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Abstract

Power electronic interfaces (PEI) play an important role in future power systems. From planning and operation perspectives,
there is a need to model PEls for power flow applications. In this paper, precise modeling of a DC-DC boost converter
for load flow analysis is presented, which can be generalized for other kinds of PEls. As an application, the presented
model is employed for uncertainty analysis of systems, considering uncertainty in wind power generation. The simulations
are performed on a wind farm DC distribution network. The results demonstrate the robustness of the presented load flow

algorithm.
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1. Introduction

Power electronics technologies have a wide range of ap-
plications [1], particularly for modern medium [2] and low
voltage [3] electric power distribution networks. Various ex-
amples can be given. They can be used as interfaces for
dispersed power generation [4, 5] such as wind turbines
(WT) [6], photovoltaic modules [7], and fuel cells [8]. They
can be used as distribution FACTS (D-FACTS) devices for
power quality enhancement [9]. Power electronics trans-
formers are another example [10]. Power electronics devices
have been touted as the main components of future micro-
grids [11]. Moreover, power electronics technologies play
an important role in the low voltage direct current (LVDC)
system, which is a planning strategy for modern low voltage
distribution networks [3, 12].

Planning and operation studies in distribution networks re-
quire the modeling of power electronics devices. Several
works in the literature present the modeling of D-FACTS de-
vices, for power flow analysis, such as [13—16]. However,
works on the modeling of power electronics interfaces for
power flow analysis are less common, for example [17-19].
The authors in [13] modeled a unified power quality con-
ditioner (UPQC) in order to incorporate backward-forward
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sweep (BFS) power flow analysis. In [14], the authors in-
corporated a model of an active power conditioner (APC) in
BFS algorithm and applied it to optimal location and sizing
of APCs in a distribution network. Voltage control devices
such as a thyristor controlled series compensator (TCSC)
for distribution networks were modeled and incorporated in
power flow analysis in [15]. Moreover, in [16], a line flow
based power flow algorithm was proposed in order to model
D-FACTS. In [17] the authors modeled voltage source con-
verter (VSC) based interfaces for unified three-phase power
flow analysis and the authors in [18, 19] modeled a DC-DC
boost converter as interface for wind farms and incorporated
Newton-Raphson power flow analysis.

The presented work in [18] might be of great interest for fu-
ture studies on incorporating DC-DC boost converters in dis-
tribution networks, but the proposed work is not without defi-
ciencies. Some equations are mistaken and some constant
parameters are not given, such as initial values for power
flow variables, and curve fitting constants etc. In this pa-
per, we carefully investigate the modeling of a DC-DC boost
converter. As an application, the load flow model of the DC-
DC boost converter is incorporated in statistical analysis of
a power system in which wind power generation is uncertain
in nature.

The paper is organized in 8 sections. In sections 2, 3 and
4 the DC-DC boost converter is modeled for DC power flow
analysis. The modeling of uncertainty in wind power gen-
eration is presented in section 5. A numerical example is
given in section 6 and the concluding remarks are delivered
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in section 7. There are also two appendices in section 8.

2. DC-DC Boost Converter

A boost or step-up converter can be modeled as power
loss between input and output buses as in [20]:

PLoss = PL + Pcon,sw + Pcon,D + Psw,SW + PSW,D (1)

| (DD,
Pr = Ff (RLin)in(t) - dt = RLI, (2

DT .
= TLS fo . (Vo,xw + Ro,.vwlin)lin(t) -dt
= % (Vo,sw + Ro,swlin) Iin
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| [(D+D)T,

Pcon,D = T, T, (V(),D + RU,DIin)iin(t) -dt
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Psw,SW = T Voutlin (5)
s
Avec.D
Psw,D = )Tivoutlin (6)
s

where:  D—relative conducting time for the IGBT,
D’—relative conducting time for the diode, R;—resistance
of the inductor, V,,,—constant voltage drop in IGBT,
R, sw—Cconducting resistance in IGBT, V, p—constant volt-
age drop in diode, R, p—conducting resistance in diode,
A,nsw—turn-on curve fitting constants for the IGBT,
A, rrsw—turn-off curve fitting constants for the IGBT,
A,ecp—turn-off curve fitting constants for the diode,
T—switching period time.

