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The main question is ...

... how to compute the steady-state solution of an electrical
system that is made up of some parts modeled as a three-
phase electr(on)ic circuit and some others according to the
power system model? Are we able to study the stability of
such a solution?

Some typical examples are found in solving

e Integrated Transmission and Distribution (T&D) systems;

e Transmission systems including transmission lines that need
to be modelled as linear dynamical systems instead of as
constant impedances;

e AC-DC networks with high voltage direct current (HVDC)
links where voltage source converters (VSCs) are used to
manage the bidirectional power flow from the AC power
grid to the DC link and vice versa.
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On the whole we are interested in

... those systems that in the literature are referred to as hybrid
power systems (HPSs), since they mix what till a few years ago
we may had defined as “conventional” and “unconventiona
power systems.

III

Three-sey .ce power Single-phase power
syster si. ‘lator system simulator

Three-phase circuit Three-phase circuit
simulator simulator
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Let’s break the ice

An easy-peasy 3-phase circuit

G,
VVV— Ve (t) = E, cos (2t + &)
Vg 9
JGW_,_| | vp(t) = E, cos (Qt + dg — gﬂ)
— Vb 2
- G, ve(t) = E, cos (Qt + o + gw)
(positive or abc sequence)
v Ve
- 2 2 3 2
G, =G, =G.=G P.(t) = Z E2G cos” (U + 0o + V) = §GEO

Balance Y load k=a,b,c Py (t)
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Let’s break the ice

An easy-peasy power-system example: a synchronous
(swing) machine is coupled to a resistive load.

vg = E,cos(d(t))
vy = E,sin(6(t)) .
o(t) — Q(w(t)—1)=0

R=4
@—I—\/\M—{I' Ho(t)+ D (w(t) —1) — P, + P.(t) =0

bus
1 P(t) = gGEg
. 3 R .
Arp = §(vd + 70q) (b + J24) ‘
3 n m ~ )k
= §(Ud _|_ JUq)(G'Ud ‘|_ jG'Uq) Pm — Pe
3 w(t) =1
~ §G(6§ + 63) 6(t) = &g (arbitrary)
3 :
— 2GE?2 Steady state solution

2 ¢ (Power Flow solution)
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Let’s break the ice

Ve (t) = E,cos (O + 6(1))

")
)

P.(t) = Z GEZ cos® (Ot + 6(t) +by,) = gGEg

k=a,b,c

(b)) = B, cos (m +8(t) —
(

Wi W

ve(t) = Eycos | QU+ 6(t) +

Balance Y load

G,.=Gp=G. =G

Py (t)

6(t) — Q(w(t)—1) =0
Hw(t)+ D (w(t) —1) — P, + P.(t) =0

5(t) = @Jr[ Qw(r) — 1)dr »

do
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Let’s break the ice

P,, = P,
w(t) =1
6(t) = do

dt)=0(1—-1)=0
Hw(t) = —D (1 1)+ P.(t) — P(t) = 0

Balance Y load

G,.=Gp=G. =G

o(t) = 5\(7524—[ Qw(T) — 1)dr = &
do ’

Ve (t) = E, cos (2t + dp)
2
wp(t) = E, cos (Qt + 0o — gw)

2
ve(t) = E, cos (Qt + g + gw)
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Let’s break the ice

Q
S

||
&
||
2
I
Q

=y
]
Ql=

bllSl busq
Balance Y load
Go=Gp=G. =G _
Ud ) [ cos(Qt)  cos(Qt—2F)  cos(Qt+2E) || Va
vy | = 3 —sin (Qt) —sin(Qt—2F) —sin (Qt+ 2F) Vp
~ 1 1 1
| T | L 3 2 2 1] ve

a-phase to d-axis alignment Park transform
(preserving the amplitude)

[\[I]

(,73) == (10,10 1c) (04, 0¢) == (Va, Vb, ve)

I
|
(1]
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A little more in general ...

R 7 7 A generator, a line, two buses, and a
© o Load, constant impedance load modeled with
Load the single-phase representation in the bq
bus; bus, 1 frame (positive sequence representation).

The line is modelled as a
constant impedance in the
power system framework. The
load is fully dynamical.

Load;
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... and more ...

fDaiDbn%Dm.

The rectifier is a non linear
three-phase circuit ... how to
model the red box?
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t.

