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Abstract—This paper presents a power-converter model and subsystems. For this reason, the previous approaches are not
intended for balanced and unbalanced radial power-flow suitable for power distribution systems. Therefore, this paper
stu?l(ljes.dA/ three-phase dSt‘?ady('ft%te motqlfgl of al povlver dcolr_‘vlfrterpresents a new, three-phase converter system model (rectifier,
(cjdc-dolap composed of & dlode rectfer, loslesd Ik dlink, invrter) hat can be used fr balanced and nbalanced
three-phase rectifier and the three-phase inverter are modeled radial power systems, such as certain terrestrial distribution sys-
as three, equivalent, Y-connected single-phase rectifiers andtems, shipboard power systems, and alternative energy source-
wilhin & three-phase power flow Solver with phase representation. -o SYSIEMS.
within a - wer- . H H H
Simulation resﬂlts ongbalanced and an unbglanced ES-bus system .Thls paper presents a modeling approach usmg_ three,
are presented. smg_le-phase, grounded, Y-connected conve_rters which are

equivalent to actual three-phase converters. This model can also
Index Terms—ac/dc unbalanced power flow, power converter, be used for other power-electronic-based equipment such as
small integrated power-distribution systems. ™ .
unified power controllers (UPCs), dynamic voltage regulators
(DVARSs), and dynamic-static compensators (D-STATCOM).
. INTRODUCTION The Y-connected model is designed to be equivalent to a

ECENT developments in power electronics offer thEree-phase converter with respect to the avedgeurrent

possibility of wide-scale integration within the Supph;hrough thedc I|nl_<. Since distribution systems are normally
network [1]. Resulting benefits would include improvedPerated in a radial manner, the model presented in this paper
control of the power delivered and improved power qualitgSSumes power flows from the rectifier into thelink and then
for the loads. Improved control of the power delivered woultp the inverter. The model uses individual phase converters to
significantly impact energy management of power systerfigPture the imbalance in ttee supply system. It can be used
especially during critical times. Energy savings are also ef@ Single- and three-phase studies. . _
pected:; these become an important issue with the restructuring Ne rectifiers are assumed to be uncontrolled, diode bridge

of the power industry and the prices of natural gas, oil, antgctifiers and the inverters are voltage-controlled inverters. For
other petrochemical products. bidirectional flow analysis, a controllable rectifier is needed to

tronics applications have been in the transmission sector whBaianced power-flow solver. Phase coordinates are selected for
HVDC lines, solid state var compensators, unified power_ﬂo\me converter models and the subsequent unbalanced distribu-
controllers, and others have been or are in use to #nk tion power-flow analysis. We make this selection because typ-
systems. As a result, a number of power-flow solvers welg@! distribution systems experience a significant level of imbal-
created to handle these devices, see for example [2] and @]c€ and, when such a case occurs, the computational advantage
Most power-flow formulations and algorithms required th&hat comes from using symmetrical components diminishes [7].
system to be three phase and balanced. This condition stemnh&@@ Prominent methods foac/dc power flow have been de-
from the fact that protection devices on three-phase convert¥@doped: sequential methods that iterate alternatively between
activate as soon as unbalanced conditions are sensed. ThHRAtes of the two sides of the converter [8], [9] and unified
per-phase equivalent circuit is used in [4] and [5], while in [6|]nethods that combine power and harmonic flow, [10], [11]. The
balanced three-phase conditions are assumed. converter model proposed in this paper is implemented in a se-
Gradually, the use of power electronics is moving into pow&uential power-flow solver; see also [12].
distribution systems. Power distribution systems are unbalanced
systems consisting of single, two, and three-phase components Il. CONVERTERMODELS

This section presents a model for three-phase power con-
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Fig. 1. Power converter setup.
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The three-phase power converter is modeled by combining a
A) rectifier model, B)Ydc-link, and C) inverter model. The details

of each model are now presented. Fig. 2.

A. Rectifier Model

bt
»

P r\
'I}—[

Equivalent model using three Y-connected single-phase rectifiers.

on theac side of the rectifier, here O &r for the phase refer-

The equivalent model for a three-phase rectifier is no@nce. Average currents leaving phasé, andc rectifiers are

derived. Specifically, we propose to model a three-phase
full-bridge diode rectifier with three equivalent, grounded
Y-connected, single-phase diode rectifiers; see Fig. 2.