The relative conducting time D and D’ is obtained by:

oo [2LL D

where:

Dx = Vl - Ii(RL + Ro,xw) - Vo,xw

Dy = Ii(Ro,D - Ro,sw) - Vo,sw + Vo,D + Vj

DZ = —V,' + I,'(RL + Ro,D) + IjRo’D + Vo,D + Vj

3. Results DC Power Flow Analysis

DC power flow is used for a distribution network containing
DC-DC converters. The generalized equation for bus (node)
voltage is shown in (9) [18]:

Vi= — (5= > GinVin) (©)

where:  V,—bus (node) voltage,
Gr,—node admittance.

The node voltage is adjusted iteratively using (10) until
the final solution is obtained. In this paper, the Newton-
Raphson (N-R) method which is used to solve the AC sys-
tems is adopted for the DC systems [18]. Only two variables
are necessary for each bus to consider the power flow:

Pr—nodal power,

e P,—active power
e V,—voltage magnitude

There are two kinds of bus definitions:
¢ Voltage-controlled bus (V-node),
e Power-controlled bus (P-node).

The voltage and power injection are maintained at a given
value at this bus. The DC network equation, without consid-
ering the model of DC-DC converters, can be expressed as
follows:

Py = Z ViViGim (10)

In order to solve power flow equations, using the N-R
method, we need to form differentials that relate linearly
small variations in V to small variations in P as follows:

o
A%

m

APy = AV, (11)

Equation (11) can be extended to the whole system
as [18]:

[AP] = [J%]-[AV]

[J 9] is a Jacobian matrix which is formed for a DC net-
work. Itis an NxN matrix (N is the number of p-node buses).
The elements in the Jacobian matrix are given by:

m#k

oP ViGim
N R I

km — va -

Py
v, tViGu

4. Incorporating DC-DC Converters

4.1. Modeling of DC-DC converters

Suppose a DC-DC converter is located between nodes i
and j in a DC network (as shown in Fig. 1). Node i is sup-
posed as the voltage controlled node.

— 29—
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Figure 1: A DC-DC converter model [18]

DC-DC converter is modeled for power flow analysis tak-
ing into account power losses and control strategy as [18]:

P; = Z ViViuGim + Vil; (13)
m#j

Pj = Z VijGjm + Vj[j (14)
m#i

E=Vili+ V- Pjy=0 (15)

Vo= v (16)

where: P;, P;—the nodal power at node i and j, G,,—the
element (x, m) in the bus admittance matrix, E—the power
balance equation, P,;,—the power losses of the DC-DC
converter, V7*“—the expected voltage value at node i.

The control method of the converter is specified by (16).
The loss of the DC-DC converter Py, is obtained from (1).

4.2. Modified DC power flow

The power flow model of DC-DC converters are integrated
into the DC power flow algorithm by changing the formation
of Jacobian matrix [J %] [18]. At first, form the NxN Jacobian
matrix [J %] without counting the DC-DC converters; in other
words open circuit the DC-DC converter. The nodes i and
j are considered as V-node and P-node respectively. Then,
include all the DC-DC converters modifying [J %].

e Step 1: Two variables shall be added for each DC-DC
converter: I; and ;. Then the iteration variables be-
come [Vi...Vy Il...[Neon Ijl.. ..I}V“’”]. Consequently,
2 X N, columns will be added into [J %], whose values
are all zero initially.

e Step 2: The right node of each DC-DC converter has
already been specified as P-node. However, the power
flow of the DC-DC converter has not been included in
the power equation. The actual nodal power is given
by (14). Therefore, the j-th row of [J %] shall be modified
at row j and column N + N, + n to put the differential
values of P; with respect to V; and I; (based on (14)). i
and j are related to n-th converteras n = {1... No}.

e Step 3: Based on the nodal power equation specified
in (13), a new row related to 4P; for each converter can
be added into [J ] (in rows N + n). The differential
values of P; with respect to voltage V;...Vy and I; are
obtained from (13). The dimensions of the new modified
Jacobian matrix are N+N,,, and N+2xN,,, respectively.

