0 =,

Jlocniosceno 6naue nepezynv08an020 eaeKmponpueody 3MiHHO20 CMPYMy
i peeyn1b08an020 eneKmMponpu600y NOCMItiH020 CMPYMY 207108HUX HACOCIB CYX020
doxy na mepesncy cyonodyodieenviozo 3a600y «Oxeans (Yxpaina) ¢ cepedosuuyi
MatLab SimPowerSystems.

3a0ns MouH020 MO0ENMOBAHNS NUOOKONAZHUX ACUHXPOHHUX 08ULYHIE GY0
3acmocosano enacky memoouxy eusnauenns napamempie T-nodionoi cxemu 3ami-
wenns i Koeiyienmy 6’sa3K020 mepms 6ipmyanvH020 08ULYHA 34 KAMATLOHCHUMU
danumu. I[a memoouxa cnupaemocs na popmyau, saxi gionosidaromo T-nodioni
i ymouneniii I'-no0ioniii cxemi 3amiwents. 3anponoro8ano 66ecmu 6 po3pPaxyHox
CKOpe206ami 3HAMEHHA KPAMHOCH NOMAMK08020 NYCKOB020 | KPUMUHHO20 MOMEH -
my. Hominanvhuili xoeiuienm nomydsucnocmi 6uU3HAMAEMbC 0NOCEPEIKOBAHO
ma NopisHIEMbCA 13 KAMANOHCHUM 3HAUEHHAM. 3ANEHCHOCMI POMOPHUX ONOPI6
anpoxcumosani eremenmapHumu QyHKuiamu, ki zadesneuyiomo maiice cmai
3HAUEHHSA YUX NAPAMEMPI8 NPU OOKPUMUUHUX ZHAUEHHSIX KOB3AHHSL.

B pesyavmami modenroganns cmano 3po3ymino, wo Hasimos npu nouep2060my
NYCKAHHI HePeYIbOBAHUX eJIeKMPOHACOCHUX azpezamis 6i00yeacmovcs icmomme
naodinns nanpyau é mepesnci.

Mamemamuuny modenv enexmponpusodie nocmitinozo cmpymy 6yno noéy-
008aH0 3i CNIILHOI0 0B80KOHMYPHOIO CUCIEMOI0 ABMOMAMUHOZ0 KePYBAHHI 1AC-
momoro obepmanns. Ha 6x00i K03#cH020 2eHepamopy iMnyrocie Kepyeanus 6K0-
4eHo Pe3oHaANCHUN QINbmp, YUM UKTIOUAIOMBCA MONCIUBL NOMUNKU 6 pobomi.

Pesynvmamu modentoganns nepexonyioms y momy, wo nio wac poéomu enex-
mponpueo0ie noCmMiin020 CMpymy 6 Mepedici GUHUKAIONMb KOMYMAauiiHi nepena-
Ou Hanpyeu, CROHCUBAHUL CMPYM BUSABNIEMC CYMMEBO HECUHYCOTOATLHUM MA
6100Y68AEMbCA CNONCUBAHHA PeAKMUBHOI eHepeii. 3 YpaxyeanHam napazummnoi
EMHOCMI KAOeNbHOT IIHIT UHUKAIOMb 6UCOKOUACMOMHI KOJUBAHHS HANPY2U, WO
cmeopioe Hebe3nexy 0as podoOmu enexmpoodIaOHANHSL.

3asosxu euKopucmaniio Qinbmpo-KoMneHcyuozo nPUCmpoio nepepaxosa-
Hi He2amueHi a6uua Mojcymv Oymu suxoueni, mooi eexmponpueoo nocmiiino-
20 cmpymy 3a 6azamoMa NOKA3HUKAMU NEPECANCAMUME HEPe2YIb0BAHUN ACUH-
Xpounuil enexmponpueod. JIna Minimizauii Cnojcueanns peaxmuenoi ewepeii
Modice cayeyeamu cucmema aGMOMAMUUHO20 KepYeanus 3 inmezpanvium pezy-
JLAMOPOM ROMYNCHOCME peaKmopy 3i IMIHHUM Koeiyienmom niocunenns

Kanrouosi crosa: acunxponnuii 06uzyt, kamasuoicki 0ani, nOCMiUHulL cmpym,
III-peeynsmop, numoma emuicmo, QPinompo-xomnencyrouuii npucmpii

0 =,

Received date 11.06.2019
Accepted date 20.08.2019
Published date 28.10.2019

1. Introduction

|DOI: 10.15587/1729—4061.2019.177837|

ANALYSIS
OF THE
INFLUENCE
OF DRYDOCK
MAIN PUMPS
DRIVE ON
ELECTRIC
NETWORK

P. Khristo

Senior Lecturer

Department of Electromechanical
Engineering

Odessa National

Polytechnic University

Shevchenka ave., 1,

Odessa, Ukraine, 65044

E-mail: Pavel.John.Khristo@gmail.com

Copyright © 2019, P. Khristo

This is an open access article under the CC BY license

(http.//creativecommons.org/licenses/by,/4.0)

An integral part of many shipbuilding and ship-repair
yards are drydocks or wet dock chambers. Among the first
ones, the docks having lightweight gravity drainage cham-
bers on the basis are known as the most widespread, which
is explained by less stringent hydrogeological conditions
and capital costs for construction. Ground water pressure
on the structural elements of dock chambers of this type is
partially or completely eliminated by drainage over the base
area and/or waterproofing. During operation, dock chambers
are periodically filled and emptied for the purpose of docking
or undocking the vessel, including operations of preparing
a keel-block set and precise fit prior to repair works. Dry-
docks are serviced by own pump stations, usually located in
the main chamber section. Four main groups of pumps ensure
normal operation of dock emptying and water supply systems.
Drainage pumps serve to remove groundwater pressure on the
dock structural elements. The main pumps remove the water
prism from the chamber to the adjacent water area (minimum
pumping level is limited by funneling and penetration of air in
the emptying system). Stripping pumps are used for the final
drainage of the chamber when the main pumps are switched

off and also to remove production, rain and drainage water.
Production pumps are responsible for technical water sup-
ply and fire safety of the dock [1, 2]. Capacities of the main
and stripping or drainage pumps differ by about an order of
magnitude. Thus, the major energy consumers at the stations
are the main pumps, which in most cases are equipped with
direct-on-line unadjustable-speed induction motor drive.
Meanwhile, in [3, 4] it is shown that by switching to adjust-
able-speed drive of the main pumps, it is possible to achieve
significant energy savings in the process of chamber empty-
ing. In addition, it is possible to adjust the supply at the stage
of final guidance of the vessel before fitting on the dock set
and at low levels of water table in the chamber. The need for
regulating pressure valves and/or switching off and restarting
part of the main pumps is eliminated.

It is known that squirrel-cage induction motors used in
electric drives have enhanced starting characteristics due
to the round-slot rotor cage [5]. This increases the start-
ing torque ratio, but the starting current ratio is still large
enough. As a consequence, a rather long transient process
caused by significant joint inertia of the electric drive may
be accompanied by a marked decrease in supply voltage.
The latter phenomenon in most cases adversely affects the



operation of other electric equipment and requires quantita-
tive analysis. Using adjustable-speed DC drive, it is possible
to achieve a significant reduction in the starting current and
the corresponding sag of the finite-power supply. But there
is a problem of influence of current harmonics on the electric
network generated by the thyristor converter, and distortion
of voltage, which powers other electric consumers.

The urgency of the work consists in reduction of the in-
fluence of powerful electric drives of the drydock main pumps
on the network of the shipbuilding and ship-repair yard and
providing the possibility of speed control of the main pumps.

2. Literature review and problem statement

The reliability of the results of induction motor drive
start-up simulation largely depends on the accuracy of setting
the parameters of the mechanics and equivalent circuit of the
motor [6]. Such data, especially for large variable-parameter
electric machines, are rarely contained in reference books or
directories and need to be exactly defined [7]. For this pur-
pose, the procedure of identification according to the results of
experimental tests is carried out, as, in particular, in the auto-
tuning of intelligent frequency converters, or only computing
methods are used, when experimental studies are impos-
sible [8, 9]. The first direction is developing more intensively,
but the second one has not exhausted itself, although a lot of
printed works, in particular [10—13], are devoted to determin-
ing the parameters of the induction motor equivalent circuit
based on reference data. However, the methods of approximate
estimation described in them have both advantages and disad-
vantages. So, in accordance with [10], it is proposed to look
for the parameters of the induction motor equivalent circuit
in a rather unusual way when these values are considered as
functions of some auxiliary variable, but recommendations for
determining its proper value have no strict theoretical justifi-
cation. The estimation procedure given in [11, 12] is correct
for motors with constant parameters. In the case of heavy-duty
deep-bar or double-squirrel cage induction motors (in both
cases, parameters are variable), this procedure is unsuitable as
it leads to a significant error of results. Besides, there is an ad-
ditional source of estimation error, which causes the distortion
of results, even with unchanged equivalent circuit parameters.
The reason for the additional error lies in the fact that some
formulas have an approximate value of critical slip equal to the
greater of the roots of a quadratic equation — a consequence
of the simplified Kloss formula. The work [13] contains for-
mulas obtained for machines with variable parameters, but
they are inferior to other methods in the accuracy of results,
including that reported in [10]. It is important to emphasize
that the variable nature of rotor resistance in this case does
not coincide with the exact analytical solutions obtained for
rectangular or round rotor slots [6, 10]. The discrepancy lies
in the fact that at small slip values, rotor leakage reactance and
inductance in accordance with the exact formulas asymptoti-
cally approach certain boundary values. But, the dependencies
presented in [13] do not have this property.

