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Abstract—This paper investigates the application of sweeping
method in initializing the state variables of an unbalanced radial
distribution system for small signal analysis. The unbalance is
caused by a single-phase PV system. The system is composed of
a three-phase induction machine (IM), a single-phase PV, a load,
and a power factor correction (PFC) unit. The IM is modeled in
positive-, negative-, and zero- sequence dynamic phasors and then
converted into in a abc dynamic phasors frame. The PV, load and
PFC and radial network are all modeled in phase-based dynamic
phasors. The sweeping method along with embedded Newton-
Raphson iterations is implemented to find the equilibrium point
for initialization. The iterative procedures are illustrated and
demonstrated by case studies. A dynamic simulation case study
is also presented.

Index Terms—Dynamic Phasor (DP), Unbalance, Radial Dis-
tribution System, Induction Machine, Photovoltaic.

I. INTRODUCTION

To investigate the impact of increasing renewable energy
resources on distribution networks, power system dynamics
studies need to be carried out. These studies will be much
more complicated when unbalance topology exists. Nonlinear
dynamic simulation and small-signal analysis are the two
main tools to study dynamic behavior. To carry out small-
signal analysis for an unbalanced system shown in Fig. 1,
state variables are chosen to have constant steady-state values.
Instantaneous currents and voltages are periodic at steady-
state and cannot be used as the state variables [1]. On the
other hand, complex Fourier coefficients (or dynamic pha-
sors) of fundamental frequency component’s phase ABC cur-
rents/voltages are constant at steady-state. Therefore, dynamic
phasor-based modeling approach is suitable for small-signal
analysis of unbalanced system [2, 3].

To carry out small-signal analysis, operation conditions
or equilibrium points need to be identified firstly through
initialization. The dynamic-phasor based modeling approach
has been presented in another paper by the authors [4]. The
objective of this paper is to present a method to initialize a
dynamic-phasor based model for an unbalanced system with
single-phase PVs and three-phase induction machines (shown
in Fig. 1).

Finding the steady-state values of the state variables is the
initialization process. For the above mentioned system, there
are two challenges to tackle for initialization:
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e An efficient computing method for unbalanced radial
distribution network power flow analysis is needed.

« Efficient initialization method of induction machine state
variables is needed. The dynamic phasor-based induction
machine model should take into consideration of unbal-
ance effect.

In this paper, both challenges will be tackled.

Three-phase power flow analysis is usually carried out
for unbalanced distribution networks [5]. For radial network,
forward/backward sweeping method is usually adopted [6]. In
the recent literature, improvement in power flow computing
methods for unbalanced systems has been made. For example,
[7, 8] proposed ways to enhance the convergence of power
flow method for radial unbalanced systems when there are
many distributed generation nodes. For research related to
power flow, a solar panel or an induction machine is simplified
as a PV or a PQ node. Initialization of the internal variables
is not discussed.

There are other studies investigating the steady-state initial
calculation of operating point conditions for induction ma-
chines or power electronic devices [9—11]. However, none of
the mentioned references has considered the network.

In this paper, both aspects, the network and the devices, are
considered. For the distribution network power flow analysis,
sweeping method is applied. The dynamic phasor-based model
of an induction machine including both positive and nega-
tive sequences is built and initialization is performed using
Newton-Raphson method.

The paper is organized as follows. Section II describes
the sweeping method implementation to the system in Fig.
1. Section III presents the induction machine model and
the initialization procedure. Section IV presents case studies.
Section V concludes the paper.

II. SWEEPING METHOD IMPLEMENTATION

A. The Study System

The power system which is used in this study is a un-
balanced radial distribution system including an induction
machine, Power Factor Correction (PFC) capacitors, a load
and a single-phase PV. Fig. 1 shows the single-phase circuit
diagram. All the elements are connected to the point of
common coupling (PCC). Parameters of the system are given
in the appendix. The single-phase PV is composed of an LCL
filter for filtering out the unwanted harmonics. In single line
diagram shown in Fig. 1, all the lines except for the PV
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Fig. 1. The system under study. Load Power = 3000W ,PFC=30uF". The
line-to-line voltage level: 400 V. Per-phase voltage: 230 V.

are three phase balanced, and the PV line is a single phase
line.

Most distribution systems are radial which enables the
calculation of load flow starting from one point and moving
forward/backward to the other points of the system. Usually,
distribution network matrices are ill-conditioned with sparse
bus admittance matrix. This can be justified by excessive num-
ber of nodes in systems compared with number of branches.
Newton-Raphson or fast decoupled methods need to store the
network admittance matrix and require computing power. On
the other hand, sweeping method does not need to store the
admittance matrix. In addition, fast decoupling methods can
not applied when the ratio of % is high. For a system in
Fig. 1, sweeping method is more suitable.

