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Abstract—There are many technical aspects and challenges
in distributed generation (DG) that have not been properly
understood and addressed so far. Distribution systems cannot
be considered as balanced three-phase systems, because these are
inherently unbalanced in steady-state operation. A full character-
ization of the unbalanced system with respect to system stability
allows a better understanding of the dynamic behaviour of such
systems. This paper presents a comprehensive investigation of
the effects of system unbalance on the stability of the distribu-
tion systems with synchronous generator (SG) and doubly-fed
induction generator (DFIG) based DG units at different loading
levels. Detailed steady-state and dynamic analyses of the system
are performed. Based on classical voltage, small-perturbation
and transient stability studies, it is demonstrated that system
unbalance can significantly affect the distribution system dynamic
performance, in ways that have not been discussed in the
technical literature so far. A simple and effective control strategy
based on an Unbalanced Voltage Stabilizer (UVS) is also proposed
to improve the system control and the stability of unbalanced
distribution systems with SG and DFIG. Eigenvalue analyses
and time-domain simulations demonstrate the effectiveness of
the proposed UVS for unbalance conditions.

Index Terms—Stability studies, unbalanced power systems,
distributed generation, doubly-fed induction generator, voltage
control.

I. INTRODUCTION

INCE the beginning of the 1990s, there has been sig-

nificant growth of distributed generation (DG), driven by
environmental and economic factors resulting in significant
penetration of small scale generation at the distribution sys-
tem level. Penetration of DGs in distribution systems make
them active systems, instead of passive. This can affect the
dynamics of the whole power system, and especially of the
distribution system. Although DGs may have some benefits for
the system such as improvements in system reliability, there
are many technical aspects and challenges that are still not
properly understood or addressed. Among the numerous issues
associated with distribution systems containing DGs, stability
analysis is of significant interest (e.g., [1]-[3]).
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Although some stability studies of distribution systems
with DGs have been reported in the literature, a detailed
and systematic analysis considering distribution systems under
unbalanced conditions has not been sufficiently addressed. A
majority of stability studies reported in the literature are based
on approaches similar to those used in transmission systems,
and thus several simplifications, in particular the assumption
of balanced conditions, are applied. However, distribution
systems cannot be considered to be balanced three-phase
systems, since these are inherently unbalanced in steady-state.
A full characterization of the unbalanced system in stability
analyses would allow a better understanding of its dynamic
behaviour.

Nowadays, in several countries, many DGs are small syn-
chronous generators (SGs) connected to low voltage distri-
bution systems [4], [5]. For example, there is a significant
potential for cogeneration based on small SGs from sugar-
cane facilities in Brazil [4]. Across Canada, many remote
communities operate microgrids supplied mostly from diesel-
fired SGs [6]. On the other hand, wind energy is one of
the most promising renewable energy sources, with the de-
mand for connecting wind generators to distribution systems
being on the rise. Among different types of wind turbine
technologies, doubly fed induction generators (DFIGs) have
the largest world market share of wind turbine generators [7],
offering several advantages compared to fixed-speed genera-
tors, including its ability to provide variable speed operation
in a cost-effective way and independent active and reactive
power control capabilities. Since the application of these DGs
in distribution systems may result in different issues such
as electromechanical oscillations, understanding the dynamic
behaviour of SGs and DFIGs under unbalanced conditions in
a distribution system is of interest to many utilities and grid
operators.

A few reported studies consider the characteristics of dis-
tribution systems in stability analyses taking into account
unbalanced loads and lines. In [8], a continuation three-phase
power flow approach in polar coordinates is presented for
voltage stability analysis under unbalanced conditions; this
approach is based on static power flow equations of a three-
phase model to obtain PV curves. In [9], voltage stability
studies are presented using a three-phase constrained optimal
power flow which seeks to maximize the loading factor. Since
these studies are based on static power flows, the impact of
system dynamics on voltage stability is not fully investigated.
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There are recent studies of the effect of unbalanced condi-
tions on small-perturbation stability of SGs. Thus, in [10] and
[11], the effect of unbalanced conditions on damping factors
and frequency is investigated. In [10], a model-based approach
in the phasor domain for small-perturbation stability analysis
of unbalanced distribution systems is presented, and a model
identification technique for small-perturbation stability studies
are presented in [11]. However, in these papers, the effects of
unbalanced conditions under high loading levels, which would
typically lead to instability, are not studied.

Simplified models of synchronous and induction machines
have been developed for transient stability studies of unbal-
anced power systems [12]-[15]. These models represent the
fundamental frequency component of the machine behavior
and neglect the harmonic components. Based on these models,
some authors analyze the impacts of DGs on transient stability.
Thus, in [16] and [17], the impact of induction generators on
transient stability is studied, and [18] addresses the impact
of DG on transmission systems transient stability, wherein
increasing the DG penetration level is matched by a reduction
in centralized power generation, which consequently results
in a reduction in the total amount of rotating mass and
reactive power support in the system. Most of the existing
transient stability studies with DGs consider different fault
types under balanced loading conditions. For example, brief
studies on transient stability analysis of a distribution system
with selected DG units based on the calculation of critical
clearing time (CCT) are presented in [3] and [19]. However,
the impact of load unbalancing on transient stability studies
has not been properly studied.