Research of induction motor drives is rather often per-
formed using mathematical models available in Matlab Sim-
PowerSystems. The virtual blocks of electric machines used
make it possible to set values of the viscous friction coefficient,
which allows reproducing motor nameplate data on models
with high accuracy. But many researchers neglect this para-
meter, resulting in reduced accuracy of simulation [14, 15].

The feasibility of using adjustable-speed DC drive is
dictated by the high power of the drydock main pumps and
moderate average annual operation. The corresponding vari-
able-frequency AC drives have a complex modular structure
and much higher cost [16]. The payback period of frequency
converters can significantly exceed a five-year term just by
reducing energy consumption. Therefore, their application
is inappropriate even given the high cost of DC motors
and maintenance costs of the commutator. The lower cost
is characteristic of soft starters of induction motors, but in
case of their use the electric drive speed remains unadjust-
able in speed. Over the last decades, full-controlled power
keys (IGBT) have become widespread in valve electric
drives. Artificial commutation of such valves as part of active
front ends allows minimizing a negative impact of electric
drives on the network and regulating the reactive power.
However, the corresponding voltage converters for the DC
drive are similar in structure to the DC link frequency con-
verters. They use a reverse pulse-width converter instead of
a three-phase autonomous voltage inverter. In this regard,
the cost of active front end drive is still rather high. In ad-
dition, the transistor power converter has a slightly lower
efficiency compared to the thyristor one. This is explained
by double energy conversion in the first and single in the
second. Therefore, a complete thyristor drive, in particular
Soviet-made KTEU series (up to 2,000 kW, from 1,000 to
12,000 kW), EKT (up to 2,000 kW), KTE (up to 1,000 kW),
can be considered as the cheapest version of adjustable-speed
drive of the main dock pumps. On the market you can find of-
fers of such electric drives, which have long been in storage or
out of service. However, it is known that, for example, KTE
electric drives are still produced in an advanced version.

A great deal of scientific works is also devoted to the de-
velopment and operation of a thyristor drive. Much of their
focus is on the problems of synthesis and analysis of closed-
loop control systems, improvement of dynamic and static
characteristics of the drive, while the problems of interac-
tion between the drive and the network fade into the back-
ground. When solving such problems, the electromechanical
system is mostly considered separately, and the overall
power system is formally replaced with an infinite-power
supply [17]. However, it is known that negative effects of the
thyristor converter with respect to the electrical network is
distortion of voltage (at a considerable power of the electric
drive) and current consumed [18]. In some cases, oscillation
phenomena with frequencies different from the fundamental
harmonic may occur, for example, if there is a capacitive load
component in some electric consumers and resonance [19].
The analysis of behavior of a treed electric network with
controlled rectifier and reactive load of both types requires
knowledge of specific operating conditions of the basic
elements of the system. Therefore, complex and unstable
topology of the electric network complicates the system
analysis of the drive, and the corresponding task may be not
solved in general. Under these circumstances, the rationality
of certain technical solutions can be checked by modeling
the most probable and intense modes of joint operation of
the drive and the network. For these reasons, a significant
difference from other works is the detailed modeling of the
electric network including large induction motors or thyris-
tor drives. The mathematical model takes into account the
finite power of the power source and capacity of the cable
line. As noted in the literature, in particular [20], when
determining the equivalent circuit parameters of the cable



line, capacity can be neglected if the line length is relatively
small and the voltage does not exceed 20 kV. The results of
a more detailed simulation suggest that such a statement
is not unconditional. To increase energy performance, DC
drives can be equipped with automatic harmonic filtering
and reactive power control device, which requires the syn-
thesis of a reactive power controller. These issues are given
due attention in the work.

3. The aim and objectives of the study

The aim of the study is to prove the possibility of replac-
ing unadjustable-speed AC drive of the drydock main pumps
with adjustable-speed DC drive and to determine its struc-
ture taking into account the impact on the shipyard network.

To achieve this aim, the following objectives were set:

—to determine the viscous friction coefficient and
T-shaped equivalent circuit parameters of a powerful deep-
bar induction motor so that the catalog data are reproduced
on a mathematical model with high accuracy;

— to create a mathematical model of the in-plant electric
network in MATLAB SimPowerSystems and investigate the
impact of unadjustable-speed AC drive of the drydock main
pumps;

— to create a mathematical model of thyristor drives of
the drydock main pumps and investigate their influence on
the network considering or not the stray capacitance of the
cable line;

— to investigate the effect of thyristor drives of the dry-
dock main pumps on the network taking into account the
stray capacitance of the cable line and in the presence of
a capacitor bank;

— to create a mathematical model of automatic harmonic
filtering and reactive power control device and investigate
the effect of thyristor drives of the drydock main pumps on
the network taking into account the stray capacitance of the
cable line and in the presence of harmonic filtering and reac-
tive power control device.

4. Materials and methods of studying the influence
of the drydock main pumps drive on the electric network

The study of starting the main pump units was performed
on a specific example of the drydock of the Okean shipyard,
Mykolayiv. This choice is explained by the fact that this
hydraulic facility has a design that is identical to the above,
and the rated power of each of the four main electric pumps
is 1,000 kW, i. e. large enough. The Mykolayiv drydock still
remains one of the largest docks in Europe and has no ana-
logues in the country to this day [1]. At the same time, due
to the considerable operation period, the dock equipment
increasingly requires repair or replacement, and obsolete
technical systems are waiting for modernization.

4. 1. Determination of viscous friction coefficient and
T-shaped equivalent circuit parameters of the AN16-41-12
induction motor

The drydock main horizontal centrifugal 48D-22 pumps of
the Okean shipyard (Ukraine) are driven by large AN16-41-12
squirrel-cage induction motors with round-slot rotor [21].
There are also similar VAN16-41-12 vertical shaft motors,
which, according to the specification indicated on the name-

plate, differ slightly from the horizontal implementation, but
are described in more detail in the literature [5]. According
to the classification [13], such motors belong to the third
group, that is, they are characterized by significant displace-
ment of the rotor current, but the saturation of the tooth
area can be neglected. According to [13], motor parameters
can be considered invariable when the rotor slip becomes
close to or less than the critical value. The parameters of
the equivalent circuit must ultimately be specified in the
induction motor block in MATLAB SimPowerSystems,
which does not take into account the power loss in the stator
and rotor steel. Therefore, the T-shaped equivalent circuit
should have a magnetizing branch with pure inductance. In
order to maintain the model and motor equivalence in terms
of rated power, it is advisable to consider power losses, i. e.
mechanical and in steel, by the coefficient of viscous friction.
Determination of equivalent circuit parameters is carried out
in three stages. First, we find the values of equivalent circuit
parameters that correspond to the sub-critical values of mo-
tor slip. Then we find the values of the parameters that are
achieved in the short-circuit mode of the machine. After that,
we approximate the rotor resistance by elementary functions
that are asymptotic at a small absolute value of slip. Note that
during the first stage of calculation, for the sake of precision,
it is necessary to abandon approximate computation of the
critical slip by the simplified Kloss formula. So, we find the
electromagnetic torque of the motor by the known values of
useful power Py, angular speed ®,,,, and efficiency 1, for
the rated mode:

M, =P""m[1+ﬁm 1'“] (1)

nom nom

where B0, is the ratio of constant and total power losses
in the rated mode. During the calculations, B,,,=0.49 was
taken [22]. Thus, constant and variable power losses in the
rated mode are almost the same and the rated efficiency is
close to the maximum that occurs at the motor load factor
O =B / (1=B ) = 0.98. Note that if B,=0.32886, the
maximum efficiency would correspond to the load factor
Olnax=~0.7.
The stator active resistance is found by the formula:

Rs — 1 b nom__
31 nrwm

snom

Menom('o1J’ (2)
where I,y is the rated stator phase current,

o, =2nf /p 3)
— angular speed of the stator magnetic field, f; — network

frequency, p — number of pole pairs.
The reduced rotor active resistance is calculated:

N 1 1
R, =" R -R RI1-—— || R|1+—|-2R || (4
r0 C1 i s+\/ 1( kmj( 1( +km] s] ( )

where

R, =3U>

nom

/ (2C1('01Memzm ) (5)

— imaginary active resistance, on which at the rated ope-
rating stator phase voltage U, approximately double the



rated value of the electromagnetic power of the induction
motor is dissipated,;

Sm)m = ((‘01 - (Dnam)/ ('01 (6)
— rated slip;
C =[t+(R +jX,)/(iX, )| ()

— coefficient of reduction of the T-shaped equivalent circuit
parameters to the L-shaped circuit (stator leakage), the
initial value of which is taken as a unit, X;, X,, is the leakage
inductance of the stator winding and magnetizing branch,
k,, is the maximum torque ratio. It should be clarified that
the maximum torque ratio of the induction motor means the
ratio of the critical shaft torque to the rated shaft torque.
However, due to the small discrepancy between the electro-
magnetic and mechanical torque values, the ratio is often cal-
culated using the electromagnetic torque values [23]. Since
in the proposed model mechanical power losses are increased
by the value of losses in steel and additional, it is necessary
to calculate the corrected value of the maximum electromag-
netic torque ratio:

b = (NP / @+ 50,) / M (®)
where A, is the reference value of the maximum shaft torque
ratio;

b — Bﬂﬂﬂlzpﬂﬂm 1 nnom (9)

('Onom nnﬂ’ﬂ

— coefficient of viscous friction. It should be noted that in the
formula (8), the viscous friction torque is calculated appro-
ximately by the rated speed value instead of the critical one,
but this does not lead to a significant error.

