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Abstract

Purpose. Identify the motors efficiency decrease factor corresponding to various values of load-carrying ratio.

Methods. Basing on the onsite measurements of power harmonic in 660V low voltage (LV) grids in Vietnam underground
mines, simulations have been done on MATLAB and compared with mathematical models. Verifying data will be imple-
mented in Lab-measurements carried out on pumping system to reveal series of decreasing factors.

Findings. Series factors present the relation of the level of power total harmonic distortion (THD) and the decrease in motor
efficiency with alternative load-carrying ratio. The factors will help mine operators to have better understanding of the

power harmonics impact on 660V motors.

Originality. The proposed factors and simulation in MATLAB may be applied to all underground mining grids with diffe-

rent input parameters of THD.

Practical implications. The research is implemented to identify the factors obtained from the operation of motors which
work in high power harmonic environment. The resulting factors could be utilized to recalculate mining efficiency.
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1. Introduction

In the past 7 years, modernization has contributed greatly
to the 25% increase in coal productivity of Vietnam under-
ground mines [1]. The annual productivity growth is appro-
ximately 10%; going along with this increase, the numbers of
power electronic devices utilized in mining have also seen a
47% rise (according to the data collected from 2015 to 2020).

Besides the increase in the nominal voltage of all under-
ground mines from 380V to 660V, many kinds of power
electronic equipment (including low voltage-660V and me-
dium voltage-6kV units) are widely applied in the processing
system, mining system as well as pumping and ventilating
systems. Apart from technical enhancement, these apparatu-
ses brought about a lot of issues to handle such as current
and voltage distortion or grids’ economical efficiency. Most
of power electronic devices installed in underground mines
contain passive filter to limit their harmful effect on power
quality. However, the on-site measurements shown below
testify to the negative result when power electronics inject a
huge amount of power harmonics into the grid. Consequent-
ly, it leads to power loss, deterioration of voltage quality and
distortion of other grid quantities.

Implementing the on-site measurement in 660V grid of
Vietnam coal mine companies, we have deisgned resultant
voltage and current wave forms that are shown in Figure 1.
These Figures demonstrate that:

— the application of converters and inverters in 660V grid
does not produce an impact on the magnitude of phase volt-
age, in most cases phase voltage is around 400V (Fig. 1a);

—even containing passive filter, the power electronic
units in 660V underground coal mine still inject harmonics
into the grid; at some moments the THD goes over the limit
(Fig. 1b, THD of current harmonic is nearly 11.5%);

— because most of transformers contain delta coil, the tri-
ple harmonic order in the grid is eliminated. Therefore, popu-
lar orders of harmonics in 660V gird are 5, 71" and 11" (as
can be seen in Fig. 1c and 1d);

—in PCC (Point of Common Coupling) node, the THD is
generally under the allowance limit [2], but in some branches
of skeleton network, THD is over 5% (as can be seen in
Fig. 1b);

—according to the accounting number of VINACOMIN
[1], the number of harmonic generating devices in 660V grid
increased about 15% a year, 88% of loads being ASMs
(asynchronous mators). The motors often have loading ratio
from 0.6 to 0.9 all the time.
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Figure 1. Harmonic analysis based on the on-site measurements
in 2019 and 2020: (a) voltage waveform on-site meas-
urement in DuongHuy company (measured on
09/July/2019; (b) current waveform distortion on-site
measurement in DuongHuy company (measured on
09/July/2019); (c) THD analysis on-site measurement in
KheCham company (measured on 10/July/2020);
(d) THD analysis on-site measurement in HaLam com-
pany (measured on 09/July/2019)

The above-mentioned violation will not have a short-time
impact on equipment, conductors and grid. However, in the
following part of paper, analysis will be implemented to identi-
fy the impact of harmonics on the decrease in ASM efficiency.

2. Theoretical basis

To analyze the impact of power harmonics on the electric
grid, we must rely on understanding of power harmonic influ-
ence on motors and their internal conductors (motor winding).
The most evident impact of harmonics is related to increasing
heat inside the motors. This part presents the theoretical basis
in the form of equations describing the change of losses in
motors and their conductors considering power harmonics.

Depending on the magnitude of harmonics, the derating
and losses increase of a motor are mainly caused by the in-
crease in temperature inside the motor [2]-[6]. Particularly,
winding loss in induction motors is related to series re-
sistances, and it is proportional to the square of voltage.
Winding loss is the sum of winding losses of harmonics and
is calculated by Equation 1 [5], [7]-[9].

