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Improving Energy Efficiency in Mining Plant Using a
Synchronous Motor
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Abstract - This paper presents a case study for energy efficiency
improvement by power factor correction using synchronous
motor in the mining plant. Reactive power capability of a high
voltage synchronous motor is investigated and limits related to
terminal voltage and active power losses are pointed out. It is
shown how under loaded synchronous motor can be successfully
overexcited and used as reactive power source in order to
improve efficiency. Limits regarding increased losses in the
motor are investigated also. Practical example and measurement
results are given.

Keywords - synchronous motor, power factor correction, energy
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L INTRODUCTION

Most electrical devices, except synchronous machine with
its own excitation and some collector machines have to be
supplied by reactive power from the network. The largest
consumers of reactive power are induction motors and
transformers. Inappropriate selection of induction motors and
transformers (over sizing or under loading) can cause power
factor to be lower than acceptable. Low power factor
decreases the efficiency of the whole plant. In present days
major part of reactive energy can be economically
compensated by using reactive power sources. Compensation
should be installed close to the major consumers of reactive
power (distributed compensation), or as close to the main
point of consumption (central compensation) [1, 2].

Reactive energy compensation is usually realized by using
capacitor banks. In large industrial plants, such as mining
plant, synchronous motors which normally drive large loads
like pumps, can be overexcited and used as reactive energy
sources. Reactive power capability of a synchronous motor is
limited by active load, excitation current (thermal limits) and
by terminal voltage. Those limits are investigated for one 6kV
1250kW synchronous motor used for driving a pump in the
mining plant. It is shown how to calculate reactive power
capability for a given operating regime. Practical results
gathered on the Mine plant “Omarska” are presented. It is
shown that energy efficiency can be improved by properly
overexciting synchronous motor.
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II. POWER FACTOR CORRECTION BY USING A
SYNCHRONUOS MOTOR

Synchronous motor is the only machine that offers power-
factor correction while performing the main driving function,
like running a pump or plant compressor [3]. By adjusting the
motor excitation, reactive power production can be changed
without the influence to the active power flow. By changing
the excitation current, stator current either lags, or leads the
voltage vector. In the same time, since the motor torque is not
changed, reactive power compensation can be obtained. The
balance between active and reactive power is limited by
maximum stator current, maximum rotor current, and by
terminal voltage. These limits are usually represented by
operating chart of the machine as shown in Fig. 1 [3, 4].
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Figure 1. Modified Operating Chart of Synchronous Machine

If synchronous motor is under loaded

B =P/ Py <1 (1)

nom

where Bq, is coefficient of load active power, Py, is nominal
output power, than the reactive power can be increased above
rated level. The reactive power Qg for rated power factor
(angle @uom), efficiency n and given load By, is calculated as:

ﬂ sm Pn tang,
Qsm = T (2)
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and is the reactive power for given load and rated power
factor. If machine is underloaded with rated power factor,
reactive power Qg is lower than rated reactive power.
Reactive power can be increased by increasing the
excitation current. For given load (coefficient Byy,) and given
power factor, coeffitient ag, is first found from Fig. 1. Than,

reactive power Q,,» for given load and given power factor is

found as:

Qst :asmSn = Oy VPn2 +Q§ . (3)

where ag, is the coefficient of the synchronous motor overload
capacity, determined from Figure 2.

Maximum value of reactive power is limited by
excitation current and terminal voltage. Usually, maximal
excitation current is equal to the rated value, and this limit can
be assumed constant. If the excitation current is kept constant,
reactive power capability varies only with terminal voltage.
By increasing the voltage, machine consumes more reactive
power for magnetizing, and can supply less reactive power on
the output (and vice versa) [4, 5]. The influence of terminal
voltage to reactive capability is given by equation:

K, P, tang,

QsmMAX = n (4)

where K,r is reactive power overload coefficient, which
depends on the motor load By, and terminal voltage. This
coefficient for a given motor can be found from Table 1.
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Figure 2. Reactive Power Production vs. Relative Votage

From Figure 2 it can be seen that at the constant load,
maximal production of reactive power deecreases as voltage
increases This corresponds to the operating chart from Fig. 1.