=

IEEE 9-bus (modified) bus: bus,

busg

bus,

|
A-@—=1-

buss
v
bus,
three-phase distribution sub-system bus;
Avr >

DC-DC converter with MPPT connected to a PV plant

=DUus,

MILANO 1863 e and more.'

bus,

[ f=tom

three-phase LCL VSC

pwm

Vref $ ° Vi.._o
—pi2}< O~—4
ldref ++ -
G =£|0 L

UCD Engineering and Materials Science Centre — Dublin — February 2020




éf?‘.;fﬁsw
Y& POLITECNICO
%@aﬁﬂ MILANO 1863

Let’s go back to the easy-peasy example

1a = GE, cos(t + dp)

Vq

ZbZZCZO

P.(t) = GE? cos* (Ot + &)

Does it still work?
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Let’s go back to the easy-peasy example

1a = GE,cos(Q +6(t))

p = e — 0
P.(t) = GE?cos® (Q+4(t))
2
= G2E° (1 4 cos (292t + 26(t)))
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f¢ ) POLITECNICO
o) MILANO 1863

Let’s go back to the easy-peasy example

o(t) — Q(w(t) —1) =0

Ho(t) + D (w(t) — 1) — %EEG +P.(t) =0

Let us imagine the structure of the solution ...

o(t) = gsin(wmt)

P.(t) = G4 E? cos” (Qt + gsin(wmt))

G’E2
2

_ GoE (1_|_ Z cos 2Q—|—nwm)t))

Bessel functions of the
first kind of order n

2 (14 cos (20t 4 B sin(wmt)))
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Let’s go back to the easy-peasy example

0(t) —Q(w(t)—1)=0

Ho(t) + D (w(t) — 1) — %E(?G +P.(t) =0

Let us imagine the structure of the solution ...

o(t) = gsin(wmt)

P.(t) = 5 ° (1 - Z Jn(B) cos((292 + nwm)t))

We postulated a single tone in the solution ... but we
derived an infinite spectrum for the electrical power.

UCD Engineering and Materials Science Centre — Dublin — February 2020 15
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Let’s go back to the easy-peasy example

o) —Q(w(t)—1)=0

Ho(t) + D (w(t) — 1) — %EEG +P.(t) =0

Let us imagine the structure of the solution ...

o(t) = gsin(wmt)

An infinite spectrum of the electrical power reflects
on o(t) and consequently on Jt) ...

In this unbalanced situation the steady-state solution of the PS
model is not a constant but a periodic waveform (with a
frequency spectrum spanning the whole frequency axis.

UCD Engineering and Materials Science Centre — Dublin — February 2020 16
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Shaft

bus; busg
|

Avr

A numerical result

busg bus;
|

Avr

We performed a PF solution of the
system and we verified its stability.

Load; = 125MW + j5S0MVA
Load, = 9SOMW + j30MVA
Loadg = 100MW + j35MVA

Total load power
315MW + j115MVA
Total apparent power (approx.)
335MVA

UCD Engineering and Materials Science Centre — Dublin — February 2020
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A numerical result

Shaft

bus; busg busg bus;
| |

Avr Avr

Total load power of the balanced system
315MW + j115MVA

We added a 10MW unbalanced extra-load
at bus; and performed an EMT simulation
of the whole system

Note that the connection of
the unbalanced
load alters the total load
active power by only 3.1%
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A numerical result

Shaft

bus; busg busg bus;
| |

Avr

Avr

The resonance of the G, shaft
is marked by the increase of
the magnitude of power
spectra in the [1,6]Hz interval

Harmonics are clearly marked by peaks in
the spectra at several multiples of 60Hz

(X-axis log scale — Y-axis dB) __——_

-

_P61?P€27P€3[W]

SN = O

_4 L N A L SRR | L N L LA B8
1071 1 10! 102 103
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Let’s go back to the easy-peasy example

If one wants to properly interface the three-
phase side and the power system model one
the Park transform is not enough ...

It is necessary to setup an automatic interface
that necessarily introduces an error and the
latter should be quantified in runtime.

UCD Engineering and Materials Science Centre — Dublin — February 2020 20
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The Virtual Connector

o single-phase 11 AL 1 e . .
sve! ' To adequately link the single- and
(O 0—514:— filter YC ! three-phase models we introduce

a coupling element that we refer

%

av vC

= s .

= -@-:—4—0 to as virtual connector.

@ \¢e!

Q vy !

= b

= A It plays the same role of the well-
" : known pseudo-analog-to-digital

v |

C

e oo T __ i ______ Y "c u and pseudo-digital-to-analog
converters inserted during mixed
analog/digital simulations to

couple the analog and digital
model paradigms of the circuit.

