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Abstract

Fixed-speed pump-as-turbine generators (FSPATs) have been more utilized in grid-linked small hydro power plants (SHPs)
for several years. Their initializations for power-system dynamic simulations can be applied using a traditional power-flow
approach; however, this approach leads to an inevitable reactive-power difference between power-flow result and the actual
one required by FSPAT. To overcome this problem, an accurate power-flow initialization of FSPAT is needed. Nervetheless,
FSPAT initialization has not yet been addressed. Hence, in this research, an unified Newton-Rapshon (NR) approach along
with pump-as-turbine characteristic curves is employed for precise dynamic initialization of the FSPAT. The power-flow
solution with FSPAT is demonstrated through 4 buses network system. Moreover, an efficiency of the proposed NR algorithm
is investigated using IEEE-30 bus network with a large group of SHPs. The results expose that the proposed algorithm not

only provides a precise steady-state initialization without the reactive power discrepancy but also keeps the quadratic

convergence of NR method.
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1. Introduction

Nowadays, many small-scale hydro power plants (SHPs)
are promising for electricity production in remote areas due
to environment-friendly, small construction facilities, and
low running cost. SHP is usually a run-of-river plant which
does not require a large reservoir for power generation. It
can supply the power in the range up to 2 MW [1]. Because
the high-cost conventional turbines are not suitable for SHP
application, pump as turbine (PAT) is potentially considered
as a cost-effective alternative solution for SHPs [2].

In recent years, it has been reported that an interest in
PAT application in SHP has raised due to many advantages
over the conventional turbines [3]. Most of PATs can be
categorized into fixed and variable speeds. Fixed-speed
pump as turbine (FSPAT) is often equipped with an
induction generator based on a squirrel-cage rotor type
(SCIG). It performs within a limited speed range. Because
most of the SCIGs integrated with the FSPAT are typically
connected with main power grid for more efficient
operation, they may affect the dynamics of power system.
Hence, including the FSPAT into power-system dynamic

assessment has become increasingly important. Because, the
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power-system dynamic simulation mostly requires an
accurate steady-state initial condition, a proper dynamic
initialization of FSPAT is mainly addressed in this paper.
Nowadays, the most promising method ordinarily used
for initializing SCIG is on the basis of power-flow
model. In general practice, the SCIG is represented as
normal PQ load allowing that active and reactive powers
of SCIG are inputted as the specified quantities and kept
constant until the power-flow computation is finished.
However, this approach is not straightforward to give an
accurate dynamic initialization of network including the
SCIGs due to an inevitable reactive-power mismatch
between power-flow converged result and the one that is
really consumed by the SCIG (computed using the
converged voltage). This discrepancy is traditionally
solved adding a shunt compensator into the SCIG’s
terminal bus [4]. This current initializing method, is
widely employed in some commercial power-system
software tools [5,6].

It has been reported that the artificial admittance

caused by unsuitable initialization leads to an incorrect
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dynamic assessment, especially for the case of weak grid
connection, when the SCIG’s reactive powers are very
sensitive to their bus voltages [4]. To eliminate the undesired
artificial admittance, sequential and unified power-flow
approaches can be applied. Recently, several researches have
been presented approaches for initializing fixed-speed wind
generator (FSWG) based on both initializing approaches.
However, based on the literature review, the unified
approach gives a better way for computing the steady-state
solution of FSWG because it yields a quadratic convergence
[7-9]. In [8-9], the unified method is put forward to calculate
the steady-state operating point of FSWGs. The study results
show that initialization of FSWG directly from aerodynamic
power coefficient can yield a precise steady-state solution of
FSWGs, completely correlating with their actual dynamic
behaviour.

So far, the dynamic initialization of FSPAT has not been
yet reported in the literature. To eliminate the undesired
reactive-power mismatch, an accurate initialization of
FSPAT is required. Hence, this paper presents a precise
initialization of FSPATs using the unified method. The
Newton-Raphson (NR) algorithm is extended to solve the
network and FSPAT variables simultaneously in order to
eradicate the reactive-power mismatch and maintain
convergence manner. Moreover, characteristic curves of
FSPAT are incorporated into the proposed NR method to get
the power-flow solution which fully relates with the actual
behaviour of the FSPAT. Besides, the convergent
characteristic of the proposed NR algorithm is investigated
when a great number of FSPATs are incorporated into

IEEE-30 bus power network.
2. SCIG and Pump as turbine Models
2.1 SCIG model

In this paper, instead of using a common T equivalent
circuit model of SCIG, an inverse-1” model in [9] as shown
in Fig. 1 is employed. Because the inverse-I' model only
consists of an internal complex emf (E'), it is suitable to be
incorporated into power-flow model. According to Fig. 1, the

air-gap power (Pag) can be written in per-unit expression as,

Bo =={(X,. /%, ) (s/R)E| (1)
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Where the stator and rotor resistances as well as
transient reactance are denoted as Rs, Rr and X',
respectively. The rotor self-reactance (Xrr) is a total of
mutual reactance and rotor leakage (Xm+XIr). It should
be remarked that the negative signs applied to (1) and (2)
are regarded as injected quantities.