Stator and rotor leakage inductances are assumed to be
equal and calculated as follows:

1 R, R,
X =X =—— || £-2R |—.
s r0 1+C1 (km \]k

m

(10)

Now let’s determine the rated current, impedance and
terminal voltage of the operating loop:

Lo =AMy 5, / (3RYy), (11)
Z =Ry /$,00) + X (12)
Ut = Z om mom (13)
The rated power factor is:

€08 @, = Pran / (3N Uil ) (14)

If the input data include all the values in the equa-
tion (14), further calculations should be made using the
estimated power factor value. It is advisable to first compare
this value with the reference to check the accuracy of the
calculations and consistency of the original data.

The rated magnetizing current is determined according
to the expression:

IOnom = Imom @ X
Z rmom
2
2U e
x \/1 _ nom COS((pmom (pnom) +( Um,m J , (15)
inom Uim)m
where
Uinam = Zinnmlxnnm ( 1 6)

— resistive voltage drop Ziu,m caused by the flow of stator
rated current, and

Zinom = \/(R:O / Snum + Rs )2 + (Xx + Xr’O )2 ’ (17)

Py =arctg{(X, + X)) /(R /5, + R} (18)
— modulus and angle of the imaginary equivalent resistance
of the T-shaped equivalent circuit, which would take place
in the event of magnetizing branch fault; ¢,,, — rated phase
shift between the motor stator voltage and current. It should
be noted that the equivalent impedance, which is determined
by formulas (17) and (18), has an operating loop of the sim-
plified L-shaped equivalent circuit of the induction motor at
the rated slip.

The magnetizing branch resistance is determined on the
basis of (13) and (15), after which it is possible to calculate
a new, more accurate value of the coefficient:

C,(2)=1+X,(1)/ X, (1), (19)
and, if necessary, repeat the calculation of parameters. The
iterative process has rapid convergence, usually the number
of iterations to achieve the desired accuracy:

AC,(N)=|C,(N+1)-C,(N), (20)

does not exceed 4—5. However, despite the high accuracy of
determining the stator leakage factor, the original data can be
reproduced in the mathematical model only with some error
since the calculation is based on approximate formulas (4),
(10). For the same reason, there is a discrepancy between
the values of voltage across the magnetizing resistance Up,om,
if the value is calculated in different ways. The first is to use
the formula (13) and the second is based on the formula:

Unnan =AU =20, Z ] 1, €05(0, =6, )+ 212, (21)
where

7, =R+ X, (22)

¢, =arctg{X, /R } (23)

—modulus and angle of the stator impedance. Generally
speaking, the parameters of the equivalent circuit can be
searched using equation (21) instead of (13). Then the need
to use the equations (11), (12) disappears, but there is a dis-
crepancy in the value of reduced rotor current. The results
of the calculations differ in both cases, but insignificantly.



As the analysis shows, the parameters of the equivalent cir-
cuit can be determined in such a way that only the value of
critical electromagnetic torque ratio will be characterized by
a small error. For this, the stator leakage inductance can be
found as the root of the quadratic equation:

a,X?+aX +a,=0, (24)
the coefficients of which are
aO = 1_ki%wm /Cf’ (25)
ai = 2(k13mmXEL / C‘i2 _Zb Sin(Pm)m)’ (26)
2 2 2 X;L Rl’é
aZ :Zb +R1 _kmom Cz +T _2ZbR1 COS(pnom’ (27)
1 Srwm
where
kim}m = I;nom / snom (28)

—rated current ratio of the operating loop of the T-shaped
equivalent circuit;

Zb = Unam / Isnom (29)
— base resistance;
Xy, =\(R /k, ~2R )R, /k, (30)

— total reactance of the operating loop of the specified
L-shaped equivalent circuit. Then the reduced rotor leakage
inductance is found as follows:

X:OZ(XZL_Xs)/CP 31)

It is also possible that the stator leakage inductance is
determined, as before, by the formula (10), but the rotor
leakage inductance is found using equations (21), (11)—(13).
In this case, for X/, # X, the equation (30) turns into in-
equality. In both cases, the leakage factor cannot be found
by the fixed-point iteration method. This factor can be de-
termined by the above method — in advance, or if the desired
critical electromagnetic torque ratio is reached. The leakage
factor can also be found provided that the leakage inductance
of the stator and reduced — of the rotor are equal in the pro-
cess of their joint calculation.

Let us now proceed to determining the values of the
equivalent circuit parameters in the short-circuit mode. This
mode is characterized by a certain increase in the reduced ro-
tor active resistance compared to the value R/, and a decrease
in the reduced leakage inductance compared to X/, other
parameters remain unchanged. Find the value of the power
factor that is achieved in the short-circuit mode:

cos@, = (3%, R +k,M,,,0,)/(3U,,kL,,),

1 snom S enom nom "1~ snom (32)
where k;, k1 is the initial starting current and torque ratio.
The latter value should be specified using the formula that
includes the reference value of the initial starting torque
ratio Aq:

km1 = }\’m1p / (('0 M

nom nom enom ) N

(33)

The imaginary current of the magnetizing branch Iy
that would occur in the case of applying the voltage U, to
its terminals, as well as the stator impedance drop Uy caused
by the flow of short-circuit current &;lg,om is

1 =U,0 / X, (34)

U,=ZkI

sV snom *

(35)

The active, reactive components and total short-circuit
current of the operating loop are determined by the formulas:

Ir"1a = [ks Sin((ps _(P1)+ COs (p1:|kilsnom’ (36)
:u =1y - [ks COS((Ps - (P1)+ sin (p1]ki]sm)m’ 37)

where @ is the phase shift between the rated voltage and
short-circuit current, and
k=2/X, (39)
— relative value.
Using the results obtained, we find the reduced active,

total and reactive resistance of the rotor in the short-circuit
mode:

Rr"1 = km1Menom('o1 /(31;12)’ (40)
2
2U —
Z:1 — Un,om 1— s1 COS((P> (P1) + Usl , (41)
Ir1 nom Unum
X/ =NZ-R]}. (42)

The approximating rotor resistance functions R’ = R’ (s)
and X/ = X/(s) must satisfy the conditions:

r

lg{)er,(s):R:or R (Sr):Rr,07 R:(1)=R:1, (43)

lim X7(s)= X/, X/ (s,)=X}, X/(1)=X],. (44)

r

Given these conditions, the following formulas are pro-
posed:

R/(s)= R, +(R,,—R.,)e""™", (45)

X/(5)= X, +(X, - X;)(1-€07), (46)
where k,, k, are some coefficients taken to be equal to
k,=k,=0.5. Formulas (45), (46) are essentially the same,
as can be seen if you remove the brackets in the expres-
sion X/(s), but the advantage of this form is the positivity
of variable components of resistance. Though the motor
in question is squirrel-cage type, its model can be created
using the wound-rotor induction motor block. In this case,
the intrinsic active resistance and leakage inductance of the
motor are set to be equal to R/, and L/ = X/, /(2nf,). As the
external resistance, the alternate active-inductive circuits are



used, which are connected in wye and described by the same
equations. For the «A» phase, we have:

di/ dr’ ds
To(s) | —e— 4+ R (s) i =u, 47
roar ( ) dt ( dS dt roar ( )) ra ra ( )
where
’ Xl() - X,1 ko (s=1)/s
=D TR (1 gk 48
= ( ) (48)
— external variable inductance,
R, =(R,—R )" (49)

— external variable active resistance. The first term in the
brackets of the left part of the equation (47) can be con-
sidered as a transient component of active resistance caused
by the dependence of the rotor leakage flux linkage on the
rotor current frequency due to its displacement. We calculate
the derivative of inductance by slip and its value at charac-
teristic points:

AL, X=X/ et (k) A
L/ A—— 17 | x s , 50
ds ol kls)© (50)
dr’ dr’ X -X
hm roar 07 ‘roar — _k r0 rl . 51
>0 ds ds |, *2nf, S
Find the second derivative of inductance:
2717 r v Lk 2 _IL\
v xexe (L)L
ds nf. ks s s

Zero of the second derivative s=£,/2 is obvious, at which
the first derivative reaches its minimum value:
dr’

roar

ds

—_ 4"~ X:o - X
k. 2nf

(53)

s=k, /2

The largest value of the modulus derivative dL’ , /ds
on the segment se[0; 1] is rather small, and the slip during
the transient process changes rather slowly, |ds/d¢[<0.5s7.
In view of this, it is possible to neglect the first term in

the brackets of the left part of the equation (47) compared

to the value R/, and simplify this equation. Then we have:
’ di/ 4 s’ ’
Ln‘ar (S)TZJ + Rﬂ'a‘f (S) lm = u?‘(l. (54)

Following the above calculation procedure, it was suc-
ceeded to find the required values of the viscous friction
coefficient and T-shaped replacement circuit parameters of
the induction motor, which provide high accuracy of the
mathematical model. The results of the calculations are pre-
sented in Table 1, and motor static characteristics — in Fig. 1.