07 o—e— filter ,VO

The words pseudo and virtual refer
to the fact that such components
do not exist in the real design but

are introduced as simulation
expedients.
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The Virtual Connector

' single-phase

,ZVC |
d |
0—"1|— ﬁltel"
puc!
0-4—{— filter e

(Va, Vby V) <—— (Va, Vg, 0)

—1

(1]

Notice that in the
power system model
| T __ the “zero”-component
of the dg0 framework

[ v, | T cos (€2 ) ) [ U is assumed to be
vy | = | cos(Qt—2F) —sin(Qt—2F) 1 Uy always null.
Ve _cos(Qt—l—%“) —sin(Qt—l—%W) L | 0

- B a-phase to d-axis alignment inverse Park transform - B

(preserving the amplitude)
=T
Va [ cos (§21) —sin (2t) | By
_ 21 . 27
vy | = | cos(Qt—2F) —sin(Qt— 2F) 3
K _cos(Qt—I— %“) —sin(Qt—l— %ﬁ) |
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The Virtual Connector

T singlephase 1 AL ‘; Notice the KCL
Ve,
5Y¢ o-%t] filter | Vo | o+ +1.=0
| a

o
77, I
A P
’U(\J/C o——— filter @ 2,
: § ’U?;C: (Zd,lq,O) t (Zaazbazc)
ﬁ =

d |___o __E)Simf__;&ogcgj_—}’%ﬁfﬁ_: cos (Qt + 2°)
o 3| —sin(Q¢) —sin (Qt — 2F) —sin (Qt+ 27
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The Virtual Connector

""" single-phase 11 AN_ | 0O - .
¥ ! In principle the virtual connector
filter X ne must neither generate nor absorb
11

electric power.

filter

In practice the filter is as much
dissipative as the three-phase side
of the circuit is

T unbalanced/nonlinear

to+ 2= e .
~ VO Q 0t0 Vo The filtering operation is mandatory
Zd = — Zd (T)dT . . .
27 Jy, since the filer input may be not the
0 to+ 2z constant envelope of a three-phase
P —— 1o (T)dT sinusoidal positive sequence
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The Virtual Connector

_____ S—igl—gie_—i)ilglée—___i i______—_____i Lo Accuracy index
11
filter : : pVe -
11

1= (03, ") € C

filter

complex spectrum obtained using
the complex Fourier transform

__________________ fe (UZK—I—I
K T T T 12 ~
P k=—K Ikl;; - |IO‘ 1 \Io|2 It is a bilateral spectrum truncated
hd = K =~ — T =K ~ '
* 2 at the K-th harmonic.
ke—rxc Lid}, k=—K n
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A few words on the complex Fourier transform
zr(t) € R xr(t) € R
Xr(f)=F{zr(t)} €C Xi(f)=Flz(t)} €C
x(t) = zr(t) + j21(t)
z(t) < Fla(t)} = X(f)
2 (t) < X7(=f)
Typical odd/even symmetry of the spectrum are lost.

er(t) = 5 (2(t) + 2 (1) 21(t) = =

X + X7 (1) X1(f) = ~05(X() = X*(~1)

>
3
=
I
I

real{ X (f)} = real{Xr(f)} — imag{X;(f)}
imag{ X (f)} = imag{Xgr(f)} + real{ X;(f)}

UCD Engineering and Materials Science Centre — Dublin — February 2020
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Iy, L

Lo,

|-IF(-T:J +]TQ)|

Ly Tiiy TO

A few words on the complex Fourier transform
Zq(t) = cos(2t)
zp(t) = cos(Qt — 2F)
Te(t) = —xo(t) — xp(t) — xo(t) =0

abc— RGB

2 I I — I I I
/ / &) i \ A / / A / | A / / &) i \ A
0 T‘\ i A LA FRY 1) 1A NS \ 1A [N (Wi
A MAAAAAAAARAAARAAAANRAAAAAAARAAAAAAAAAAAAAANARAAAS
2 | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
t
) dq0 — MCK
: I
1
0
= |
2 | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
t
1~ ®
|
|
|
1
|
0.5 ,
1
|
i
|
0 s od . S ooet s oeel . S ooet S oood od
-150 -100 -50 0 50 100 150