Pcu—h:(Rs+Rrh)'|r$: 1)

where:
R — rotor resistance for a harmonic in stator side view;
In — harmonic current calculated by the Equation 2:

Vh
12
((RS+Rrh)2+(XS+th)2)

Thermal reaction of the motor operating under the impact
of harmonics is investigated by the model presented in
Figure 2 [7], [10]. The Figure is used to determine the in-
creasing portion of power loss of the motor due to harmonics
which results in the heat gain inside the motor.
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Figure 2. Model presenting the power loss of the motor under the
impact of harmonics

Figure 2 presents the skin effect impedance model for the
equivalent circuit of induction motors; it can be simplified by
Figure 3. In Figure 2, Rs, X are parameters characterizing the
resistance and reactance of the rotor; X is the magnetizing
reactance; Is and I, are respectively the currents of stator and
rotor; Sy is the slip factor of the motor which depends on the
order of the harmonic [10].
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Figure 3. Single line diagram of induction motor considering
harmonic

Much research has been done to show the relation be-
tween motor power derating and the THD (total harmonic
distortion) increase [9], [11], [12]. Generally, motor derating
level is expressed by Equation 3:
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where:
Pouth — OUtput power of the motor when the source is
nonsinusoidal, this power could be computed by applying the
simple single diagram in Figure 3 [7];
Pout — output power of the motor when the source is
sinusoidal.
In Equation (3) Poun is also influenced by the slip factor
that varies with harmonics according to Equation 4:
_h+1-s

S 1
h h

(4)

where:

h — the order of harmonic;

s —the slip factor corresponding to fundamental frequency.

When a nonsinousoidal voltage is transmitted along a
conductor (which is inserted on the periphery of rotor), the
impact of harmonics on the conductor is mostly expressed by
the skin effect and can be summarized as Figure 4 [13].

Uhl Supply network

Non-linear
loads

Linear
load

Capacitor bank
+

Detuned reactor

Figure 4. Single line diagram presenting the impact of nonsinu-
soidal source on conductors

As mentioned in [13], [14], “the resistance may increase
due to skin effect and proximity effect. The former is a case
where unequal flux linkages across the cross section of the
conductor cause the AC current to flow on the outer periph-
ery of the conductor. On the other hand, conductors that are
spaced close to one another and carrying alternating current
will have the current distribution in each conductor changed
by mutual reactance”.

Mathematically, many researches show an empirical
equation (Eq. 5) that expresses the relation of power loss (pu)
in cable and harmonics.
P = (alx2 + a2x+1) , (5)
where:

a; and a; — constants depending upon: harmonic spec-
trum, type and cross section of the conductor.

The harmonic effect or THD values will also increase the
Joules losses and current running on the conductor skin, the
impact level shown in Figure 5. From the research into the losses
in a conductor conside-ring the current magnitude, it is clear that
the current magnitude and losses in the conductor are strongly
related. When THD is lower than 10%, the losses caused by
current (including harmonic currents) could be ignored.
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Figure 5. Curves presenting the impact of harmonic on current
and Joules losses in the conductors’ skin

When THD is bigger than 10%, there is a significant rise
of losses when the current increases. Even when THD is
100%, the loss is doubled despite the fact that current has
only 40% risen. Therefore, one must be very careful when
making simulations to determine the losses of the motor with
big value of THD. In the present research, all the Lab tests
and simulations are carried out with THD lower than 5.5%.

3. Research results and discussion

3.1. Simulation models

Mining grid with 660V Unom has been simulated in
MATLAB. The Figure demonstrates that each motor has
been set-up with individual parameters containing the vary-
ing load exerted by mechanical power on the motor shaft.
At each section, a multifunctional measurement bar is con-
figured to collect data including voltage, current, THD as
well as power consumption of the motor. As mentioned
in [15], to better understand the decrease in motor efficien-
cy, the input mechanical load of the motor is varied, as
shown in the detailed simulation model (Figs. 6 and 7). By
changing the Ty (cyan blocks on Figure 8), the data ex-
pressing the impact of harmonics on the motor efficiency
will be covered.
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Figure 6. Model of multifunctional measurement bar located at
each PCC of the grid
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3.2. Lab test, simulation results and discussion