The differentials can be obtained as:
OP;
Vi

=VGy, for m=1...N (17)

e Step 4: An additional row representing the power bal-
ance equation (15) for n-th converter is added into the
matrix [J 9] (in row N + N,,, + n). For each converter,
differentials of E with respect to V;, I; and I; are ob-
tained and are added in row N + N,,, + n and columns
i» N+ n, N + N, + n, respectively. This is repeated for
each converter and finally we have a Jacobian matrix
with dimensions (N + 2 X N,,,;) and (N + 2 X Nop).

The differentials can be obtained as:

OE OPjyss

A . 18
av; v, e
6E 6Ploss

= vy — 1
ol; ! ol; (19)
19)) OPjyss

%y - 20
o, ol {59

The partial derivatives of P, in (18)—(20) can be obtained
from (1)—(8). The results are given in appendix A.

The power flow equation regarding the new Jacobian ma-
trix is given by:

T
[AP - APy APl APYr El... ENen| =

[Jdc‘+] [V Vg IV ][{Vm ]; ];\’mn]T

(21)

OoP,
de k
ka = 87 -

(22)

ViGim m+k
m=k

%+Vkak
The previous work on DC-DC boost converter modeling

had some deficiencies in equations 31, 34 and 36, which are
modified as in appendix 8.1.

5. Modeling of Wind Power Generation

Wind speed has an uncertain nature which can be mod-
eled by a probability function. The Weibull distribution func-
tion has been used to represent wind speed modeling [21].
The Weibull probability density function is as follows:

(G xew(-(f) w20 (23)

otherwise

S ™

fv(v) = {

where, @ and 8 are the shape and scale parameters of the
Weibull distribution function and v is the wind speed in [m/s].
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The wind speed is converted into power as (24):

V2 . —Vz
cut—in
Pr,WT~ PR Veut—in SV < Vy
cut—in
Pewr (v) = P.wr Vr SV S Veur—ou (24)
0 otherwise

where P,y is the rated power of wind turbine in kW, v,,,—in
and v, are the wind turbine cut-in and cut-out speeds in
m/s, and v, is the rated speed of wind turbine in m/s. A num-
ber of samples based on Weibull distribution are generated.
The presented DC power flow is used to analyze the steady-
state condition of the network for every sample wind power
generation.

6. Numerical Example

The algorithm presented above is tested on a system con-
taining 51 buses, 40 short cables and one long distance ca-
ble, 40 wind turbines (WT) and 10 DC-DC boost converters
as in Fig. 2. The WTs are composed of a synchronous gen-
erator followed by a rectifier. The inverter connected to bus
51 maintains the DC voltage. Therefore, bus 51 is consid-
ered as V-node, while the wind turbines are considered as
P-node. The parameters of the system elements are given
in Table 1 of appendix 8.2.

6.1. Validation

The load flow algorithm presented in [18] is re-worked in this
paper. In order to validate this paper the results are given. At
this stage, the wind speed is set so that each WT generates
the rated power.

Based on the method presented in previous sections,
power flow analysis is performed. Fig. 3 shows the flowchart
of the algorithm. The value for parameter ¢ as a stopping
criterion is 0.0001. The calculation converged in 4 iterations.
The voltage magnitudes are given in Table 1 and are com-
pared with the previous work [18]. The differences are sub-
tle. It should be noted that the values of some parameters
were not given in [18]: initial values for power flow analysis
are given in Fig. 3 and curve fitting parameters are given in
Table 1. The voltage profile can also be seen in Fig. 4.

