.3 396.32
= ——————sin(45° — 0.1774°) — sin(45°) = 4908 [Var
@5 0.1414 ( )~ O1ara SN(5%) [Var]

®p > 0 — Node B consumes reactive power — Inductive system

Exercise 12b: Two-node system (Iterative process for Up)

Data:
Ua =400[V]; Zap =0.1+50.1[Q]; Pg =9815[W]; Qp = 4908 [Var]

Calculate U 5 (magnitude and phase angle §).

Step 1) Initialize : = 0 and QSE?) =Upy,.

Step 2) Calculate the current: lg) = { B +(,j)QB }
Ug

Step 3) Update the voltage: U™ = U, — Z4p1Y.

Step 4) Check convergence: HQS;‘H)’ — ’Qg‘;) ’ <eg;e=1E—5.
Otherwise, set: =i + 1 and repeat from Step 2.

Calculator iteration:

Set Ans = U ,, then repeatedly enter

- j@B

Ua - (Zan) & CONJ(Ans)

until the result no longer changes. The final resultis U 5.

Result:

Up =396.284 — 0.18° [V] = 396.28 — j1.23 [V]

Exercise 13: Short circuits

R X
o | |
Vin I

Data:

Vi =20[kvV] ; f=50[Hz ; I, =300[A] ; R=12[Q

a) Determine the value of the leakage reactance X
b) Calculate the short-circuit current at time ¢t = 0.03 s.
Assume that the short occurred att =0s.

i(t) = is () + it (t)

v
is(t sin(wt +a — O

(1) = Y5 sin )
in(t) = —is(0) - e~ (/DY = % §in (@ — a) - e~ (/L)

L
Z| = VRZ + w2L2/ (e = tan—! (%))
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a) Leakage reactance:

|43 Vin
— 5 Ip= = 17| =
V3 2| flk

VL
|Z| = /R?+ X2 = X;, =1/|Z]° - R?> = ,/
\[Ik

_ 20E3V] \?* 2 _
\/(\/5.300%}) (12[Q))? = 36.57 Q]

b) Short circuit:

Vin =

X 36.57 [
Xy =2nfK = K = =% = €]

20T 1164 [H)
2rnf 2w -50[Hz]

i:(0) = —ig(0)e (B/K)t
it (003) _ \/§Ik sin(e)e—(12/0A1164)-0A03

=21} sin (arctan (%)) ¢ (12/0.1164)-0.03

=+/2-300[A]sin (arctan (736'57 [Q])) ¢ (12/0.1164)-0.03
12[0)]

=18.29[A]

i5(0.03) = V2I} sin (27rf -0.03 [s] — arctan (%))

0.1164 [H]

= V2300 [A]sin (2w +50[Hz] - 0.03[s] — arctan ( 12[2]

= 403.12 [A]
i(t) = it(t) +is(t) = 403.12 [A] 4 18.29 [A] = 421.41 [A]
Exercise 14: Gas and steam combined cycle power plant (CCGT)

Data:
Pth,fuel = 600 [MW] ; PeI,GT =240[MW] ;  1heyn = 500 [kg/S]

Tip = 600°C 5 Tout = 100°C ;5 cpexn = 1.1[KI/(KGK)] 5 mor = 40%

Calculate ngr, transferred heat Qtrans, steam-turbine power Pey,pr, total
power and total efficiency.

_ Pa gt
et Pih fuel

Qtrans = mexhcp,ethT

PeI,DT = WDTQtrans

Pel,tot

Pel,tot = PeI,GT + PeI,DT 5 Mtot = P
th,fuel

Solution:

240
= — =0.40 = 40%
NGt 600 0
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AT = 600°C — 100°C = 500 [K]
Qrans = 500 - 1.1 - 500 [k} /s] = 275000 [kW] = 275 [MW]
Pej.pr = 0.40 - 275 [MW] = 110 [MW]

350
Pelror =240 + 110 =350 [MW] ; ot = - = 0.583 = 58.3%

Discussion: the exhaust heat adds 110 MW without additional fuel.
Lower chimney temperature would increase efficiency, but condensa-
tion of acidic components can cause corrosion.

Exercise 15: Fuel consumption of a nuclear power plant
Data:
el = 34%;

Pel,net = 1010 [MWJ; Efission ~ 200 [MeV]

Myz3s = 235.04[g/mol]; 1[MeV] = 1.602 - 10713 [)]

Calculate the required reactor thermal power, fission rate and daily
consumed mass of split U-235.

Pth _ Pel,net

el
: Pin
Nrission =

sston Efission

. Nay

Ngay = Nfission - 86400 ; n = N, S omT nMuyzss
Solution:
1010 [MW
h = 10L0[MW]_ o7 6 MW]
0.34

FEission = 200 - 1.602 - 103 [J] = 3.204 - 101 [J]
2.9706 - 10° J/s]

\ _ _ 19 «—1
Nfission = 3204-10-111] 0] =9.27-10"7[s7]
8.01-10%*
Nyay = 9.27-1019.86400 = 8.01-10** ; n= ——"—— =13.3[mol]
y 6.022 - 1023

m = 13.3-235.04[g] = 3126 [g] ~ 3.13 [kg/day]

Discussion: only a few kg of actually split U-235 provide the daily en-
ergy. Real fuel assemblies contain mostly U-238 and only a few percent
fissile U-235, and remain in the reactor for years.

Exercise 16: Hydrothermal geothermal power plant
Data:
Tprog = 130°C

cp,water = 4.2 [K]/(kgK)] Ehouse = 4000 [kWh/a]
Assume 8000 operating hours per year. Calculate extracted thermal
power, net electrical power and number of supplied households.

Trein = 70°C ;5 1hy, = 80[kg/s]

norc = 12%

Py = mincp,water AT
Pel,net = norcFin

Eplant

Eplant = Pel,nettop i Nhouse =

Ehouse

Solution:
AT = 130°C — 70°C = 60 [K]
Py =80-4.2-60 [kJ/S} = 20160 [kW] = 20.16 [MW]
Pel,net =0.12-20.16 [MW] = 2.42 [MW]
Eplant = 2.42[MW] - 8000 [h/a} = 19360 [MWh/a] = 19360000 [kWh/a]
19360000

4000
Discussion: the electrical efficiency is low because the temperature
level is low, but geothermal plants can provide base-load energy. The
re-injected 70°C water is still valuable for district heating or CHP;
drilling success and mass flow are the main economic risks.

Nhouse = = 4840

Exercise 17: Hydropower turbine power

Data:
p=1000[kg/m3] ; ¢g=0981[m/s?] ; nr=8% ; ng=95%
Site Head h Flow Q
A: high Alps 800 m 15m3/s
B:upland river  60m 120 m3/s
C: lowland weir  12m 400 m3/s

Select turbine type and estimate power. For Site A, check the calcula-
tion.