Each of the three, single-phase rectifiers just discussed has

/ V219 sin(wt)d(wt)
- — \/_I“ sin(wt)d(wt)

the following characteristics. 27 ).
i) Each rectifies the phase voltage for one phase. =0. 91“ (6)
i) Their output voltages are in parallel with tle link.
iiiy Their output currents add and their sum over a period / \/_ o Sin(Wt — pap)d(wi)
gives the current through ttde link. rPab+T ,
Usually, the voltage in theclink is sustained using capacitors. + g , V2, sin(wt = gap)d(wt)
Also, capacitors and inductors are used as filters designed to 1 ' ,o;;
reduce the harmonic content. Therefore,db&oltage,V,, and - — V2IP sin(wt — @up)d(wt)
averagedc current,/,, are assumed to be constant and free of 27 J st
harmonics. =0.91%, (7)
Thus, to model a three-phase rectifier using the topology in . 1 [FeerT .
Fig. 2, a relationship betweeat anddc currents of the actual 1= or ) V25, sin(wt — puc)d(wt)
three-phase rectifier and the model containing three individual 1 [Pae
rectifiers have to be established. More preciselygibeurrents, ~ 5 / V2IS, sin(wt — @ac)d(wt)
leaving each individual rectifier, must be equivalent to tie ) ";;_
current that would evolve from one three-phase rectifier. Hence, + 1 V2IE, sin(wt — a0 )d(wt)
we first determine and then make an equivalent of the average 27 Jo..
dc currents. =0.91¢. (8)

1) Determiningthe dc CurrentTheaccurrents entering the

The current through théclink is the sum of the currents en-
tering the rectifiers over one period. The average value of the
ia(t) =V2I2, sin(wt + ©,) (1) current through thelc link for the Y-connected model;-"
in (1) Z\/Efgc sin(wt + p) @) equals the sum of the average currents leaving each phase of

the rectifier model
ie(t) =V2I¢, sin(wt + @) (3)

respective rectifiers are

Ig_ Ii+Id+Id (9)

a b
wherel?,, T =0.9 (I, + 10, +12,). (10)

e, I.., andIS, are the RMS values and,, ¢, and
©. are the phase angles of the theexscurrents with respect to

va(t). Note that for an unbalanced three-phase netwefk, I°,.,

In order to sum the output currents, we choose plaaea ang e are not equal. Thus, the contributions of each rectifier
reference with reference angle; then are not equal. We now capture this difference by determining
participation coefficientd,, Ay, and). for each rectifier. These
participation coefficients will be used to make equivalent the
sum of the averagéc currents for the three Y-connected recti-
fiers with the averagdc current of a three-phase rectifier.

To determine the averagecurrent leaving each single-phase 2) Determining Participation CoefficientsParticipation co-
rectifier, we integrate the input currents over one and the samiéicients are calculated based on the network imbalance on the
period is used to determine the root-mean-square (RMS) valaesside of the rectifier. The participation coefficient for phase

Pab =Pa — Pb (4)
Pac =Pa — Pe- (5)
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is taken as the ratio df; to the sum of the currents leaving each ) 1 ) 1l phasea
rectifier )‘ | ‘
B I:ll , x | x I
« =T (11) iy
I+ 15+ I J J
Je \‘; E S 1 x . x Phase b
=——9¢ 12 d 1 S —
Iaac + Igc + Igc ( ) J' T ik Jl T )I—K
Similarly, A, and \.. follow: T
Ib é % )I %= Phase c
P L — 13 = x 1
DI+ I+ I 49 | |
I(‘
ac (14)

Ae=—8c
I8+ 15 + 1G,

Applying the participation coefficients,, Ay, and ). to thedc
current for the Y-connected rectifiefg-Y yields

Fig. 3. Three Y-connected single-phase inverters.

Y —o9 (14 & 4 ﬁ Ja (15) a puredp circuit. The real poweP; transferred through a loss-
d : ac* lessdclink is obtained as the product of tlike voltageV,; and

e Aa
] ] , ) the average value of the current through dedink, Ij’_ph“c:
We now investigate the relationship between the sum of the

averagedc currents from our three, single-phase, Y-connected
rectifier model and the averagke current from a three-phase
rectifier.

