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Abstract. Development of Distributed generations
(DGs) has changed the nature of power networks from
passive to active. In order to specify a proper model
for DG wunits, function and connection style of DGs to
the network (direct or indirect) must be clarified. In
this paper, operation of DGs in an unbalanced condi-
tion (due to unbalanced loads) will be studied. A three-
phase power flow model is used to confirm the certainty
of the proposed model. Generally DG modelling, de-
pend on its type and controlling circuit, is like either
PV or PQ bus. In this paper a three-phase unbalanced
power flow model using Newton-Raphson method over
a 4 buses power system is implemented. Based on the
type of bus (PV or PQ), Simulation results show that
the DGs can improve voltage profile (NEME and IEEE
unbalance factor) and reduce network losses.
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1. Introduction

Increasing in energy consumption and expansion of
nonlinear and sensitive loads (like drive systems, heavy
single phase loads), continuous variation in network
power consumption and unpredicted change in load
lead to unbalance in power systems. In most of devel-
oped countries evolution of power generation and trans-
mission industry eliminates all technical, academic and
commercial requirements. Since operators of power
system realized the need of different energy sources, the
distributed generation was formed. Distributed gener-
ation concept includes small power plants with a ca-
pacity between 15 kilowatts to 25 megawatts to supply
nearby consumers e.g. small power plants like wind,
solar, fuel cells and etc.
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Nowadays using distributed generation due to its
many advantages like balancing power flow, balanc-
ing steady state condition, backup P and Q, reduction
of investing in the transmission system, easy instal-
lation and startup, from consumers and power com-
panies’ point of view is unavoidable. Development of
Distributed generations (DGs) has changed the nature
of power networks from an active to a reactive one.
A distribution company market, which is operated by
Distribution System Operator (DSO) is proposed, and
Effects of unbalance in power systems has been stud-
ied in [1], [2]. In [3], [4, |51, [6], [7], [8], [9], models of
generators, transformers, lines and capacitors are pre-
sented to study three-phase power flow. Many stud-
ies normally focus on finding procedures to introduce
DGs as PV and PQ buses in power flow calculations
[10], |11, [12], [13], [14], [15], [16], [17]. To indicate a
proper model for each DG, function and its connecting
style to networks (direct or indirect) different kinds of
DG like synchronous and inductive has been studied
in [I8]. In [I9] loads models are presented. To show
DG effects in power systems, it is necessary to update
most of analyzing tools that used by power system en-
gineers. Probabilistic computer calculations and usual
power flow solution to analyze steady state of the net-
work are commonly used. Trustful power flow solution
in power networks due to its real and applied nature is
challenging. Too many calculating methods have been
suggested for this subject, from which the Newton-
Raphson method with its converging specification is
known as the best method. Also it is a popular method
in the industry [19]. In [20], [21], [22], about operation
management of DGs power sources connected to dis-
tribution networks worked.

As the goal of this paper is the study of DG’s im-
pact on voltage profile and power system losses in an
unbalanced condition, so despite the DG’s type all of
DGs’ are modeled as PV or PQ and their location is se-
lected randomly based on trial and error method. DG’s
impact on three-phase power flow in an unbalanced
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condition based on the NEMA and IEEE indexes are
presented.

2.  Voltage Unbalance

2.1. The Definitions of Unbalance

Increase of the nonlinear consumers that are switched
by power electronic elements is one of the main reasons
for unbalancing. On the other hand, these consumers
have taken part in power market sensitive to the un-
balance. These factors double the importance of un-
balancing phenomenon and emphasize on its control.
The definitions of voltage unbalance are stated below:

1) First Definition IEEE Std. 936-1987

The difference between the highest and the lowest rms
voltage referred to the average of the three-phase volt-
ages.

2) Second Definition IEEE Std. 112-1991

The maximum deviation from the average phase volt-
age, referred to the average of the phase voltage.