In the calculations, k,i=A,1 and k,,=\,, are taken since
formulas (8) and (33) were obtained after the bulk of the
calculations had been completed. However, the discrepancy
between the real motor and its mathematical model, which
is the result of increased initial starting and maximum elec-
tromagnetic torque ratio, is acceptable. The motor model

is more sophisticated in terms of electromechanical energy
conversion in static and dynamic modes. In particular, the
motor model is characterized by shorter start-up time, all
things being equal. To estimate the maximum electromagne-
tic torque ratio of the mathematical model of the induction
motor, a virtual load with a static speed-torque characteristic
was created, described by the equation:

M=kM,, (n/n)" —nbn /30, (55)

where n,=475; 477.5; 480 rpm. Equation (55) ensures stable
operation of the induction motor model in the vicinity of
the critical point of its speed-torque characteristic, in con-
trast to the steady static moment. Fig. 1 shows the curves
plotted according to equation (55), but without the linear
component of the moment, for the extreme speed values 7,
and 73. The static characteristics of the induction motor are
based on the refined L-shaped equivalent circuit. The elec-
tric speed-torque characteristic establishes the relationship
between the relative value of the angular speed of the rotor
and the current of the operating loop of the T-shaped circuit,
and the speed-torque characteristic reflects the relationship
between the relative value of the angular speed and the elec-
tromagnetic moment. As can be seen from Fig. 1, the desired
nature of changes in rotor resistance, expressed in relative
units, is achieved, and within the operating branch of the
motor speed-torque characteristic, the rotor parameters are
almost constant.

Table 1

Results of determining the AN16-41-12
motor parameters

Parameter Value
T-shaped
equivalent Idling Short circuit
circuit
R/, Ohm 0.62223 0.62223
X, Ohm 3.3549 3.3549
X, Ohm 79.884 79.884
R/, Ohm 0.28976 0.75622
X/, Ohm 3.3549 1.9152
Motor (foprer(:cf‘icii) Estimated
b, Nms/rad - 13.515
Prom, KW 1,000 1000.1
Unom V 6,000 6000
Lsnom A 121 120.99
Npomy, TPM 495 495.01
COSQpom 0.85 (0.85419) 0.85422
Nnom 0.931 0.93113
It/ Tnom 53 53
Mot/Maom | 0.85 (0.82021) 0.85
2.1983, when m3=479.963 rad /s
Momae/Murom | 2.2 (21579) | 2.2063, when a,=477.636 rad /s
2.1863, when m1=474.704 rad /s




load, which is connected in parallel with the

main pump motors, consumes an active po-
wer of 250 kW at a rated line voltage of 6 kW.

The power factor is 0.8, the phase resistances
are wye-connected. Similarly, the load block

W/,
1
[ >
0.9 = ;\
0.8 = v \

A

is configured that models the electric equip-
ment connected at the node of the cable line
sections. The number of AN16-41-12 motors,

(M) /
0.6

the parallel operation of which is provided
in the mathematical model, is three, and the

fourth electric pump unit is considered as
spare. It is known that in order to reduce

) / N\

the load on the electric network, the motors
of the main centrifugal pumps are started

0.3

alternately against a closed discharge valve
of pressure lines. Therefore, starting of the

last third electric pump unit when the other
two are already in operation or continue to

operate against a closed discharge valve has
the most significant impact on the electric

0.2 /
B Y
|

\ network. For this reason, in the mathemati-
MM cal model, the static | 1l th
AL cal model, the static load of all three motors
0 ’R’ /13'5‘"’” is the same, has a fan character and corre-
0 0.5 1 L5 2 2.5 X ’/X,’r{;’ sponds to dry running of 48D-22 pumps. The

Fig. 1. Static characteristics of the AN16-41-12 motor

4. 2. Study of the influence of AC drive on the network

To evaluate the influence of starting currents of AN16-41-12
squirrel-cage induction motors of the main pump units of the
docking pump station on the network, a mathematical model
was created in MATLAB SimPowerSystems, the block dia-
gram of which is shown in Fig. 2.

The TDNS-10000/35 three-phase transformer, having
a higher line voltage of 35kV, lower 6 kV, rated at a total
power of 10,000 kVA, acts as the finite-power source of the
network. The transformer allows on-load tap changing within
+12 % [24]. In the mathematical model of the transformer,
the tap changer function is not implemented, but the U/D-11
windings group is taken into account. The transformer is po-
wered by rated voltage from an ideal AC voltage source, phase
emf of which are connected in wye. In turn, the main pump
motors receive electric energy from the main transformer via
the cable line consisting of two sections, at the beginning and
at the end of each of which the parallel-connected electric
consumers are switched on. The cable line uses a tight-core
aluminum cable. The first section of the line is double, has
a length of 1.6 km and a cross section of 3x150 mm?, and the
second section is single, has a length of 0.9 km and a cross
section of 3x185 mm?. Given the length and number of par-
allel branches, each section of the cable line is modeled using
three Pi Section Line blocks, one per phase. In all Pi Section
Line blocks, the cable line equivalent circuit in the form of
a single pi-section, whose resistance is calculated by the speci-
fic parameters of the cable line phase, is used [20, 24]. The boi-
ler house, as a consumer of electric energy, is described by the
active-inductive load, which is connected in wye to the termi-
nals of the transformer secondary winding. The active power
of the boiler house is 2 MW at a rated line voltage of 6 kV,
power factor of 0.8. The main pumps usually operate together
with a pair of drainage pumps and one large stripping pump,
which removes the water coming into the pit from the cemen-
tation patterns of the drydock chamber. Taking into account
the power of these pumps, the equivalent active-inductive

operating mode under study is starting of the

last electric pump unit against a closed dis-

charge valve while dry running of the first two.
The joint inertia of each pump unit is defined as equal to
twice the rotor moment of inertia, taking into account the
mass of the pump impeller and the added mass of water, which
filled its channels. Assuming insignificant speed variations
and, as a consequence, practical constancy of the rotor parame-
ters of the first pair of motors during the start-up of the third
one, these motors are considered in the simulation as squir-
rel-cage type, with the initial slip value close to zero. This ap-
proach significantly reduces the calculation time of transients.
The started motor is represented in the mathematical model
of the electric network using the block of wound-rotor in-
duction machine, to which external variable active-inductive
resistance is connected. The active resistance and inductance
are calculated in the angular speed function with the help of
Subsystem shown in Fig. 2, b. The restriction block serves to
eliminate the error of dividing the slip value by zero in the
blocks using formulas (40), (41). The instant voltage drop
across the external variable resistance phases is calculated
using Subsystem1-3, the block diagram of which is shown in
Fig. 2, ¢. The graphs of the transients for the relative stator
current, relative electromagnetic torque and absolute speed of
the pair of squirrel-cage motors are identical (Fig. 3, a). The
wound-rotor induction motor corresponds to Fig. 3, .

At the initial moment of time, the pair of squirrel-cage mo-
tors rotate at a speed close to synchronous, and the static load
is absent, so a short transient occurs as a result of applying the
supply voltage to the stator winding terminals. After a 1 s period
of time, the motors already have a practically steady speed, but
static torque surge occurs and the transient begins again. With-
in the next second, the transient of perturbation of the squirrel-
cage motors almost comes to an end, and at the 3 s timepoint,
the induction motor with the wound rotor, which was static
up to that moment, is connected to the network. Starting of
the wound-rotor induction motor, which formally replaced
the AN16-41-12 squirrel-cage motor with variable parameters,
lasts about 8.5 s and is accompanied by a significant decrease
in the supply voltage, as evidenced by the graph in Fig. 4.
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Stator current (i,/I; ux nom)

6
4
2
0
-2
4 : ‘ ‘
0 2 4 6 8 10 12 ts
E{eclromqgnetic torque (T/T,, ,om)
i |
0.6 f
0.2
-0.2
0 2 4 6 8 10 ]‘2 ts

Rotor speed n (rpm)

0 2 4 6 § 10 12 tis

Stator current (igy/I )

S _max_nom

3 4 5 6 7 & 9 10 11 12 s

Electromagnetic torque (T,;/T,

m_n ﬂm)

3 4 5 6 7 8 9 10 11 12 ts

500 Rotor speed n; (rpm)

400 +
300
200 -
100

3 4 5 6 7 8 9 10 Il 12 ts
b

Fig. 3. Graphs of transients of the induction motor: a — squirrel-cage; b — wound-rotor

The relative deviation of the stator
voltage during motor start-up is about

iﬁterfC/[

tr 2 _max_nom
T T

11..13 %. As can be seen from Fig. 3, a, the
drop in the supply voltage causes a cor-
responding small decrease in the speed of
the pair of squirrel-cage motors, which is
explained by the high rigidity of their speed-
torque characteristics. At the end of the
first section of the cable line, the voltage
deviation during the transient is approxi-

mately 8..10 % and 6...7 % at the main trans- 3 4 5 6 7 8 9 10 11 12 ts
former output.
During the motor start-up, the current Fig. 5. Graph of the transient of the secondary line current

load of the main transformer is close to the
rated one, as evidenced by the graph shown
in Fig. 5.