It has been reported that the artificial admittance

caused by unsuitable initialization leads to an incorrect

Load

Fig. 1 equivalent circuit model of SCIG (lnverse-r)

2.2 Pump-as-Turbine model

Typically, the mechanical power generated from the
PAT for a given head (h) in meter, water flow rate (q) in
m3/s and efficiency (I’]), can be expressed in term of per

unit as, 12

Ppat = npgqh/Sbase (3)

Where P and g represent water density and gravity,
respectively. The efficiency (I]) and flow rate (q) can be
calculated by fitting polynomial regression to the
available performance data in [10] as,

_ 6 5
n= a6Npat +a5Npat

q :ﬂGNgat +ﬁ5N157at +o4B )

+o.4ay, (4)

where Npat is given by
N, =120f(1-5)/p (6)
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The coefficients OL1-0LS and BI-BS in (Q) and (R) can be
found via fitting S order polynomial regression to the
available performance data. Thus, by knowinghe rotor speed,
the corresponding efficiency and flow rate of PAT can be
determined from (Q) and (R). According to (S), the rotor
speed (kpat) of PAT can be calculated from slip (s),
frequency (f), and number of pole (p) of SCIG, respectively.
Commonly, the turbine-shaft torque and air-gap power are
equal in per-unit quantity. Thus, the shaft torque (Tpat) can

be written in per-unit term by,

Tpat:Pag:Ppat/(l_S) (7)

3. Initialization Power-flow Model

The proposed NR power-flow algorithm for finding steady-
state operating point of FSPAT is addressed in this section.
Since the variables of SCIG such as slip (s), internal emf (E")
and angle (6‘) are incorporated as iterative variables, the

mismatch function can be written by [11],

f(x)=-J(x)Ax )
where
A o e
f£,(0=P - P,
f0=| f,0=Qf%-Q*™ | (9

f,0=Qf%, - Q3

f5(x) =T, - P;g

X = [9 0 V E S:|T (10)
I09=[I @3] (1)

The iteration formula of NR algorithm is given by,

) = x4 Ax (12)

n (9), the superscripts cal and sche denote calculated and
scheduled quantities, respectively. The subscripts 1-n and 1-m
refer to the whole numbers of network and SCIG’s internal
buses. The proposed NR algorithm can be modified as
follows,

1. Specifying the designed head () of FSPAT anditsiterative

variables.

2. Calculating SCIG initial slip using the rated terminal bus
voltage (1 pu.) by solving the steady-state power

equilibrium in (13) as presented in nextsection.
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3. Calculating flow rate (¢), efficiency (7]) of FSPAT in
(4) and (5) as well as the initial internal emf

magnitude (E') using the inverse-I ‘model in F ig. 1.

4. Incorporating SCIG’s impedance encircled by the
dashesline asshowninFig. 1 into network admittance

matrix.

5. Calculating mismatch function in (9). A list of relevant
equations for f2(x) and f5(x) are displayed in Table

1. The reactive power
(Qse)infa(x) is set to zero since internal bus of

SCIG hasno injected reactive power.
6. Computing the conventional Jcon(x) and PAT Jpat(x)
Jacobian matrixes, which can be derived from

differentiating the mismatch function in (9).

Table 1. Initialization of FSPAT and its mismatch function

Variable and function

Input quantity h

Output quantity P,0,V,0,s,q9 1
£(0) Pii- Eq. (1)
(%) Eq. (7) - Eq. (2)

4. SCIG’s slip Initialization

Before the initialization process starts, the terminal bus
voltage magnitudes and phase angles of all SCIG buses
are set to 1 pu. and O radian, respectively. Referred to

Fig. 1, the slip (s) can be computed by,
2 —
P-I,R -P,=0 (13)

When expressed in per-unit quantities the active power
(P) and input current (Ig) related to SGIG's voltage
magnitude (V) and slip (s) can be revealed by,

P=(V*R,, ) /(R +X,,) (14

L=m/&,+x2) a3

where,
s(RX?)
mo,ZRﬁm (16)
Xm,:X' RfX’i (17)

X, (R +5°X})
5. Power-flow Initialization
The power-flow initialization of FSPAT is presented in this

section. The benchmark system in [9] and 250 HP SCIG with

their parameters given in Fig. 2 are employed. The available
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performance data of FSPAT taken from [10] are listed in
Appendix A. It should be noted that all parameters shown in
Fig. 2 are based on 10 MVA.