Phydr = pgQh
Pei = Pydrnrna

Turbine selection:

Site  Turbine Diagram estimate
A Pelton approx. 100-110 MW
B Francis approx. 60-65 MW

C Kaplan approx. 40 MW
Site A check:

Paygr = 1000 - 9.81 - 15 - 800 = 117720000 [W] = 117.72 [MW]
Poy = 117.72 - 0.85 - 0.95 = 95.06 [MW]

Losses: hydraulic friction/turbulence, mechanical bearing losses, gen-
erator copper/iron losses, transformer and line losses.

Exercise 18: Raising the dams at Lake Grimsel
Data:
hog = 100[m] ;  bog =800[m] ; L =4000[m] ; Ah=23[m]

hrew = 123[mM] ; p=1000[kg/m3 ; ke~ 110 [m]
Model the valley as an upside-down triangular prism.

A(h) = b(h)L

h
v= A)dn
0

AEpot = pAV ghest
4/10
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Geometry:

800

b(h) = ogh=8h 5 A(h) = 8h 4000 = 32000h

100
Void = / 32000 dh = 16000A2|,"° = 160 - 10° [m?]
0

Vaew = 16000 - 1232 = 242.064 - 10° [m3] ~ 242 [Mio. m?]
AV = Vhew — Voig = 82 [Mio. m?]
Ah AV 82
=23% ; =— =51.25%
hold Voia 160
AEpot = 1000 - 82 -10% - 9.81 - 110 = 8.84 - 10'3 [J] = 24.55 [GWh]
Discussion: technically attractive because storage volume grows dis-
proportionately with height. Environmental argument: flooding upper
valley areas can destroy rare moor/glacial habitats irreversibly.

Exercise 19: Pumped-storage cycle

Data:

D =600 [m] ) hstat,min =450 [m] ;

Qpump = 50[M?/s] ;  tpump = 6] ;
Qturb = 65 [m3/s] i Mhurb = 92%
Pbuy = 40 [CHF/MWh] ;  pge = 180 [CHF/MWh]
Calculate pumped water volume, reservoir level rise, mean pumping
head, electrical input energy, mean turbine head, generated output
energy, turbine operating time, round-trip efficiency and economic

profit/loss. Discuss whether the cycle is worthwhile and why pumped
storage is system-relevant despite losses.

hioss = 10 [m]

npump = 90%

V=Qt ; A=n(D/2)? ; AR=V/A
Vh
Wi = Py pump,mean
Tlpump
Wout = ,UQVhturb,mean"hurb
Nevele = Wout
cycle Win
Pumping:
V =50-6-3600 = 1080000 [m3]
1080000
A=m-300% =282743[m?] ; Ah=—"— =3.82[m]
282743

3.82
hpump,mean = 450 + - + 10 = 461.91 [m]

1000 - 9.81 - 1080000 - 461.91

Wi, =
n 0.90

=5.435 - 1012 [J] = 1509.7 [MWh]

Turbining:

3.82
hturb,mean = 450 + —= — 10 = 441.91 [m]

Wout = 1000-9.81-1080000-441.91-0.92 = 4.312-10"2 [J] = 1197.8 [MWh]

1080000
b = 20 16615 [s] = 4.62 [h]
1197.8
— 0% 79 39
Mleydle = T509.7 °
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C =1509.7 - 40 = 60388 [CHF] ; R =1197.8-180 = 215604 [CHF]
Profit = R — C' = 155216 [CHF]

Decision: economically worthwhile for this price spread. System value:
fast balancing power, absorption of renewable surplus and firm peak
capacity.

Exercise 20: Dynamic grid tariffs

Task: Compare CKW standard tariffs with dynamic grid tariffs and iden-
tify which bill components fluctuate.

Facts:

+ Standard tariff: fixed or time-of-use price blocks known in advance.

+ Dynamic grid tariff: 15-min grid-use price changes according to grid
congestion; published day-ahead.

+ In basic supply, the energy component is not freely dynamic; dy-
namic restructuring mainly applies to grid usage.

Component split:

Prot = (Penergy + Pgrid,dyn T Plevies + Pwinter) (1 + VAT)

Only pgrid,dyn fluctuates in the dynamic grid tariff. Energy, levies, winter
reserve and VAT remain static for the tariff calculation.

Dynamic-grid extremes from slides:

Pgrid,dyn,min = 0.1 [Rp/kWh] 5 Pgrid,dyn,max — 32.0 [Rp/kWh]
Apgria = 31.9 [Rp/kWh]

Interpretation: dynamic grid tariffs do not make electricity production
cheaper; they create a financial signal to shift flexible loads away from
local grid peaks.

Exercise 21: Dynamic sharing coefficient
Data:
Poy =12[kW] ; Lx=14kW] ; Lp =4[kW]
Allocate PV to peers A and B to minimize the highest remaining grid
import.

min Pmax
ap+ap =Py ;
Prax > Lo —as ;

0<aa<La ;
Pmax > Lp —ap

0<ap<Lp

Solution: optimum equalizes the two remaining grid imports:
as+ap =12
ag =11[kW] ; ap =1[kW]
Pyrig,p =4 —1=3[kW]

1
= — =8.3%
B =15 0

Ls—aa=Lp—ap ;
14—ap=4—ap=ay —ag =10 ;
Pgrid,A =14 —-11 Zg[kW} H
11
=—=91.7% ;
ca T (]

Result: the dynamic allocation shaves the maximum individual grid
peak from 14 kW to 3 kW.

Exercise 22: Choose ZEV, VZEV or LEG

Task: For each scenario choose the regulatory framework and alloca-
tion key.

Scenario Type Allocation key

MFH + supermarket, one ZEV hierarchical or fixed investor-

property first

5 SFH on same street/ LV box VvZEV  hierarchical, then propor-
tional

village: school, bakery, LEG hierarchical political cascade

households

Reasoning: ZEV is best behind one meter/property and saves all grid
fees internally. VvZEV avoids digging private cables while allowing
nearby low-voltage neighbours to share energy digitally. LEG is needed
for municipal scale across several transformer zones and requires a le-
gal entity.

Allocation logic: hierarchical sharing is used when someone has a pri-
ority claim, e.g. investor ROI, House A's EV or the mayor’s bakery-first
policy. Proportional sharing is fairer for remaining energy after priority
loads are served.

Exercise 23: Sonnendorf smart-grid memo

Task: Write a short technical memo using at least 8 abbreviations: ZEV,
VZEV, LEG, DSO, EMS, AMI, BESS, ToU, cVPP, DR.

Model answer: Sonnendorf should create a LEG because the school,
bakery and SFHs are spread across the municipality and need to use
the public DSO grid. The AMI smart meters provide 15-min data for al-
location and billing. An EMS coordinates the school PV, household EV
charging and bakery loads. A community BESS stores midday surplus
and supplies evening loads. ToU/dynamic grid tariffs should trigger
DR: EVs and heat pumps shift away from expensive grid periods. The
assets can be aggregated as a cVPP to reduce peaks and possibly of-
fer flexibility services. Individual apartment blocks could still use ZEV;
neighbouring SFHs could use VZEV, but the village-wide solution is the
LEG.

SW 1: Introduction

Swiss grid levels

Electric power grids are split into voltage levels because the optimal
voltage depends on distance and power. High voltage reduces current
and losses during transport; lower voltage is safer, cheaper to insulate
and easier to switch close to consumers.