In comparison with the transient one, the quasi-steady
value of instantaneous current decreases accordingly, but
increases with respect to the quasi-static mode of only two
electric pump units.

U, c o/ U,

tr 2_max_nom

-0.88

-0.9
-0.92
-0.94
-0.96

I 1 I I

o 1 2 3 4 5 6 7 & 9 10 11

of the main transformer

4. 3. Study of the influence of DC drive on the network
For starting each of the four 48D-22 pumps, the Soviet-
made MPE-1000-630 UKHL3 DC motor, designed to drive
the traction and lift mechanisms of large walking excavators,
for example, ESh20-90, was selected [25, 26]. The selected
motor has independent ventilation and is
designed for long-term operation with re-
duced speed at rated load. To reduce the area
of intermittent current and limit the ripples,
the Soviet-made SROSZ-2000MUKHL4 re-
actor was included in the armature coil of the
motor [27]. The Soviet TSZP-1600/10U3-1
dry transformer is used to coordinate the
network voltage and motor power supply,
as well as to limit the current growth rate
of controlled rectifier thyristors [27]. Thus,
12 Ls each electric pump unit receives power from
its transformer. Generally speaking, the num-

Fig. 4. Graph of the transient of the stator line voltage ber of transformers may be less than four, if



their rated power is increased, but the parallel connection
of several thyristor converters to a single transformer may
require additional current limiting reactors. This option
is not considered in this paper. The voltage converter has
a three-phase bridge circuit, rated output voltage of 460V,
rated half-period average current of 2,500 A. The motor is
powered by the converter with a voltage that is lower than
the rated supply voltage of the armature coil (600 V). This
provides the operating mode of the 48D-22 pump close to the
rated one, because the rated value of motor speed and power
is greater compared to the pump. The pulse-phase control
system has a control characteristic of the arccosine type,
whereby the resulting control characteristic of the converter
acquires a linear form. For limiting the armature current in
dynamic modes and precise speed control during operation,
the DC drive has a double-circuit automatic control system
with subordinate coordinate regulation [28]. The current
circuit is set to the modular optimum and the speed — to the
symmetric optimum. Given this, both circuit controllers are
synthesized as proportional-integral. As is known, the gain
of the current controller depends on the parameters of the
armature coil and the parameters of the finite-power AC
voltage source reduced to it and, in particular, on switching
resistance. Thus, the current controller parameters were
determined taking into account the leakage inductance and
active resistance of the TSZP-1600/10U3-1 transformer,
but the influence of the network was neglected. The block
diagram of the mathematical model of the network in the
SimPowerSysytems environment with DC drives of the main
pumps is presented in Fig. 6, a.

It includes the subsystems of the first and second level,
which are shown, respectively, in Fig. 6, b, 7, a, 8. This block
diagram is generally similar to that shown in Fig. 2, a. But
this one, instead of three blocks of induction motors, con-
tains four DC Drivel-4 subsystems of thyristor drive with
the fan-type load that corresponds to dry running of 48D-22
centrifugal pumps. Unlike induction, DC motor loads are ar-
tificially increased (750 kW and 900 kW at 485 rpm, respec-
tively) to control the operating mode of the system, which
is quite close to rated. In addition to the fan component of
the static torque, the reactive torque of 10M,,,, is applied
to each motor shaft, except for the fourth one, at certain
intervals for their rapid deceleration. Only one of the pump
units is equipped with the automatic control system, the
block diagram of which is shown in Fig. 6, b, and the other
three have an open loop drive and are controlled by a com-
mon signal. The automatic control system limits the starting
current of each motor to 1.21,,,. To reduce the calculation
time, the thyristors are modeled as ideal switches, which in
the open state are characterized by a constant voltage drop
value of 1.5 V. Therefore, for the inviolability of the first law
of commutation, the three-phase active-capacitive load is
connected in wye at the converter input. The value of active
and reactive power is, respectively, 10 W and 20 VAr at a line
voltage of 410 V. At the converter output, the resistor with
active resistance of 10 kOhm is included. The Voltmeters
subsystem measures the line voltages at the converter input,
which are used as input signals of the synchronized 6-pulse
generator. Because of the commutation phenomenon, corre-
sponding short-term bursts appear in the timing diagrams
of the secondary line voltages and, as a result, the correct
operation of the synchronized 6-pulse generator may be dis-
rupted. To prevent errors in the switch control process, this
subsystem contains a resonance filter tuned to the network

frequency [29]. The block diagram of the Voltmeters sub-
system is presented in Fig. 8, a, the active resistance of the
filter is 10 kOhm, the value of inductance and capacitance is
assumed to be identical, equal to 1/(2xnf). All DC drives are
connected to the network in parallel with the components
of harmonic filtering and reactive power control device. Its
model is presented in the form of the Harmonic Filters & Re-
active Power Control subsystem, the block diagram of which
is shown in Fig. 7, a.

In general, the harmonic filtering and reactive power
control device includes such components as a capacitor bank,
double tuned three-phase harmonic filter and adjustable
reactor. The rated reactive power of the capacitor bank is
7,200 kVAr. The filter is tuned to the fifth and seventh cur-
rent harmonics, the phases are connected in delta. The rated
reactive power of the filter is 1,500 kVAr and the g-factor
is 64. According to these data, the values of inductance,
capacitance and active resistance of the filter phases can be
obtained using the Generate Report/Generate the circuit
netlist report commands in the powergui block or the follow-
ing formulas:

Yhk, —1 13U}

e 19, O, (56)
CREEE oD
R @
= Y,%kﬁ (59)
R,=qL,Q,, \Vkk,, (60)

where k4, ko are the ordinal numbers of harmonics, Q,0m, Unoms
Quom are the rated values of circular frequency, phase voltage
and total reactive power; ¢ is the g-factor; v is some coeffi-
cient, which, for k=5, ky=7, takes the value of y=0.942858.
It can be shown that with such filter tuning, when Ry—eo
and y=1, the boundary equality always holds:

dx, ()/d9)
dx, (Q)/dQ]

Oy _

; (61)

|

Q=kyQ,,,,

where X, is the equivalent phase resistance of the filter at an
arbitrary frequency Q.

The reactor power automatically changes depending on
the value of reactive power consumed by the simultaneously
operating DC drives. As a result, the total reactive power
consumed by the TSZP-1600/10U3-1 loaded transformers
together with the harmonic filtering and reactive power
control device is within permissible limits. The maximum
reactor power is determined by the sum of the rated power
of the capacitor bank and the filter. The excess power reactor
is described by the Three Phase Dynamic Load block, which
is controlled by a single-circuit automatic control system
by the deviation of the total reactive power. The initial ope-
rating conditions of the Three Phase Dynamic Load block
are most conveniently determined using the Machine Initia-
lization tool in the powergui block.
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Fig. 7. Model of the harmonic filtering and reactive power control device:
a — block diagram of the Harmonic Filters & Reactive Power Control subsystem;
b — graph of the input signal of the integrating link against error
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Three-Phase
Series RLC Branch5

Tyyyy

u_conv_tr_2_AB, u_filter_AB (V)
u_conv_tr_2_BC, u_filter_BC (V)
u_conv_tr_2_CA, u_filter_CA (V)

]
> J
Scopet

Acceptable transient quali-
ty and desired level of accura-
cy in steady-state conditions are
ensured by the use of an integra-
ted variable gain reactor power
controller. The rate of changes
in the reactor power depends in

3@ 1
C VAB -
Se s some way on the error of to
s vec tal reactive power control. The
e L 3 . .
A vea corresponding graph is shown

<o

J

in Fig.7,b. It shows that the
controller, among other things,
performs the function of limit-
ing the rate of changes in the

“oa reactor power at a given level,
<s p 8
| three-phase L ree-phase and the accuracy of total reactive
¢ Series RLC Branch7 ‘ Series RLC Branch6 . .
. ai power control is determined by
T T T . the gap — 20..20 kVAr. Fig. 8, b
I shows the subsystem designed to

calculate the total active and re-
active power consumed by DC

1 >I N o ,I % :I > drives from the network, taking
o gs " Fa into account the harmonic filter-
Active & eactive ing and reactive power control

>v > device. The subsystem under con-

> e >I > x sideration works correctly even

Active & Reactive when the three-phase voltage and

—Powerl

current system is unbalanced. The

»v
2 >I o PQ >I last difference between the model
e . : shown in Fig.6,a and the pre-
Active & Reactive

Power2

b

vious one (Fig.2,a) is the use
of four parallel aluminum cables

with a cross section of 3x185 mm?
in both sections, which results in

Fig. 8. Block diagram of the second level subsystem:
a — Voltmeters; b — 3-phase Active & Reactive Power



a significant reduction of power losses. The study of the in-
fluence of the main pumps DC drive on the operation of the
electric network was carried out in four stages. In the first
stage, the stray capacitance of the cable line was neglected,
for which the Pi Section Line blocks of the mathematical
model shown in Fig. 6, a were replaced with the correspond-
ing Series RL Branch blocks, and there was no harmonic
filtering and reactive power control device. In the second
stage, the stray capacitance of the cable line was taken into
account. In the third stage, the mathematical model was sup-
plemented with the capacitor bank, and in the fourth stage
with the harmonic filter, excess power reactor

and automatic control system of reactive power of

Even smaller relative deviation is characteristic of the
secondary line voltage of the main transformer. The total
current consumed by the TSZP-1600/10U3-1 transformers
from the network is essentially non-sinusoidal, as evidenced by
Fig. 11, b. The current diagram shown in this figure does not
contain a dead time, which is fully consistent with the delta
connection of the transformer secondary winding. If we con-
sider Fig. 12, a, it can be assured that the secondary line voltage
of the main transformer is also subject to switching variations.
But their relative magnitude is significantly lower compared
with the secondary voltage that feeds the thyristor converters.