3) Third Definition NEMA [1, |2]

The definition of voltage unbalance, also known as the
line voltage unbalance rate (LVUR), is given by:

%LVUR =

__ max voltage deviation from the avg. line voltage
- avg. line voltage :

(1)

The true definition of voltage unbalance is defined
as the ratio of negative sequence voltage component
to the positive sequence voltage component. The per-
centage voltage unbalance factor (%VUF), or the true
definition, is given by:

%VUF =

__ negative sequence voltage component -100
T positive sequence voltage component :

(2)

2.2. Methods of Unbalance

Reduction

Equally distributing single phase loads between all
phases.

Reducing unbalance caused by impedance of the
system.

Using single phase regulators.

e Using passive and active compensators.
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3. DG Model for Power Flow
Study
3.1. DG Units Connecting Styles to

Power Network are Categorized
as Below

1) Wind Turbines

Wind turbines are divided to constant and variable/
floating speed. In the first group rotor of an inductive
squirrel cage generator is rotated through a gearbox
and the generator is directly connected to the power
network, but in the second group a synchronic genera-
tor or a reference model is used. Output of these units
is converted to the proper AC power by means of rec-
tifiers and power electronic inverters for the network.

2)  Fuel Cells

Fuel cells directly transform potential energy stored in
the fuel to heat and electric energy without any elec-
trical interface machine. Then Produced DC power is
converted to AC power adapted to the network using
an inverter.

3) Photovoltaic Systems

In photovoltaic systems solar energy is converted to DC
current, then like fuel cells their DC output is converted
to AC power that is adaptive with the network using
an inverter.

4) Internal Combustion Engines

In an internal combustion engine the expansion of the
high-temperature and high-pressure gases produced by
combustion apply direct force to some component of
the engine. The force is applied typically to pistons,
turbine blades, or a nozzle. This force moves the com-
ponent over a distance, transforming chemical energy
into useful mechanical energy. Internal combustion en-
gine driven generators are commonly used to produce
electricity.

5) Gas Turbines

These units convert chemical energy stored in fossil
fuels into heat and to mechanical energy finally syn-
chronous or inductive generator that is directly con-
nected to the network is rotated.

193



POWER ENGINEERING AND ELECTRICAL ENGINEERING

VOLUME: 12 | NUMBER: 3 | 2014 | SEPTEMBER

6) Microturbine

These units operate the same way as gaseous turbines.
The only difference is that a permanent magnet in-
stead of rotating synchronous generator is rotated. So
the generator is connected to the network via power
electronic interfaces.

Concerning the points above, primary produced en-
ergy by DGs (generated by either of synchronous or
asynchronous electric machines that are directly or in-
directly connected to the network) would be injected to
the network, using a combination of electric machines
electronic interfaces or only the electronic interfaces
may be involved.

DG Model and Its Control
Circuit Interface Characteristic

3.2.

DGs model and converter control circuit characteristic
are categorized as follow:

1) Induction Generator Model

Generally, in an induction generator both active and
reactive powers are functions of slip.

{P=HM$ )

Q=Q(V,S)’

where P and @ active and reactive power respectively,
S is the slip of induction generator speed, and V is the
bus voltage. Assuming P to be constant and neglecting
the very low dependency of reactive power to the slip,
the Eq. can be expressed as follows:

Q= F(v) 9

The expressed model by Eq. , which is called SVCM,
is an appropriate model of squirrel cage induction ge-
nerator for power flow studies.

{P = Ps = Cons tan ¢

Since the bus voltages are near 1.0 pu in steady-state
cases, squirrel cage induction generator can be modeled
as a PQ bus for simplicity.

2) Synchronous Generator Model

Depending on the excitation system, synchronous gen-
erators are divided into two categories:

e (a) with adjustable excitation voltage,

e (b) with constant excitation voltage.
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The first case can be divided into two separate
groups:

e (al) voltage control mode or constant terminal
voltage,

e (a2) power factor control mode or constant power
factor.

DGs in subgroup (al) and (a2) are modeled with PV
and PQ buses respectively.

3) Power Electronic Interface:

Power generated by photovoltaic, fuel cells, micro-
turbines, and some wind farms are injected to network
through power electronic converters. In this case power
flow depends on controlling scheme that is used in con-
verter control circuit. As a general rule, if the converter
control circuit is designed to control P and V indepen-
dently, the DG model shall be as a PV bus and when
it is designed to control P and @ independently, the
DG model shall be considered as a PQ bus.