6.2. Uncertainty in wind power

As an application of the DC-DC converter model in load
flow analysis and in order to show the robustness of the al-
gorithm, wind power is assumed to be uncertain, which is
necessary in real studies. As presented in section 5, 10000
wind speed samples are generated based on the Weibull dis-
tribution function with the parameters @« =2 and 8 = 7. The
density figure of wind speed is as Fig. 5. In order to show
the results statistically, normal fit of density figures are given
over the density bars. In every sample the wind speed is
assumed to be similar for all the wind turbines in the wind
farm.

For every sample a power flow analysis is performed. The
parameters used for wind power generations based on equa-
tion (24) are as follow:

Pr,WT = 25 MW
Veur—in = 2.5m/$

v, =12m/s
Veur—our = 30m/s

The density figure of wind power generation is shown in
Fig. 6. As an example, the density figure of losses in a boost
converter is shown in Fig. 7 in which for all the samples
the average value of loss is 0.06 MW and the variance is
0.05 MW.

7. Conclusion

The purpose of this paper is to shed light on the impor-
tance of incorporating models of PEls into power flow stud-
ies. So, the precise modeling of a DC-DC boost converter
for power flow analysis was presented. As an application the
model was employed in an uncertainty study of wind power
generation and the results demonstrate the robustness of the
algorithm. The model can be used for various other applica-
tions, ranging from planning to operation studies. Conven-
tional distribution networks are evolving into smart distribu-
tion networks, and DC-DC converters as a kind of PEls are
mostly incorporated in the smart grid environment.

8. Appendices

8.1. The partial derivatives of P,,s in the boost converter

oD
1=0 25
av, (25)
oD
L = —(RL+R, 26
al, (RL + Ry ) (26)
Dy _ 1 (27)
v,
9Dy _ R,p—-R (28)
611- — ™No,D 0,5W
oD,
LI 29
av, (29)
aD,
a]; = RL + Ro,D (30)
D LI;
—=——"_(D,-D 31
v, DDXDgTS( »= D) s
Ds =D+D’ (32)
D -2LI;, 4D
avZ “T.D 13237 (33)
J sx J
D LI; dD, dD,
Z_o__ = p(=p.+2D 34
oI~ T,DD2D? ( PTG TG (34)

— 31—
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Figure 3: Flowchart of the presented power flow algorithm
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Figure 4: Voltage profile of the system after power flow analysis
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Figure 5: Density of wind power generated by one of the WTs

8.2. Test system parameters

Table 1: Parameters of the Test System

Devices Parameters Values

Rating of WT, MW 2

wind Voltage of WT, kV DC 6
turbines [18]

Type of generator PMSG

Resistance of 6 kV DC cable, Q/km 0.062

Dc cables [18] Resistance of 30 kV DC cable, 0.06

Q/km
Resistance of 150 kV DC cable, 0.047
Q/km

Switching frequency, kHz 2

Voltage drop of IGBT, kV 0.00684

6/30 kV DC-DC Resistance of IGBT, Q 0.0068

converter [18] Voltage drop of diode, kV 0.00498

Resistance of diode, Q 0.0039

Inductance, mH 8

Resistance of inductor, Q 0.001

Switching frequency, kHz 1

Voltage drop of IGBT, kV 0.034

30/150 kV Resistance of IGBT, Q 0.021

DC-DC

converter [18] Voltage drop of diode, kV 0.025

Resistance of diode, kV 0.0122

Inductance, mH 18

Resistance of inductor, Q 0.002

Others [18] Base value for frequency, Hz 50

Base for power, MVA 100

Curve fitting Agpon 11.67x1077

parameters [20] Aswoff 8.33x 1077

A 542x107
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