B. Sweeping method procedure

Sweeping method starts from the initial guess of the PCC
voltage. From the PCC voltage, and Newton-Raphson method,
stator currents of the induction machine can be found. The
line impedance Zp; can be incorporated into the IM’s stator
impedance. Detailed description of Newton-Raphson method
for IM in unbalanced conditions is given in the next section.

At the same time, with the first guess of PCC voltage, the
PFC current and the load current will be calculated. The PV
current will be also calculated based on reference PV power
and initial PCC voltage using Newton-Raphson method. Fig.
2 gives the topology of the PV system where a LCL filter
connected PV’s converter to the grid. The PV panel and the
interfacing converter have been aggregated as a block in Fig.
2 where the output is a sinusoidal ac voltage. Therefore, the
PV and its converter are modeled as a voltage source, Vpy,.

The following equations (in phasor domain) can be derived
for the PV model presented in Fig. 2:

Vrce = Ipa(Zpv + jwLa) 4+ Vpc
Vec = Vpy — jwlylpy 0
Ip, = Ipy — jwCVpc

Pret_pv = R(Vpolpy)
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Fig. 2. The connection of PV and an LCL filter to the grid. L, =
0.01H,Ly = 0.02H,C = 2uF.

The reference PV power will be further expressed by Vpcoc
and Ip,. Since Vpoe is known, Ip, can be found from the
nonlinear equation using Newton-Raphson method.

Total current to the grid is then calculated by summing
the PV current, PFC current, load current and IM currents.
It should be noted that, as the PV is single-phase, currents for
phase a is different from those of the two other phases. This
will create unbalance in the PCC voltage and the grid current.
The grid currents can be expressed as:

Igo =Ipa — I1Ma — Iprca — ILa
Igo = — It — Iproe — b (2)
Ige = —Iine — Iproe — Ire
Assume that the grid voltage is fixed as Vo, Vo, Ve, the
PCC voltage will be updated using the calculated grid currents:
Veoco(new) = Vaabe + IaabeZL 3)

This new PCC voltage will be used to compute currents again
until convergence. The flowchart of the sweeping algorithm is
With the first guess of

shown in Fig. 3.
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Fig. 3. Flowchart of the sweeping method.

III. INDUCTION MACHINE MODEL AND INITIALIZATION

In this section, initialization of an induction machine will
be presented. The given information is the load torque (77)



and the PCC voltage. The PCC voltage is treated as the stator
voltage of the IM when the line impedance Z,; is aggregated
into the stator impedance.

To capture the dynamic behavior of an induction machine
under unbalance condition, the dynamic model should include
both positive-, negative- and zero- (pnz)sequence components.
The pnz dynamic phasor-based dynamic model for unbalanced
IM has been developed in [2]. This model will be used in our
paper. All other elements, e.g., PV, PFC and the line, are all
modeled by dynamic phasors in abc phase frame. Therefore,
the pnz dynamic phasor-based IM model will be converted to
abc dynamic phasor-based model as shown in Fig. 4.

V——/ ABC | Y% [ |\ e PNZ L,
— to v Ly > to —>|a
é , V. Model % ol
: PNZ > ABC I

Fig. 4. Conversion from abc to pnz and back to abc for an induction machine.

In the pnz reference frame, IM model’s state
variables include the stator and rotor currents:
Ips,Ins, 175, Ipy,INy, [ 7., respectively. Subscripts P, N, Z
defines the positive, negative, and zero respectively where
as subscripts s and r defines the stator and rotor signal
respectively. Moreover, each signal has a real and imaginary
part which will be shown by superscripts r for real
and x for imaginary part of the signal. Neglecting the
zero sequence components, eight current components
Ups Iys Ip, Iny Ip, IR, 1P, IR,) and three rotor speed
components (wro,w)y and wy,) should be initialized. The
inputs of the IM are three-phase voltages of the stator in
abc frame. The rotor voltages are considered to be zero. The
stator voltages in abc should be converted to the pnz. The
basic dynamic model of IM now is extended to pnz reference
frame and can be expressed by:

d
=CI+D—1I 4
1% C+dt 4

where, V. = [Vps Vi, 0 Vp. V3%, O, and T =
Ups Iy, 0 Ipy Iy, 0]7. Matrices C and D then can be
formulated as (5). Then state-space model can be found:

I=F,
1 . (6)
F,=D"CI+D 'V

where F, is the vector of derivative of induction machine
currents including real and imaginary parts. Separating real
and imaginary parts of Fj, eight equations of real and
imaginary derivatives of IM currents will be achieved. Three
equations of rotor speed in fundamental harmonic and second
harmonic, presented in (7), can be added to shape the entire
model in state space:

Wr0 :j(PLmC\}(IPsIPT» + INsINT) -1 — Bw7-0)
. 1 1

w:Q :jé}%(PLm?j(IPsINr - INSIPT) - (B +j2]ws)wrg)
. 1 1

Wiy :jS(PLm?j(IPsINr — INsIPr) — (B +j2JwS)wT2)

(7
where, P is the number poles, J is the inertia constant, B is
the damping factor, R is the real part and < is the imaginary
part. Now, combining (7) and (8), an entire dynamic model
of IM is obtained X = f(X),
where X = [I;;e IITVS I;;r IK/'T Ijgs IJ%S Iﬁr I]a\:/r Wro W;Q w:ﬂT’
and f(X) is the derivative of X.