3) Equivalencing the dc Current From the Model With That
of a Three-Phase Rectifiertf the three-phase rectifier is aC- Inverter Model
three-phase diode bridge rectifier, the average value of theThe three-phase inverter is modeled as three, equivalent,
current through thelc link can be obtained by integrating itgrounded Y-connected, single-phase voltage source inverters
over a period which isr/3 for a three-phase diode rectifier.shown in Fig. 3. Each of the three inverters is a grounded,
Ij’_ph‘"‘“’ is the average value of the current throughdbéink single-phase, pulse-width-modulated inverter. Their common
when the rectifier is modeled as a three-phase diode bridgeut is the voltage in thec link Vy, and their output will be
rectifier. Three-phase rectifiers typically assume balancedphase-to-ground voltage for phase$, andc. By selecting
inputs; thus with balanced conditions in the three-phase proper switching schemes, these three output voltages can be

Py = Vg x I3Ph. (19)

circuit, we obtain controlled and thac bus to which the inverter is connected is
/6 modeled as a voltage-specified bus.
]3—1’11&50 - % \/5156 cos(wt)d(wt) = 1.35I%,. (16) For a single-phase pulse-width-modulated inverter using
3 J-n/6 unipolar switching [3], having the amplitude modulation ratio

In order to make the two models equivalent, an equivalenté: < 1, we obtain

coefficient K is defined.K is the ratio of the average value of
the dc current when the rectifier is modeled as a three-phase

rgctn‘lerto thedccurrent when th_e_ rectifier is modeled as thre%vheref/l is the amplitude of the fundamental voltage waveform.
single-phase, Y-connected rectifiers

Each equivalent single-phase inverter produces the same ampli-
X Ij_phasc tude for its subsequentc phase voltage.
- 3.Y
fa 135 D. Analog-To-Digital/Digital-To-Analog Converter
:0 9 (1 Ly L) (17) When the models for thethree-phase_rectiﬁkeﬂ_jnk f_;mgl the
' Ao Aa three-phase inverter are combined, the integration limits for the
_ 1.5 (18) average values of the currents leaving each rectifier on phases
1+ i_zl + i_a ' a, b, andc change. However, since we have assumed the voltage
to be constant and harmonic free, we can obtain the contribution
The equivalence coefficiert’ relates the equivalent modelfrom each rectifier by using the equivalance coeffici&haind
using three single-phase converters to a model using a thrgfs participation coefficients.

phase converter, through a current ratio. Note fiamust be  gpecifically, this converter model is designed for sequential

Vi = mq = Vy (20)

determined based on the specific type of rectifier used. power-flow methods. As such, the real power transferred
i through the converter can be determined from the voltage
B. DC Link Model set point of the inverter and thec side of the inverter. Con-

Under the assumption that the harmonics injected by the rem:.\quently,Ij’p}1ase can be determined. Using (17) and the
tifier and the inverter can be neglected, ttidink is modeled as equivalence coefficient, the equivalent averagecurrent out



STOICESCUet al: CONVERTER MODELS FOR RADIAL POWER-FLOW STUDIES

of the three, single-phase rectifigis? can be obtained. Then,
using the participation coefficients,, A\, and\.

§ =X
1 =M I3
Ig =M I3
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and the RMS currents flowing into the rectifier can be obtaindd®- 4. One-line diagram of the 15-bus network system.

using (6)—(8).

I1l. POWERFLOW SOLUTION ALGORITHM

3
A sequential power-flow solver is developed to handle radial 7o

TABLE |
NOMINAL POWER LOADS FOR THE15-Bus NETWORK IN [MW, MVAR]
Bus P+jQ; Phase a P+jQ; Phase b P+jQ; Phase ¢
0.2000+j0 0.4000+j0 0.8000+0
0.5333+j0.2666 0.5333+j0.2666 0.5333+j0.2666
0.5333+j0.2666 0.5333+j0.2666 0.5333+j0.2666

three-phase, unbalanced power systems with converters usi_3
the converter model presented before. The following steps out-

line the power-flow procedure.

converter.
Step 2) Solve thac side of the inverter.