Control and stability studies of DFIGs have been discussed
in the last decade for balanced operation [20]-[24]. However,
if voltage unbalance is not properly compensated by system
controls, the stator current can be highly unbalanced even
with a small unbalanced stator voltage. In such case, the main
problem is that high current, torque, and power oscillations
appear at double the electrical frequency due to the negative
sequence components, resulting in disconnection [25]-[27].
Techniques have been proposed to mitigate these oscillations,
based on the injection of negative sequence components,
considering rotor-side [26] or grid-side converters [25], [27].
In [28], an approach based on a disturbance rejection controller
is presented to compensate oscillations using a feed-forward
component of the current controllers. In [29], a stand-alone
DFIG under unbalanced conditions is studied, with the grid
converter supplying reactive power to compensate for the
unbalanced grid voltage. A small signal stability analysis of
a DFIG wind turbine is presented in [30]. In all these papers,
the effects of unbalanced conditions under high loading levels,
which would typically lead to instability, are not studied.

Based on the aforementioned shortcomings identified in the
existing technical literature, comprehensive studies consider-
ing the dynamic behaviour of SG and DFIG based DGs under
unbalanced conditions in distribution systems are presented
here. This is an issue for some utilities (e.g., Hydro One
Remote Communities, in Ontario, Canada), who have special
interest on the stability analyses of unbalanced distribution
systems with SG and DFIG DGs, since some of their feeders

present unbalances as high as 25% per phase under certain
conditions. Therefore, this paper presents, for the first time,
comprehensive studies on voltage, small-perturbation, and
transient stability of unbalanced distribution systems with SG
and DFIG based DGs. Both dynamic and static voltage stabil-
ity analyses are carried out using three-phase PV curves and
maximum system loadability, and transient stability studies are
performed using time domain simulations of contingencies
under various unbalanced conditions, based on three-phase
detailed models. Small-perturbation stability studies are car-
ried out using a model identification approach to compute
eigenvalues and thus study the impact of load unbalancing
in heavily loaded systems. Finally, control strategies based on
simple and easy to implement Unbalanced Voltage Stabilizers
(UVSs) are proposed to improve the stability of unbalanced
distribution systems with DGs, using time-domain simulations
to demonstrate their effectiveness. Hence, the main contribu-
tions of the paper can be summarized as follows:

e A new application of three-phase power flow and dy-
namic voltage stability using time domain simulations is
presented. A static three-phase power flow with proper
DG models for voltage stability studies is used to deter-
mine maximum system loadbility under various unbal-
anced conditions.

o The application of an identification approach, based on
Prony and Steiglitz-McBride iteration methods, for small-
perturbation stability studies of unbalanced systems with
DGs is proposed. This method provides a framework
for small-perturbation stability analysis of unbalanced
systems with DGs.

o A comprehensive evaluation of voltage stability, eigen-
value analyses, and time domain simulations for a typical
distribution system with SG and DFIG based-DGs is
presented under various unbalanced conditions.

o Existing control techniques to compensate the negative
impact of unbalanced operation of DFIGs are demon-
strated to be ineffective at heavily loaded conditions.
Furthermore, simple and effective control strategies based
on voltage unbalance for both SG and DFIG based-DGs
are proposed to improve the stability of the distribution
systems. The simplicity of the proposed UVS makes it
practical and relatively easy to implement in real systems.

The rest of paper is organized as follows: A brief overview

of the system model and the methodology used for stability
analyses under unbalanced conditions are presented in Section
II; the proposed unbalanced voltage stabilizer control is also
discussed in this section. In Section III, comprehensive numer-
ical results with different scenarios for a DG-load-grid system
are presented and discussed. Finally, Section IV highlights the
main contributions and conclusions of the paper.

II. SYSTEM MODELING, ANALYSIS AND CONTROL
METHODOLOGY

A. SG and Network Models

Detailed representation of the SG model is used for the sim-
ulations and studies [31]; hence, three-phase stator and rotor
windings in the dqo reference-frame are used [32]. Since small



ACCEPTED TO IEEE TRANSACTIONS ON SMART GRID, APRIL 2014

SG based DGs are very likely to have simple Proportional-
Integral (PI) voltage regulators, Automatic Voltage Regulators
(AVRs) Type IV (AC4A) are used here. Moreover, the type of
voltage feedback in the excitation system affects the dynamic
behavior of the system [33], a typical voltage feedback repre-
sented by the average value of the voltage magnitude for each
phase is used in this paper [31].

Lines are modeled as constant coupled impedance branches,
and loads are treated as constant impedances as well. There-
fore, the following loading factor / is defined to model load
impedance Z; increases in each phase, which increase the
active and reactive power demand:

_ Zy
=2 (M

where Zy is the base-load impedance for each phase. A load
unbalance factor is defined to analyze different scenarios of
unbalance as the load varies [10]. Thus, as the impedance
of the load in one phase is increased, the load impedance
in another phase is decreased, so that total impedance of the
three-phase load remains constant in all cases, as follows:

Z

Za=(1+k)Z (2)
Ty =2, 3
Za=01-k2Z 4)

where k is the load unbalance factor, and Z,;, Z;;, and Z
are the phase impedances of the load.