B> s{ume @ Tg Using diagrams in Figures 2, 3; Equation 1, 2 and 3 to
Qin 2.565 THD 1.49e- . - .
'0- Lo L simulate in MATLAB, we were able to design the resultant
| R ros— curve for the heat gain in the motor (with 70% nominal load)
P2 P P toss stator caused by harmonics (Fig. 9). This curve is used to compare
T ey *Lc25]  the data with the Lab measurements, while the experimental
e , . L ; .
o Y Eiacomagnatc tase To (B Pm parameters of motors shown in Figure 10 are listed in Ta-
/AN A N A/ S A ble 1. The resultant heat is shown in Table 2.
Ve LS e Motor heat increase can lead to the increase in power loss
oy <Stator measurements> s B - - - - -
T e Asymcheonous o in both rotor winding and stator winding [5], [6], [12], [14],
Voage Source 8l Unia [16]. Consequently, their efficiency is decreased. By simulat-

ing the operation of the above-mentioned motor (Table 1),

Figure 7. Model of a measurement block used to identify power we designed the curves presenting this decrease (Fig. 11).
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Figure 8. Simulation diagram of 660V grid in an underground mine
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Figure 9. Curve showing the heat increase in motor operating
under nonsinousoidal supply voltage

Table 1. Parameters of the motor during the Lab test

Unom Rotating No. of Pnom Inom
V) speed (rpm) pole pair (kW)  (A)
Value 380/660 1400 4 11 21

Parameter

Table 2. Lab test results of temperature increase in the motor due
to harmonic impact

Figure 10. Mine pumping system with inverters in the Lab:

Loading factor 50% 70% 80% 90% . . o
- - (a) measurement block at incoming feeder, distribution
Slnous_0|dal \_/oltage source 46.1 503 523 535 box containing 2 inverters used for 2 pumps;
an-er;ousmdaI voltagesource 0, 5ho 555 571 (b) installation of 2 pumps with power meters to
with 2 order harmonic measure power consumption

Non-sinousoidal voltage source

with 5™ order harmonic 501 555 565  56.9

111
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Figure 11. Motor efficiency decrease versus harmonic order (red,
blue, pink and violet curves correspond to 90, 80, 70,
50% of loading factor respectively)

It is seen in Figure 11 that there is a sharp decrease in
motor efficiency when the harmonic orders are in the range
from 2" to 4™, However, as shown in Figure 1, there are only
3 harmonic orders in 660V grid of underground mining: 5%,
7t and 11™. Considering these harmonics individually, we
can state that there is almost no difference in their effect on
the motor efficiency reduction. For instance, with 70% load-
ing, the three above mentioned harmonic orders cause the
efficiency around 89 to 91%. It is again proved in the next
part of the paper.

From the simulation and curves in Figure 9 it is obvious
that when the motor operates under the impact of harmonics,
its efficiency decreases from 12 to 7%. To verify this simula-
tion, the Lab test was repeated several times with 2 motors
(Table 1), the results obtained therefrom are shown in Table 3.

Table 3. Lab tests of motor efficiency with the impact of harmonics (%)

Loading
~factor 50% 60% 70% 80%  90%
Harmonic
order level
5th 888 898 90.2 904 92.6
7th 879 882 896 899 923
11t 875 88.3 89 89.9 921

In Table 3, the test is implemented with only 3 harmonic
orders (5", 7 11"). The results show that the average
decrease in motor efficiency is around 9% (depending the
loading factor).

Other calculations and simulations were carried out in a
similar way for different typical motor power (in Vietnam
underground mines) and THD, the results shown in Table 4.

Table 4. Motor efficiency (7) decrease with harmonic impact
consideration (%)

Pnom kW
(<) 185 37 75 114 Average

THD (%) value
55 923 068 938 957 _ 9465
5 818 856 823 845 8355
45 765 745 738 748 7.490
4 714 722 718 726 7.200
35 639 645 6381 653 6438
3 602 593 609 6084 6031
25 553 5483 5519 5601 5533
2 547 544 5463 5380 544
15 2211 2672 2322 2385 2.398
1 187 1921 10932 1894  1.904
05 1011 1121 1132 1114 1.09

112

As seen in Table 4, the test was conducted for 4 typical
kinds of motors used in 660V electric system of underground
mines. Although the THD of the grid is around the allowance
limit of IEEE [2] the impact of harmonics on the motor pow-
er reduction is significant. Normally, the efficiency of motors
drops by 5%, which means that 5% of the consumed power
delivered from the source is emitted as unusable heat. It not
only heats the motor but also decreases mining productivity.
Therefore, the impact of harmonics on the increase in power
loss could not be ignored even if harmonic pollution is with-
in the range of limit.