<Armature current i,; (4)>

this reactor. In the first, second and third stagesof 509 ‘ : : } , : :
the study, simulation of simultaneous starting of  >9¢p H
three pump units, and in the fourth stage, simula-  750¢
tion of alternate and simultaneous starting of one, 7900
two, three and four pump units were performed. 500
0 i i i i i i
4. 3. 1. Simulation results without taking into 25 3 35 4 45 5 ts
account the stray capacitance of the cable line a
Fig.9 presents the graphs of current and
armature speed transients of three DC motors 500
during their start-up to the rated speed of the 400 ¢
48D-22 pump. 300 ¢
The speed reference voltage of the double-cir- 200 -
cuit automatic control system is 10 V. Since the 100 |
obtained graphs are the same, they are shown only 0L
for the pair of motors. As can be seen, the speed fs
transient time is less than in the case of induction
motor and does not exceed 5 s. This is due, in par-
ticular, to the fact that the MPE-1000-630 UKHL3 2500 1 ]
DC motor has a much smaller armature moment 2400 k i
of inertia than the rotor moment of inertia of the | T .
AN16-41-12 motor. The speed overshoot is about 2300 ]
0.1 %, which is relatively small, since the set ma- 2200 H— 1
ximum value of the armature current of each motor 5, i i i i i i i i i ]
is increased by only 20 % compared to the rated 05 1 15 2 25 3 35 4 45 5 ts
value. According to Fig. 9, the stationary armature c
speed value with high accuracy is equal to the spe- <Speed n,,, (rpm)>
cified one, and the peak-to-peak ripple amplitude 4835 ' ‘ ‘ ! ‘ } !
of the quasi-steady-state armature current does not
exceed 4 % of its rated value. The peak value ac-
. . . 485
quired by the armature current during the transient
is almost equal to the set maximum. The minimum
firing angle reached during the start-up of the 49,5 L i i i ‘ ; i i ‘
drives is close to 20 electrical degrees. Fig. 10 shows 0.5 15 2 25 3 35 4 45 5 ts
the diagram of thyristor converter input voltage d

and the resonance filter output signal.

It is seen that starting from the moment of
0.5s, the converter input voltage is characterized
by switching variations, which are absent in the
filter output signal. Up to this point, the converter

Fig. 9. Graphs of transients: a — armature current of the first motor;
b — shaft speed of the first motor; ¢ — armature current of the second

motor; d — shaft speed of the second motor

u_cnnv_tr_Z_CA’ u _filter CA (V)
- T T

input voltage is sinusoidal. The filter output volt- 600 .
age is characterized by a shape that is similartothe 4o |
input signal, but has a slightly smaller amplitude. 200 |

Such a discrepancy does not have a significant ef-
fect on the simulation results, but can be reduced if 0

necessary by increasing the relative accuracy of the  -200
calculation and, as a consequence, execution time.  _gpp |-
Referring to Fig. 11, a, it can be concluded that the

. .. - -600
relative deviation of the supply voltage of the three 0.4

DC drives during their simultaneous start-up to
the rated speed of the pumps does not exceed 4 %.

v Y v

0.45 0.5 0.55 0.6 ts

Fig. 10. Diagram of thyristor converter input voltage
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taking place in the electric network with thyris-

-0.96
tor drives. This effect is negative because high-fre-
-0.965 quency voltage fluctuations occur in all cable line
nodes during the operation of the power system.
-0.97 The amplitude of these fluctuations can reach va-
0.975 lues that are dangerous to electric equipment. So,
: Fig. 13 shows the diagram of the line voltage of
-0.98 the intermediate cable line node that exceeds the
rated value by almost 1.5 times at the beginning
0 0.5 1 1.5 2 2.5 3 3.5 4.5 t,s Of the transient.

a The graphs of armature current and shaft
i pe arive L 2 mas nom speed transients of DC motors were similar to
0.4 PN E—— ] those shown in Fig.9, and so are not given
0.3 , here. High-frequency fluctuations in the supply
0.2 1 voltage of the TSZP-1600/10U3-1 transformers
0.1 exist, both during the start-up and in the steady-
Ot rrrtrrtrtrrtrtrrrtrrrr e state operation mode, as can be seen referring to

! | Figt4a
03 , Unlike the secondary line current of the main
-0.4 ; ; - transformer, the diagram of the total line current
consumed by the converter transformers from the
5 5025 505 5075 51 5025 515 5075 52 LS hetwork has no corresponding high-frequency
b component. This follows from the comparison of

Fig. 11. Diagram: @ — supply voltages of DC drives; Fig. 14, 15, b. . .

b — total current consumed of drives In accordance with Fig. 15, a, the secon-
dary line voltage of the main transformer at the
Uy CA/Utr 2 s nom beginning and end of the transient exceeds the
0(]9 ' i ' ‘ T ‘ ] rated value by more than 20 %. In the steady-
0.6 - ] state operation mode of electric pump units,
0.4 - ‘ the level of overvoltage at the main transformer
0.2 - output is more than 15 %. The analysis showed
-Og RN N . . that the amplitude of high-frequency voltage
04 - § i fluctuations of the cable line nodes decreases
-0.6 - 1 with the decrease in the number of simultane-
‘0-§ A i l l . l . | ] ously operating electric pump units, but normal
5.3 532 534 536 538 54 542 544 546 548 1 operating conditions of electric equipment may

a
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still not be ensured. To reduce the harmful effect
of the cable line parasitic capacitance on the net-

-0.2
-0.4
-0.6

VY

: /\M/\/\/\MM

work, thyristor converters can be connected to
. transformers through additional current limiting
] reactors. However, this solution has drawbacks.
. Inductive resistance of the current-limiting re-
actors at the fundamental frequency is the value
] of the same order as the short-circuit reactance
. of transformers reduced to the number of se-
condary turns. Thus, the switching resistance

5 502 504 506 5.08 5.1 512 5.14 5.16 518 5.2

b

Fig. 12. Diagram: a — secondary line voltage;
b — main transformer current

In accordance with Fig. 12, b, the secondary
line current of the main transformer at the ex-
pense of other electric consumers is relatively
smoother than in Fig. 11, b, but also has a pro-
nounced non-sinusoidal character.

4. 3. 2. Simulation results taking into ac-
count the stray capacitance of the cable line

The study on the mathematical model showed
that the stray capacitance of the cable line sig-
nificantly affects the nature of physical processes

1.5

0.5

-0.5

-1.5

will be substantially greater and the external

s characteristics of the converters will be much
softer. Power consumption, mass dimensions
and cost of electric drives will also increase
accordingly.
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Fig. 13. Diagram of the line voltage of the intermediate cable line node
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Fig. 14. Diagram: a — supply voltage of DC drives; b — total current consumedof drives
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Fig. 15. Diagram: a — secondary line voltage; b — main transformer current

4. 3. 3. Simulation results with capacitor bank

At this stage, the mathematical model of the electric
network includes thyristor drives, stray capacitance of the
cable line and capacitor bank of installed capacity. Based on
the obtained results, it can be ascertained that there are no
high-frequency voltage fluctuations of the cable line nodes
in all considered operating modes. The large capacity of the
capacitor bank caused an increase in the amplitude value of
the supply voltage of the TSZP-1600/10U3-1 transformers,
as evidenced by Fig. 16, a.

As follows from Fig. 16, a, in no-load conditions of the
transformers, the relative overvoltage is about 5 % compared
to the rated value. During the transient process, this value

reaches a maximum of approximately 9 %, and in statics
decreases and remains at 1.5 %. The graphs of current and
armature speed transients of DC motors are generally similar
to those shown in Fig. 9. However, in this case, the maximum
value of the armature current reached during start-up in-
creased and exceeded the set point by approximately 3.3 %.
The peak-to-peak ripple amplitude of armature current
during quasi-steady-state operation increased to almost
6.3 % of the rated value. The thyristor firing angle during the
transient was not lower than 30 electrical degrees. Because
the capacitor bank constantly consumes reactive power from
the network, the total current consumed by DC drives at
idle has a value that even exceeds the quasi-steady-state.



This can be seen in Fig. 16, 5. The figure also shows that
a significant decrease in the total current is observed at the
beginning of the start-up of motors, when there is a surge of
reactive power consumed by thyristor converters. Fig. 17, a
confirms the absence of high-frequency fluctuations in
the supply voltage of TSZP-1600/10U3-1 transformers,
but the nature of voltage variation over time is markedly
non-sinusoidal.