B. DFIG Model

The DFIG is modeled using a classical and detailed induc-
tion machine model with a wound rotor [32], and a detailed
model of the back-to-back ac/ac converter controlling the rotor
[34]. Unbalance loading in DFIGs introduce negative sequence
components in the voltage, current, and flux, which can result
in significant oscillations in torque, active and reactive power
with a double frequency; hence, a DFIG model that considers
the positive and negative sequence components is needed to
study this phenomenon. This is accomplished using a three-
phase signal in the stationary a3 reference-frame expressed
by the positive and negative sequence components as follows:

Fot) | _ [ F®)+F (1)
{Fﬁ@) } = [ Fi )+ Fy () ©)

— F;‘/Be](we’t) + Fa_ﬁefj(wet)

where F' represents voltage, current, or flux linkage; ¢ is
time; and w, is electrical angular frequency. There are two
approaches for the positive and negative sequence components
separation under unbalanced conditions: separation by low
pass filter (LPF), and separation by a signal delay cancellation
[27]. In this paper, the positive and negative sequence compo-
nents separation is based on a LPF approach, in which, as the
negative sequence components appear with the frequency 2w,
in the positive dq reference-frame, and the positive sequence
appears with the frequency 2w, in the negative dq reference-
frame, a LPF can be used to bypass dc components for both
sequences. Thus, the stator components (i.e., current, voltage,

and flux) in the positive and negative sequence « reference-
frame yield:

F:,(i’ — F;{; + Fd—qefﬂwgt (©6)

- _ - + —i2wet
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The d-axis for the positive sequence in the dq reference-
frame is fixed to the positive sequence of stator flux rotating
at the speed w., while the d-axis for the negative sequence
rotates at —w,.. Based on two rotating reference-frames at w,
and —w,, the voltage equations for the positive and negative
sequences at the grid side can be written as:

. dit,

Uyig = Yoty = (g + JweLg)iga, + Lg# (7)
- o di-,
Vgdq = Vedq = (Rg FJwelg)igaq + Lg jtq

where v is voltage; ¢ is current; g is the grid side; c is
the converter side; [%, is grid resistance; and L, is grid
inductance. Also, the voltage equations for the positive and
negative sequences at the rotor and the stator sides are:

vl ] | Ls Ln d iF
o | | Ly L. | dt| if

n Ry + jLswe JLpwe iF )
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where s stands for the stator; r stands for the rotor; L, is

stator inductance; L, is rotor inductance; and L,, is mutual

inductance. Based on (8) and (9), the stator output active and

reactive power under unbalance conditions can be written as:
3

P, = 3 [Psy + Pssin Sin 2(wet) + Pyseos €08 2(wet)]

Q= 2 [Qug + Qurin S0 2(t) + Qucon c03 2] (1)

(10)

where P; is the stator active power; Qs is the stator reactive
power; and:

+ + - -
Pso Uid Usq Vsd Usq N
Qso Vsq “Vsd USZ_ 73:9(1 Zj_d
Pygin _ Usq “Vsq  TUsq Vsq Lsq
P T vl v vl vt i
scos sd sq ifi iq sd
Qssin Uy Uy Uy U, iy

.

Qscos ’Usq Usd Usq Usd

(12)

Since the electrical power is the sum of the power from the
equivalent voltage source jw.t)s and j(we —wy )1, [26], where
1) stands for flux linkage, the electrical torque of the DFIG can
be written as:

3L,

Te:Pe/wr:§L

[Teo + Tesin Sin 2(wet) + Tecos cOs 2(wet)]
(13)
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where T, is the electrical torque; P, is the electrical power;
and:

-+
+ 4t — - rg
Teo ~V¥sq ¢sd T Vsq ¢sd ZTF
Toin | = |~V Goa —05 Vi || 2
esin ’sq sd i} s(i iid
Tecos 1psd sq _wsd _wsq li
rq

(14)

Note that, since the negative sequence of stator and rotor
components are zero under balanced conditions, the sin and
cos oscillating terms for the stator active and reactive power,
and the electrical toque disappear.

The DFIG rotor control is based on the stator flux-oriented
synchronous frame in the dg-axes. Thus, the stator flux linkage
can be calculated as follows:

dvps
dt

The stator flux in the polar form after Clarke’s transformation

can be written as:
|ws| Y/ ga +w§5
0, = tan~* (wsﬁ>
Ysa

where the angle 6, is the instantaneous location of the stator
flux. Note that the transformation of dq reference-frame to o3
reference-frame in the rotor-side is based on wysp = we — wy.

The stator active and reactive powers can be independently
controlled by .4 and i,.q, respectively; thus, two PI controllers
are used to control the active and reactive power. From the
point of view of the reactive power, the DFIG may be in
constant power factor (PF) mode, or voltage control mode.
As the DFIG can control the reactive power or the output
voltage, a PI controller is used to control the output voltage by
controlling 7,.q. The reference current ¢,.q and i,.4 are converted
to the «f and then to the abc reference-frames based on
wsiip- On the grid-side, two PI feedback controllers are used to
decouple current control. Figure 1 illustrates the DFIG control
scheme, where . is the converter dc bus voltage.

Under unbalanced conditions, there are four degrees of free-
dom for rotor current components, i.e., the positive and nega-
tive sequence of the rotor current components; thus, different
control objectives can be chosen. It is worth noticing that it
is not possible to eliminate all oscillations in the electrical
torque, the active and reactive powers, and the stator current
at the same time. In this paper, the main objective is to keep
the electrical torque oscillations at a minimum for given active
power and voltage values. Since ijd* and ijq* are obtained to
control voltage magnitude and active power, respectively, as
shown in Fig.1, and substituting 77, = T, . = 0 in (14),
the negative sequence rotor current references are given by:

+ + 771! — -t
_ “W¥sq wsd wsqzrd _wsdqu*
= 71}[}_,'_

sd

- —Usairg — Vsglty

(17)
If the control target is to eliminate the stator active power
oscillations, according to (12), the stator current references

15)

= vs — Rgis.