Voltage Purpose

380/220 kV  long-distance transport, import/export, large power
plants

~ 110 kV regional transport, large industry, connection to HV grid

10-40 kv medium-voltage distribution in cities/regions

0.4 kv final low-voltage supply for households and small con-

sumers

Choice of grid voltage

Transmission losses

For a given transmitted active power, increasing voltage lowers the cur-
rent. Since ohmic losses grow with 2, high voltage is the main technical
reason for economical long-distance transmission.

P 2
Prans = Ul PQ:RIQZR(%)

m
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PZ.nsR

Pans = \/gUL]L cosyp ; Po= _trans_—_

U? cos? ¢
where: Pyrans = transmitted active power; P, = resistive loss; Uy, = line-
to-line RMS voltage.
Economic optimum
Voltage cannot be increased indefinitely: insulation, towers, clear-
ances, switchgear and protection become more expensive. The eco-
nomical voltage is the minimum of loss cost and investment cost.

C

total

Un)p( opt
Ciotal = Cv +Ca

where: Cy = transmission-loss cost; C4 = insulation/infrastructure

cost. Rule of thumb: economical transmission requires ~ 1 kV/km.

Reliability

N — 1 criterion

A secure grid is planned with redundancy. After the loss of any single

relevant component (line, transformer, generator, busbar section), the

remaining system must stay within current, voltage and stability limits.

Consequence: assets are not operated permanently at their thermal
limit, because spare capacity is needed after a contingency. N — 1im-
proves security but increases investment and operating cost.

SAIDI

SAIDI: average duration of long interruptions per customer and year:

>~ customer interruption durations

SAIDI =
number of customers

Low SAIDI means high supply reliability. It measures interruption du-

ration, not the size of the interrupted power.

Electricity markets

Responsibilities

+ TSO: operates the transmission grid, keeps frequency stable, pro-
cures balancing energy and manages congestion; CH: Swissgrid

+ Balance group: financially responsible for deviations between
scheduled and actual feed-in/withdrawal

+ Schedule: planned energy exchange per time interval; deviations are
settled via balancing mechanisms

Trading horizons

Market Role

Futures/OTC  long-term price hedging and bilateral contracts

Day-ahead auction for the next delivery day; main spot reference
price

Intraday correction of forecast errors close to delivery

Balancing activated by TSO to keep generation and load equal in

real time
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Merit order

Offers are sorted by increasing marginal cost. Low-cost plants are dis-
patched first; the last accepted offer sets the market clearing price for
all accepted energy in the auction.

Pmarket = Price of the last accepted offer

High demand or low renewable feed-in shifts the clearing point to more

expensive plants. This is why gas or peak units can set the price even

if many low-cost units are producing.

SW 2: Three-Phase Systems

AC elements and phasors

Sinusoidal quantities

RMS values are used because they produce the same heating effect

as DC. Phasors replace sinusoidal time functions by complex numbers;

this turns differential equations in steady-state AC circuits into alge-

braic equations.
U=

i w=2nf ; U=Uée% =Ulpy

sle

— > jw diﬁ(—),i ; U=21 ;
dt jw
R, L, C behaviour
Resistance dissipates active power. Inductance stores energy in a mag-
netic field and makes current lag. Capacitance stores energy in an elec-
tric field and makes current lead. Impedance describes opposition to
current; admittance is useful when parallel branches or neutral dis-
placement are calculated.

Y =

IN|~

Impedance Phase
R Zrp=R u,iin phase
C Zo=1/3GwC) i leads u by 90°
L Zp=jwl i lags u by 90°

Complex power

Power components

Complex power separates energy conversion from energy oscillation.
Active power P is converted into mechanical work, heat or light. Reac-
tive power Q oscillates between source and fields; it increases currents
and voltage drops although no net energy is consumed over a period.

S=UI"=P+jQ ; S=Ul=+P>+Q?
Q=Ulsing ;

where: ¢ = v, —;; Q > 0inductive/lagging; Q < 0 capacitive/leading.
Load and generator signs

With the consumer reference direction, positive P and Q mean absorp-
tion. With generator convention, positive active power means power
delivered to the grid. Always check the current arrow before interpret-
ing the sign.

P
P=Ulcosy ; A:COS@:E

Case Typical meaning

lagging current
leading current

inductive load, consumes @Q

capacitive behaviour, supplies @ in load
convention

supplies reactive power to the grid
absorbs reactive power from the grid

over-excited generator
under-excited generator

Balanced three-phase systems

Phase system

A balanced three-phase system has three equal sinusoidal phase volt-
ages shifted by 120°. The sum of the three phase voltages is zero, so
no neutral current flows for a balanced load. The total instantaneous
power is constant, which gives smooth torque in machines.

Uiy =UphZ0° 3 Uyy =UppZd —120° 5 Ugy = UpnZ120°
Uiy =Uny —Usy = \/gUphZZiOo ;o U = \/gUph
Line-to-line voltage is the phasor difference of two phase-to-neutral

voltages. It is v/3 times larger and shifted by 30°.
Star and delta
Connections

Y configuration Delta configuration

L1 L1

G 3
| P B U
U, U, R .
; Uy, i -
I 1, 1, . Ln!’ Upy,
1) i A ;

z, z, Z : Y & \
‘N 7N\

| T 5| i , Zy \| 3
N J ‘ L )

In star connection each load sees phase voltage and a neutral point ex-
ists. In delta connection each load sees line-to-line voltage; there is no
neutral pointand circulating currents can occur if the three impedances
are not balanced.

U|_|_ IL
Uy =—— ; Iy =1 ; Ua =10 ;o Ia = —
Y \/g Y L LL \/g
Z
ZA:3ZY 5 Zy:%

The impedance conversion is valid only for balanced loads or symmet-
rical network equivalents.

Three-phase power

For balanced operation the total power is three times the phase power.
The same formula works for star and delta if line-to-line voltage and line
current are used.

Saph = 3UpnIpy = V3ULILZp = P+ jQ

SZ\/gULLIL ; PZ\/gULLILCOS(p ; QZ\/gULLILSin(,D
Unbalanced star loads

If the three load impedances differ, the load star point K can shift rel-
ative to the supply neutral point N. This changes the phase voltages
across the loads and can overvoltage one phase while undervolting an-
other.

Without neutral conductor
Without a neutral conductor, the star point is floating. Its displacement
is set by the three load admittances.
Y \ Uiy +YoUsy +Y3Usy
Y, +Y,+Y;

Ugn =
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With neutral impedance
With a neutral conductor, neutral current can flow and the displace-
ment is reduced. An ideal neutral fixes K to N.