3.3. Incorporating DG Units in

Power Flow Algorithm

The DG units, which are modeled as PQ nodes can
be treated as negative PQ loads in power flow studies
without any problem. However, handling PV nodes in
power flow studies requires some additional processes.
It should be noted that the generator terminal voltage
is typically controlled by the specification of positive se-
quence component. So for a PV node, the three-phase
active power output and positive sequence voltage of
the generator are specified.

4. Three-Phase Power Flow

Start point for developing node power equations that
is suitable for solving three-phase power flow using
Newton-Raphson method, describes the relation be-
tween injected current to a bus and its voltage. See
transmission circuit shown in Fig.

4.1. Power Flow Equations

Equations for injected active and reactive power to
three-phase buses k and m is obtained from following
complex power equations:

Sgbc B P]?bc + jszc B EszI]?bc* (5)
Sabc - Pabc :)abc Eabc]’abc* ’
m m .t .]Qm m “‘m
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Fig. 1: Transmission lines model for three-phase power flow
studies.

Following some complicated algebraic operations,
Equations to express injected active and reactive power
to phases a, b, ¢ of bus k is acquired by:

P,f:V,f{ S % V7 [Geleos (67~ 07) + BYfsin (9;{-9{)]}. (6)

i=k,mj=a,b,c

z:v;{z > v [Gﬁisin(ﬁ’k’fﬂf)fBﬁfcos(ez’f@f)]}» (7)

=k,mj=a,b,c
where p represents phases a, b, c.

As predicted phrases that are applied to calculate
injected active and reactive power to bus m are like
Eq. @ and Eq. @ with the difference that m replaces
k and vice versa:

P&:V#Z{ S X VY [Glcos (65, — 07) + Bisin (6,’;(9{)]}7 (8)

i=m,kj=ab,c

Q%:V&’{

i=m,kj=ab,c

x, X v [otin o -ot) - e (- 0)] | (9)

4.2. Newton-Raphson Power Flow

Algorithm

Solving three-phase node power equations using
Newton-Raphson method presents good certainty in
converging.

Power Eq. (6) and Eq. (9) are linearized around a
reference working point. In three phases application
power difference and state variables are 3 x 1 vectors
and each of them are independent terms of 3 x 3 Ja-
cobean matrixes. Acquired linear equations that are
suitable for solving iterative solution are as below:

(@) (@)

(i) oPf 0P

14 14

APy gor  ovrV A6;

A o = 8le 8@{) Vp AV;7 ) (10)
@ 07 vl vy

where L = k, m and j = k, m and [ is the number of
iteration.

Vector statement is supposes like the below one:

t
APf =[APy APY APg APL, AP, APg], (11)
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t
AQr=[aQq AQy AQ; A AQh Ag]. (12)
t
A0? = |A6%  A0Y A6 AL A6 A6c|, (13
7 k k k m m m
AV? _TAvy avh  avg ave  avh oave]’ (14)
V7 73 3 Ve Vo 43 ve | -
Jacobean array comprises:
) i) i
) o609 9ot 96¢
oP[  |apt oap® op (15)
96° o0% a6° aes |
J dPFf  9Pf  OPf
o065 o0t 96S
op? oP* 1,5  OP}
ave Vi eV ave VS
LRI 1Y O S
3vaj - avjavj avijj av;Vj ) (16)
J 0P v,a 8Pf b 9P yrc
avjavj anij BV;V}
o0Q)  0QF 9Qf
o 26 20° a0¢
0Qr _ |oqr o0y 0Q; (17)
- a b c
89; Bajc 89]‘( aejc ’
9Q; 6Qg 0Q;
a0% 960 I0;
R y,a 9Q v b 9Qv/c
ave Vi o Vi vV
007 o _ | 0@ e 99 n 9Q) e
3V,PVJ‘ = |aveV avjbvj ave Vi (18)
J 0Q( yra 0Q1sb  9Qf yre
Shve S3vy v,

It should be noted that linear Eq. is only applied
to one three-phase transmission line between m and k
buses. However, the result can simply be generalized to
a more practical one than includes nl transmission lines
between nb buses [ and j wherel =1,....k,m,...ny—
land j =1,...k;m,...ny, — 1, Also when slack bus
is not stated in linear equations, there will be only
ny — 1 buses. It is supposed that element number [
in Eq. is connected between k and m buses. Self
and mutual Jacobean statement are simply calculated
as below, where pl = p2 are used for phases a, b, ¢
respectively.

