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B1M15PPE1 - Prvky a provoz elektroenergetickych soustav (2+2s) - sudy a lichy tyden podie Casového planu

hodina 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
cas 7:30 - 9:00 9:15 - 10:45 11:00 - 12:30 12:45 - 14:15 14:30 - 16:00 16:15 - 17:45 18:00 - 19:30 | 20:30

Pondé&li

Utery

Streda
Cturtek

T2:C3-52 - Pie | T2:F1-114 - Cvi | T2:F1-114 - Cvi | T2:F1-114 - Cvi
Patek 1 Hlavacek M. Knénicky M. Knénicky M. Knénicky
1(53 stud.) 101(20 stud.) | 102(20 stud) | 103(13 stud.)
Pfednasky | Cvigeni | Laboratofe | Ostatni

hodina 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15
cas 7:30-9:00 | 9:15-10:45  11:00-12:30 12:45-14:15  14:30-16:00 16:15-17:45 18:00 - 19:30 | 20:30
Pondéli
Utery
Streda
Cturtek
T2:C3-52 - Pfe T2:F1-112 - Cvi

Patek 1 Hlavacek M. Knénicky

1(5 stud.) 101(5 stud.)

Prednasky | Cvigeni | Laboratofe Ostatni
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Témata — Cast elektroenergetiky

e Elektricke obvody, rovnice, zakony, vykon, energie

e Parametry distribucnich a pfenosovych vedeni

e Parametry a vyznam transformatort, tlumivek a kondenzatoru v ES

e Zakladni vypocCty v sitich — ustalen¢ stavy soustav

e Zakladni vypocCty v sitich — poruchov¢ stavy

e Dimenzovani prvkl ES, rozvodny

e Chranéni a jiSténi, ochrany proti prepéti

e Rizeni napéti a frekvence v ES

e Kvalita elektricke energie, PPDS, vliv zdroju na provoz DS

e DalSi vybrané¢ aspekty: Stabilita prenosu, tepelna bilance vodice,
phase-shift TRF
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Z.akonceni predmétu
ZAPOCET
e ZapocCty na cviCenich:
»  pocetni cviceni (¢ast energetiky) — DOPORUCENA
» laboratorni méfeni (Cast pohonil) — POVINNA

ZKOUSKA

e ZkousSka pisemnou formou:
» 3 pocetni tlohy (max. 60 b.)
» 2 teoretickeé otazky (max. 40 b.)
»  Casna vypracovani 90 min

e Predtermin v zapocCtovém tydnu

A B C D E F

90-100% | 80-89% | /O0-79% | 60-69% | 50-59% | <50 %

90 -100b. | 80-89b. | 70-79b. | 60-69b. | 50-59b. | <50 b.




Current and Voltage

Current
L, Li(t),I (A)

_dq
dt (A;C.5) charge flow in time

Voltage
u,U,u(),U (V)
A

Uag = E (V;1,0) energy necessary to move unit charge

Current doesn’t appear or disappear in el. circuits, 1t “flows in a round”.
Current flow from A to B = I3, then current flow from B to A = -I,5.
Voltage from A to B = Upg, then voltage from B to A = -Uyp.



Ideal conductors

Uyp=0V
L A" B |
> O O >
Uje= U= Upp
Uac Ut U, Usp
I v v v v o
» O O —»
{,'rlr_..ﬂ — D L



Electrical Sources

Ideal voltage source Ideal current source
1,
O A OA — -~
"1
lbﬁ l'bil.h' Uy== Uyp T‘rl '
Ir'f .r"JIr
O B O Be¢— -~
I, L==1,==1I
oA O0A — -

lUl lbim U= Uy 12 3
If'f JJ
g S LA

U = const. I = const.
U = 1(I) [+1(U)
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Voltage sources connection

® in series
O A
o
A 4
B Q Uy =
ol
Y v
ocC U’dl f._“: UAB—F UBE Use= Ut Upe== —Upy+Upr == Up—Up,
d o
2"% Kirchhoff’s law