Step2.a) Treat the inverter bus as a voltage-specified

bus and solve three-phase power flow.

Step 2.b) Calculate the complex power leaving the in-
verter bus over all three phases. The total real

power transferred through the convertePis
Step 3) Determine the participation coefficients.
Step 3.a) Model the converter and taeside of the in-

verter as a lumped three-phase balanced constant
power load attached to the rectifier bus using the The power-flow algorithm was tested on a radial, three-phase
complex power from Step 2.b. Note that reactiv&5-bus test network shown in Fig. 4. Bus 1 is the main power
power is assumed equal on both sides of the coseurce bus and this network contains

verter only when determining,, A, and\.. This

assumption is released when solving power-flow

iterations.

Step 3.b) Apply backward-forward sweeps to the
ac side of the rectifier resulting in approximate

branch currents.

L]

Step 5) Solve thac side of the rectifier.
Step 1) If a converter exists, divide the network into two
separatec subnetworks, based on the position of the

Step5.a) Treat thac rectifier bus as a specifieB|I|
bus. A balanced real power is determined from
Step 2.b, and the individual single-phase recti-
fier current magnitudes from Step 4.e are treated
as constant current magnitudes on the rectifier
bus. Note, for the power-flow analysis, the reac-
tive power injected at thac rectifier bus is not
specified.

Step 5.b) Solve three-phasepower flow for the net-
work on the rectifier side.

IV. SIMULATION RESULTS

a two-stage dc/dc—dc/ag power converter placed be-
tween buses 4 and 5;

one unbalanced load at bus 3;

two balanced loads at buses 10 and 15;

a grounded-Y to grounded-Y transformer connected be-
tween buses 12 and 13 (XFMR).

Step3.c) Use the currents to determine the particfyq gifferent loading conditions (a) balanced loads and (b) un-

pation coefficients. Note that these participatiop;janced loads and system will now be studied.
coefficients do not change as long as the network Case A

topology and the load's power factors do not |, this case, the network on tlae side of the inverter is bal-

change.

anced with balanced loads provided in Table I. Loads are mod-

Step 4) Solve the converter model, starting with the invertereled as constantimpedance. The voltage source and the inverter

Step4.a) Determine the voltagé in the dc link  bus are specified at a 1.0 p.u., balanced, flat start.
Theac/dcpower flow is solved for the test network; simula-

using (20).
Step4.b) Determiné; using (19).
Step 4.c) Use the equivalence coefficiéfitto ob-

tain the equivalent average value of the current

through thedc link using (18).

Step4.d) Use A\,, Xy, and ). to determine
the averagedc currents leaving the three,
single-phase rectifiers.

Step4.e) Use the rectifier model to determine the

magnitude of thec currents entering the three
rectifiers, on each phase.

L]

L]

tion results are presented in the following tables.

Table Il presents the bus voltage magnitudes for each
phase.

Table 1l presents the power delivered to the loads calcu-
lated from the power-flow solution.

Table IV presents the participation coefficients determined
for each phase connected to the rectifier.

Table V presents the ac currents entering the rectifier.
Table VI presents the calculated power on both sides of
the converter.
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TABLE I TABLE VII
BUS VOLTAGE MAGNITUDES BuUS VOLTAGE MAGNITUDES
Va [pu] Vs [pu] Ve [pu] Va [pu] Vs [pu] Ve [pu]

Bus 1 1.000000 1.000000 1.000000 Bus 1 1 1 1

Bus 2 0.999152 0.998851 0.998781 Bus 2 0.999098 0.998797 0.998727
Bus 3 0.998305 0.997702 0.997562 Bus 3 0.998197 0.997594 0.997454
Bus 4 0.997426 0.996822 0.996682 Bus 4 0.997264 0.996661 0.99652
Bus 5 1.000000 1.000000 1.000000 Bus 5 1 1 1