Bus3 4.5 MW
LSMVAR
Busl Bus2 Bus4
P
R=10.0393566 Q=
X =0,0814957 )( ) e
Grid 12MVA IMVA T 250HP 23KV
115/1247kv  1247/2.3kV | R =12873 |
R=0.0393566 R=0.1 R =07580 |
X=0.0814957 X=05 X, =4.6322 |
X, =4.6322 |
X, =162.2701,

Fig. 2 Benchmark system

In this study, 6th degree polynomial equations in (4) and
(5), obtained by means of fitting curve regression to the
efficiency and flow rate data, are applied for the unified
power-flow calculation in order to get the steady-state
solution in full correlation with the characteristic curves of
PAT.The coefficients ON-0l6 and BN-[% shown in (4) and
(5) are given in Appendic B. Fig. P demonstrates comparisons
between the actual and estimated efficiency and flow rate
curves. It can be observed that a change in the speed of
FpPAT (rpm) is completely related to its efficiency and flow
rate. Before starting the power-flow calculation, the water
head VM.V2m, regarded as input quantity of FpPAT, is firstly
specified. Then, the p‘Id,s slip is solved using the rated
voltage (N.M pu.) to find the magnitude of internal emf (bD)
regarded as an initial value. The phase angle (6') is set to zero.
After the power-flow computation is done with a given

tolerance of 10-12 in four iterations, the obtained voltages,

! Efficiency

phase angles, active and reactive powers of all
buses are displayed in Fig. 4. Also, the SCIG’s air-
gap power, rotor speed, internal-bus emf, phase angle
as well as flow rate and efficiency of FSPAT are
located at the final

row. These quantities are

immediately received after the converged solution
arrives. Moreover, the obtained speed of SCIG are
precisely matched with the converged flow rate and
efficiency of FSPAT becuase they are automatically
updated at every iteration of plow-flow process. For
instance, referred to Fig. 4 in final row, the converged
SCIG’s speed, flow rate and efficiency of FSPAT are
1824 rpm, 0.2286 m3/s and 0.8464, respectively.
3, the PAT

characteristic curves provide the same value of flow

Similarly, referred to  Fig.
rate and efficiency when the PAT operates at 1824
rpm. Hence, it is can be said that the converged
power-flow solution is fully related to the obtained
flow rate and efficiency characteristic curves of FSPAT.

In addition, the computational accuracy of the study
results obtained from the proposed algorithm is verified.
The converged active and reactive powers of SCIG bus
as shown Fig. 5 (-0.1657MW + j0.09MVAR) are used as
the fixed inputs to re-calculate the power-flow solution
via the conventional approach, starting from the rated
voltage (1 pu.). After applying the conventional power-

flow calculation, the converged results are displayed in

Fig. 5. As expected, the converged voltages and powers

Flow rate (msls)

i i 0.28 : . .
X: 1824 O Actual data O Actual data
0.9 Y: 0.8464 Estimated curve 1 0.26 - Estimated curve -
|
08 oz TSTe— N
(|
0.7 1022t
0-6 B -1 u'z L
05 1018+ 1
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n
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Fig. 3 Characteristic curves; efficiency curve (left hand); flow rate curve (right hand)
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both proposed and conventional algorithms are exactly
the same, ensuring the numerical correctness of the
computationa} results. In other words, this proposed
initializing method fully yields the exact reactive power
demand of SCIG. Hence, nq, artificial admittances are

added for compensating thg, difference between the

schedule and actual reactive power when the FSPAT
is included in initializing dynamiq simulation. Besides,
it can be observed that the computationa), time between the

proposed and conventional methods are nof different.
6. Convergence Test

In this section, the computational efficiency of the
proposed algorithm is investigated with IEEE-30 bus test
network including 18 groups of small-scale hydro power
plants. A practical 8 bus in SHP is employed as shown in Fig.
6. Due to additional buses arisen from 18 of individual SHP
network and SCIG internal bus, the original IEEE-30 bus
system expanded from 30 to 264 buses. The 250 HP SCIGs
are incorporated into these SHPs. All FSPATs are specified
with the water head (/) 0£90.92 m.

After steady-state solution of tested network is
converged, the mismatch versus a number of iterations is
displayed in Fig. 7. The normalized mismatch of the
original TEEE-30 bus network is also plotted for making
comparison. It can be observed that the power mismatch of
IEEE-30 bus network with individual 8bus SHP into 18
assigned load buses is inconsiderably deviated from
that of the original network. Hence, it is confirmed
that this initializing power-flow method is very effective

because the mismatch convergence characteristic still
Proposed method

MvaBase : 10,00 Tolerance : le-12

Total MW losses : 0.1064 Total MVAR losses: 0.3849

Total time : 0.047 sec.
Bus Voltage Angle ~  ------ Load------ ---Generation---
Fo. Mag. Degree M MVAR MW MVAR
1.0000  1.0500 0 0 0 4.4361  1.9423
2.0000 1.0316 -1.8694 -0.0000  0.0000 0 0
3.0000 1.0012 -3.4817  4.5000  1.5000 0 0
4.0000 0.9983 -2.9553  0.0000 -0.0000 0 0
5.0000 0.9515  6.9215 -0.0000 -0.0000  0.1703 0
Con Int HP Vmot Angle P Q Pag Speed g eff
Bus Bus p.u. Degree MW MVar MW rpm  (m*3/s)