By increasing reactive power of motor, active power
losses APy, increase. Active power losses APy, depend on
rated power P, and speed: the lower rated active power and
speed of synchronous motor, the losses are higher [4]. For
given speed active power losses can be calculated as a
function of produced reactive power Q [4]:

D, D
AP ==L 207
sm Q" Q+ Qj (5)

where Q is generated reactive power of synchronous motor,
D,, D, are constant coefficients that depend on motor
parameters, whose values are given in Table II.

TABLE II. COEFFICIENTS Dy AND D, FOR THE SPECIFIC TYPE OF

SYNCHRONOUS MOTOR

Type of synchronous Coefficients D, and D,

motor D, D,

CIH3-16-41-12V3 8,44 6,09

TABLE 1. COEFFICIENT Kyor FOR SYNCHRONOUS MOTOR CJIH3-
16-41-12V3
) Reactive power
Type of The relative voltage overload coefficient Krof at
synchronous at the motor load factor Bsm
motor terminals Urel
0,9 0,8 0,7
0,95 1,31 1,39 1,45
CIIH3-16-41- 1 1,21 1,27 1,33
12V3 1,05 1,06 1,12 1,17
L1 0,88 0,92 | 0,94

Based on Table I and nominal data of synchronous motor
CIAH3-16-41-12V3, the dependence between reactive power
and terminal voltage can be presented as in Figure 2.
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Formula (5) shows the dependance of active losses
increase as function of the production of reactive power
kW/kVAr. For Q=0 active losses are APg,=0.

Based on (5) and Table II, active power losses as function
of the reactive power production can be shown as in Figure 3.
From Fig. 3 it is clear that the increase in reactive power is
followed by increase in losses. This effect should be taken into
account when synchronous motor is used for improving the
efficiency as reactive power source.
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Figure 3. Dependence of Active Power Losses Increase vs. Reactive Power
Production

I1I. MINING PLANT “OMARSKA”

Mining plant is powered from a 110/6 kV 16MVA
transformer station (Figure 4). There are three supply lines,
two in the gravity-magnetic separation and one for the open pit
mine. Gravity-magnetic separation plant has rated power of
3.5 MW while rated power of the open pit is 2.5 MW.

Open pit

Line 1

110/6 kV
Tr Sn=16MVA

- Power systerﬁ'
Un=110 kV

Figure 4. Single Line Diagram Scheme of the 6kV Plant

Synchronous motor SM runs the pump in mud pump
station located at the beginning of the supply cable in the open
pit mine. The length of the Line 3 is approx. 3,5 km.

Reactive power is compensated by two capacitor banks
located in the 6kV substation of gravity-magnetic separation.
Reactive power capacities of banks C.B.1 and C.B.2 are 1250
kVAr, and 2000 kVAr respectively. The pump is driven by
synchronous motor type CJIH3-16-41-12Y3 with nominal
data: 1250 kW, cos¢=0,9, n=500 rpm, n= 94,78 % Y, U= 6000
V, I= 140 A, rotor data U= 67 V ,I= 250 A. From the nominal
data and given load, By, and oy, are calculated and given in
Table II1.

TABLE III. COEFFITIENTS FOR THE SYNCHRONOUS MOTOR CJIH3-
16-41-12VY3 FOR THE GIVEN OPERATING REGIME
Pn(lm Prca] Qm)m Bsm Olsm Qst
1250 kW 1000 kW | 637 kVAr 0,8 0,52 729,53
kVAr

Iv. MEASURING RESULTS

The goal of the paper is to show how plant efficiency can
be improved by overexciting the synchronous motor. Two
regimes were under the scope: first, when SM from Fig. 4
operates with unity power factor, and the second, when SM is
overexcited and reactive power on Line 3 is fully
compensated. During the measurement, mining plant was
operating at rated capacity.

Total duration of the measurements was about 20 minutes.
The first measurement was performed in a time interval of 10
minutes when the synchronous motor was working with unity
power factor. After that, excitation of synchronous motor is
gradually increased up to value when synchronous motor fully
compensates reactive power on Line 3.

Measurements were performed using measurement device
Janitza UMG604 shown in Figure 4. Measuring device is
connected by current transformers, TIIJI10 type, with ratio
200/5 A, accuracy class 0.5 and voltage measuring
transformers, type HTMU-6, with the transfer ratio 6000/100
V and accuracy class 1.