Y Uiy +YoUsn +Y3Uszy 1
Ugn = ;i Yy=—-—

Y, +Y,+Y3+Yy Zy
Uk =Uny—Urn 5 Li=YUy ; INn=IL+1,+I;
Ideal neutral: Zy =0 = Ugy =0.
SW 3: Power Lines & Transformers
Stiff grid
Grid whose voltage magnitude U and frequency f remain approxi-
mately constant for the connected equipment. It is modelled as an
ideal voltage source behind a very small internal impedance.
AU=0 ; Af=0

A stiff grid has high short-circuit power: a load or fault current causes
only a small voltage change. A weak grid has larger voltage deviations
and stronger interaction between connected devices.
Equivalent line model
Distributed parameters
Power lines are not ideal wires. Resistance causes losses, inductance
causes reactive voltage drop, capacitance produces charging current,
and conductance represents insulation/leakage losses. These quanti-
ties are distributed along the line and are usually given per kilometre.

R=Rl ; L=L1; G=G1l ; C=C"l
Z=(R +jwl)l 5 Y =(G+juC)
L k
L -
d [ s G
2 2 2 2

N
Short, medium and long lines
Short lines can often neglect shunt capacitance. Medium lines use a
lumped II model because charging current becomes relevant. Long
lines require distributed modelling or cascaded II sections because
voltage and current vary continuously along the line.

Length Model Elements

< 100 km short series Z

100-300 km  medium lumped II

> 300 km long distributed / cascaded IT

Line parameters

Inductance increases with conductor spacing and decreases with larger
effective conductor radius. Capacitance behaves oppositely: closer
conductors or larger radius increase capacitance. Bundled conductors
reduce field strength and improve corona and reactance behaviour.

L="n 2) ; Clzﬂ ;' & 0.78r
2r r/ In(D/r")
1
Rpye = —
DC KA

where: D = conductor spacing; r = radius; k = conductivity. G’ is often
neglected.
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Skin effect

In AC operation the alternating magnetic field induces eddy currentsin-
side the conductor. They oppose current in the centre and concentrate
current near the surface. The usable cross-section becomes smaller,
so the effective resistance is higher than the DC resistance.

[2 2
§=. L - £
Wit WK

where: § = penetration depth; at 50 Hz § =~ 9.38 mm. Higher frequency,
higher permeability or lower conductivity reduce penetration depth.
Large conductors therefore use stranded/bundled designs to limit AC
resistance and corona effects.

Surge impedance loading

The surge impedance is the characteristic ratio of voltage to current of
alossless line. At surge impedance loading, the line's inductive reactive
power consumption is compensated by its capacitive charging power.
The line then neither produces nor absorbs net reactive power.

Rac > Rpc

L/
Zw =] =
Cl
For R = G' =0and Z; = Zy:
> |U2?
Qi=Q2=0 ; Pi=Ph=——="——
Zw Zw

Typical overhead line: Zy, ~ 200-400€2. Below SIL the line tends to
generate reactive power; above SIL it tends to consume reactive power
and voltage support becomes more critical.
Voltage drop along a line
For overhead lines, reactance usually dominates resistance. Active
power mainly affects the load angle, while reactive power mainly af-
fects voltage magnitude. Inductive loads therefore lower the receiving-
end voltage; capacitive compensation can support it.

Q1:Q2+jX12 5 §2:P2+jQ2:Q21;

XQ2 o XD

U, 0 U2

U, ~ Uy +

Transformers

Function in the grid

Transformers couple grid levels without changing frequency. They al-
low high voltage for low-loss transmission and lower voltage for dis-
tribution and consumer safety. Ideally, power is conserved and only
voltage/current levels change.

Ideal and referred quantities

. MU I

U = ===== , 5, =5
NQ Qz 11 = =2
I
Uy=1ilU, ; L’Q:f i Zh=11%Z,

Referred quantities move the secondary side to the primary side so
the whole transformer can be calculated as one equivalent circuit.
Impedances transform with the square of the turns ratio.
Equivalent circuit

L Xa Ry Xy, R, T, I, X = Xg1 +0%Xo

— - - -

by
Ul‘ X, 'Uh‘ Dn U’z‘ UZZL U U,

The series resistance represents copper losses. Leakage reactance rep-
resents flux that links only one winding and causes voltage drop un-
der load. The shunt branch represents magnetising current and iron
losses; itis often neglected in short-circuit or load-flow approximations.

R,y =i%Ry

Ry =Ri+Ry, ; Xp=Xo1+X}y ;
Relative short-circuit voltage

The short-circuit voltage describes the transformer impedance in a

compact rating-based form. A higher w; limits fault current better but
causes a larger voltage drop in normal operation.

/ 2
o2 = U7 Xs2

Zy = R + 75X

U U?
up = = |Zy = w2
Uin SN

ug: primary-voltage fraction producing nominal current with the sec-
ondary short-circuited; typical range 4-18%.

Three-phase transformers

Connections and vector groups

Star, delta and zig-zag connections determine neutral availability, insu-
lation stress, zero-sequence behaviour and phase shift. Delta windings
can provide a path for triplen harmonics and zero-sequence currents;
star windings can expose a neutral point.

Circuit Symbol Character Application
HV LV
Star A Y y  High rated voltage
Delta YAN D d  High rated current
Zick-Zack P z z  1-phase loads

HV LV Vector group Application

L A Yy0 Between 2 HV grids
A AN Yd5 Between generator and HV grid
L X Yz5 Feed-in to LV grid
Vector group Phasor diagram Wiring diagram £ 4 Mvw b T B T
w ,v R A \
DT g ke g [T T
Yy0 W ” 5 oW ow W v w
N N Y I o Y S
Dz0 w Eq W w W v oaw
ISR Rery ban SRl
o e Y11 ! w i
e wve P L LT UL
e |kl =< | 111 UL W lwAhe = | T B
- . o AT - FrR
2 N S T e Yao iR =" ="
w '

The vector-group clock number gives the LV line-voltage displacement
relative to the HV side in multiples of 30°.

— QIUIN

Uos _ Uiviv

u =

QUS Q2U2V QQU2N

SW 4: Synchronous Generators

Three-phase generation

Basic principle

A synchronous generator converts mechanical torque into three-phase
electrical power. The rotor produces a magnetic field by DC excitation
or permanent magnets. The stator has three windings shifted by 120°;
as the rotor field turns, it induces three sinusoidal voltages.

U(t)=B-A-w-sin(wt) ; n:@ ;

p
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where: n = speed [rpm]; p = number of pole pairs. Non-salient ma-
chines are used at high speed; salient-pole machines use many poles
for low-speed drives.

Non-salient vs. salient-pole generators

Non-salient pole Salient pole

Rotor cylindrical, nearly constant  projecting poles, variable
air gap air gap

Speed high: typically 1500/3000 low: typically < 1000 rpm
rpm

Pole pairs  few: usually 1-2 many

Drive steam/gas turbine hydro turbine

Model Xqg= Xq X4 75 Xq

Non-salient rotors are mechanically robust at high speed and are typ-
ical for steam or gas turbines. Salient-pole rotors are suited to low-
speed hydro turbines because many pole pairs allow synchronous op-
eration at low rpm.

Grid inertia

Rotating synchronous masses release kinetic energy after a power im-
balance, slowing the initial frequency change. This gives control sys-
tems time to react. Converter-based generation is decoupled from
mechanical inertia unless a synthetic/virtual inertia function is imple-
mented.