4, Conclusions

By simulating the heat effect of the motor operating un-
der harmonic impact, we analyzed and calculated the de-
crease in the motor efficiency factor for different loading
factors. Based on the simulation and the Lab tests (which are
compared), a cross-checking table is formed that will help an
operator to identify the increase in power loss in motors
when a harmonic source is injected into the grid.

Although the THD of the grid is limited by the allowance
level [1], [2], [7] it results in nearly 10% power loss in mo-
tors. Respectively, this harmful influence could lead to sig-
nificant motor derating.

The derating impact and increasing loss caused by har-
monics are quite the same with motors despite their nominal
power. These values mainly depend on the THD of the grid,
therefore there should be passive filters installed in PCC
nodes of the grid to lower the THD to 2%. Then the negative
effect of harmonic pollution on motors could be ignored.
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Busnauennsi pakTopy 3HUKeHHS e()eKTHBHOCTI ABUTYHIB, 110 MPANIOIOTH
Ha rapMoHini noty:kHictio 660 B B eJIeKTPpUYHUX MepeKax MIAXTH

JI.C. Txans, X.B. byn

Meta. BuznauenHs (akTopiB 3HIDKEHHS €()eKTHBHOCTI ABUTYHIB 00IaAHAHHS, 10 BiJIIOBIa€ PI3HUM 3HAUCHHAM Koe(ilieHTa HeCydoro
HaBaHTa)XEHHS B yMOBaX BYTUIFHHX IIaxT B’eTHamy.

Metoauka. basyrourck Ha BUMipax MiCIIEBHX TapMOHIK IOTY)XHOCTi B Mepexax Husbkol Hanpyru (HH) 660 B y migzemHux maxrax
B'ernamy Oyno mposeneHo monentoBanHs B MATLAB i nopiBHsIHO 3 MaTeMaTHYHUMU MojelisiMu. [lepeBipka 1aHnx peanizoBaHa B Jlabopa-
TOPHHUX YMOBaX, IPOBEICHUX Ha HACOCHIN CHCTeMI, AT BUSBICHHA PALY Clagalodnx (GakTopis.

Pe3yabTaTn. 32 ONOMOroI0 MOJIEITIOBAHHS TEILIOBOTO e(heKTy ABUIYHA, IO MPALOE IIiJ] BIUIMBOM FAPMOHIK, TPOAaHAi30BaHO Ta po3pa-
XOBaHO 3HIDKCHHS KoeillieHTa KOPHCHOI Iii ITBUTYHA U Pi3HUX KOEQIIi€HTIB HaBaHTaKCHHs. BCTaHOBIIEHO, IO MOCTIIOBHI (paKTOPH
MPE/ICTABIISIOTh CIIIBBIAHOIICHHS PIBHS 3aralbHUX TapMOHIHHKX BHKpuBIEHb (31B) MOTY)XHOCTI i 3HMWKEHHs e(EeKTHBHOCTI ABUTYHA 3
IBTEPHATUBHUM Koe(ilieHTOM Hecydoro HaBaHTaxeHHS. Lli dakTopu momoMoxyTh omepaTopaM IIaXT Kpamie 3pO3yMiTH BILIMB FapMOHIK
MIOTY’KHOCTI Ha MBUTYHH 660 B. Bu3HaueHO BIIMB 3HMKEHHS HOMIHAIBHHX XapaKTEPUCTHK Ta 30UIBIICHHS BTPAT, CHPHYMHEHUX TapMOHI-
KaMH, OJIHAaKOBUX JJIs JBHUT'YHIB, HE3BA)KAIOUM HAa IXHIO HOMIHAIBHY HOTYKHicTh. Lli 3HaueHHs B OCHOBHOMY 3aiexarhb Bix Mepexi 3I'B,
TOMY Yy By3J1aX MepeXi TOUKH 3arajibHoro 3B’s13Ky (T33) moBuHHI OyTH BCcTaHOBIEHI acuBHi QinbTpH, 106 3uu3utn 3I'B 1o 2%.

HaykoBa HoBU3HA. Po3mmpeHo 00y1acTh 3aCTOCYBaHHSI BCTAHOBJIECHHX (AaKTOpiB e(peKTUBHOCTI ABHUTYHIB Ta MiAXOIIB MOJEIIOBAHHS B
MATLAB Ha Bci Mepei mia3eMHOT0 BUAOOYTKY 3 Pi3HUMH BXiTHUMHU napameTpamu 3'B.