(16)

are:
R + + _ _ —1 %
Zid vii vsz— Vg Vgq PSO
54 5¢ z .
lsq _ Usq “Vsq Usq _Qj:sd e
P - — — + *
tsq Usq Vsd _/isq Vsd Pssin
— % — — *
qu Vsd Usq Vsd /U:;] Pscos
(13)
All time-domain simulations are carried out in
PSCAD/EMTDC [31], which is a commercial time-

domain software with detailed representation of generators,
controllers, loads, and lines.

C. Voltage Stability Studies

It is common practice to carry out loadability studies
using PV curves [35]. The continuation power flow yields
these curves for voltage stability assessment by increasing
the system loading level up to a maximum loadability point
at which the system becomes unstable. In this paper, both
dynamic and static analyses are carried out using the PV
curves and maximum loadability computations. Static voltage
stability studies are based on three-phase power flows; in
this case, the static maximum loadability is associated with
a loading level at which there is no power flow solution.

Dynamic voltage stability studies are carried out using time-
domain simulations in PSCAD/EMTDC, based on the detailed
dynamic models of DGs and their voltage regulators. Since the
generator operates as a voltage source to compute the initial
point for time-domain simulations, if the difference between
the steady-state condition and the initial point is too large, it
may lead to numerical instability. Thus, the initial variables
of the generator (e.g., terminal voltage phase) are calculated
using a static three-phase power flow, which are then used in
PSCAD/EMTDC as the initial point for simulations. Since the
results of time-domain simulations under steady-state condi-
tions are needed for loadability studies, voltage and active and
reactive powers should be in steady-state conditions. Hence,
the results of time-domain simulations after a long settling
time (20 s in this paper) are used to obtain PV curve points.

Three-phase power flow calculations are based on node
voltages and branch currents. For each series element (e.g.,
transmission line, transformer, etc.) connecting two nodes,
the node voltages and branch currents at each end can be
represented by the following equation [36]:

Va Va Va
Uy Uy Up
Ve | 4] [B] Ve - Ve
i ‘{[C} D] |, | i | THABOPL
1p 1p 1p
(19)

where [ABCD)]; is the three-phase equivalent ABCD-
parameter matrix of the series element; v,, vy, v, are line-
to-ground voltage phasors; and i,, i, ¢, are line current
phasors. Based on the 7-model of feeders depicted in Fig.2,
the three-phase ABCD-parameter matrices of the feeders can
be calculated as follows:

1
[A] =13+ 5 [Zabc] [Yabc] (20)
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Fig. 1. Control scheme of the DFIG under unbalanced conditions.
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Fig. 2. Series element 7-model.
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1
[C] = [Yabc] + E [Yabc] [Zabc] [Yabc] (22)
1

[D] = I3 + = [Zabc} [Yabc] (23)

2

where I3 is the 3 x 3 identity matrix. Matrices [Z4p.| and [YVgp.]
in (20)-(23) can be approximated from the sequence-reference-
frame diagonal impedance matrices [Zseq] and [Yieq], respec-
tively, as follows:

[ZabC] = [A] [Zseq] [Alfl (24)
[YabC] = [A] [Yseq] [ATI (25)
where
1 1 1
[Al=|1 a®* a |;a=1/120 (26)
1 a a?

SGs can be modeled as a special case of series elements con-
necting the internal bus voltages to terminal voltages through
a series impedance. The series impedance of a generator in
the abc reference-frame can be calculated from the sequence-
reference-frame impedances as shown previously, where se-
quence impedances are obtained from machine parameters
[37]. Internal bus voltages are assumed to be balanced, which
is modeled using the following equations:

lea| = les] = |ec] 27

dg—abc

i

PWM

— cm— | —
YYvvvy

Grid Side Converter

e, t+ep+e. =0

(28)

It is important to note that the (27) and (28) also hold for
a negative-sequence voltage, and a reasonable starting point
for variables e,, e, and e, ensures convergence to a positive-
sequence internal voltage. For modeling PV-buses, the power
injected by a particular generator is assumed fixed, as follows:

ia
Re [ Vg Up Ve ] al % = Pa 29)
ic |q
Additional relations imposed by impedance loads are:
Vg ig
Up = [ZLroad] | b (30)
Ye | Load ie | Load

where Z1,.q 1S a diagonal matrix, with the phase-to-ground
load impedances in the diagonal. Finally, the power flow
equations are completed by applying KCL at each node of
the system.

For small systems, this set of nonlinear equations can
be readily implemented in Matlab [38], and solved within
reasonable computational times using the fsolve function
with different robust numerical algorithms (e.g., Trust-region
and Levenberg-Marquardt).