Bus 6 0.999379 0.999379 0.999379 Bus 6 0.999222 0.999428 0.999371
Bus 7 0.999067 0.999067 0.999067 Bus 7 0.998911 0.999116 0.99906
Bus 8 0.998756 0.998756 0.998756 Bus 8 0.9986 0.998805 0.998748
Bus 9 0.998445 0.998445 0.998445 Bus 9 0.998289 0.998494 0.998437
Bus 10 0.998134 0.998134 0.998134 Bus 10 0.997978 0.998182 0.998126
Bus 11 0.999069 0.999069 0.999069 Bus 11 0.998756 0.999166 0.999053
Bus 12 0.998759 0.998759 0.998759 Bus 12 0.998289 0.998905 0.998735
Bus 13 0.992835 0.992835 0.992835 Bus 13 0.990144 0.99298 0.992812
Bus 14 0.992525 0.992525 0.992525 Bus 14 0.989679 0.992719 0.992495
Bus 15 0.992216 0.992216 0.992216 Bus 15 0.989215 0.992459 0.992177

Bus 16 0.989058
TABLE Il

TABLE VI

POWER DELIVERED TO THE LOADS IN [MW, MVAR] POWER DELIVERED T0 THE LOADS IN [MW, MVAR]

2 o v g;l{;ggzs i i gg{;g;“ 22 £ g’;gg i Bus | PQ; Phasea P+jQ; Phase b P+0; Phase ¢
Ll = — 3 0.1993 0.3981 0.7959
10 0.53134‘!0.2657 0‘5313‘*']'0.2657 0.5313+!0.2657 35 053124703656 0531402657 053134]0.2657
13 0.5251+/0.2625 0.5251+0.2625 0.5251+j0:2625 75 0.5219+j0.2609 0.5253+]0.2627 0.5250+/0.2625
16 0.1956+j0.0978
TABLE IV
PARTICIPATION COEFFICIENTS FORPHASESa, b, AND ¢ TABLE IX
. PARTICIPATION COEFFICIENTS FORPHASES @, b, AND ¢
A As Ae .
0.333184 0.333385 0.333431 Ao i Ao
0.333184 0.333385 - 0.333431
TABLE V
AC CURRENTS ENTERING THE RECTIFIER ONPHASES @, b, AND ¢ IN TABLE X
[P.U. MAGNITUDE / ANGLE] AC CURRENTSENTERING THE RECTIFIER ONPHASES @, b, AND ¢ IN
[P.U. MAGNITUDE Z ANGLE]
I _r b C
ldc i lac Zac a ib l.c
0.04991 £ -50.33 0.04994 £ -170.33 0.04995 £ 69.63 fae 4 ae
0.052972 £ -50.33 0.053005 £ -170.34 0.053016 £ 69.62
TABLE VI TABLE XI
POWER ENTERING (4) AND LEAVING (5) THE CONVERTER IN[MW, MVAR] POWER ENTERING (4) AND LEAVING (5) THE CONVERTER IN[MW, MVAR]
Bus L0 P hase a PO P hase b P, B ﬁase = " Bus P+jO; Phase a PHO; Phase b | P+jO; Phase ¢
4 10587412777 1.03874j1.2777 | 1.05874+i1.2779 4 1.1234+]1.3560 1.1234+1.3561 | 1.1234+1.3562
5 1.0587+j0.5363 1.0587+j0.5363 1.05874+j0.5363 3 1.2524+{0.6391 1.0587+]0.5364 1.0588+)0.5361

The real power transferred through the converter is 3.176&balanced loads, the downstream bus voltages will be unbal-
MW, which accounts for the real power drawn by the loads ahced and the power-flow solution will reflect this. This is now
bus 10 and 15 and the real-power loss due to line resistance. fifi@trated in following case.
load at bus 3 is unbalanced, and this imbalance is reflected in thegse B
participation coefficients. These are then used to determine the single-phase line is added on bus 15 and leads to a bus 16
participation of each phase to the current throughdibienk.  with a 0.2 + 0.1 MW single-phase constant impedance load.

In this case, the calculated bus voltages onabside of the A|l remaining loads are the same as those in Table | from Case

inverter are balanced because of A. The simulation results are presented in Tables VII-XI.
1) the network itself; « Table VIl presents the bus voltage magnitudes for each
2) the loads; phase.
3) the controlled inverter bus voltages, which are all « Table VIII presents the power delivered to the loads cal-
balanced. culated from the power-flow solution.
These voltages are not affected by the imbalance oadisé&le » Table IX presents the participation coefficients determined

of the rectifier. On the other hand, if the inverter side contains  for each phase connected to the rectifier.
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