UCD Engineering and Materials Science Centre — Dublin — February 2020

27



POLITECNICO
" A few words on the complex Fourier transform

Zq(t) = cos(2t)
xp(t) = cos(Qt + %ﬁ)
Te(t) = —xo(t) — zp(t)

abc— RGB

2 T ; 7 T I
| |

%,
A pbto
IB=iSy

Loy Lhy Ty
o —
-
Py

o1l
9 | | o |
0 0.05 0.1 0.15 0.2 0.25 0.3
t
dqg0 — MCK
2
I I [ [ I
= 1 A\ o) I3l N ) { ) a) o) fal ) fa) ' ) Y FaY \ A A |
& \ \ (WAl \ Vo (R e A \ \ Vo \ \ L Yo \o A\ A \ \ \ \ \
E-Ei 0 T T ", -‘ I'.I \I I"I "u | T \ ‘ I'.I T T 1 T I',‘ .!I I "u | ‘ul‘ T
g -1 W A A Ao WA A A Y A A\ A A VARV VA
9 ! | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
1~ @
_ 1
/—;‘: I
5 |
K 1
T o5k !
= I
~— |
|
i 1
0 | _ i i _ i i _ J
-150 -100 -50 0 50 100 150
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A few words on the complex Fourier transform
Zq(t) = cos(2t)
27
xp(t) = 2cos(§2t — 5F)
To(t) = —xa(t) — zp(2)
) abc— RGB
= \ A \\, \ \~ | \ A \\,
E:? 0 __ \ \ | \\ . I\ :_.'\ \ | \\ \ :_-'\ | \ \ f \\ &Y A ]
&f -1 \ /' _ \ /' \ |
-2 L L/ [ L/ / [ 7 . /
0 0.05 0.1 0.15 0.2 0.25 0.3
t
dq0 — MCK
I I I I I
2 A .af\ Y A TANEYA ._/_\ \ A Ir” N\ A \ AN _..-'"‘-\ 1) ‘.f"\‘ A Y TANIARIA I/’\ l..f\ Y YA _._-'"‘-\ A ‘.f’.\‘ .-‘F \ AN AN
= VERAVARVARY, SR VAR VAR NN N NN NN NN N NN NN NN NN A
3o
2L |
| | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3
t
1.5 — @
N |
- i
2ok :
T :
Fosf ¢ :
& | l
0é | S od ool . S ooed S eeod b
-150 -100 -50 0 50 100 150
f
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Some mathematical formalism
Power : Electromagnetic
Sub-System Sub-System
(PSS) : (EES)

Linking Variables
Power System Modified Nodal
Model (PSM) Analysis (MNA)
ELECTRICAT, POWER SYSTEM

du P
— +r (11, Z) =0 . .
dt State variables introduced for
h (ﬁ,/i) =0 example by generators, regulator,
controllers.
r: Ro+5 — RS
.S +S2 S, : .
h:R>*°: -5 R Algebraic variables, such as
@)E RS« bus voltages and currents.

@ R
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R Some mathematical formalism
Power Electromagnetic
Sub-System Sub-System
(PSS) : (EES)

Linking Variables

Power System : Modified Nodal
Model (PSM) Analysis (MNA)
ELECTRICAL POWER SYSTEM
dq(x)
+f(x,y) =0
o (x,y)
g(x,y) =0
q . RSz — RS=
Ground-referenced node voltages f - RS=+Sy _y RSz
and branch currents. o RSz+Sy _y RSy
Ground-referenced node @E RS

voltages and branch currents. @ RSy

UCD Engineering and Materials Science Centre — Dublin — February 2020
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Some mathematical formalism

Power Electromagnetic
Sub-System : Sub-System
(PSS) : (EES)

Linking Variables

Power System : Modified Nodal
Model (PSM) Analysis (MNA)
ELECTRICAL POWER SYSTEM
daa dq(x)
— +r(u,z)=0 f(x,y)=0
= +r(2) £ 1 g(x,y)

h(u,z) =0 g(x,y) =0
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R Some mathematical formalism
Power A ﬁ Electromagnetic
Sub-System : % . Sub-System
(PSss) BTN HE (ESS)
Vi g DS~ |
e i 0 I x:
N vo; e 2 cr ¥
—~ il @ = VG
i«:)!,-:} s E 5 a,b,c
Power System RN Modified Nodal
Model (PSM) P Analysis (MNA)
~ ELECTRICAL POWER SYSTEM
M (@,2) =0 dq(x)
dt ’ dt
h(u,z) =0 g(x,y)=0

r—=—-=-=-- Al IF=——==-=—===-=» Ve
! single-phase 7,
~VC
1 |
. d
'U\dfc 0—"(:— ﬁlter ,UVC :
a

~yo |
VC lq 1
v, o—=1 filter z}f e
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Some mathematical formalism

Power ¥ ,__\ Electromagnetic
Sub-System E-g S Sub-System
(Pss) R I (ESS)
" g — E a,b,c
{0 I §
b = > I ve,

F E 8 ol “a,b,e
Power System RIS Modified Nodal
Model (PsM) e Analysis (MNA)

ELECTRICAL POWER SYSTEM

e By assuming V linking points, between the PSS and the ESS, the V subset of the B buses
of the PSS plays a special role in the network since each of those is connected (also) to a

VC.
 From a modeling point of view, the equivalent effect of the VCs on these buses is to

make them slack. The VC forces the voltage of the bus at which it is connected and the
current through it is a free variable.

