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Agenda
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. Constraints for a raliable operation of the network

+  ADN model impementation guidelines
. Object-based program structure

. Solving a power flow problem

« VSC electrothermal model

. Power losses
. Thermal model




C) EASY-RES // Technical constraints and optimization in distribution grids and converters

Active distribution network model

+ Definition of a model of an ADN with a single point of interconnection with the
transmission system.
+ Immediate extension to more POls.
+ The network model is defined by the Kirchhoff laws and power expression.
+ Powerlines are modeled by a RL circuit (low voltage and short length).
« Control variables:
« Active and reactive power injections of DRESs (grid-feeding).
+ Voltage fixed by the DRESs (grid-forming).
« Constraints: voltage limits, current constraints, active power restrictions, ...
« Depend on the conftrol variables.

Control variables with a given value: Control variables as a searched vector:
POWER FLOW OPTIMAL POWER FLOW
Outcome variables: voltage, currents, ... Additional constraints come into play
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Network description

+ The equations that describe the model of the network are given by the voltage and
current Kirchhoff laws
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Network description

+ Powerinjections performed by the DRESs are also considered in the problem.
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Power Flow problem

+ Given the active and reactive power injections by each DRES and those demanded
by the loads at every bus of the ADN, obtain the rest of variables of the problem:
+ Voltages.
+  Currents flowing through power lines.
» Current injections by the DRESs.
« Current demanded by the loads.
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Power Flow problem

+ Given the active and reactive power injections by each DRES and those demanded
by the loads at every bus of the ADN, obtain the rest of variables of the problem:
+ Voltages.
+  Currents flowing through power lines.
*  Current injections by the DRESs

Dat « Current demanded by the loads.
ara  n buses
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Power Flow problem

+ Given the voltages fixed by each DRES and the power demanded by the loads at
every bus of the ADN, obtain the rest of variables of the problem:
+ Rest of the voltages.
+  Currents flowing through power lines.
+ Current injections by the DRESs and active and reactive power injections.

« Current demanded by the loads.
Data

+ n buses
/ \ * mlines
Z fen = in 2 variables/line
. . System of non-linear
\‘ k _ . 4 equations/bus equations with 4n + 2m
= 3 Ul 2 variables/bus equations and searched
) ) . . variables
@— U, = (R +jX)ip, —1> 2equation/line
\_ — 2 variable/bus without DRES

2 variable/bus with DRES
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Optimal Power Flow problem

operate the ADN.

Determine the active and reactive power injections of the DRESs in order to optimally

Possible goal: minimize power losses in the network while ensuring an active power injection

at the point of intferconnection with the transmission system.
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Optimal Power Flow problem

Determine voltage setpoints of the DRESs in order to optimally operate the ADN.

+ Possible goal: minimize power losses in the network while ensuring an active power injection
at the point of intferconnection with the transmission system.

Data for loads

e n buses, A buses with DRESs

\ « mlines
\Z len = ip 2 variables/line .
——» 4 equations/bus System of non-linear

. equations with
P + Qkj| =3 Uglg , 2 vorlgbles/bus « 4n + 2m equations
2 variables/bus with DRES e« 4n 4+ 2m + 27 variables
.— u, = (R +]XL)lkn —> 2 equation/line
\ 2 variablea/bus without DRES

min Py,ss = minz Py
2 control variables for each DRES A
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ADN model impementation guidelines

Object-based program structure

/closs bus I

4 .
class grid
- ref Int
Buses List
- - P Real
Lines List
Y Matrix Q Real
D List v Real
N 4 I Real
Connections_in List p N
grid.add_bus(specify dreses) Connections_out  List class line
\ / yA Complex

grid.add_line(specify buses) | Real

Connections List
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Object-based program structure

+ An explanatory example -

0 1 2 net.
| | O e
‘ ‘ ‘ net.

net.

All the elements are accesible from the net object.
Every bus has access to all the lines connected to itself.

= grid()

Line added to bus.connections
Bus added fo line.connections

add_bus(ref = 0, slack = True)

add_bus(ref
add_bus(ref = 2,

I
=
N

P =
add_line(bus @ = @, bus_1 =
1,

add_line(bus 0 =

Every line has access to all the buses connected to itself.

