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Optimisation of the Start-up and Operation Regimes
of Cooling Water Pumps of a High-Power Hydro
Generator

It is necessary to make sure that the operation of cooling installations
of hydro generators could be made in conditions of enhanced security
so that the probability of defects occurrence during their exploitation be
practically null. The asynchronous regime of direct network start up is
accompanied by very high values of the start-up current, associated
with important voltage drops on supply cables, which results in the ex-
tension of the motor starting time. The present paper shows an effi-
cient method of driving the cooling water pumps by the supply of elec-
tric driving motors with variable frequency.
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1. Introduction

The pumps assuring the cooling water to a high power hydro generator is
driven by asynchronous motors with the rotor in short-circuit. The electric installa-
tion for driving these motors must assure the following:

- startup in safety conditions of asynchronous motors for driving the
pumps supplying the cooling water to the hydro generator

- reduction of the thermal stresses in the stator winding of the asynchro-
nous motor by the optimisation of the startup process

- reduction of the startup current during the asynchronous short circuit re-
gime, in order to diminish the electromagnetic stresses in asynchronous mo-
tors

- change of the rotation speed of driving asynchronous motors, depending
on the necessary cooling water debit.
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2. Theoretic considerations

The economic operation of an electric driving system is closely connected, on
the one hand, to the driving system and on the other hand by the indices which
characterise the economic regime. [1]

When the electric motor is directly supplied from the electric power network,
the main components of an electric driving system are:

- the electric motor M
- the transmission organ OT
- the working machine ML

P-APa- APoT P

Fetea P P-APwm - -APw-APoT- APNML

Figure 1. Diagram of direct electric driving

The indices characterising the economic regime of the driving system:
- the electric power P, consumed by the motor from the network
- the motor efficiency nn
- the efficiency of the transmission organ nor
- the efficiency of the working machine nu_

The efficiencies determine the power losses: AP, — in motor, APor — in the
transmission organ, APy, — in the working machine. These power losses deter-
mine the useful mechanical power Pm at the exit from the system [2], [3].

As during the operation process the driving system is put to operate in very
different conditions, which impose the change of parameters of the electric driving
motor, it is necessary that the electric motor operates on another characteristic
than the natural one. For this to be possible it is necessary that the motor supply
is made through an intermediate device which allows the adaptation of the motor
operation characteristic to the requirements of the working process.

In this case, the driving system will be that shown in figure 2 [1]:

Retea P P

Figure 2. Diagram of indirect electric driving

If the electric motor operates at nominal voltage and frequency parameters, it
will operate on the natural characteristic.

If the working process imposes operation conditions which the electric motor
cannot fulfil on the natural characteristic, it is necessary, through the DA driving
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device, to proceed to the modification of certain operation parameters so that the
motor can pass to the artificial characteristic that may assure the required condi-
tions.
The artificial mechanical characteristics [2], [3] for an asynchronous motor
may be obtained by the change of the resistance in the rotor circuit:
- the change of the power voltage U1
- the change of the frequency of the supply voltage f1
An asynchronous machine may be equalled with en electric circuit of a certain
impedance, defined through the electric parameters [4-6]:
- stator dispersion impedance

4= Ry +]X4, (1)
- rotor dispersion impedance reduced to the stator
i; = R; + jX;cr (2)
- magnetisation impedance
Zm = Rm + }Xm (3)
- load impedance
4 = 1-3s R
= s 2 (4)

where: R, — magnetisation resistance; X;, — dispersion impedance on a stator
phase; X,y — dispersion reactance for a rotor phase reduced to the stator; X, —
magnetisation resistance; s — rotor slide

The equivalent diagram of the asynchronous machine is shown in Figure
3.[2,6] The frequency of the motor rotor current is f, and it varies depending on
the slide s, resulting:

2=5=f; (5)

Figure 3. The equivalent diagram of the nominal operation of asynchronous
motor
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It results that the electromotor voltage U, and the inductive reactance X, of
the rotor winding will change too along with the slide s, as it depends on the rotor
circuit frequency.

If the rotor is blocked, and thus n=0, the following slide results:

T’ll -1 ﬂ..l

1

oy =
0 My LT (6)

The rotor reactance in these conditions is X,; and the induced electromotor
_ Tll —n

voltage will be Ugy. It results that the operation at a slide *0 4 we get,
for the rotor reactance, the expression : X2 =5*X3p, and Uez =5* Usza re-
spectively.

In this situation for describing the connection relations between the stator
circuit and the rotor circuit of an asynchronous motor, it is necessary to report the
parameters of the rotor circuit to the number of coils of the stator circuit [7,8].