Zn:uk =0
k=1

Voltage sum in the circuit closed loop equals zero.
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e in parallel

|

O *(T Q

h

=
_

-

)

al

[l

for real sources possible
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Current sources connection

e in parallel

1% Kirchhoff’s law
>, =0
k=1

Current sum 1n the circuit bus (node) equals zero.
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® 1n series

' T L «
] o
Ij '; Il # Iz
o C FALSE

for real sources possible

Ideal voltage source mustn’t be 1n short-circuit.
Ideal current source mustn’t be 1n open-circuit.
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Basic Elements of Electric Circuits
l i) 1 i; (0 l i)

o]

1) R u(d) L udl)| emem C

o

lj-""[: f) 1 i (0 l;}_-{' f)

e resistance R (€2)
up () =R-15 (1) (Ohm’s law)
e inductance L (H = Q2-s)

(=L B0

i, (1) {iuL(r)dmL(m

(continuous current)

-15 -



e capacity C (F =s/ Q)

. B .duc(t)
i.(t)=C m

1 ¢.
t)=— I
uC( ) C '(‘; lc (t)de+ Ue (0) (continuous voltage)

note: time constants

tT=R-C
L

T=—
R

-16 -



Electric Circuit Description (Circuit Equations)

Bus voltage method: bus voltages, branch currents, 1* Kirchohoff’s laws
for buses, elements equations, initial conditions

Example (2 buses, 4 elements) — 6 equations, 6 unknown variables

I (D) +1, () —1(1) =0

1 (1) +1x, (1) =0
u(t)—u,(t) =R, -1,(t)

u, () —u, () =L- di;t“)

du, (t) ¢
dt

U, () =R, -1, (1)

1 (t=t0) =1, uc(t=t0)=u,

i.(t)=C-

-17 -



Circuit Elements Connection, Dividers

Connection 1n series

i(0)
—_—
L
L=1+L,

~ Wi —g.
A ( fj ([_D '@\b.i il (” o I []:"11
1
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e Voltage divider (resistance divider)

u,(t) =u,(t)- Rs
(D=4 R +R, (unloaded, non-reversible)

Connection 1n parallel

oL _RIR,
L 1 R +R,
Rl R2

L L
I 1 L +L,
Ll L2

-19-



Real Sources

voltage source
U,=U —-R:I
R

o A

JUI UABJ

oB
e real voltage sources in parallel

RZ:R1'R2
R, +R,
EZUZ.R1+R2:U1+U2
Ry R,-R, R, R,
U, -R,+U,-R,

2:

R, +R,

current source

I,=1,-U,,/R
oy
I o A
TII R
1 o B
U,

-20 -



DC Circuits

Sources with constant output — transient phenomena — steady state.
up () =R -1z () =R -1,

w (=L diét(t) =0

du.(t)
dt

e transients — differential equations

e steady — algebraic equations (disconnect C, short-circuit L)

i.(t)=C- 0

-21 -



Electric Power and Energy

Generally
dW(t

p() = (Wid.s)

p(t) =u(t)-1(t) (W;V,A) . instantaneous power
Inductance

di(t) . d (i(t)*
t)=L -89 )= L.
p(t) i dt( >

W = [ p(t)dt = LT C‘lit (“22 jdt _ Lj d[i(;)z j . %L(ifo ~i2)

e zero energy balance in overall time

22 .