D. Transient Stability Studies

There are various criteria to evaluate the transient stability
of a system. For example, CCT can be used as an index
to evaluate the system robustness [39]. The CCT represents
the point beyond which, the system is unable to recover its
stability if the fault clearing time is greater than the CCT.
When a fault occurs in the system, the difference between
the actual clearing time (assuming the system is stable) and
CCT may be used to define a transient stability margin for the
system. Note that the CCT is not usually used as a stand-alone
index to study transient stability of power systems, but it can
be used for comparative system stability analyses as in this
paper. Different contingencies need to be studied to determine
the worst case scenarios in the system.
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E. Small-Perturbation Stability Studies

Eigenvalue analysis of the system state matrix is one of
the common tools for small-perturbation stability studies. In
the context of power systems, several simplifications such as
system modeling under balanced conditions are applied. Thus,
the system is usually modeled with single-phase equivalents,
so that small-perturbation stability analysis of a balanced
power system can be normally carried out by the linearization
of the power system model around an equilibrium point.
Many commercial programs use phasor models for small-
perturbation stability studies, and assume a specific equi-
librium point under steady-state conditions. In the case of
unbalanced condition, equilibrium points are non-stationary
with respect to the angular velocity of the SGs, since the
generator velocity is sinusoidal under steady-state conditions;
hence, standard phasor-based linearization techniques are not
applicable in this case [10].

There are two approaches for small-perturbation stability
studies under unbalanced conditions: a model based approach,
and a modal estimation approach [10], [40]. In this pa-
per, small-perturbation stability analyses are performed using
modal estimations, in particular, the Prony method and the
Steiglitz-McBride iteration method [41], [42], based on time-
domain simulations.

As mentioned in the previous section, PSCAD/EMTDC
provides data to analyze the dynamics of the system, which is
then used here in an appropriate modal estimation method,
i.e., Steiglitz-McBride iteration and Prony, to estimate the
system eigenvalues. In the studies presented in this paper,
the generator speed from time-domain simulations is used as
a signal for the modal estimation method. The conventional
Prony method available in Matlab is used in this paper [38].

The Prony method is suitable for transient stability studies
with high signal to noise ratio (SNR). However, when the
system becomes unstable, the Prony method cannot follow the
signal properly. In this case, the Steiglitz-McBride iteration
method has better performance. Figure 3 presents a compar-
ison of the measured data and the estimated signal by Prony
and Steiglitz-McBride iteration methods when the system is
unstable. Note that the Steiglitz-McBride iteration method fits
the signal well, while the Prony method is unable to extract
the true poles of the signal when the system is unstable.

Since the length of the output data of the time-domain
simulation is too long (e.g., 20000 points in a 10 s simulation),
it is assumed that the signal is divided in sets of 0.5 s window
data, with each set of data being then used in the identification
methods to estimate the signal, giving a number of poles and
zeros. Based on the nature of the signal and using mean-
square-errors, the number of poles was set to 8 here.

F. Proposed Unbalanced Voltage Stabilizer

When a system is more heavily loaded, it can become
unstable as unbalancing increases and the critical poles cross
the imaginary axes, as discussed in Section III. Since this
results in oscillatory modes, a UVS is proposed to mitigate
these oscillations, integrating it with the generator voltage
regulator to provide an auxiliary stabilizing signal.

1015 Prony's Method
Steigliz-hcBride Method
101k Measured data
1.005
5
& 1
3
0.995
099r
0.985
098¢
5.1 52 53 54 55 56
Time [s)

Fig. 3. Measured data and estimated signal when the system is unstable for
the test system discussed in Section III.

Figure 4 shows the proposed UVS for the SG based DG.
This UVS provides a damping torque component when the
system is unbalanced; hence, the input signals used here are
the voltage magnitudes in all phases. These are then converted
to the dgo reference-frame based on:

Vg cos(f) cos(6 —120) cos(f — 240) Vg
[ Vg ‘| = |: sin(@) sin(d — 120) sin(@ — 240) ] [ Up ] 3D
! 1

Vo Ve

2 2

For # = 0, the transformation , /vg + vg can be used to reflect

the degree of unbalance, since as the unbalance increases, the
output signal increases as well. The gain Ky g determines
the damping factor provided by the UVS, and the first-order
phase compensation block provides appropriate phase lead to
compensate for the phase lag between the voltage regulator
input and the generator electrical torque. The limits V//i7§
and V% constrain the output signal, which is an auxiliary
negative-feedback signal for the voltage regulator, due to the
fact that by decreasing the generator terminal voltages, the load
demand decreases, thus reducing the system stress as demand
and unbalance increase. Therefore, stability can be improved
as the load increases with the proposed UVS.

The tuning of the UVS parameters would be similar to that
of the power system stabilizer in power systems; thus, the gain
Ky s should be set to guarantee system stability, since if this
gain is tuned improperly, the system may be unstable, and the
time constants should be selected to compensate for the phase
lags of the system. The UVS parameter values used here are
provided in the Appendix.

Figure 5 shows the proposed UVS for the DFIG, based
on similar principles as the SG UVS. Since the negative-
sequence components of terminal voltages are available for
DFIG control, these signals are used here and then converted
to the dg~ reference-frame.

ITI. RESULTS
A. Test System

The distribution system in the Kumamoto area in Japan from
[43] shown in Fig.6, is used to develop the simplified test
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Fig. 4. Block diagram of the proposed UVS for an SG based DG unit.
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system depicted in Fig.7. The original system has been used
to test and compare various models of several types of DGs
[3].