For k =m and pl = p2:

8Pkpf Ical 1 2 1
ot = Q= (V) Bt 1)
k,l
- 1 2
s 1 1ca 1 1pl1
oy Pl kp,l =P + (Vkp ) G (20)
k,l
8Q£1l cal 2
St =P = () et e
k.l
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anf
Ve

2
Ve =aptet - (V) Bt (@)

For k = m and pl # p2:

;1; = VPV [Getsin (6" - 0p) — B cos (07" — 0%)], (23)
dvA* y V’JZ sz V/Jg [Gﬁiﬂz(‘os (9?1 — Hﬁz) Bpl"l sin (9”1 — Hfgﬂ (24)
if:: = Vv [apirteos (07" — op) + B sin (0" — 67)], (25)
Sl = veve® [Gritsin (of! — o) — Bt eos (67" — 0p)]. (26)
For k # m:

2;7{:3 = V,fj V2 [Gﬁilp?sin (051 - 9{;2> Bl‘zlnplcos (0”1 (9{;72)} (27)
SPLves < viptve [agirteos (o - 0g2) + B sin (0" — 052

?le = V”I V2 [GPI”QCOS (0”1 — 0"2) + Brirt sm( ort — 0"2)]

2077, m km m km ‘mk

S = vetvg [ (o — o) - B cos (08" — 057

Iterative power flow solution using Newton-Raphson
method needs observation of points applied for positive
sequence solutions i.e. specify primary value to the
state variable and checking required reactive power for
the generator. In three-phase application voltages a, b,
¢ primary phase angles are valued 0, —27/3 and 27 /3
respectively.

5.  Three-phase Power Flow

Computer Simulation
Results of a 4 Buses IEEE

Distribution Network

IEEE 4 buses distribution network includes an infinite
bus, load, a transformer and two lines that its single
line diagram is illustrated in Fig. [2| and its data is col-
lected in [20]. In the next section, outputs resulted
from Newton-Raphson method for three-phase power
flow in an unbalanced condition with and without DG
are presented. As the goal of this paper is the study
of DG’s impact on voltage profile and power system
losses in an unbalanced condition, so despite the DG’s
type all of DGs’ are modeled as PV or PQ and their
location is selected randomly based on trial and error
method.

2 3 R 4
I 2500 ft. I

I Load

—
(L]

Fig. 2: IEEE four buses single line diagram.
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5.1. Three-phase Power Flow

Without DG

To evaluate the certainty of the computer program and
algorithm, results of some of three-phase power flow
with different transformer connections are added and
are compared with results of reference [9] as shown in
Tab.

Tab. 1: Comparison between three-phase power flow and refer-
ence network.

Transformer Connection GrY-GrY GrY-D
Suggested Suggested
Algorithm IEEE [9] Algorithm IEEE [9]
Result Result
Bus Voltage 2
Va (V) 7108.2 7107 7115.8 7113
deg —0.34 —0.3 —0.32 —0.3
Vb (V) 7143.3 7140 7129.6 7132
deg. —120.33 —120.3 —120.31 —120.3
Ve (V) 7121.4 7121 7130.6 7123
deg. 119.65 119.6 119.61 119.6
Bus Voltage 4
Va (V) 1919.4 1918 3534.4 3437
deg. -9.19 —9.1 —5.8 —7.8
Vb (V) 2073 2061 3269.8 3497
deg. —128.16 —128.3 —128.97 —129.3
Ve (V) 1977.9 1981 3566 3388
deg. 111 110.9 108.55 110.6

Table [I| represent voltage magnitude and phase an-
gle in buses of distribution network. For example in
bus four; voltage amplitude and phase angle of phase
a are 1919.4 volts and —9.19°, these values have been
recorded 1918 volts with —9.1° in reference [9]; compar-
ison between these two validate suggested algorithm.
Voltage profile and network losses will be studied. In
Fig. [3] voltages magnitudes are shown, and it is ob-
served that bus four has the worst condition from
phase’s voltage profile point of view.