Capacity

p(t) =u(t)-C-

du(t)_C. d ( u(t)’
d  dt| 2

W = [ p(t)dt = CT ccllt (“(;)2 jdt - CTd[u

e zero energy balance in overall time

Resistance
p(t) =R -i(t)-i(t) =R -i(t)

W = [ p(t)dt = RTi(t)zdt > ()

e clectric energy conversion to heat energy

-23-
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Harmonic Steady State

All quantities are harmonic functions or their linear combinations.

u(t)=U,, -sm(m-t+ Q) UMZO,(pe(—n,n>

o=2r-f = @

T
U, -sin(w-t+@)=U,,-cos¢-sin(mw-t)+ U,, -sm@-cos(m-t)

Standard in AC systems.
Derivative of harmonic function is harmonic function with the same
frequency.

u'(t)=w-U,, -cos(m-t+ @)

-04 -



Using complex numbers
z=a+]-b a,beR,a=Re(z),b=1Im(z) P =-1

Abs(z) =+/Re(z)’ + Im(z)? =~/a> + b*

e’® =cos@+j-sing, VoeR  Eyler’s relation (¢ in rad)
sin(g) = Imfe’*}

u(t) — UM . SiIl(OO 1+ (P) — Im{UM ) ej(co-t+(P)}

A T T e

N

— Jo : :
Uy =Uy-€™ - phasor (in maximal values measure)

-25-



Phasors and Impedances

Time behaviour
u(t)=Uy -sin(o-t+¢) = Im{fJM el }
Uy = Abs(Uy,); ¢ = Arg(U,)

Why phasors?: In harmonic states differential equations can be transformed
to linear algebraic equations using only R, L, C values (time eliminated).

e resistance R
Ug (1) =R-1, (1)
{0, -&™" {= R -Imif, -’ |=Im{R -, -&'" |

ra

U, =R-I,
e inductance L

u, (=L

dt

-26 -



Im{0, e = Lilm{l e b= ImiL 1, - jr oo

dt
U, =j oLl
e capacity C

] du.(t)
i.(t)=C-—=

c(t) m
I.=j-o-C-U,

. |
U. = -1

¢ jweC °

In fact Ohm’s law for harmonic steady state.

Impedances

j-0-C They are not phasors!



Phasors 1n el. circuits

L(t)=1,(t)+1,(t) = L;=I+1, All functions with the same ®!

1*' Kirchhoff’s law
31, =0
k=1

Impedances connection
® In series

ZV — Zn: Zi
i=1

e in parallel

2" Kirchhoff’s law

ifjk =0
k=1

i f)

i(f)
Af—

= Z, j'm;n




Other definitions

e admittance (S)

-1
y4

e conductance (S)

G=—
R

e reactance ({2)
X, =o-L

1
X, =—
e

e susceptance (S)

B=o
X

-29._



Electric Power in Harmonic Steady State

Instantaneous power

p(t) =u(t)-1(t)

Mean power for periodic course
t+T

1
P jp(t)-dt

t:tl

for DC P =p(t) =Py

.2 . .2
u(t):UM-sm(%-tJr(pU) 1(t):IM-sm(?n-t+(pI)
1 U,, 1
P=— |u(t)-i(t)-dt = —2M cos(p,, — 1 ¢
r Juo-io @)y g
[J' rthzO
. _ M
P=U-I-coso U =Uews = J2 “root mean square” value

P=0Qy ¢

-30 -



e resistance ¢=0 > P=U-I
e inductance, capacity @=%n/2 — P=0

Complex Power in AC Grids

Instantaneous power

. .2 .2
p(t)=u(t)-1(t)=U,, -sm(?n-tjt(pU)-IM -sm(?n-t+(pl)

1
p(t) = EUM Ly '[COS((PI _(PU) —cos(2m-t Ty +(PI)]
e.g. for Pu =0
P=0y =P =—¢;
p(t) = U-I-[cosq)—cos(2oo- t —(p)]

231 -



e resistance ¢ =0
p(t)=U-I-[l—cosw-t)]

“active power”

e inductance @="7/2
p(t) :U-I-[O—cos(2c0-t—7c/2)]

p(t)=U-I-sin(2m-t)
1 T
P_iip(t)-dt_o

e capacity P=-"/2
p(t) :U-I-[O—cos(2co-t+7t/2)]
p(t)=—-U-I-sin(2m-t)
P=0

-32-

Single Phase Active Power

v = voltage
i = current

Single Phase Reactive({lnductive) Power

v P

P = power
v = voltage
i = current



e general load

p(t)=U-I. [cos ¢ —cos(2m-t —(p)]

p(t):U-I-(coscp—coscp-cos2(o-t—sin(p-sin2oo-t)
p(t):U~I-[cosq)-(l—cos2o)~t)—sin<p-sin2m-t]