There are various distribution systems in Canada, Brazil,
and Iran where there is a single SG or DFIG based DG,
as is the case of the sugarcane facilities in Brazil [4] and
remote feeders in Ontario. These systems can be modeled
using the system depicted in the Fig.7, which contains only
one generator. This system is also useful to better understand
and explain stability issues associated with unbalanced DGs,
one type of generator at a time. Thus, the system comprises
a DG unit, feeders and load, all connected to an infinite bus
representing the main grid. In order to study a contingency in
the system, short-duration three-phase faults close to the load,
with some impedance to ground, are simulated.

The load is modeled as constant impedance, based on rated
voltage and active and reactive powers. In the base case, the
active and reactive powers are Pr,,q = 3 MW, and Qrqq = 1
Myvar, respectively. Because of the low voltage at the load bus
at high loading levels, a balanced capacitor bank is connected
at the load bus; the reactive power of the bank for the base case
is Qcap = 0.7 Mvar, and increases linearly with the loading
factor [. All test system parameters are given in the Appendix.

The main objective of the grid-side converter is to control

Fig. 6. Kumamoto, Japan distribution test system from [3].

Z1 I z2
@ | I | I

Synchronous
machine based DG

Fig. 7. Simplified test system.

the dc link voltage by controlling ¢44. The DFIG is assumed
to be in speed control at 1.2 p.u, i.e., the rotor speed is set
externally, as the large inertia of the wind turbine results in
slow changes of the rotor speed. In this case, the capacitor at
the load is set at Qcqp = 2.17 Mvar. To start the simulations,
the rotor-side converter is first set in PF control mode and at
t = 1 s the controller is switched to voltage control, otherwise
the system is unstable.

B. Voltage Stability Analysis

The DG and slack bus (main grid) are assumed to share the
injected power inversely proportional to the line impedances
Z1 and Z as the load is increased, considering limits on DG
active power. Table I shows the comparison of the maximum
active power loadability, and loading factor for different un-
balanced conditions obtained with three-phase power flow and
time-domain simulations (TDS) for the SG based DGs. Table
IT shows the maximum loadability and the voltage magnitude
in phases a, b, and c for different realistic unbalanced condi-
tions for the SG. Observe from Table I and II that when the
system unbalancing increases, the maximum loadability of the
system decreases. Also, the difference between the maximum
loading factors obtained from the static and dynamic studies,
i.e., three-phase power flow and TDS, respectively, arise
because of the effects of detailed modeling of generator and
voltage regulator on TDS. The system becomes unstable due
to eigenvalues crossing the imaginary axes, as discussed in
detail in Section III-D, which cannot be observed in power
flow studies.

Figure 8 illustrates the voltage magnitude at the load under
balanced and unbalanced conditions, and Fig.9 depicts the PV
curve under balanced and unbalanced condition for £ = 20%
for the SG. Observe that the voltage magnitude in phase b is
close to the voltage magnitude for the balanced condition, and
the voltage magnitudes of phases c and a are greater and less
than that of phase b, respectively, as expected. The voltage
magnitude in phase c is relatively high, which is due to the
capacitor bank. Note that since the loads are modeled based on
constant impedances, the maximum power for the system does
not necessarily correspond to the maximum loading factor, due
to the active and reactive powers being proportional to the
square of the voltage and the loading factor. It is worth noticing
that the maximum loadability of the system will be limited
in practice by voltage limits, which would require additional
compensation equipment. Also, the voltage differences for all
phases may be compensated by per-phase capacitor banks.

Table III shows the maximum loadability and the voltage
magnitudes in phases a, b, and c for different realistic un-
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TABLE I
MAXIMUM ACTIVE POWERS AND LOADING FACTORS FOR DIFFERENT
UNBALANCED CONDITIONS FOR STATIC THREE-PHASE POWER FLOW AND
TIME-DOMAIN SIMULATIONS WITH SG.

k(%) | Maximum loading factor (p.u.) Max1mum. EII.CIIVB powet
loadability (p.u.)

TDS Three-phase PF TDS | Three-phase PF
0 22 2.24 0.692 0.6925
5 22 2.24 0.692 0.6925
10 22 222 0.691 0.6923
15 2.2 222 0.691 0.6917
20 2.15 2.20 0.689 0.6912
25 2.1 2.18 0.687 0.6903

TABLE II

MAXIMUM ACTIVE POWER AND VOLTAGE MAGNITUDE IN ALL PHASES
FOR DIFFERENT UNBALANCED CONDITIONS WITH SG.

R | iy (o b0 | Va(pa) | Vipauw) | Velpau)
0 0.692 1.0089 1.0089 1.0089
5 0.692 0.9836 1.0076 1.0337
10 0.691 0.9554 1.0058 1.0558
15 0.691 0.9199 0.9985 1.0709
20 0.689 0.9050 1.0172 1.1097
25 0.687 0.8826 1.0292 1.1310

balanced conditions of the distribution system with DFIG.
Observe that when the system unbalancing increases, the
maximum loadability of the system decreases, and the voltage
magnitude differences in phases a, b, and ¢ with respect to the
voltage magnitudes in balanced conditions increase.

Figure 10 shows the voltage magnitude at the load under
balanced and unbalanced conditions for & = 15% with
DFIG, and Fig.11 depicts the PV curve under balanced and
unbalanced condition. Observe that the voltage magnitude in
phase b is close to the voltage magnitude for the balanced
condition, and the voltage magnitudes of phases ¢ and a are
greater and less than that of phase b, respectively, as expected.