Equivalent circuit and torque angle

For stationary balanced operation of a non-salient generator, neglect-
ing stator resistance:

L] o
Xd I

— Induced Voltage
IE <> Qp (Phase Voltage)

Terminal Voltage
(Phase Voltage) U

v,-U
+ I=——
JXa
where: U, = induced phase voltage; U = terminal phase voltage; X, =
synchronous reactance.

Xa=Xm+Xo ; U,=U+jXal ;

9=y, — YU

¥ > 0: generator operation; ¥ < 0: motor operation; ¥ = 0: no ac-
tive power. The torque angle is the electrical angle between internal
generated voltage and terminal voltage. Increasing mechanical input
increases 9 and active power until the stability limit is reached.

Active and reactive power

For a grid-connected generator, the grid fixes terminal voltage and fre-
quency. Mechanical torque mainly controls active power. Excitation
changes the internal voltage U, and mainly controls reactive power.

With U = U Z0° and U, =Up¥:

uU, . UU, U?
P=""Lsiny ; Q=-"-"Lcosd— —
Xq Xq Xq
P3pn =3P 5 Qaph =3Q
Uv,
Prax,3ph = P oat 9 =90°
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Operation near 90° is not acceptable in practice because synchronism

would be lost after a small disturbance. Real generators therefore op-

erate with a stability margin.

Operating modes and excitation

+ Island operation: generator sets voltage and frequency; excitation
controls voltage and turbine/governor controls frequency

* Grid connected: grid fixes U and f; mechanical input mainly controls
P, excitation mainly controls @

+ Over-excited: U, > U, supplies Q (capacitive behaviour)

+ Under-excited: U, < U, absorbs @ (inductive behaviour)

Aty = 0: N
P3pn =0 5 Qzph = E(UPU—UQ)

Over-excitation raises the internal voltage and supports the grid volt-
age by supplying reactive power. Under-excitation absorbs reactive
power and can lower the voltage.

Grid synchronization

Connection to the grid requires:

1. equal frequency

2. equal phase position

3. equal voltage magnitude

4. equal phase sequence L1-L2-L3

If these criteria are not fulfilled, closing the breaker causes large tran-
sient currents and mechanical torque shocks. Synchronisation is there-
fore checked before paralleling a generator to the grid.

Per-unit system

Referenced quantities

The per-unit system expresses quantities relative to selected base
values. It removes many transformer ratio conversions and makes
impedances comparable across voltage levels.

U . I S Z
= — : 7= — : § = — : z = —
Un In Sn ZN
Per-unit values are dimensionless. Choose Uy and Sy; the remaining
base values follow.

Three-phase base values
Using line-to-line Uy and total three-phase Sy:

u

Iy = 2N
N V3Un
U? U?
Z =N ; =3
N,Y Sn N,A Sx
Z = ZZN
For the usual star-based network reference:
U2
Z =z L
SN Uf\,

SW 5: Grid Structure / Load Flow

Grid structures

Transmission and distribution grids

The transmission grid is strongly meshed: each node represents a sub-
station or connection point, and several paths exist between major
nodes. This improves reliability and allows power to be rerouted after

outages, but requires automation, protection coordination and load-
flow monitoring.

Medium-voltage distribution grids transfer energy from the high-
voltage grid to local low-voltage grids. In populated areas they are
often built as cables. Even if the physical structure is a ring, normal
operation is frequently radial with one open switch to simplify protec-
tion and fault localisation.

Distribution topologies

Topology Advantages Disadvantages

radial cheap, simple protection
ring feeder switching possible,
higher reliability ning

highest reliability, many expensive, complex protec-
supply paths tion

low supply reliability
more switches and plan-

meshed

Low-voltage networks in Europe usually provide 400 V for three-phase
loads and 230 V for single-phase loads. They are built as four-wire sys-
tems so single-phase consumers can be connected between phase and
neutral.

Representation of power grids

Nodes and branches

A node is a branch point or connection point of lines, transformers,
loads or generators. A branch connects two nodes and represents a
line, transformer, switch or equivalent impedance.

Quantity Meaning

Pa,Qa active/reactive power injected or consumed at node A
Ua,04 voltage magnitude and phase angle at node A
Pap,Qap  active/reactive power flow from A to B

Pioss, Qioss ~ branch losses

The complete network state is known when all node voltages and
branch flows are known. Load-flow analysis checks line loading, bot-
tlenecks, voltage violations and losses in a given operating point.
Branch model

Branches can be represented as a four-pole or by a IT equivalent. For
lower voltage and short distribution lines, shunt capacitance is often
neglected and the line is modelled only by a series impedance.

; _Ua-Up

iaB = 7

Z=R+jX ;

Cables and long/high-voltage lines need shunt admittance because
charging current influences voltage and reactive power.

Two-node load flow

For a simple feeder with known sending-end voltage U , and known
load power S; = Pg + jQpg, the receiving-end voltage U z is usually
unknown. This is why the problem is nonlinear: current depends on
voltage, but voltage depends on current.

_5 .
i

lB QB = QA - QB

Inductive loads consume positive @ in load convention and increase
voltage drop; capacitive behaviour can reduce or reverse the reactive
voltage drop.
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Node types
Load-flow problems need two specified quantities per node. The re-
maining two are solved by the load-flow equations.

Node type Given Unknown
slack/reference U, § PQ
PU / PV node PU Q,0
PQ load node PQ U,é

Slack node: fixes the voltage-angle reference and balances the power
mismatch caused by losses.

PU node: typical generator with voltage regulation; if reactive limits
are reached, it may behave as a PQ node.

PQ node: typical load without voltage regulation.

Admittance matrix

Construction rules

The bus admittance matrix links node currents and node voltages. Itis
the key network model for numerical load-flow algorithms.

I = Xbus!
For passive reciprocal networks, Y, ¢ is symmetric.

+ Diagonal: Y, is the sum of all admittances connected to node i, in-
cluding shunts.

- Off-diagonal: Y, is the negative sum of admittances directly con-
necting nodes ¢ and j.

* No connection: Y, =0.

1
Qi]‘ - éij

v Y= Zﬂij T, Y=y,
Node current and power
For node k:

n
lk = ZX;“Q, 5 ﬁk = le};
=1

With Qz = U;/6; and Zkz = Y3 £Ok;:

n
Py =Y YiiUpU; COS(Op; + 5; — b

=1

n
Qr =—>_ YiiUpUi sin(O; + §; — 5
i=1

These nonlinear equations are written for all non-slack node quantities
that are specified by the node type.

Voltage-dependent PQ nodes

Real loads are not always constant-power loads. Their voltage depen-
dence changes the load-flow result and the voltage-stability behaviour.

Load model Voltage behaviour

P, Q fixed; current rises when voltage falls
P, Q approximately proportional to U
P, Q approximately proportional to U?

constant power
constant current
constant impedance
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SW 6: Grid Operation

Design criteria and grid services

Secure operation

Grid operation keeps the system inside technical limits at every time.
Security means that the grid can tolerate expected disturbances with-
out cascading outages.