The initialization will find the solution for f(X) = 0.
Newton-Raphson method starts with calculating the jacobian
of f(x). In the first step, initial guesses for the induction
machine will be applied. In this paper, the initial guesses for
all the parameters are set to zero except wyo = 188, I, = 1,
and Iy, = 1. The Newton’s approach conducts the following

iteration:
P -1
Xy =Xp1— (f)

X f(Xk-1) ®)

Xk—1

where X is the initial value in the last step. This iteration
process will be continued till the error value is less than
0.001. After the error is converged, the initial parameters of
the induction machine are obtained which will be used in
sweeping method that was described in the previous section.

IV. CASE STUDY

The model has been built in Matlab. The sweeping method
along with two embedded Newton’s approaches to find IM
and PV initials have been applied. The IM model is built in
pnz reference frame, then it has been converted to abc frame,
the grid is then modeled in abc and the single-phase PV is
then added to the system in phase a. Two case studies have
been conducted to examine the convergence of the algorithm
for a balanced system (without PV) and an unbalanced system
(with 2 kW PV). Moreover, dynamic simulations has also been
carried to demonstrate the system performance after a sudden
torque change in the unbalanced system.

A. Case 1: Balanced System

In this case, the PV has been removed from the model and
three-phase balanced voltages have been applied to the system.
Convergence of the algorithm for the balanced case has been
illustrated in Fig. 5 to Fig. 7. As it can be seen, the sweeping
method for the entire system converges after five iterations
which verifies the robustness of the algorithm in balanced
condition.

Results of the line and IM RMS currents for the balanced
case have been illustrated in Fig. 6. As expected, magnitudes
for all three phases are the same for the balanced case. Results
for rotor speed is illustrated in Fig. 7 which verifies the rotor
speed does not have any second harmonic component due to
balanced operation.
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Fig. 5. PCC voltages in balanced case.
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B. Case 2: Unbalanced System

In this case, the system is faced with unbalance due to the
connection of a single-phase PV at phase a. The power rating
of the PV has been set to 2 kW. The iterative results for the
unbalanced system has been illustrated in Fig. 8 to Fig. 10. As
it can be seen, the sweeping method in this case takes seven
iterations to converge.

Fig. 9 shows that line current at phase a is less than the
other two phases which is caused by operation of a single-
phase PV at phase a. Furthermore, Fig. 10 shows the rotor
speed and its second harmonic components for unbalanced
case. As it can be observed, by connecting the single phase
PV, the second harmonic components of the PV will have a

Number of Iterations

Fig. 7. rotor speeds in balanced case.
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Fig. 8. Simulation results of sweeping method for voltages in unbalanced
case

value and the sweeping method can obtain the initial values
for these components as well.

C. Case 3: Dynamic Simulation of an Unbalanced System

In this part, the model is tested in a dynamic event. The
model can be used for eigenvalue analysis after linearizing.
Detailed parameters of the system have been given in the
Appendix. The initial torque for the IM has been considered
as 28 N.M. For the dynamic event, a torque change from 28
N.M to 25 N.M will be applied to the system at time 10
sec. Results of simulation have been illustrated in Fig. 11. The
initial calculation has guaranteed the flat run of the system as
it can be observed.
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V. CONCLUSION

In this paper, sweeping method along with Newton-Raphson
method is implemented to initialize the parameters of an
unbalanced distribution system. The system is composed of
a single phase PV, an Induction Machine, load, Power Factor
Correction (PFC) unit and transmission lines. The single-phase
PV introduces unbalance to the system. The IM is modeled
by using the dynamic phasor concept in positive-negative-zero
sequence. The state space model for entire microgrid is then
derived. Given the initial guess for PCC voltage, Newton-
Raphson method is used to initialize the parameters (including
currents) of IM and PV, then sweeping method is initiated to
go back and forth to update the PCC voltage. In each step of
sweeping method, the embedded Newton-Raphson iterations
will be carried out to find IM and PV parameters. Case studies
show that the proposed initialization approach can find the
initial values of the system in unbalanced conditions.
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TABLE I
DATA OF THE LINES IN NETWORK
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