C. Transient Stability Analysis

Three-phase-to-ground faults of short-duration and close to
the load are considered as contingencies for the SG. The
simulation time is 20 s, and the fault occurs at ¢ = 3 s. Table
IV illustrates the CCT of the test system with the SG and the
DFIG for different values of k for the base loading factor (i.e.,
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Fig. 8. Load voltage magnitude versus loading factor with SG for k = 20%.
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15%.

Il =1 p.u.). Observe that the CCT decreases as the unbalance
increases, decreasing by 30% for the SG and 95% for the
DFIG as k increases from 0% to 25%. Since the power rating
of the SG and the DFIG are different, the corresponding CCTs
are not comparable with each other. It should be noted that,
as the load increased, it was observed that the CCT remained
unchanged, due to the fact that the DG is at its maximum
power output at base load.

Figures 12 and 13 depict the transient behavior of the SG at
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Fig. 11. PV curves with DFIG for k = 15%.

TABLE III
MAXIMUM ACTIVE POWER AND VOLTAGE MAGNITUDE IN ALL PHASES
FOR DIFFERENT UNBALANCED CONDITIONS WITH DFIG.

Maximum active power
k(%) loadability (p.u.) Vapu) | Vp(pu) | Velpu)
0 0.389 0.996 0.996 0.996
5 0.384 0.978 0.998 1.015
10 0.379 0.962 0.998 1.035
15 0.359 0.950 1.007 1.056
20 0.350 0.935 1.011 1.073
25 0.335 0.921 1.016 1.090
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Fig. 12. Transient behavior of SG at k = 25% before CCT.

TABLE IV
CCT OF THE TEST SYSTEM AT BASE LOAD (I = 1 P.U.) FOR A
THREE-PHASE-TO-GROUND FAULT.

CCT of the test system | CCT of the test system

k(%) with the SG (s) with DFIG (s)
0 0.45 0.1
5 0.42 0.1
10 0.40 0.1
15 0.37 0.05
20 0.35 0.005
25 0.30 0.005

a loading factor [ = 1.5 p.u. and k = 25% for the studied fault
before and after the CCT. Observe that the system is stable for
a clearing time 0.12 s, and unstable for clearing times greater
than 0.12 s.

D. UVS Impact on SG

Two scenarios are considered to analyze the effects of
unbalanced conditions on small-perturbation stability for the
SG, as follows:

1) Effect of Unbalancing at Base Load: In the first scenario,
the load is at the base case (i.e, [ = 1 p.u.), and the system
is perturbed with a short-duration three-phase fault at ¢ = 1
s, so that the critical system modes can be obtained using
the identification approach. This is used to study the system
stability under various unbalanced conditions at low loading
levels, demonstrating the impact of unbalancing on the stable

m Active Power = Reactive Power
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Fig. 13. Transient behavior of SG at kK = 25% after CCT.

TABLE V
DAMPING FACTORS AND FREQUENCY OF OSCILLATIONS FOR DIFFERENT
UNBALANCED CONDITIONS.

’ ‘ Pole Damping factor (%) ‘ Frequency (rad/s) ‘
k=0% | -1.09 +j12.7 8.53 12.7
k=5% | -1.11 +j12.6 8.82 12.6
k=10% | -1.12 + j12.5 8.89 12.6
k=15% | -1.13 +j124 9.03 12.5
k=20% | -1.14 +j12.3 9.25 12.3
k=25% | -1.16 + j12.0 9.65 12.1

system. Table V illustrates the damping factors and frequency
of the critical poles at the base load for different unbalanced
conditions. Note that as k increases, the frequency decreases,
while the damping factor increases; similar observations were
reported in [10] and [40].

2) Effect of Unbalancing on High Loading Levels: In the
second scenario, the system load is increased close to its
maximum value (I = 2.2 p.u.), and the machine is then
connected at ¢ = 0.5 s. This is used to study the stability of the
system for various unbalance conditions at high loading levels,
demonstrating how unbalancing leads the system to instability.
Figure 14 illustrates the critical poles of the SG speed for
various levels of unbalanced conditions. Observe that, beyond
k = 15%, the critical pole crosses the imaginary axis and
thus the system experiences a Hopf bifurcation with 1.91 Hz
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frequency.

For a loading level of 2.2 p.u. and unbalancing of & = 25%,
the system is unstable as the critical poles of the SG speed
move to the right side of the imaginary axis. This can be
corrected by introducing the proposed UVS. Thus, Fig.15
shows the effects of UVS on the critical poles for different
Kyvs values. Note that as the gain of UVS increases, the
critical poles move to the left side of the imaginary axis
and the system becomes more stable. Figure 16 illustrates
the generator speed with and without UVS at | = 2.2 p.u,,
k = 25%, and Kyyvs = 0.2, when the machine is connected,
showing that the generator speed is sufficiently damped and
the system becomes stable with the UVS.