Every element is accesible from every other element.

net.buses[1].
» [line_0_1,
net.buses[1].
» line_0 1

net.buses[1].

1e6, Q
zo1)
712)

N
-
N N ~—
1}

bus_1

-

connections
line_1_2]
connections[9]

connections[@].connections

> [bus@, busl]



C) EASY-RES // Technical constraints and optimization in distribution grids and converters

Solving a power flow problem

+ Once the objects that describe the network has been created, the power flow
problem can be solved.

+ Use a nonlinear solver that from a staring estimate of a searched vector x, returns the
residuals of the nonlinear system of equations to be solved.

+ The searched vector can be the voltage values at each bus (nonlinear solvers do not admit complex
numbers).

» Easy solution (but computationally inefficient): generate a method in the class grid
that perform the following steps to evaluate x:
* Takes the values from x and assign them to buses attributes.
« Eachline object assign the current from the voltage Kirchhoff law.
* Each bus object computes the residual of current Kirchhoff law.
+ A vectorwith all the residuals is returned to the solver.
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https://github.com/alvarordn/AC-Power-Flow-PQ-.git

Solving a power flow problem

real , imag _ real ,,imag _ real imag]

e An explanatory example _
p y p e X = [uo ;uo y Uq rul » Up ’uZ

0 1 2 net.buses[0].Uc

‘ ‘ ‘ <::> net.buses[1].Uc
e

‘ ‘ ‘ net.buses[2].Uc

o Bus®_u = net.lines[@].connections[@].Uc
Busl u = net.lines[@].connections[1].Uc
net.lines[@].I = (Busl_u - Bus®@ u)/net.lines[0].Z

x[@] + x[1]]
x[2] + x[3]]
x[4] + x[5]]

e Residual = list() 0 return Residual
for bus in net.buses:
I = bus.I -
for line in bus.connections: from scipy import fsolve
if bus == line.connections[0@]: > fsolve(func, x0)
I -= line.I
else:
I += line.I — . . . -
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.fsolve.html

Residual.append(I)
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Solving an optimal power flow problem

« Asimilar approach can be followed:
+ Afunction/method that envelopes the equations of the network is needed. Returns the residual.
* Infroducing a function/method with the inequalities that must be fulfiled.
« Defining a function/method with the objective function.

« All the new functions compute the corresponding requirements from the searched
vector x.

from scipy.optimize import minimize
minimize(func, x@, bounds = None, constraints = ())

Scipy implements several methods to solve
optimization problems depending on the
constraints and bounds of the problem

https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.minimize.htmi
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VSC electrothermal model

VSC electrothermal model

+ Two-level VSC model based on switches with at least one IGBT and its corresponding
anfiparallel diode.

+ The model estimates the temperature of IGBTs and diodes considering the injected
current, power factor and environmental conditions.

Under 1 MW Large converters

Ta Multiple switch sink

Multiple switch sink Single switch sink
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Advantages compraed to manufacturers' tools

+ There are several manufacturers with on-line applications or stand-alone programs to
compute the losses and thermal behaviors of their respective devices.

+ The proposed model allows to integrate power losses as well as temperature signals of
the power converters inside the same tool and making them accessible to simulate
protections or controllers.

Under 1 MW Large converters
t Sink Sink Sink
T,
s *F 43 G
v
Vie | sink —

Sink Sink Sink.
; hF 445%

Multiple switch sink Single switch sink

Multiple switch sink
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Power losses model

«  Powerlossesin the switches and diodes are the main heat sources.

+ Powerlosses depend on AC, current, DC and AC voltages, switching frequency, ....

. Fixed switching frequency conftrol strategies are the most common.
. DC voltage is quasi-constant.

. Ambient temperature can be considered constant.