“active and reactive” component

ke
ﬂ?ween Single Phase Active and Reactive Power
voltage |
and P

sutment

P = power
v = voltage
i = current

_:|.l_=-_

-33 -
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reactive
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Power and Phasors

Definitions
apparent power S=U-1 (VA)

1 T
- P=—|p(t)-dt (W
active power T t_:.-op( ) (W)

. 2 7
reactive power ~ S= JP?+Q

Q=+/S2—P? (VAr/var)
p

power factor COS P = S

Complex conjugation (current)
S,=U-1"=U-T.e" % =U-I.¢&"
. IND
CAP

S, u-T =P, +JQ,

-34 -



él =P, +)Q, = U-I-(COS(pijsin(p): S et
Sign according to convention.

Inductive load
fjf — [erjq)u 9 if — Iej(Pi

3 phase systems (symmetrical)
u,(t)=U,, -sin(0-t+¢)

uB(t) :UM ‘Sin((D't+(pU —2—;)

u.(t)=U,, -sm(o-t+ o -|—2_3Tc)

-35-
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a=——+j—=¢
2 2

AD 1 \/g_ _Jz?n
2 2

U — \/§ : Uph
“phase-to-ground”, “phase-to-phase” voltage

-36 -
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Power
e general

N

S=U, 1 +0, -1 +0, 1
e symmetrical
S=30,,-1"=30.T

S=3U,,1=+3UI=P> +Q* (VA)
P=3U ,Icos¢= J3Ulcos ¢ (W)
Q=3U ,Isinp= J3UIsin ¢ (VAr)
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Resonance

e parallel _
Z: 1 _ J(DL o i..
1 N 1 l—w?-L-C
j-o-L
io-C { 7 e C L
a)oz—l .
JL-C -resonance frequency 0

lim Abs(Z) = lim Abs(% =0 = Abs(U)<o0 > lim Abs(i)=0

OW<0, - L. mode

® >0, - C mode
¢.g. Ripple control signal (HDO) support
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e series (for 1deal circuit)

R1
. 1 1-w’-L-C — 1
Z=j-o-L+- =)
J’(D'C (D’C R2
|
Wy = m - resonance frequency Ull@D
L

00, 00, I

lim Abs(Z) = lim Abs(g] =0

= Abs(i)<o0— lim Abs(()=0

00

W <O, - C mode

® >0, - L mode
e.g. higher harmonic filters (power quality)

-39



Fourier Series

For periodical continuous functions
f(t)=a, +Z a. - Cos i-27t-£j+bi -sin(i-2n-£)
= T T
ideally n — oo, technically n < oo 1s sufficient
1 T
a, = f(t)-dt
o= j (t

T .t (mean value, DC value)

2 ¢ t
a, =—- j f(t)-cos(k-Zn-—j-dt
T 2, T

2

T
t
b, =—- | f(t)-sin|l k-2w-— |[-dt
) TtL() ( “Tj

- 40 -



Fourier series and phasors — harmonic components

o

u, (t)=b, -sin(k 21 %) =b, -sin(o, -t)= Im{bk .l }: Im{Ubk .ej"’kt}

— Ubk =b,
u, (t)=a 'COS(k-Zn-ij =a -cos(co -t)— Im{a LI -ej‘”kt}—
ay %k T - Yk k - k —
= Im{fjak -ej“)kt}
3 /2
—> Uak — ak ) eJ

u () =u, (t)+u, (t)= Im{(bk +a, e’ ) gl }: Im{fjk L@l }

A AN

U=U, +U, =b,+j-a, _ analysis for each harmonic separately

2 2 A
=,/a; +b; Py :arCtgb_

k

U,

T J Pk
U =U, -e
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