Figure [4] demonstrates active power losses in phases
A, B, C of lines 1-2, transformer and lines 3-4 as well
as total network active and reactive power losses which
are 0.32157 and 0.88962 respectively.

[ Jomees
et
s e [ .

Voltage (pu)
T

Bus No.

Fig. 3: Voltage magnitude in absence of DG.

In Tab. [2| four buses simulation results without DG
are shown. By observing Tab. [2 it can be seen that
NEMA and IEEE unbalance factor in bus 4 has the
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Fig. 4: Power losses in absence of DG.

most value; that means voltage unbalance in the worst
case is 0.10124 and 0.064413 respectively.

Tab. 2: 4 buses network results — without DG.

Bus Number 1 2 3 4
A
Phase ‘A’ Voltage 1 0.99562 0.95604 0.90742
Mag. (pu)
Phase ‘B’ Voltage 1 0.98735 0.94217 0.80043
Mag. (pu)
o
Phase ‘C’ Voltage 1 0.98377 0.91608 0.76415
Mag. (pu)
Phase ‘A’ Voltage . Ty
Amgle (Dog) 0.0 ~0.12 —2.40 4.04
Phase ‘B’ Voltage
- ~120.1¢ —123.5¢ 8
Amgle (Dog) 120 120.13 123.52 101.83
Phase ‘C’ Voltage p 0
Amglo (Deg) 120 119.21 114.81 111
Zero Sequence 1.67x10716 | 0.0066923 0.016967 0.093352
Neg. Sequence 111x1071 | 0.0030186 0.018371 0.052771
NEMA Unbala. 0 0.0067791 0.023472 0.10124
Factor
IEEE Unbala. 111x1071 | 0.0030525 0.019588 0.064413
Factor
5.2. Three-phase Power Flow with

PQ Model of DG

If DG is modeled like PQ and installed in bus 3 with
the value of 0.3 + j0.4 pu for each phase, implement-
ing three-phase power flow will lead to results shown
in Fig. [5] for bus voltage amplitude in phases A, B, C.
In compare to previous scheme phases voltage unbal-
ance specially in bus four has been reduced and voltage
profile has been improved in the entire network.

T Jonesen
T Jrneses
,,,,, _— e

Voltage (pu)
T

Bus No.

Fig. 5: Voltage amplitude with PQ model of DG.
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Fig. 6: Active power losses with PQ model of DG.

Tab. 3: 4 buses network results with PQ model of DG.

Bus Number 1 2 3 4
e
Phase ‘A’ Voltage 1 1.0006 0.99033 0.93808
Mag. (pu)
B
Phase ‘B’ Voltage 1 0.9922 0.97733 0.83997
Mag. (pu)
P
Phase ‘C’ Voltage 1 0.99153 0.96025 0.82803
Mag. (pu)

Phase ‘A’ Voltage

Angle (Dog) 0.0 ~0.07 —1.48 —2.72
Phase ‘B’ Voltage . - -
Anglo (Dog) ~120 ~120.13 —122.51 ~125.27
Phase ‘C’ Voltage 9 90 . N
Mgl (Deg) 120 119.29 116.01 104.68
Zero Sequence 1.67x10716 0.0061001 0.015253 0.08411
Neg. Sequence 111x1071% | 0.0022112 0.015113 0.045399
NEMA Unbala. 0 0.0058741 0.016107 0.079875
Factor
IEEE Unbala. 111x10716 | 0.0022228 0.015488 0.052495
Factor

Figure [6] shows phases A, B, C active power losses
in lines 1-2, transformer and lines 3-4 as well as total
active and reactive network losses which are 0.24673
and 0.60588 respectively.