An even greater deviation from the sine wave is charac-
teristic of the diagram of total current consumption presen-
ted in Fig. 17, b.
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Comparative analysis of the diagrams of total current
consumption in Fig. 14, b and Fig. 17, b allows us to con-
clude that the amplitude values of current for the two cases
under consideration differ almost twice. This is due to the
large capacity of the capacitor bank. However, reducing the
capacity of the capacitor bank is not appropriate, as it leads
to a greater deviation of voltage and current shape from the
sinusoidal.

4. 3. 4. Simulation results with automatic har-
monic filtering and reactive power control device

The mathematical model used during the
fourth and last stage of the electric network
simulation differs from the previous one by the
” presence of harmonic filter and automatic control
system of excess reactive power. The analysis
showed that due to the presence of adjustable
harmonic filtering and reactive power control
device, the conditions of joint operation of the
electric network and DC drives are the most fa-
vorable. In this case, there are no high-frequency

-1.1

5 ""'""“"““Hwwwmwumum\muumwumumummmnmmmuuwmw»lm“““vmW"'"""""""‘

35 4 45 5

a

! _DC dri veiC/ ! _tr_2_max_nom

voltage fluctuations of the cable line nodes. In
addition, reactive power consumption from the
network is significantly reduced, as well as active
power loss and voltage drop in some sections of
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the line. The waveform of voltage and total cur-
rent consumed by DC drives from the network
is the closest to the sine wave. It is also possible
to generate reactive power into the network.
The quality indicators of current and armature
speed transients of DC motors are, as in the pre-
vious cases, at an acceptable level, as can be seen
from Fig. 18.

3 35 4 45 5
b

Fig. 16. Diagram: a — supply voltage of DC drives;
b — total current consume of drives
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The diagrams shown in Fig. 18, a corre-
spond to the speed reference voltage of 3V, and
Fig. 18,6 — 10 V. Both figures indicate that the
number of simultaneously operating pump units
does not significantly affect the nature of the
transients. However, the amplitude of speed fluc-
tuations at the end of the transient at 3V is

0.8
0.4 }
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5.32 5.34 5.36 538 5.4 5.42 544 546 5.48
a

-0.4
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much higher than at the speed reference voltage
of 10 V. This can be explained by the use of non-
reversible voltage converter on the one hand and
linear mode of the automatic control system on
the other. At the speed reference voltage of 3V,
the quasi-steady-state motor armature current is
continuous, but the operating mode approaches
the maximum continuous.

From Fig. 18, a it follows that the peak value
of the armature current during motor start-up
exceeds the set maximum by about 1.1 %. At
the speed reference voltage of 10V, the value of

08f

0.2+
-0.4
-0.6
-0.8

the peak-to-peak ripple amplitude of the arma-
ture current in the quasi-steady-state mode does
not exceed 4 % of the rated value, at a voltage
of 3V — 9%. The firing angle in the quasi-
1 steady-state operation mode of electric drives
7 with the increase in the number of simulta-
neously operating pump units is slightly reduced,

b

Fig. 17. Diagram: a — quasi-steady-state supply voltage of DC drives;

b — total current consumedof drives

I 1 I i 1 I 1 1 I 1
528 53 532 534 536 538 5.4 542 5.44 546 5.48

but remains significantly greater than 20 electric
degrees. Fig. 19 shows the graphs of transients
of reactive and active power of the reactor, as
well as the total reactive and active power of
DC drives.

ts
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Fig. 18. Graphs of transients of DC motors at the speed reference voltage: a—3V; b— 10V

Reactor Reactive Power (kVAr) _ Reactor Reactive Power (kVAr)
Eali-cas Bt I
1 6000 | ¢ L/
4000 - L//////nj

0 2 4 6 & 10 12 14 16 18 20 ts 02468101214161820t,s
Reactor Active Power (W) Reactor Active Power (W)

13000 ¢ B b " ] 13000 ;
11000 - ! [ [ 11000 TLA_»——'~*J1A/////,,JJ1 //JJ]
9000 - ] 9000 -

7000 - ] 7000‘ L//////ﬂ
5000 - ‘ ‘ 1 5000 s et B i
0 2 4 6 8 10 12 14 16 18 20 ts 0 2 4 6 8 10 12 ]4 16 18 20 ts
DC Drives Total Reactive Power (kVAr) DC Drives Total Reactive Power (kVAr)
4000 R T e R B 4000 T . T
000k R ’l r 2000 | I |
2000} r { ) S A
-4000 e s R e R N S
0 2 4 6 8 10 12 14 16 18 20 ts 0 2 4 6 8 10 12 14 16 18 20 ts
DC drzves Total Active Power (kW)_ DC drives Total Active Power (kW) ‘
1250 4000
3000 ;
i 2000 1
| 1000 M L/ :
o ] ]
10 12 14 16 18 20 ts 10 12 14 16 18 20 t s
a b

Fig. 19. Graphs of power transients at the speed reference voltage: a—3V; b— 10V

Fig. 19, a corresponds to the speed reference voltage 3V,  direct proportion. In Fig. 19, a it can be seen that a signifi-
and Fig. 19,5 — 10 V. Since the reactive power of the reactor ~ cant decrease in the reactive (active) power of the reactor
far exceeds the active power, these values vary roughly in  occurs during each start-up, and with an increase in the



number of units, the reactor power consumption is reduced
markedly. The reactor power variations at the beginning
of each transient correspond to the surge of reactive power of
parallel-connected DC motors.

The greatest reactive power variation is achieved with
simultaneous operation of four pump units and is about
5,000 kVAr. The transients are accompanied by surges of the
total reactive power of drives, since the rate of changes in
the reactor reactive power is limited and the established va-
lue cannot be achieved instantly.

With the increase in the number of electric pump units,
short-term variations in total reactive power become more
intense.

If the number of electric drives is four, then the total
reactive power in absolute magnitude at the beginning and
at the end of start-up briefly exceeds 4,000 kVAr at the speed
reference voltage of 3 V. And at the speed reference voltage
of 10V, the reactive power jumps at the end of the transient
are significantly lower and with the number of electric pump
units equal to four do not exceed the value of 500 kVAr. By
comparing the diagrams of total active power consumption of
electric drives, it can be concluded that with increasing the
speed reference voltage from 3 V to 10 V, this value increases
by more than an order of magnitude. This is explained by
the fan nature of the load. The value of total
active power consumption of DC drives does

formance of the automatic reactive power control system.
Except for the initial sections, the current gradually in-
creases during the transients. Depending on the number
of operating pump units, the quasi-steady-state current
value changes almost directly proportionally, reaching 40 %
of the rated amplitude current of the main transformer
when the number of units is four. Referring to Fig. 22, it
can be seen that the shape of the diagrams of the secon-
dary line voltage and current of the main transformer is
much closer to sinusoidal than that of the similar diagrams
shown in Fig. 12.

Some fleeting curvature of the current diagram occurs at
the end of the transient, but does not have a significant effect
on the electric network.

As shown in Fig. 23, the instantaneous line voltage of the
intermediate cable line node at the beginning of the transient
is briefly reduced by less than 7 %, which is better compared
to unadjustable-speed induction motor.

Comparing Fig. 17, 24, we conclude that with harmo-
nic filter and automatic reactive power control system, the
voltage and current waveform becomes much closer to
the sine wave.

It should be noted that in the first case, the number of
operating pump units is three, and in the last case — four.

U conv r 2 Ca» Y filter C4 (2]
:

not take into account the power consumption of 600 I ]
motor fields. 400 |
As follows from the diagram in Fig. 19, b,
the total active power of the quasi-steady-state 200 ¢
mode with increasing number of operating 0 T S
units increases not in direct proportion. This  _2¢9p |
is because the total active no-load power of 400 | |
the four non-switched converter transformers,
reactor and capacitor bank is not a value that -600 : : ! ! .
depends on the number of units directly pro- 0.4 0.425 0.45 0.475 0.5 0.525 0.55 0.575 0.6 0.625 t s
portionally. Fig. 20 similar to Fig. 10 also in- Fig. 20. Diagram of thyristor converter input voltage
dicates relatively large switching variations
of instantaneous line voltage at the thyristor
converter input. 1.06 ’ ’ ‘ uTDCJ{/‘i:/(LC%/ Uitr727:nax7non'1 ’ '
As can be seen, there are no high-frequency *
voltage fluctuations that can be caused by the 1.04
stray capacitance of the cable line. The out- 102
put voltage of the resonance filter contains no
variations and practically is in phase with the 1
input voltage. The diagram of the input line ) g¢
voltage of TSZP-1600/10U3-1 transformers,
Fig. 21, a, assures that, regardless of the num- 0.96
ber of units, the instantaneous voltage except 0 2 4 6 8§ 10 12 14 16 18 20 22 ts
for three short surges does not exceed the ra- a
ted value of the secondary voltage of the main ; o
transformer. 05 ° : v Pedrive C I 2 maxnom v v
Short-term voltage bursts occur as a result 0.4 -
of self-induction EMF, which is induced in the 0.3
. . 0.2
armature coil when the thyristor control pulses 7
are blocked at the beginning of motor brak- 0
ing. Fig.21,b shows the diagram of the total :gé
line current consumed by DC drives, includ- -0.3
ing the harmonic filtering and reactive power -0.-4 -
control device. 0.5 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 2 4 6 § 10 12 14 16 18 20 22 ¢ts