+ frequency within limits

+ node voltages within admissible bands

* no overload of lines, transformers or generators

+ short-circuit proof equipment and protection coordination

+ static and dynamic stability, considering the N — 1 criterion
Ancillary services

Ancillary services are mechanisms used to maintain secure operation
or restore it after a disturbance. TSOs normally procure these services
from market participants because they do not own generation or con-
trollable loads.

Service Purpose

frequency control
voltage support

balance active power and keep f ~ 50 Hz
provide/absorb reactive power to keep volt-
agesinrange

cover active power losses in the grid

restart grid islands without external supply
schedules, congestion management, measure-
ments

loss compensation
black start
system coordination

Frequency control
Active power balance
Frequency is the global indicator of active-power balance. If generation
exceeds load, synchronous machines accelerate and frequency rises.
If load exceeds generation, rotating masses decelerate and frequency
falls.

AP = Pgen — Foad
During normal operation, frequency is almost the same throughout the
synchronous area because active power is transported comparatively
easily over long distances. A stable frequency is required for machines,
converters, protection systems and clocks based on grid frequency.
Inertia and frequency-dependent load
Immediately after a disturbance, kinetic energy stored in syn-
chronously connected rotating masses counteracts the frequency
change. This inertial response is inherent and acts before controllers
react.

Some loads are frequency-dependent: motors, for example, change
their power consumption when speed/frequency changes. This pro-
vides a natural damping effect.

APgemand = DAS
where: D = load-frequency sensitivity, typically about 0-4%/Hz.

Control stages

Stage Time Function

inertia instant slows initial rate of
change of frequency

primary / FCR <30s automatic local stabili-
sation

secondary/aFRR  ~ 5-15min restores frequency and
area balance

tertiary / mFRR ~ 15 min manual/operator  re-
serve replacement

time control slow corrects accumulated

time deviation

Primary control

Primary control is decentralised and activated automatically by local
frequency measurement at power plants or controllable units. It sta-
bilises frequency but does not normally restore it exactly to 50 Hz.

APgen = —RAf

where: R = droop/regulating characteristic [MW/Hz]. FCR is usually
procured symmetrically and must react without artificial delay; typical
requirements are partial activation after a few seconds and full activa-
tion after about 30 s.

Secondary control

Secondary control is activated centrally by the TSO through automatic
generation control. It restores the frequency and the scheduled power
exchange between control areas. It acts in the control area where the
imbalance occurred.

where: APg; = secondary-control request of area i; APg; = un-
scheduled exchange with neighbouring areas; Ky ; = network power-
frequency characteristic [MW/Hz].

Tertiary and time control

Tertiary control is activated by the operator to free secondary reserves
and handle longer-lasting imbalances. Providers can be domestic or
foreign.

Time control corrects accumulated time deviation. If the synchronous
time deviation becomes too large, the frequency setpoint of automatic
generation control is slightly adjusted.

Reserve requirements

Primary and secondary control products are prequalified by Swissgrid.
Important exam distinction: FCR reacts directly to frequency deviation;
aFRR follows a TSO setpoint and restores the control area balance.

Reserve Activation Typical procurement

FCR / primary proportional to A f daily blocks, symmetric
bids

aFRR /secondary  AGC setpoint from TSO  weekly, posi-
tive/negative bands

tertiary operator request temporary contracts /

balancing market

Load shedding

If frequency continues to fall and automatic reserves cannot stabilise

the system, loads are disconnected automatically. This is a last-resort
9/10
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protection measure: losing some load is preferable to losing synchro-
nism of the whole system.

Load shedding can preserve regional islands with sufficient local gener-
ation. It is organised by ENTSO-E members and must be autonomous,
because operator reaction would be too slow during severe frequency
collapse.

Voltage and reactive power control

Voltage behaviour

Ideally, the voltage profile is flat: node voltages remain close to nom-
inal and the grid is mainly used for active-power transport. In reality,
voltages depend on loading, reactive power flows and transformer tap
positions.

Reactive power has a local effect because transmission lines and trans-
formers are mainly inductive (X > R). Therefore Q cannot be trans-
ported over long distances efficiently.

+ supplying capacitive reactive power increases nearby voltage
+ absorbing inductive reactive power lowers nearby voltage

* reactive current increases loading and voltage drops
Reactive power sources and sinks

Supply of Q Absorption of Q

over-excited synchronous machines

under-excited
machines
induction motors
line/cable inductance
transformer inductance / reac-
tors

synchronous

capacitor banks
line/cable capacitance
synchronous condensers / SVC

Voltage-control options

* generator voltage control by excitation

* synchronous condensers: synchronous machines without mechani-
cal load

+ switched capacitor banks or reactors for load-dependent compensa-

tion

SVC/FACTS for fast continuous reactive-power control

+ transformer on-load tap changer (OLTC) to change voltage ratio un-
der load

Swissgrid distinguishes semi-active voltage regulation, often manda-
tory for lower-grid DSOs, and active voltage regulation with larger com-
pensation and prequalification requirements for power plants.
Virtual power plants and flexibility

Ancillary services were traditionally provided by large power plants,
large industrial consumers or emergency generators. A virtual power
plant aggregates many smaller flexible devices into one controllable
pool.

« examples: heat pumps, batteries, micro-generators, flexible loads,
V2G

+ strengths: high aggregated power, short response time, low energy
need

+ use cases: balancing, congestion management, voltage support, ar-
bitrage, self-consumption optimisation, peak shaving
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Blackout Italy 2003

Cascading mechanism

On 28 September 2003 Italy suffered a nationwide blackout. The initial
problem was not one single missing reserve, but a cascade of line trips
and loss of synchronism with the interconnected European system.

Line overload: high power flow heated conductors.

Conductor sag: higher temperature increased sag.

Flashover: reduced clearance caused contact/flashover to trees.
Line trip: remaining lines carried more power and overloaded.

. Cascade: further trips separated Italy from the UCTE system.
Frequency collapse

At the time, Italy imported large power from Austria, Switzerland and
France. After separation, local generation was insufficient; a deficit of
about 6.6 GW occurred. Primary control, disconnection of pumping
units and load shedding slowed the frequency drop, but generation
units also tripped.

uhwnN =

When frequency fell below about 47.5 Hz, remaining generating units
disconnected to protect themselves. The result was an unavoidable
blackout. Key lesson: thermal limits, vegetation clearance, protection
settings, reserves and inter-area coordination all interact in system se-
curity.

SW 7: Short Circuits / Protection Systems

Substations

GIS and AIS

Substations connect, transform, switch and protect grid sections. Their
layout depends on voltage level, available space, environmental condi-
tions and reliability requirements.

GIS AIS
Meaning  gas-insulated substation air-insulated substation
Pros compact, expandable, cheaper, simple setup, air
good for urban areas insulation
Cons expensive, costly mainte- large space, exposed to

nance weather/pollution

Main substation elements

Element Function

busbar common node connecting feeders, trans-
formers and couplers

visible isolation; not for interrupting fault
current

interrupts load and short-circuit currents
adapts current/voltage for measurement
and protection

limits lightning and switching overvoltages
couples voltage levels

disconnector

circuit breaker
instrument transformer

overvoltage protection
power transformer

Protection fundamentals

Purpose and selectivity

Protection systems detect faults and isolate only the faulty element as
fast as possible. The goal is to minimise danger, equipment damage
and supply interruption while keeping the healthy grid in operation.