In Tab. |3 four buses simulation results with the PQ
model of DG are shown. By observing Tab. [4] it can
be seen that NEMA and IEEE unbalance factors in all
buses are improved; that means voltage unbalance in
the worst case is 0.079875 and 0.052495 respectively.
These are better factors in compared to without DG
condition.

5.3. Three-phase Power Flow in

Presence of PV Model of DG

If DG is modeled like PV, installed in bus 3 and its
active power for each phase and voltage amplitude set
to 0.3 pu and 1 pu respectively a better improvement
will be observed in voltage profile in compare to that

for the PQ model. Buses voltage amplitude in phases
A, B, C is plotted in Fig.

Figure[8|shows active power losses in phases a, b, ¢ in
lines 1-2, transformer and lines 3-4. Network total ac-
tive and reactive power losses are 0.22577 and 0.55086
respectively.
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In Tab. four buses simulation results with PV
model of DG are shown. By observing Tab. [5] it can
be seen that NEMA and IEEE unbalance factors in all
buses are improved; that means voltage unbalance in
the worst case is 0.050001 and 0.0444418 respectively.
These factors in comparison to the case without DG
are better.

Voltage (pu)
T

Bus NO.

Fig. 7: Voltage amplitude with PV model of DG.

012 [ Iprasea
[ phases
0 | [

Active Power Loss (pu)

U‘:L_—A:I_l:l. —‘

1 2 3
Line No.

Fig. 8: Active power loses with PV model of DG.

Tab. 4: 4 buses network results with PQ model of DG.

Bus Number 1 2 3 4
‘A’
Phase ‘A’ Voltage 1 0.99967 1 0.94178
Mag. (pu)
‘B’
Phase ‘B’ Voltage 1 0.9947 1 0.8678
Mag. (pu)
el
Phase ‘C’ Voltage 1 0.99945 1 0.88119
Mag. (pu)

Phase ‘A’ Voltage

—0.04 _155 _
Angle (Dog) 0.0 0.04 1.55 2.70
Phase ‘B’ Voltage = o
Angle (Dog) —120 —120.38 —122.85 —125.83
Phase ‘C’ Voltage - -
Angle (Dog) 120 119.25 115.87 105.81
Zero Sequence 1.67x10716 | 0.0051727 0.012913 0.072333
Neg. Sequence 1.11x10716 0.00019602 0.013082 0.039696
NEMA Unbala. 0 0.0032301 0 0.050001
Factor
IEEE Unbala. L11x10716 | 0.0019643 0.013084 0.044418
Factor
5.4. Comparison Between

Three-phase Power Flow in
Different Cases

Table [5| shows minimum and maximum voltage ampli-
tude, total active and reactive power losses and NEMA
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and IEEE unbalance factor in different conditions with
and without DG. These results showed that in the pres-
ence of DGs, losses and voltage unbalance are reduced.

Tab. 5: Comparing results of four buses network.

Dﬁ‘;"em (flases Whitout | Whit DG | Whit DG
ot three-phase DG PQ model | PV model
power flow
Total active power | ) 59,57 0.24673 0.22577
losses (pu)
Total reactive 0.88963 0.60588 0.55086
power losses (pu)
Maximum voltage
amplitude (pu) ! 1.0006 !
1\'11111111'111[1 voltage 0.76415 0.82803 0.8678
amplitude (pu)
NEMA Unbalance | 110, 0.079875 0.050001
Factor
[EEE Unbalance | 45115 0.052495 0.044418
Factor
6. Conclusion

A useful list of DG models with their method of con-
nection to the network (direct or indirect) for power
flow studies is considered in this paper. DG’s model
for power flow studies selected based on initial energy
of DG unit that is injected to the network through an
electrical machine(which is directly connected to the
network). Also, DGs are connected to the network
through a power electronic interface, or through com-
bination of the electric machine beside power electronic
interface.

With the suggested newton-Raphson three-phase
power flow algorithm it is possible to study DGs in PV
and PQ models and good divergence of this algorithm
makes it to be the most successful method accepted in
the industry. DGs reduce network losses and improve
voltage profile.
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