E. UVS Impact on DFIG

In order to compare existing control strategies and the
proposed UVS for the DFIG, the following scenarios are
studied for £ = 15% and | = 1.15 p.u.:

o S1: This is the classical control balanced approach, which
does not take into account the possibility of unbalanced
voltages. In this case, the synchronous reference-frame is
aligned with the stator flux and has no negative sequence
injections.
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Fig. 16. Transient behavior of SG speed with and without UVS.

e S2: This case is based on limiting the electrical torque
oscillations in (17); thus, the negative sequence compo-
nents are adjusted to limit the electrical torque.

e S3: This case is based on limiting the stator active power
in (18); thus, the negative sequence rotor currents are
adjusted to limit the stator active power oscillations.

e S4: This is the same as S1 with the UVS added.

e S5: This is the same as S2 with the UVS added.

e S6: This is the same as S3 with the UVS added.

The output active and reactive powers are set at P,,; = 1
MW, and Q,,; = 0 Mvar, respectively. Based on different
control targets, Fig.17 depicts the simulated results with the
various control strategies for PF control mode. The control
was initially set to S1 and changed to S2 at ¢ = 2 s, and
then to S3 at ¢ = 3 s, respectively. During the simulation,
the grid-side converter was enabled, then the DFIG stator
was energized, and finally the machine was connected at
t = 0.5 s; thus, the DFIG is in steady-state after 1 s. Since
the transient behaviour of the starting process is not the focus
of this paper, this process is not shown in any of the plots.
Observe that when the controller is set to S1, the negative
sequence components of rotor current references are zero;
hence, the active and reactive powers, electrical torque, stator
voltage and current all contain significant oscillations at 120
Hz, which may damage the DFIG. In the rotor side, the
currents contain both the fundamental component of the rotor
mechanical frequency minus the stator frequencies (f,. — fs)
and the harmonic component of (fs + f.). At t = 2 s, the
control in S2 is activated, resulting in the torque oscillations
being reduced over 90% compared to S1; however, the power
oscillations increase. On the other hand, when the control
in S3 is activated, the opposite takes place, i.e., the torque
oscillations increase but the power oscillations decrease.

Figure 18 illustrates the results of the DFIG with voltage
control, but without UVS. In this case, the reference voltage
is set at 1.03 p.u. to operate the system within the voltage
limits. Observe that the system becomes unstable for S2 and
S3, whereas it was stable under balanced conditions; hence,
the voltage unbalance leads to instability.

Figure 19 depicts the results of the DFIG in voltage control
mode with UVS. Thus, S5 takes place at ¢ = 2 s, and S6
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occurs at ¢ = 3 s. Note that the system is now stable and the
electrical torque oscillations are reduced, with the best overall
system performance being observed for S5. This demonstrates
the clear advantage of introducing the proposed UVS for
unbalanced system operation.

IV. CONCLUSIONS

This paper concentrated on the stability analyses of SG and
DFIG based DGs in the context of distribution systems under
unbalanced conditions. Voltage stability analyses were per-
formed based on PV curves obtained from both power flow and
dynamic studies; transient stability studies were carried out
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Fig. 19. Transient behaviour of DFIG with various control strategies for
voltage control mode with UVS: (a) stator active power; (b) stator reactive
power; (c) electrical torque; (d) voltage magnitude of the load.

based on detailed time-domain simulations of contingencies;
and small-perturbation stability studies were performed based
on identification methods. The PV curves showed that the
loadability of the system decreased as unbalancing increases,
and from the point of view of transient stability, the time-
domain simulations demonstrated that the system was less
stable as unbalancing increased; another interesting result
was that, as the system load increased, the critical poles
crossed the imaginary axes and the system became unstable as
unbalancing increased. An unbalanced voltage stabilizer was
proposed to improve the stability of the system, demonstrating
the effectiveness of the stablizer by eigenvalue analyses and
time-domain simulations.

APPENDIX

Table VI presents the system parameters used in this paper,
assuming a simple decoupled impedance line model. The SG
data were extracted from [3]. Table VII shows the DFIG
parameters. The SG voltage regulator, PI controllers, and UVS
parameters are shown in Tables VIII, IX, and X, respectively.

TABLE VI
SYSTEM PARAMETERS.

Sbase(MVA) 10
Voltage rating (kV) 2.4
Line impedance (Z1) (p.u.) | 0.035 +j 0.21
Line impedance (Z2) (p.u.) 0.35 +j 2.1
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TABLE VII
DFIG PARAMETERS.
Power rating (MVA) 1.717
Voltage rating (kV) 0.69
Stator/rotor turn ratio 0.335
Rs (p.u.) 0.005049
Ry (p.u.) 0.00357
Ls (p.u.) 0.1226
L (p.u) 0.1118
Ly (pu.) 2.0773
2H (sec) 4.55
TABLE VIII

SG VOLTAGE REGULATOR PARAMETERS.

Maximum regulator voltage (p.u.) 6
Minimum regulator voltage (p.u.) 0
Regulator gain 78
Regulator pole (sec) 10
Regulator zero (sec) 1

Time constant of the field circuit Ty (sec) 1

TABLE IX
PI CONTROLLERS PARAMETERS.

[1]

[2]

[3]

[4]

[5]
[6]

[7]
[8]

PI; | PI | PIs | Ply | PIs
Proportional gain 1 0.5 5 10 10
Integral time constant (sec) 0.1 0.2 0.05 | 0.01 0.01
TABLE X
UVS PARAMETERS.
SG DFIG
Kyvs 0.2 1.1
Ty1 (sec) 0.125 | 0.125
Tys (sec) 0.030 | 0.030
Vs (pu) 0.2 0.2
ViR (pu) | <02 | -0.2
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