~VC | ~VCy ~VCy ~VC _ |~VCq ~VCvy
Ya,q = |Ydq »- Vg } zd,q_[d,q""’zd,q }
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POLITECNICO
MILANO 1863

o,
e

Some mathematical formalism

Power A ﬁ : Electromagnetic
Sub-System : % o Sub-System
(Pss) e P S (ESS)
Vaq |t §
o I
v R s R
i«:)!,-:} :E 5 a,b,c
Power System RN Modified Nodal
Model (PSM) L Analysis (MNA)

ELECTRICAL POWER SYSTEM

EERS’""QV
du =
— T r@, z,7,,])=0
h(4,¢) = 0

r: RSu+S:+2V _y RSu
h - RSu—l—Sz—l—QV s Rszwv

u € RO«

UCD Engineering and Materials Science Centre — Dublin — February 2020
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Power
Sub-System
(°sS)
Vg
h AVCJ
Yd,q

Power System
Model (PSM)

Some mathematical formalism

Virtual Connectors

’V)

(vcs j =1,

Electromagnetic
Sub-System
(ESS)

’odlﬁed Nodal

Analysis (MNA)

ELECTRICAL POWER SYSTEM

single-phase

o——— filter

o— filter

three-phase

e The ESS is fed by V VCs through V triplets of voltages set by V three-phase controlled
voltage sources.

* These components do not admit voltage basis and consequently, as in the PSS case, the

algebraic-variable vector is enlarged with the V triplets of currents flowing through

them.

V(Cq UVCV
b,e? "t Ya,b,eo

UCD Engineering and Materials Science Centre — Dublin — February 2020
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Some mathematical formalism

Power A ﬁ : Electromagnetic
Sub-System : % o Sub-System
(PSss) o, |l 8 (ESS)
‘qu S = —
1 M O
SN
~ ~VC; E Ts ':"‘;: VC, -
Ydq |1 B & i abse
Power System RN Modified Nodal
Model (PSM) L Analysis (MNA)

ELECTRICAL POWER SYSTEM
AE]RSy +3V

d 7 7\ N
909 | s, Tyoaiy ) =0

g(x,A) =0

q:R% — RS

f - RSerSijSV N ]RS“"

g : RS=+5,43V _, RSy +3V
x € RS

y € ]RSy—i—SV
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Some mathematical formalism

Power Electromagnetic
Sub-System Sub-System
(Pss) (ESS)

Vi -
a,b,c

Power System Modified Nodal
Model (PSM) Analysis (MNA)
ELECTRICAL POWER SYSTEM

SerSsHav ACRSYHV

11 e N d 7 7 N
du ((lfi(tX) + f(Xa [Ya zz?b,c]) =0

E _|_Ar(ﬁ, [27?(1\:2] ) — 0

h(@,¢) =0 g(x,\,) = 0

UCD Engineering and Materials Science Centre — Dublin — February 2020
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The properties of Virtual Connectors

Property 1: Being za b the currents of the j-th V(' corresponding to zd
in the DQ-frame, their zero component is null.

> (1

\

D5l 2 [ cos(wt) cos(wt—2F) cos(wt+2F) |
o =2 St Sner— ) amot )|
0 | 1 1 1 _

The s; € e N3x(Sy+3V) vector is 2 selector that has only one entry equal to 1
per row. These entries select the za . currents of the j-th VC; the corresponding

currents in the DQ-frame are 2 d q .

! single-phase

03° o—-q— filter

three-phase

0,¢ o=t filter ,VC
|
1
|
|
1
|
|
|
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The properties of Virtual Connectors

Property 2: Being z;?j the currents of the j-th VC in the DQ-frame, the

q
PSS model is fed by
to+T
v = L[ gy
d T " d
| [to+T
~VC; __ VCj
g = § 1, 0 (T)dT

where T = %’T

single-phase

[=$)
U<
Q
o)
QU<
Q
I
|
|
|
|
|
|
|
|
|
I
|
|
|
|
|
_I
9
|
|
|
|
I
|
|
|
< |
Q< |
Q 1
-—— -—-—
-~
Q<
Q

I I
| I
| I
— filter .
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The properties of Virtual Connectors