Selectivity: the protection device closest to the fault trips first. Up-
stream devices act as backup with longer delay or higher threshold. In

radial grids this is usually achieved by current/time grading; in meshed
grids, directional, differential or distance criteria are needed.
Protection families

Type Typical use

fuses passive, simple LV/MV short-circuit protection
overcurrent  radial feeders, graded time delays

differential ~ generators, transformers, busbars, short cables
distance HV lines; impedance-based fault location

Ig limiter limits surge short-circuit current

Fuses

HH and LH fuses

Fuses convert fault currentinto heat and melt when the generated heat
exceeds the fuse characteristic. They are simple and fast, but single-use
and less flexible than relay-based protection.

HH fuse LH fuse
Level MV, about 1-36 kV LV, e.g. 400 V networks
Main role  short-circuit protection overload and short-circuit
protection
Behaviour trips only at high multiples  must interrupt from melt-

of rated current ing current to rated break-

ing current

Fuse selectivity

In radial networks, rated fuse currents should differ by at least about a
factor of 1.6 to obtain selectivity. In meshed LV networks, identical LH
fuses may be used, but the short-circuit current at the selective device
must be high enough compared with the neighbouring path; proper
neutral treatment is important.

Relay-based protection

Measure-compare-switch

Active protection systems work in three steps:

1. Measure: instrument transformers acquire currents/voltages.
2. Compare: relay evaluates values against settings and logic.
3. Switch: circuit breaker isolates the faulty component.

The circuit breaker must be rated for the maximum expected fault cur-
rent, while relay settings must still detect the minimum fault current.
Differential protection

Differential protection compares currents entering and leaving a pro-
tected zone. For a healthy zone, the current sum is approximately zero;
for an internal fault, the difference exceeds the threshold.

|1y — L] > Ithreshold

It is selective by design because it trips only for faults inside its pro-
tected zone. It requires communication/signal lines and is used for
transformers, generators, busbars and short lines or cables.
Overcurrent protection

DMT protection trips if the measured current exceeds a set value for a
set delay time. Several relays in series can be coordinated by increasing
the trip delay toward the source.

Pros: simple, cheap, robust. Cons: selectivity is harder in meshed grids
and the threshold must distinguish high load current from minimum
short-circuit current.
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Distance protection
Distance protection estimates the fault distance indirectly by measur-
ing the impedance from the relay location to the fault.

<

7Z =

Zp = (RIL +jXIL)l » Zmeas ?

Small measured impedance means a nearby fault and can trip imme-
diately; larger impedance zones trip with delay. Directional criteria en-
sure that the relay trips only for faults in the protected direction.
Fault analysis

Why short-circuit currents are calculated

Short-circuit analysis is required for breaker rating, protection settings
and network expansion planning. It must be repeated when topology
changes, because new generators, lines or transformers can signifi-
cantly increase fault levels.

Important setting conflict: protection must not trip during heavy load,
but must still trip for the minimum short-circuit current at the end of
the protected zone.

Fault types and consequences

Short circuits may be solid or include fault impedance/arc resistance.
Most transmission-line faults are single-phase-to-earth faults, but sym-
metrical three-phase faults often produce the highest current and are
simpler to calculate.

+ disturbance of nearby communication lines

+ stability problems due to voltage dips and acceleration of machines
+ mechanical forces on busbars, windings and conductors

+ thermal stress and possible equipment destruction

+ danger to personnel from touch/step voltages and arcs

Short-circuit forces rise with current and can mechanically damage con-
ductors, windings, shafts and foundations.
Symmetrical short-circuit current
RL fault transient
For a simplified line or transformer leakage path, the short-circuit cur-
rent is the sum of a symmetrical AC component and a decaying DC off-
set.

v(t) = V2Vssin(wt +a) ;

is(t) = QZVS

i(t) = is(t) + ir(t)
sin(wt + a — ©)

in(t) = —ia(0)e RU/L = @

L
Z=+vR24+w2l? ; ©=tan"! (%)

where: Vs = RMS source voltage; « = switching/fault inception angle.
The DC offset depends on the instant of fault inception and decays with
time constant L/R.

Maximum momentary current

The worst asymmetry occurs when the DC offset adds to the AC peak.
A useful upper bound is:

Sin(® — a)e it/ L

A V2V,
mes27s

Circuit breakers must interrupt the AC short-circuit current and with-
stand the mechanical stress from the peak/momentary current.
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Unsymmetrical faults

Symmetrical components

Most real faults are unsymmetrical. They are calculated with symmet-
rical components: any unbalanced three-phase sinusoidal system can
be decomposed into three balanced systems.

Sequence Meaning

positive normal phase order; transfers useful three-phase power
negative opposite phase order; appears during unbalance

zero three phases in phase; needs earth/neutral return path

This course mainly uses symmetrical three-phase fault calculations,
but the method is important because earth faults and phase-to-phase
faults require sequence networks.

Neutral point connection

Purpose

Neutral-point treatment is usually implemented at transformer neu-
trals. It has little influence during balanced normal operation, but
strongly affects earth fault current, healthy-phase overvoltages and
protection behaviour.

+ limit touch and step voltages

+ limit voltages on healthy conductors during earth faults

+ limit fault current and enable arc self-extinction

« allow selective earth-fault detection and maintain supply if possible
Comparison

Treatment Characteristics Application

Egbiﬁ:? Iqw earth-fault current, CH medium voltage,
high healthy-phase  small networks
voltages, arcs may
self-extinguish

earth-fault

Petersen coil compen-
sates capacitive earth-
fault current, adjustable
after reconfiguration

. DE medium voltage
compensation

low-impedance

! high fault current, little
grounding

healthy-phase overvolt-
age, needs fast protec-
tion

> 110 kV and LV grids

Tradeoff: low fault current reduces damage and can keep supply run-
ning, but makes fault detection harder and increases healthy-phase
voltage. Low-impedance grounding gives clear protection signals but
requires fast disconnection.

SW 8: Thermal Power Plants

Energy outlook and Swiss context

Demand and production

Swiss electricity demand is expected to increase strongly by 2050 be-
cause of electrification, especially EVs, heat pumps and sector coupling
such as power-to-gas and district heating.