The relationing is made by writing the ratio between electromotor voltage Ue;

from the stator and from the rotor Ueyo , more precisely:
Uy wys= ky

= =C
Uszo Wa*ky v (7)

and at the same time one writes also the ratio between the stator currents I; and
rotor currents I,:
J'1_‘*""1“""”*‘»1"'1'51_6
I, wyxmyek, (8)
where: m;,m, — number of phases in stator and rotor respectively
w;, W, — number of coils in the stator and rotor respectively
ki,k, — factors of stator and rotor winding.
we thus obtain:

r

Ugra = Co * Ugzo =Uea (9)
r Iz
I,=2
G (10)
T, =CZ*my and X>=C?=X, (11)

Like in the case of the asynchronous motor [9,10] the current I, has a value
close to that of the stator current and thus it cannot be neglected. It results that
the variable losses in the stator and rotor wingding are given by the relation:

p=3(0F*n +17*1) (12)
taking into account the relation
h=L+l (13)
it results:
p=3I1F(n+1)+3*n (14)
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As the losses caused by the magnetisation current I, are practically constant,
one may consider that the variable losses may be calculated with the relation:

p=3I¢(n +1) (15)
When the motor operates in nominal regime, the losses will be:
P = 355y +732) (16)

In general in nominal load the variable losses p are related to the nominal
ones pn.

3. Optimisation of the operation regimes on the artificial char-
acteristic of the asynchronous machine

The artificial mechanic characteristic for an asynchronous motor with the rotor
in short-circuit may be obtained by the change of the supply voltage U; and by the
change of the frequency of the supply voltage f; [7-10].

The analytical expression of the mechanical characteristic of the asynchronous
motor may be written under the form [2]:

v = 2V,
S5

Sy S

(17)

where:
M —is the motor load couple;
M, — is the critical couple of the motor;
s — motor slide during nominal operation;
s, — critical slide.
The plot of the mechanic characteristics is given in Figure 4:

AM

Mg

S S=1 S
Figure 4. Mechanic characteristic of the asynchronous motor
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The critical couple My is the maximum value that can be reached by the motor
couple during startup when the number of revolutions grows from n=0 to n=n;
and the slide drops from s=1 to s=0.

The value of the critical couple is given by the relation:

2
V.
M C = ﬂ 0—r (18)
a)O Xl + X2
where:
m; — number of phases of the stator circuit
Wy - 2nf; is the pulse of the current

X, )(2 - the dispersion reactances of the stator and rotor, respectively

The inductive reactances are given by the relations of the form:
x=2nf;L
where:
L-is the inductivity of the respective winding (stator or rotor)
In general, in the machine catalogue or on the indicative tag, the critical
couple is given by the relation:

M, =AM, (19)

where:
A —is the coefficient of the motor over load
M, — is the nominal couple of the motor
For the asynchronous motors destined to the driving of the water pumps,
A varies within the limits 1.8< A <2.5 and is established when the motor is de-
signed.
As it results from Figure 1.5, to the critical couple My corresponds the
critical slide s given by the relation:

r.2
X X,

S = (20)

where:
I, - is the phase resistance of the rotor circuit compared to the stator

When the operation parameters are different from the nominal ones we
obtain the artificial operation characteristics.

When the supply voltage is U1'< U;, the motor will operate on the artificial

characteristic 2, where the critical couple varies with the square voltage, the value
of the critical slide remaining unchanged. [3-5,8]

The critical couple M;( will be much smaller in relation with Mk, according to
the relation:

350



K U,
M a
1Y Y iy !
‘ I
McfF=-=-+-> |
Mnl~ :
I
I
b 1
I
:: | 2
1 !
L >
S$HS & S

Figure 5. The artificial characteristic of the asynchronous motor operation
1 —natural characteristic at U;=U,;, 2- artificial characteristic at U1< Un.

What is important is that the artificial characteristic should not exceed the
maximum admissible value from the thermal point of view.

If the motor operates on the artificial characteristic, the slide s'>s, , the losses
in the machine will be:

(22)

&)

It results that the variable power losses on an artificial mechanic characteristic,
obtained by the change of the supply voltage, depend on the variable losses on
the natural mechanic characteristic at the nominal load (p,), the square ratio of

1

1
chanic characteristic, through the relation

2
U
voltages (—1j and the slide s at which the motor operates on the artificial me-
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2
1+ (%j
Sn
=7 (23)

X= 2
1+(§<j
S
S X
S 5

which determines the losses to be amplified. it results that at lower voltages the
iron mechanical loses are lower, when s<s,.

In the case of the asynchronous motor operation on an artificial mechanic
characterise obtained by the change of the supply voltage frequency f;, one modi-
fies both the critical couple My and the critical slide s.