ﬁi Zj the constant voltages at the bus in the PSS con-
Cj

nected to the j-th VC, the ’UZ’b . voltages are derived as

Property 3: Being

ST
- VO - ~ 7 =~
Va cos (21) —sin (€21) 5VCs
v, | = | cos(Qt—2) —sin(Qt— 2F) cic
-~ J
VG | cos (Qt—l—%‘”) — sin (Qt—l—%’r) ] Yq

single-phase

filter

filter [ 70 e

three-phase
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Problem formulation

Power Electromagnetic
Sub-System Sub-System
(Pss) (ESS)

3<:1-,,|I:',c:

Power System Modified Nodal
Model (PSM) Analysis (MNA)
ELECTRICAL POWER SYSTEM

CeRS=t2V ACRSy+3V

du o dq(x T
W@ T =0 Oy d) =0
h(d,¢) =0 g(x,A\) = 0

Now we have to find the steady-state solution of the
overall electrical system, i.e., PSS&ESS
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The implementation scheme

Choose

dt
h—
dt
h(d, [z

If they are identical

you are a very
lucky man!

Power
Sub-System ;

(Pss) @ :

Déwer System
Model (PSM)

Electromagnetic
Sub-System
(ESS)

(-

1a,l:- c

'Modified\Wodal

(vecs, j =1
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The implementation scheme
Power | &/
Sub-Syste > N 3
. : Y Nss
a | 5
Ve E 'E' ;:E vy -
Power System ‘ g s ﬂ‘b‘fl.'\rIodiﬁcd Nodal \
Model (Psm) :;_H Analysis (MNA) dq(x) + f(X [ 0
ELECTRICAL POWER SYSTEM dt ’
du g(x,A) =

dt x(to) = x(to + %)
h(g, [’i‘) — 0

e the PF solution of the PSS is a constant vector

* this constant PF solution, in the classical PSM, aims at representing the
constant envelope of the actual system dynamics

* From the viewpoint of dynamical systems theory, the consideration above
means that the stationary PSM solution is not an isolated equilibrium but it is
embedded in a continuum of equilibria

e This is confirmed by an always null eigenvalue of the Jacobian matrix of the
PSM linearized at any PF solution.
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The steady-state solution of the overall
electrical power system is a limit cycle
with some of its components that

actually oscillates (ESS) and some others
that remain constant in the working
period (PSS).

975
(%7} POLITECNICO
g MILANO 1863 . .
The implementation scheme
Power | &/
Sub-Syste >
(Pss)
Q
du * I o
RN [N
Power System I Modified Nodal
Model (Psm) - Analysis (MNA)
ELECTRICAL POWER SYSTEM

a0
f p—
T + f(x, [y,
:0

g(x,A)
x(to) = x(to + &)

in the time domain (limit cycle).
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ualitative introduction to the time-domain shooting method

Efficiently means that we do not want to

Smooth Circuit/System perform a long lasting transient analysis

to obtain the steady state behavior but
we aim at directly find it.

(&= f(x,t)
I(to) = X0

z(t) e U c RY
f:RNFL L RY
| feCRY

N

Goal: efficiently find a o o
periodic steady state “}
solution of the ODE, o5

04 02 0 02 04 06

i.e., a limit cycle (say )

xs(t) =xs(t+T)
zs(to) = To €
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ualitative introduction to the time-domain shooting method

If a first shot misses the target, the gunner will

Goal: efficiently find a change the tilt of the cannon, evaluate how
periodic steady state much closer or farther he gets from his
solution of the ODE, objective and finally adjust the tilt in order to
i.e., a limit cycle (say #) (hopefully) hit the target with the next shot.
Ls (t) — L (t + T) The key of the gunner’s method is the
Tq (tO) =T €7 perturbation of the initial guess and evaluation

of the sensitivity of the solution (the arrival
position of the cannonball) to this perturbation.
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ualitative introduction to the time-domain shooting method

We are not gunners ... we play with a

Smooth Circuit/System boomerang since we are looking for a

periodic trajectory (the initial point must
coincide we the final one)

Aerodynamic

recession

( ‘j: — f(aj) t) < Splingngular L
a’,‘(to) _— "L‘O It:|l1irr§;1ion of “Soclly
{ z(t) e U CcRY e
f . RN+1 _> RN ~- E:ttl'?mmg
| f e CHRNTY

Goal: efficiently find a
periodic steady state
solution of the ODE,
i.e., a limit cycle (say )

rs(t) =xs(t+T)
Ts(to) = Zo €
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‘The implementation scheme and the solution approach