Swiss production is already low-CO4: more than 90% comes from hydro
and nuclear power. Production is highly seasonal. Run-of-river plants
produce most in summer and can create export surplus, while winter

supply relies more on reservoir hydro and electricity imports.
Gas turbines and CCPP
Gas turbines
In a gas turbine, ambient air is compressed, mixed with fuel and burned
at high temperature. The hot gas expands through the turbine and
drives both the compressor and generator.
NGt ~ 40% 5 tstart = 5-10 min
Gas turbines are useful as flexible reserve and peak units because they
start quickly, but their standalone efficiency is limited by hot exhaust
losses.
Combined-cycle power plants
A combined-cycle plant uses the gas-turbine exhaust in a heat-recovery
steam generator. The generated steam drives a second steam turbine.
ncepp A~ 60%
+ Brayton part: gas turbine produces fast electrical output.
+ Rankine part: waste heat boiler and steam turbine recover exhaust
heat.
* Swiss reserve role: winter reserve plants may use CO»-neutral fuels
such as HVO, synthetic methane or methanol.
Nuclear power plants
Role and operation
Nuclear plants supply base-load power. They generate roughly one
third of Swiss electricity, with almost CO2-free operation. Under the
Energy Strategy 2050, no new nuclear plants may be built, but existing
plants can continue as long as they are considered safe.
Reactor types

Type Principle

PWR  two circuits; primary water is kept at about 160 bar so it does
not boil; heat is transferred to a secondary steam circuit

BWR  one circuit; water boils directly in the reactor vessel and steam

goes to the turbine

PWR examples: Beznau, Goesgen. BWR example: Leibstadt. BWRs op-
erate at lower pressure, but radioactive steam reaches the turbine hall,
so shielding requirements are stricter.

Waste incineration

Waste incineration plants are classic base-load units with high availabil-
ity. They burn waste at about 1000°C and generate superheated steam.
They are not suited to fast grid stabilisation because the furnace and
boiler have large thermal inertia.

About half of the waste is biogenic, so that part is often counted as
renewable. Waste heat is valuable for district heating; combined heat
and power operation increases overall efficiency.

Geothermal and fusion energy

Geothermal
Type Characteristics
hydrothermal uses natural hot-water aquifers; ORC efficiency

only about 12%, but low fuel cost and base-load
output

drills 3000-6000 m into hot dry rock; high-
pressure injection creates an artificial heat ex-
changer

heat is especially attractive for district heating.
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Petrothermal systems have large potential but are technically com-
plex and can induce earthquakes.
Fusion
Tokamak reactors aim to fuse deuterium and tritium into helium. They
promise very high safety, no meltdown mechanism, no greenhouse
gases and no long-lived radioactive waste. Magnetic confinement uses
toroidal, poloidal and central solenoid fields to shape, stabilise and
drive the plasma.
SW 9: Hydropower Plants
Load profiles and the duck curve
Base load and peak load
Run-of-river, nuclear and conventional thermal plants provide constant
base load but react slowly to rapid demand changes. Storage hy-
dropower is flexible and therefore well suited to cover dynamic peak
loads.
Duck curve
With high PV capacity, residual grid load drops strongly around midday
and then rises quickly in the evening when solar production falls and
demand peaks.

Pres = Foad — Ppv — Pind
The steep evening ramp stresses balancing resources and requires fast
dispatchable generation, storage or demand response.
Hydropower classification
Head
The head is the elevation difference between headwater and tailwater.
It determines whether energy is mainly harvested from pressure/head
or from very large flow volumes.

Plant Characteristics

low-head up to about 25 m; large flows; run-of-river, weir and pow-
erhouse in or near river channel

high-head  about 50 m to over 1000 m; smaller flow at high pressure;

dam, intake, penstock and surge tank

Surge tanks reduce pressure waves when valves close quickly.
Turbine technologies
Turbines are selected mainly from head and volumetric flow.

Turbine Best range Principle
Pelton very high head > 300m, low  water jets hit cup-shaped
flow buckets; impulse turbine
Francis medium head ~ 25-700 m guide vanes feed a reaction
runner; all-round turbine
Kaplan low head < 50 m, high flow  propeller-like runner with

adjustable blades

Pryar = pgQh

Sustainability and ecology
Hydropower is renewable, reliable and CO»-free, but dams interrupt
river ecosystems.

Pe) = pgQhnrng

+ Fish migration: dams block spawning routes; mitigation uses fish
ladders, lifts and bypass channels. Fine screens protect downstream
fish from turbines.

+ Sediment transport: reservoirs trap bed load, causing silting up-
stream and sediment starvation downstream. Solutions include by-
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pass tunnels, flushing through bottom outlets and dredging.
Tidal and pumped-storage power
Tidal power
Tidal barrage plants trap water at high tide and discharge it through
bidirectional turbines at low tide. They need at least about 5-7 m tidal
range and yield only about 25-40% of an equivalent river plant.

Tidal-stream turbines use the kinetic energy of tidal currents directly.
They are highly predictable and usually have lower ecological impact
than barrages.

Pumped storage

Pumped-storage plants perform energy arbitrage: they pump water
uphill when electricity is cheap or surplus, and turbine it when prices
and demand are high.

" _ Wout
cycle —
YT Wi

=~ 80%

Despite losses, they are system-relevant for fast balancing, frequency
control and absorbing renewable surplus that would otherwise be cur-
tailed. Pumped energy does not receive green Guarantees of Origin
because the input electricity source may be mixed.

SW 10: Smart Grid Trends

Core problem: collision zone

Swiss PV capacity is growing rapidly, with a target of about 39 GWp
by 2050. Historically, the Swiss peak grid load is only about 10 GW.
The collision zone is the range where installed PV capacity exceeds the
maximum grid load.

At summer midday, local PV generation can exceed local consumption
and heavily load distribution grids in the reverse direction. The main
bottleneck is often not national energy balance but local transformers
and lines.

Dynamic grid tariffs

Time-of-use and dynamic grid tariffs create price signals to shift flexible
consumption away from critical grid periods.

+ electricity is cheaper when local solar generation is high or the grid
has surplus capacity

* electricity is more expensive during evening peaks or local conges-
tion

+ flexible loads: EVs, heat pumps, batteries, appliances and industrial
processes

The goal is grid relief, not cheaper electricity production.

Capacity tariffs

Traditional billing mainly charges consumed energy in kWh. Capacity
tariffs add a fee based on the maximum drawn power in kW, often mea-
sured over a rolling 15-minute window.

Chinl ~ Exwh + Pmax,kw

This penalises short extreme spikes, e.g. fast EV charging at 11 kW, and
rewards slower steady consumption, e.g. charging overnight at 3.7 kW.
The effect is peak shaving and reduced bottlenecks in local transform-
ers and lines.

Local energy communities

Local energy communities group consumers and producers so local PV
can be used locally. Allocation mechanisms can be fixed, proportional,
dynamic or hierarchical.

Model Meaning

ZEV joint self-consumption behind one meter on one par-
cel/building; saves all grid fees internally but needs private
wiring

VZEV virtual ZEV using existing public grid inside a local trans-
former area; DSO billing enables reduced local grid fee

LEG local energy community at neighbourhood/municipal scale;
uses public grid and legal contracts, no private digging

Allocation keys

+ Fixed: predefined shares, simple but less adaptive.

* Proportional: PV is shared according to simultaneous demand.

* Dynamic: allocation optimises current objectives such as peak re-
duction.

* Hierarchical: priority loads or investors are served first, then remain-
ing energy is shared.

ZEV offers the largest grid-fee saving but high private infrastructure ef-
fort. VZEV reduces installation cost by using the existing grid locally.
LEG has the largest geographic scope and enables peer-to-peer shar-
ing at scale, but members usually still pay regular grid fees.
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