For s, and My the following expressions result:

r, _ r, K

If s>s, , it results that and thus the ratio is higher than one (x>1)

= — = — =1 (24)
X1+X2 2ncl(l‘l-I-I‘Z) fl
u? U/ K
M=tg— =Ttpg = % (25)
@ X +x, 27k 27 (L +L,) f;
where:
L; and L,— are the dispersion inductivities of the stator-rotor windings
K; and K, — are the constant depending on the motor electric parameters
.
K,=—%—— (26)
2m(L, + L)
m,U 2

K =———
LA+ L)
One remarks that for f; < f; , thus when the frequency drops, both the critical
couple and the critical slide grow, i.e. s’ > s and M\’ > M.
In this situation, if the ngtural mechanic characteristic is curve 1, the artificial
mechanic characteristic for f; < f; is curve 2. [9-10].

For f, < f; the asynchronous motor will function on the artificial characteristic
2.
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Figure 6. Artificial operation characteristics at f,< f,

If one considers that the variable losses on the natural mechanic characteristic
at nominal load:

Pn =3l (r +13) (28)
and the variable losses on the artificial characteristic 2, at a load M#M,;:
P =317(r +1,) (29)
the following relation results:
I 2
P =Py G5 (30)

2
In order to express these losses depending on the frequency, one considers
the relation [7-9]:

nl |2r72
M _2d *s 10,3 G
M, m .2n £0,°3
27_[1 2n :
Furthermore, one calculates the ratio
' 2 2
M,y 1 (32)
Mo 7k, f
i=Ll. (33)
S I



At the same time, we may write the relation:
. 2 2
M, _ M s[st+s])

= , (34)
M, M, s(sn2 + us)
Considering the ratios of couples and critical slides one may write:
2
2 + 2 1
2 _f0,05, " SK(]‘J
1-2 2 7 (2. =2 (35)
(2 f0,'® Ss+s)
2 f 2
| 22 1+ (S( _1
f2 S f,
v (36)

It results:

2
I, f, E S
. (37)

It results, for the motor losses when they operate on an artificial characteristic

at f, < f,.
2
1+(S1<J
Codhg s,

pf - pn ' 2
O
S f,

' 2
I
The interpretation of the ratio —2— involves certain difficulties, as it depends
I 2n
both on the frequencies ratio, and on the slide s, and each of them may take dif-
ferent values, independent from each other. That is why the establishment of the

value of the square currents ratio must be made by calculations based on concrete
data [5,8].

(38)
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For a first appreciation of the manner in which the currents ratio is changed
one may resort to a plot like that presented in Figure 7 , showing the variation of
the currents ratio depending on different values of frequencies ratio.

+ 12
2[ 1}
15
]_ T
1 !
0.5 ! ! !
| 1
I I |
0.01 0.025 0.025 <

2

Figure 7. Variation of the ratio =f(9)

2
2

2n
From the examination of the curves in the figure we remark that for frequency
2

l,
is

values f; < f;, but close in value (curve 1) the ratio of the square currents ‘2 5
I 2n
below the unit, for slides smaller that the nominal slide s, = 0.025 it becomes
higher than the unit for a slide s > s,. Along with the drop of frequency f1’ in rela-
tion with the nominal frequency f; (curves 2 and 3), the square currents ratio re-
mains below the unit also for slides with (5-10)% higher than the nominal slide,
and then it becomes higher than the unit.
It results that the variable power losses pr at the motor operation on the arti-
ficial characteristic, in are even smaller in relation with the variable losses p, on the
f
natural mechanic characteristic at nominal load, when the frequencies ratio — is
1
higher than the unit .[1-3,10]. '
For slides lower than (10-20)% of the nominal slide s, and for frequencies f;
(50-75)% smaller than f;, the square currents ratio becomes higher than the unit ,
thus pr> pn.
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As regards the other losses in the case of the motor operation on an artificial
mechanic characteristic, when the frequency is changed one has to take into ac-
count the following:

- the additional losses due to the heating of the motor determined by the

magnetisation current is considered to be 0.5% of the P, of the motor;

- the losses in iron , those by hysteresis, varies along with the frequency,

i.e.:
_ fy
Py =(Py)n I— (39)
f;
where:
(Py), - are the losses by hysteresis at nominal frequency
- losses by swirl currents vary along the square frequencies , i.e. :
2
f
P = (P)a EE—lJ (40)
fl
where:

(P,),, - are the losses corresponding to the nominal frequency

As it is practically difficult to separate the losses by hsystersis from those by
swirl currents, one may consider that the total losses in iron , i.e., those through
swirl currents and hysteresis taken together, are given by the relation:

£ B
pfe = (pfe)n I:E_lj (41)
fy
where:

B = (1.2-1.6) depending on the sheet quality.