Choose

Power
Sub-System

Electromagnetic
Sub-System

sz_? —0 d‘;(tx) +E(x, | ) =0
h(d, [z
)
If they are
identical you
are a very

lucky man!
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‘The implementation scheme and the solution approach

Choose

Power
Sub-System

Electromagnetic
Sub-System

Péwer System : \

Model (PsMm) > Analysis (
ELECTRICAL POWER SYSTEM

du dq(x)

aa f
0 dt + 1,

are thus derived independ in Pagallel. The residue nonlinear function
of the j-th VC

Paq (Bd.q) =

is computed for j =1,..., V.
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‘The implementation scheme and the solution approach

Choose

Power
Sub-System

Electromagnetic
Sub-System

dq(x)
dt

+ f(x, [

where k is the iteration of the Newton method.
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The stability of the solution

Power ; Electromagnetic
Sub-System ; Sub-System
d, '
PR |
\\‘a,\] (] ////’
~VC
zd, qJ a,b,c

Power System Modified Nodal
Model (PSM) 2 .. Analysis (MNA)
ELECTRICAL POWER SYSTEM

CeRS=t2V AERSy+3V
i — dq(x) o
E‘Fr(u, [Zazd\:g] ):0 dt +f( [y’ abc])_o
h(d,¢) =0 g(x,A\) = 0

A by product of this solution approach is the
sensitivity matrix of the overall system with respect
to its initial conditions: the monodromy matrix
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The stability of the solution

EERS""'QV
a5 dq(x)
— +r(u, (2,25,])=0 o
h(u,{) =0 g(x,A\) =0

AERSy +3V

=0

+f(x, [y,

A by product of this solution approach is the sensitivity matrix of the overall system

with respect to its initial conditions: the monodromy matrix

The eigenvalues of the monodromy matrix are known as the Floquet multipliers

i1 =p12 =1
( J

imagfy:)

If they are within
the unit circle the
system is stable

1 veal{ys}
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pra=pi2 =1
(
pj and p; € C

e € R !
( J

The INstability of the solution

imagy:)

Neimark-Sacker bifurcation

Flip bifurcation |

1 veal{ys}

‘' Limit-point bifurcation

-+
1 real{u}
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Numerical results

bus, busg busg bus;

Avr |Gy I = L gl Go)~—{Avr

buss
busg
Dap| Dy bUS4
Co| Ro
T3 M
Dan*Db; —bus1
Avr 4>@

The application of the proposed method shows that the power flowing through

the VC is P =8.47MW, ) = 4.03 MVAR. The active power of the slack gene-
rator increases from 71.641 MW (no rectifier connected) to 80.118 MW.
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Numerical results

Focus on black traces
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Ld22 - Lﬂu L)

Ena = 0.891

The power flowing through the VC
is now P = 4.7MW and Q = 5.2kVAR,
whereas the active power of the
slack generator lowers to 76.542 MW.

40
20
0
-20
—40

40

800
600
400
200

800 F

600
400
200

Numerical results

Focus on gray traces

by 2, [A]
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Numerical results

F. Bizzarri and A. Brambilla, "Generalized Power Flow
Analysis of Electrical Power Systems Modeled as Mixed
Single-Phase/Three-Phase Sub-Systems," in IEEE

IEEE g-bus (mOdlfIEd) bUSg bUS;,- bUSS bUSg bUS3 Transactions on Power Systems
| | 1 '
b= | =to-A
buss Lbus,
v
bus, three-phase LCL VSC
Vref $_ o Vi.._o
idref pi2 ) +O1_‘.
three-phase distribution sub-system bus; t
Avr |> dqg 00 E% 1
I 7 pwm _F
3 phase VSI
Ra Rb Rc
L3 L3 L
%3 R, SR, <R,
Col Gl G 21, 3L, 3L
= b4
DC-DC converter with MPPT connected to a PV plant
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The PF solution depends on the efficiency of the converters, on the behaviour
of the MPPT, on the solar radiation and working temperature of the PV array of
solar panels and on the characteristics of the distribution system. We compute
the PF solution at different levels of the S solar irradiance (200 Wm™2, 1 kWm ™2

and 1.15kWm™2).

DC-DC converter with MPPT connected to a PV plant
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Numerical results

three-phase LCL VSC Vit § % o
lgref pi2j~ +i -
a5 bc ES‘%:\/ L
¢ [ poA 71+ v, 3 phase VSI
Vaf+ + R, R,> R
pit 1 A\ |pil
A A
i i, L3 L3 L

pv

Eﬂa Ro < Rc

mppt
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Figure 6.a) vref VOltage determined by the MPPT, y-
axis: voltage [VT{by~Thc instantaneous power at the output of the DC/DC

converter, y-axis: power [kW]. (c) The 2, . . three-phase currents of the VC
in Fig. 3, (d) The 14,y driving signal of the LCL converter. y-axis: current
[A]. x-axes: time [ms].