At the beginning of each start-up, there are
short bursts of instantaneous current, which are
comparable to the current value at the end of
the transient and are caused by the finite per-

Fig. 21. Diagram: a — supply voltage of DC drives;
b — total current consumption of drives
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Fig. 23. Diagram of the line voltage of the intermediate cable line node
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Fig. 24. Diagram: a — quasi-steady-state supply voltage of DC drives;

b — total current consumedof drives

5. Discussion of the results of step-by-step
modeling of the electric network with powerful
DC drives

Summarizing the results of step-by-step ma-
thematical modeling of the electric network, it
can be concluded that only due to the capacitor
bank, which is connected in parallel with con-
verter transformers, it is possible to get rid of
switching variations and high-frequency volt-
age fluctuations. This is evidenced by Fig. 17, a.
High-frequency voltage fluctuations can occur
due to the stray capacitance of the cable line and
have the appearance as shown in Fig. 13, 14, a.
However, the waveform of instantaneous Voltage
and total current consumed in this case differs
significantly from the sine wave, as follows from
Fig. 17. The total reactive power, which is cha-
racterized by the leading power factor, may be
excessively large and may not meet the real needs
of the electric network. As a consequence, the
current and loss of active power of the cable line
increase, and voltage deviation of its nodes from
the rated can acquire critical values. This can be
seen in Fig. 16. In the mathematical model, the
block diagram of which is presented in Fig. 7, a,
the capacitance of the capacitor bank was as-
sumed as unchanged and corresponding to the
simultaneous operation of four pump units. How-
ever, it is possible to raise the question of dividing
the capacitor bank into four sections, which will
be switched on depending on the number of
operating pump units. Partitioning of the main
elements of the harmonic filtering and reactive
power control device is aimed at reducing the
active power losses that occur in them, while dis-
connecting part of the pump units and improving
the reliability of the electromechanical system as
a whole. It is expedient to model such a system in
the future. It is possible to significantly approxi-
mate the waveform of instantaneous voltage and
total current consumed to the sine wave using the
passive harmonic filter, tuned to the fifth and se-
venth current harmonics. The corresponding block
is built into the subsystem shown in Fig. 7, a.
If necessary, a second filter can be installed to
suppress the eleventh and thirteenth current
harmonics. This may be the subject of further re-
search. Since the reactive power consumed by the
filter at the fundamental harmonic is much lower
than that of the capacitor bank, filter partitioning
is less significant. To compensate for the excess
reactive power, in which the reactor power of the
capacitor bank overrides the total reactive power
of the harmonic filter and DC drives, a reactor
of the respective rated power must be installed.
The reactor can consist of four parallel sections
similar to the capacitor bank. However, in the
proposed mathematical model, the reactor is de-
scribed simply using the Three Phase Dynamic
Load block shown in Fig.7,a. This approach
somewhat limits the scope of the results obtained.
The mathematical model also has an automatic
control system of the reactor reactive power,



which minimizes the total reactive power of electric drives
and harmonic filtering and reactive power control device in
static and dynamic modes. In real conditions, to reduce the
cost of the electromechanical system, it is possible to refuse
reactive power control and accept a constant reactor power,
for example, equal to the reactive power of the capacitor
bank. If reactive power control is more rational, then it can be
implemented in several ways. On the one hand, it is possible
to install a magnetically controlled shunt reactor, and on the
other, a static Var compensator. It should also be noted that
the minimum reactor reactive power that can be reached in
static and dynamic modes is sufficiently large and is about
40 % of the maximum. This follows from the reactor power
diagrams in Fig. 19. In view of this, the entire reactor, or each
of its four sections, can be implemented as a parallel connec-
tion of conventional and adjustable parts, which will reduce
the cost of the control system. If the reactive power control is
limited only to static modes of drives, the cost of the control
system can be reduced even more, since the range of changes
in the reactor power will be reduced. But this will increase
the negative impact of DC drives on the electric network
during transients, which will lead to an increase in the total
current consumed and voltage drop of the cable line nodes.
This effect can be mitigated by reducing the starting currents
of motors. It is possible to estimate the economic impact of
the above measures by modeling in future research.

The results of the studies show that the replacement of
unadjustable-speed induction motor drive of the drydock
main pumps with adjustable-speed thyristor drive is feasible.
This can significantly reduce the negative impact of the drive
on the network.

6. Conclusions

1. For accurate simulation of AN-16-41-12 deep-bar in-
duction motors, the own method for determining the viscous
friction coefficient and T-shaped equivalent circuit parame-
ters of the virtual motor in MatLab SimPowerSystems ac-
cording to the catalog data is proposed. This method is based
on formulas describing physical processes in the T-shaped
circuit except for the rated and critical moment formulas
that correspond to the specified L-shaped equivalent circuit.

In the virtual induction motor block, constant losses can
only be accounted for by the viscous friction coefficient un-
dividedly. In order to improve the accuracy of the model, it
was proposed to introduce the corrected values of the initial
starting and critical torque ratio into the calculation.

Because the catalog data set of the induction motor is
overridden, the rated power factor is calculated from other
motor data, followed by a comparison of the result obtained
with the specified value.

The dependences of rotor resistance on slip in this work
are approximated by relatively simple elementary functions,
which provide almost constant values of these parameters at
subcritical slip values.

The mathematical model of the short-circuited induction
motor with a round-slot rotor was implemented using the
block of the wound-rotor induction motor, to the rotor wind-
ing terminals of which the variable active-inductive load is
applied. Two other similar motors, which are already star-
ted, are described by virtual squirrel-cage induction motor
blocks, with the equivalent circuit parameters corresponding
to the rated operation mode.

2. The simulation showed that, even with the alternate
starting of the pump units, there is a significant voltage drop
at the stator winding terminals, which increases during start-
ing each subsequent unit. If the fourth electric pump unit is
in reserve, then the most difficult conditions are characteris-
tic of starting the third electric pump unit, when the first two
operate in steady-state mode against a closed discharge valve
of pressure water pipes. According to the results of the simu-
lation, during starting the third electric pump unit, which
lasts more than 8 s, the line voltage drop of the intermediate
cable line node is 8...10 %.

3. The mathematical model of DC drives was built with
a common automatic control system of armature speed for all
electric pump units. The principle of subordinate control of
electric drive coordinates is used, and only one DC motor has
feedback of the armature current and speed.

At the input of each synchronized 6-pulse generator of
the respective voltage converter, there is a resonance filter
tuned to transmit harmonics with network frequency. This
eliminates operating errors caused by switching variations or
high-frequency voltage fluctuations of the input line.

The results of the step-by-step mathematical simulation
show that without the harmonic filtering and reactive power
control device, there are switching variations (in absolute
magnitude — drops) of line voltage at all cable line nodes
during the operation of DC drives. The current consumed
from the network is substantially non-sinusoidal, and also
reactive power is consumed from the network.

If the stray capacitance of the cable line is additionally
taken into account in the mathematical model, then high-fre-
quency line voltage fluctuations occur in all cable line nodes.
This creates unsafe conditions for electric equipment, as
instantaneous voltage may take excessively high values in
absolute magnitude.

4. With the capacitor bank, the possibility of high-fre-
quency voltage fluctuations in the cable line nodes caused by
stray capacitance is eliminated. But the waveform of voltage
and total current consumed by electric drives is significantly
different from a sine wave. Also, a significant amount of reac-
tive power is generated into the network, and the voltage of
the line nodes may significantly exceed the rated value.

5. By installing proper harmonic filtering and reactive
power control device, all of these negative effects can be
eliminated, and the automatic reactive power control system
may be advantageous to minimize reactive power consump-
tion. This system controls the reactor reactive power, which
compensates for the excess total reactive power of DC drives,
capacitor bank and harmonic filter.

The maximum power of the simulated reactor exceeds the
established useful power of four DC drives about 2.4 times.

Acceptable transient quality in the total reactive power
control circuit was achieved with the integrated variable gain
reactor power controller. Among other things, the controller
performs the function of limiting the rate of changes in the
reactor power at a predetermined level.

At the simultaneous starting of four electric pump units,
equipped with DC motors, against a closed discharge valve of
pressure pipes with a total duration of less than 5.5 s, the drop
of the line voltage of the intermediate cable line node is 3...7 %.

In the mathematical model, a single harmonic filtering
and reactive power control device is used, although in real
conditions it can be rationally divided into several parallel
sections, which helps to increase reliability and reduce active
power consumption by the electromechanical system from



the network. Depending on the control method and range, on the electric network of the Okean shipyard was investi-
the reactor of excess reactivity may consist of parallel con-  gated using the detailed mathematical model built in MatLab
nection of the regulated and unregulated parts. SimPowerSystems. It is shown that AC drive can be replaced

Thus, the influence of unadjustable-speed AC drive and ~ with DC drive, but using the harmonic filtering and reactive
adjustable-speed thyristor drive of the drydock main pumps  power control device.
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