* Under these hypothesis, power losses can be computed as a function of the RMS AC

current.
P (I) = 0O [(Ii + (bz + Cind) I+ (d,,, + 61'(}) 12] __—» Powerfactor
Pi(I) = O [ag+ (ba+ cacr) I + (dg + eqa) I?] o =m - cos(¢) \
| 22290
Modulationindex: M = —\/§
T Transient computation: ’ - 730
e = ° Actual/steady-state
Tss heatsink temperature
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VSC electrothermal model

Computation of the parameters

Pi(I) = O a;+ (b + i) I + (d; + e;0) I?]
Py(I) = © [ad-l-(bd-i-cda)f—i-(dd+eda)12]

(1 I, Lay 1P Boy Q[ el [P)]
1 IQ IQO!l 122 122051 b; R (12)
1 .[3 13051 Ig Igal C; = Pi (I‘g)
1 I4 .[4052 L% IEQ{Q dz R (14)

i 1 I5 15052 Ig Ig(_lg 1L € | | JPz(IS) i
(1 I, Loy IP Pay [aa| [ Pa(h) ]
1 IQ IQO!l _[22 _[22051 bd Pd (Iz)

1 .[3 13(1]_ I?? IgOél Cq | = Pd (13)

1 I4 14052 142 142042 dd Pd (LL)

i 1 I5 .[5052 Ig Igag 1L Cq ] | Pd (15) ]
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Thermal model

+  Once the power losses of IGBTs and diodes are known, it can be computed the
thermal behavior of the VSC.

+ Differential equations with fast dynamics (the capacitors at the shaded areas) are
transformed into algebraic equations.
. The fast dynamics are not neglected but considered in steady-state.

. This simplification leads o conservative results. i—8 __ E :Rk
th

Cauer network

k s—a - S—a
Ry, th Ry, Ry,

—V VW AA% AA%
WL : +
— Cin = Cix I T, P, T; 1 T,

Slmphfied thermal dynamics
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Thermal model

In the case that all the switches share the same heatsink the model can be reduced

to the following equations.

* In case of a single heatsink for each switch Ng = 1.
Switch 1 Switch N
T,=T.+PR;® p 2
_ - 1 T P
Ty=T,+ P;R% S 5 s
Ry,* Ry, ”
— i T
dr. 1 T, — T, Con | .
s _ NP, - 2 T = no7
s — ==
dt th th < - + IGBT w T
Ta Module S
PS = R —l— _Pd Sink |, M
- - T,

TS =T, + N, PR




C) EASY-RES // Technical constraints and optimization in distribution grids and converters

Computation of the parameters

. . . T, —T. Ty —T.
« Junctures to heatsink thermal resistors: = Ri-s — 24 ==
P; Py
Tss _ Ta
« Heatsink to ambient thermal model parameters: R, “ = FS’T
[ d
Switch 1 Switch N
T T T T T.
_ S—a /s s __ S
pi Py Ts = 1y, th = th — s—a
T} T} e th
R Ry
g T,
Cin _ X
1 m n T

Sink

+ IGBT w
Ta Module Tq
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VSC electrothermal model

Some simulations results

+ Application: provision of inertial response.
145 A Temp. S.S.

Steady state IGBT temperature Transient (120 A to 160 A) \

160 1 1754 Fmm———— T e T. max

T

Heatsink dynamics

Initial state

140 - 170 7

C
N
o
2]

120 A

-
(2]
o

-
o
o

IGBT temperature (°C)
Temperature (°C)
o
4]

150
80 -
il IGBTs and diodes
60 .
140 1 fast-dynamics
40 T T T T T T T T 135 T T T T T T
0 20 40 60 80 100 120 140 0 5 10 15 20 25

Current (A) time (s)




C EASY-RES // The EASY-RES approach for aggregation and disaggregation of Inertia and PFR

References

Publications

* More information is accessible in Deliverable 2.2 of the EASY-RES project:

«  Mauricio, J., Kontis, Barragdn-Villarejo M., Casanova Delgado, L., et al. First report on the electric and
thermal dynamic modelling of DRES/BESS. Deliverable D2,2 of EU H2020 project EASY-RES — Enable
Ancillary Services by Renewable Energy Sources, 2020.




C) EASY-RES // Technical constraints and optimization in distribution grids and converters

ltem 4: The EASY-RES Consortium
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Thank you!
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