DC-DC converter with MPPT connected to a PV plant
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Numerical results
IEEE 9-bus (modified) 145.2[ V] ! | | ]

145+ .

bus, bus, busy busy bus,
[
TG S 144.8 |

_I beI;: |_b 144.6

T

e

- bus4 6j119

o 6.118

® .

three-phase distribution sub-system 0

-20
—40

5.77
5.769

pv

5.768

Figure 6.a) vref VOltage determined by the MPPT, y-
axis: voltage [VT{by~Thc instantaneous power at the output of the DC/DC

converter, y-axis: power [kW]. (c) The 2, . . three-phase currents of the VC
in Fig. 3, (d) The 14,y driving signal of the LCL converter. y-axis: current
[A]. x-axes: time [ms].

mppt

DC-DC converter with MPPT connected to a PV plant
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Figure 7. w vyef Voltage determined by the MPPT, y-

axis: voltage TVI—b £ instantaneous power at the output of the pc/pDC
converter, y-axis: power [kW]. (¢) The 7, 4 . three-phase currents of the vC
in Fig. 3, (d) The 2g4.cy driving signal of the LCL converter. y-axis: current
[A]. x-axes: time [ms].

Numerical results

145.6 F [V] ! 1 1 -
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Figure 3- (a) vyer voltage determined by the MPPT, y-
axis: voltage TV I—fbr~Tihc instantaneous power at the output of the DC/DC

converter, y-axis: power [kW]. (c) The 2, 3 . three-phase currents of the vC
in Fig. 3, (d) The 24y driving signal of the LCL converter. y-axis: current
[A]. x-axes: time [ms].
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Numerical results
Table 1: PSS solutions with different values of the S irradiance.
S 200 1000 1150 No ESS
Pg, 69.884 62.381 60.986 71.641
QGl 22.338 21.778 21.693 27.046
Qa, 3.819 3.480 3.425 6.653
Qas —12.220 —12.328 —12.343 —10.860
b5 | (230.06,—15.54)  (230.40,—13.37)  (230.46,—12.96) | (228.44,—15.39)
End 0.80% 0.74% 0.63% —

Irradiance is expressed in Wm™—2; active and reactive powers are in MW and MVAR, respecti-

vely; (d,q) voltages are in kV.

IEEE 9-bus (modified)

bus, bus, busy busy bus,
1
© I
_I tousg |_buse
v
bUS4
bus;

three-phase distribution sub-system

UCD Engineering and Materials Science Centre — Dublin — February 2020

63



	Steady-state Solution of�Hybrid Power and Power Electronic Systems
	The main question is …
	On the whole we are interested in
	Let’s break the ice
	Let’s break the ice
	Let’s break the ice
	Let’s break the ice
	Let’s break the ice
	A little more in general …
	 … and more …
	… and more!
	Let’s go back to the easy-peasy example
	Let’s go back to the easy-peasy example
	Let’s go back to the easy-peasy example
	Let’s go back to the easy-peasy example
	Let’s go back to the easy-peasy example
	A numerical result
	A numerical result
	A numerical result
	Let’s go back to the easy-peasy example
	The Virtual Connector
	The Virtual Connector
	The Virtual Connector
	The Virtual Connector
	The Virtual Connector
	A few words on the complex Fourier transform
	A few words on the complex Fourier transform
	A few words on the complex Fourier transform
	A few words on the complex Fourier transform
	Some mathematical formalism
	Some mathematical formalism
	Some mathematical formalism
	Some mathematical formalism
	Some mathematical formalism
	Some mathematical formalism
	Some mathematical formalism
	Some mathematical formalism
	Some mathematical formalism
	The properties of Virtual Connectors
	The properties of Virtual Connectors
	The properties of Virtual Connectors
	Problem formulation
	The implementation scheme
	The implementation scheme
	The implementation scheme
	Qualitative introduction to the time-domain shooting method
	Qualitative introduction to the time-domain shooting method
	Qualitative introduction to the time-domain shooting method
	The implementation scheme and the solution approach
	The implementation scheme and the solution approach
	The implementation scheme and the solution approach
	The stability of the solution
	The stability of the solution
	The INstability of the solution
	Numerical results
	Numerical results
	Numerical results
	Numerical results
	Numerical results
	Numerical results
	Numerical results
	Numerical results
	Numerical results