It results that, when the motor operates on an artificial mechanic characteristic
at a frequency fi< f; , the losses in iron are lower than the nominal ones.

The mechanical losses change depending on the point on the artificial me-
chanic characteristic on which the motor operates.

It results that from the point of view of losses, in the operation in conditions of
low frequency compared to the nominal one, the motor operates more economi-
cally.

4. Conclusions

The powering at variable frequency of the synchronous motors for the driving
of the cooling water pumps represents an efficient modality of water debit adjust-
ment in the cooling installations of hydro generators.
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Depending on the number of hydro units that are in operation and the power
disloadd in the network one establishes the cooling water debit necessary for an
operation of the hydro generator in hormal conditions of temperature of the stator
winding, rotor winding and stator magnetic core.

The adaptation of the cooling water debit at the operation regime of the hydro
generator is made through the corresponding change of the frequency of the mo-
tor supply voltage of the asynchronous motors.

Thus one creates the possibility of exploiting the asynchronous motors of cool-
ing water pumps driving in optimum conditions both in the start-up regime and the
operation regime in load.

The method presented for the adjustment of the cooling water debit of the hy-
dro generator by the supply with variable frequency power of the asynchronous
motor presents a series of advantages:

- reduction of the electric power consumption by the adaptation of the ro-
tation speed of asynchronous driving motors to the necessary water debit

- the automatic change of the cooling water debit depending on the heat
regime of hydro unit operation for the avoidance of condense inside the hydro
generator

- reduction of the electromagnetic stresses from the asynchronous mottos
during the asynchronous start-up regime

- increase of the safety degree in the operation of electric motors

- Increase of the life duration of the electro pumps assuring the cooling
water for the hydro units.

Acknowledgement

The work has been funded by the Sectoral Operational Programme Human
Resources Development 2007-2013 of the Ministry of European Funds through the
Financial Agreement POSDRU/159/1.5/S/132395.

References

[1]Liuba G., Introduction to the theory of electric machines and drives,
Politehnica University Press, Timisoara, 2006.

[2] Dordea T., Biriescu M., Liuba Ghe., Madescu Ghe., Mot M., Electric ma-
chines, complementary part, Orizonturi Universitare Press, Timisoara,
2002.

[3] Campeanu A., Cautil 1., Vlad 1., Enache S., Modelling and simulation of
AC electric machines, Romanian Academy Publishing House, Bucharest,
2012.

357



[4] Dordea T., Dordea T.P., Madescu G., Torac 1., s.a., Electric machines
calculus programmes, Politehnica University Press, Timisoara, 2010.
[5]Vlad 1., Campeanu A., Enache S., Computer-aided design of asynchro-

nous machines, Universitaria Press, Craiova, 2011.

[6] Novacescu F., Hatiegan C., Raduca M., Raduca E., Pop N., A New
Method for Testing the No-Load Work of an Electric One-Phase Trans-
former Using The Graphical Programming, Scientific Bulletin of
“Politehnica” University of Timisoara, Tom. 57, No. 2, 2012.

[7] Fransua Al, Magureanu R., Electric machines and drives. Execution
elements, Technical Publishing House, Bucharest, 1986.

[8] Dordea T., Electric machines Didactic and Pedagogic Publishing
House, Bucharest, 1978.

[9] A. Campeanu, Electric machines, Scrisul Romanesc Publishing House,
Craiova, 1977.

[10] Boldea 1., Atanasiu Gh., Unitary analysis of electric machines, Acad-
emy Press.

Addresses:

» Assist. Ph.D. student Eng. Ioan Pddureanu, “Eftimie Murgu” University
of Resita, Piata Traian Vuia, nr. 1-4, 320085, Resita,
i.padureanu@uem.ro

e Ph.D. student Eng. Marcel Jurcu, “Eftimie Murgu” University of Resita,
Piata Traian Vuia, nr. 1-4, 320085, Resita, marcelljurcu@yahoo.com

e S.I. Dr. Eng. Ladislau Augustinov, “Eftimie Murgu” University of Resita,
Piata Traian Vuia, nr. 1-4, 320085, Resita, l.augustinov@uem.ro

e S.I Dr. Fiz. Cornel Hatiegan, “Eftimie Murgu” University of Resita, Piata
Traian Vuia, nr. 1-4, 320085, Resita, c.hatiegan@uem.ro

e Prof. Dr. Eng. Eugen Raduca, “Eftimie Murgu” University of Resita,
Piata Traian Vuia, nr. 1-4, 320085, Resita, e.raduca@uem.ro

e Ph.D. student Eng. Padeanu Laurentiu, “Politehnica” University of
Timisoara, Piata Victoriei, nr. 2, 300006, Timisoara,
padeanu.laurentiu@yahoo.com

358