4 5 250 0,9983 -2.9553 -0.1657 0.0900 -0.1703 1824 0.2286 0.8464

Fig. 4 Power flow solution using proposed power-flow

algorithm
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Conventional method using MR algorithm
MvaBase : 10.00

Tolerance : le-12

Total MW losses : 0.1018

Total MVAR losses: 0.3523

Total time : 0.032 sec.
Bus Voltage Angle et T ---Generation---
No. Mag. Degree Mi MVAR MW MVAR
1.0000  1.0500 0 0 0 44361  1.%423
2.0000 1.0316 -1.8694 0 0 0 0
3.0000 1.0012 -3.4817  4.5000  1.5000 0 0
4.0000 0.9983 -2.9553 -0.1657  0.0900 0 0

Fig. 5 Power flow solution using conventional power-
flow algorithm
preserves in quadratic manner.

In this section, the computational efficiency of
the proposed algorithm is investigated with IEEE-30
bus test network including 18 groups of small-scale
hydro power plants. A practical 8 bus in SHP is
employed as shown in Fig. 6. Due to additional buses
arisen from 18 of individual SHP network and SCIG
IEEE-30 bus system
expanded from 30 to 264 buses. The 250 HP SCIGs
are incorporated into these SHPs. All FSPATs are
specified with the water head (h) of 90.92 m.

internal bus, the original

After steady-state solution of tested network
is converged, the mismatch versus a number of
iterations is displayed in Fig. 7. The normalized
mismatch of the original IEEE-30 bus network is also
plotted for making comparison. It can be observed that
the power mismatch of IEEE-30 bus network with
individual 8bus SHP into 18 assigned load buses is
inconsiderably deviated from that of the original
network. Hence, it is confirmed that this initializing
power-flow method is very effective because the
mismatch convergence characteristic still preserves in

quadratic manner.

7 2=0.0945 pur.
X/R = 08333

33/13 8kV
12MVA
z=0.0822+j0.4932 pu| i
0.75MVA
z= jl0.67 pu.

\
|
|
|

3.8/23kF
|

/

Fig. 6 8 buses hydro power plant
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Fig. 7 Mismatch characteristics

7. Conclusion

This research presents the extended NR algorithm to
find the accurate steady-state operating points required for
power-system initialization including FSPAT. The
variables of system network and FSPAT are incorporated
into the power- flow mismatch function and Jacobian in
order to solve them in the unified manner. An incorporation
of the FSPAT characteristic curves into proposed algorithm
yields precise steady-state solutions, fully correlating with
the actual performance curves of FSPAT. Also, the
proposed initializing method is demonstrated and verified
using 4 buses system. The study shows that the exact
amount of reactive power of FSPAT is directly obtained in
correlation with the converged bus voltage. So, the
proposed algorithm is superior to the tradition power-flow
initialization  approach, commonly applied in the
commercial software packages due to absolutely eradicating
the need of fictitious admittance for compensating the
reactive-power discrepancy. Moreover, efficiency of the
initialization approach proposed in this paper is presented
using IEEE 30 bus network with several groups of small-
scale hydro power plant. The results expose that convergent
property of the proposed NR algorithm is still remained

quadratic style.
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Appendix A
Appendix A provides the performance data of PAT with specified
water head 90.92m[10].

F lowiate Efficiency Speed

q(m’/s) n Npat (tpm)
0.2450 0.670 1157
0.2412 0.753 1377
0.2369 0.803 1563
0.2319 0.835 1736
0.2256 0.854 1900
0.2184 0.857 2051
0.2096 0.844 2179
0.2004 0.805 2273
0.1891 0.759 2358
0.1792 0.685 2421
0.1662 0.604 2475
0.1546 0.497 2525
Appendix B

Appendix B provides the coefficient of efficiency and flow rate in Fig. 3
and 4

0 =-9.8775x10-19, 0, =1.0043x10-14,0, =—4.2403x10-11,
03:9.5063><10’8,0!2 :71.1946><10“4,(11 =8.0173x10-2,

[10:721.855

B :6.4263><10’21,ﬁ5 =-1 .2958><10f]5,ﬂ4 =7.8935x10713,

B, =-2.2555x109, f, =3.3567x10°6, /4 =—2.5384x10°3
£,=1.0206
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