Active and reactive powers are shown in Figs 5 and 6,
current and voltage are shown in Figs 7 and 8, while THDu is
shown in Fig 9.

From Fig. 5 it can be seen that load on Line 3 was almost
constant during the measuring. From Fig. 6 it is clear that
reactive power on Line 3 decreased almost to zero when SM
was overexcited. This resulted in current (Fig. 7) to decrease
since there was no reactive power flow on Line 3. Since the
current was decreased, active power losses in Line 3 were
decreased. From Figs 8-9. it is clear that changes in SM
reactive power production did not have significant influence to
line voltage and THD.
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Based on measuring shown in Figures 6 - 10. the mean
value of the measured variables during the test period are
calculated and shown in Table IV.

TABLE IV. MEAN VALUES OF MEASURED PARAMETERS ON LINE 3

LINE 3
P[kW] | Q[kVAr] | I[A] U[Vv] T?EU
Mode1 | 2489,29 | 70821 249,6 | 598554 1,56
Mode2 | 2435,99 29,51 234,6 | 599425 1,45
V. EFFICIENCY IMPROVEMENT

Based on the measurements, the energy efficiency
improvement can be calculated for the Line 3 when using
synchronous motor for reactive power compensation.

Synchronous motor in operating mode 1 was producing
about 70 kVAr of reactive power. On the basis of formula (5)
active power losses due to excitation was:



AP, = 2v0+ 220"
QN Q”

44
_ 8,44 6,09

637 6377

702 = 1kw (0)

The network was fully compensated when the excitation
was increased up to the level when the reactive power was
approx. 700 kVAr (operating mode 2). Active losses in
synchronous motor due to increased reactive power production
are increased up to:

ap, D B B4y, 609
0° ¢

637 637
Active losses of motor due to increasing production of
reactive power increased by 15,5 kW.
The losses in the cable on the Line 3 were:

700° =16, 5kW (7

Pl()sses = 3R[2

o.m.1

=149,5kW (8)

where

R=0,8 Q is total resistance of cable.

In operating mode 2 current through the cable was
decreased, and the losses in the cable were:

P, =3RI’

losses o.m.2

=132,1kW ©

Differences in cable losses between the two operating
modes is 17,4 kW.

Since the current was decreased, active losses in the
transformer changed. Transformer resistance was:

U _ 3 6000°

"7100 S, 10016-10°

=0,07Q (10)

where Ry is resistance of transformer, and S, rated power.
Losses in transformer have reduced due to a decrease of
current in operating mode 2 for

AP, o =3RAL,, L) =3-0,07- 7263 =1,52kW (11)

The final balance of the losses shows that the losses in the
cable are reduced while the losses in the synchronous motor
were increased. Total loss reduction with

production of reactive power is:

increasing

AP APy Aprern _ ApiT

losses losses lasses losses

=174+12-155=322kW  (12)

Since synchronous motor operates approx. 4200 hours a
year, and the price of electricity paid by the mine is 0.065 KM

/ kWh, the annual savings obtained by the production of
reactive power with synchronous motor are:

C, = AP .c .T =3,42-0,065-4200 = 934KM (13)

losses

Participation of losses in the production of reactive power
in synchronous motor [6] when operating in mode 2 is:

AP
Q sm [%]:%.100%:2,3% (14)
0.m.2

Participation of losses in the production reactive power
with synchronous motor is 2,3%.

VI. CONCLUSION

In the paper it is investigated reactive capability of high
voltage synchronous motor depending on operating mode and
demanded reactive power production. It is shown how the
production of reactive power for under loaded motor can be
increased up to the limit defined by maximum excitation
current. Production of reactive power decreases when voltage
increases, and this limit is included into the study also. The
investigation is supported by measurement data obtained from
the open pit mine plant.

Synchronous motor is overexcited in order to fully
compensate reactive power on the supply line. The losses in
the line and supply transformer are reduced, while losses in
the motor are increased. In total, losses are reduced.
Significant improvement of the efficiency is obtained without
any investment costs, since the compensation is made only by
changing the excitation current. Total losses are both

decreased and reallocated from the cable into the synchronous
motor.
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