IpakTnyHa 3HAYUMIiCTB. JIOCITIIKEHHS peai3oBaHo 3 METOIO BHABJIICHHS (PaKTOPiB, OTPHMAaHUX BiJl poOOTH IBUTYHIB, SIKi MPAILIOIOTH Y
BHCOKOIIOTY>KHOMY IFapMOHiHfHOMY cepemoBuii. OTpuMaHi GpakTopu MOXKyTh OyTH BUKOPUCTaHI IS ITepepaxyHKy epeKTUBHOCTI BUTOOYTKY.

Knirouosi cnosa: waxma, enekmpomepeoica, 2apMouixa, Hanpyed, MOOeN08aHHs

Onpenenenue pakTopa cHHKeHHA 3(PpPeKTUBHOCTH ABUTaTeIeil, padoTaronmmx
HA TapMOHUKE MOIIHOCTHI0 660 B B 2JIeKTpUYECKHUX CeTAX MAXTHI

JI.C. Txans, X.B. byn

Ileas. Onpenenenne GpakTopoB cHKEHHs 3)GEKTUBHOCTH ABUTATENEi 000pyIOBaHHUS, YTO COOTBETCTBYET Pa3HBIM 3HAYCHUSIM KO-
(uIHeHTa HeCyIel Harpy3KH B YCIOBHUSIX YTONBHBIX MIaxT BreTHama.

Metoauka. OCHOBBIBasICh HAa W3MEPEHHSX MECTHBIX TapMOHMK MOIIHOCTH B ceTax Huskoro HampsbkeHus (HH) 660 B B mom3emubIX
maxTax BeeTHama, Obut0 mpoBeneHo MonenupoBanue B MATLAB u B cpaBHeHHH ¢ MaTeMaTHUECKHMMHU MoJensMu. [IpoBepka maHHBIX pea-
JIM30BaHa B JIAOOPAaTOPHBIX YCIOBHAX, IIPOBOANMBIX HA HACOCHOI CHCTeMe, JUIst 00HapyKeHHUS psia yObIBalomux GakTopos.

Pe3yabTaTsl. C MOMOIIBI0 MOAEIUPOBAHUS TEIUIOBOTO d(deKTa IBUraTeNs, padOTAIONMIETo MO BIMSHIEM FApMOHHUK, IPOAHATN3HPOBAHO
W PacCUMTAHO CHIDKEHHE KOA(QUIMEHTa IOJIe3HOro ASHCTBHS IBHTATENs UL PA3NUYHBIX KOI(QQUINEHTOB HArpy3KH. YCTaHOBJIEHO, YTO
ToCIIeJoOBaTelbHbIE (DaKTOPHI MPEACTABISIIOT COOTHOIICHHE YPOBHS OOIIMX rapMOHMYecKux nckaxennit (OI'M) MomHOCTH U cHIXKeHne -
(DeKTHBHOCTH JIBUraTelsl ¢ albTePHATHBHBIM KOI(G(UIMEHTOM Hecyllel Harpy3ku. JTu (akTopbl IOMOTYT ONepaTopaM LIaXT JIydIlle HOHSATH
BJIMAHUE TAPMOHUK MOIIIHOCTU Ha JABUraTeCiIc 660 B. Onpe)leneﬂo BJIMSTHUC CHMXKCHHSI HOMHUHAJIIBHBIX XapaKTEPUCTUK U YBEJIIMYCHUS IMOTEPD,
BBI3BAaHHBIX TAPMOHMKAMH, OJMHAKOBBIX IS ABUTATENIeH, HECMOTPS HA MX HOMHHAIIBHYIO MOIHOCTb. DTH 3HAYEHHs B OCHOBHOM 3aBHCST OT
cetu OI'M, mosTomy B y3nax cetu Touku obieit cBsa3u (TOC) qomKHBI OBITH YCTaHOBIIEHBI TACCUBHBIE (GHILTPHL, 4T00bI cHI3UTH OI'U 10 2%.

Hayunas HoBu3HA. Pacmmpena o61acTh MpUMEHEHHUs YCTaHOBICHHBIX (hakTOpoB 3(p(HEeKTHBHOCTH ABUTaTeNIed W MOAXOM0B MOJEIHPO-
Bauus B MATLAB Ha Bce ceTr mo;3eMHO# TOOBIIH ¢ pa3HBIMU BXOAHBIMHU napameTpamu OI'M.

IIpakTHyeckasi 3HAYUMOCTB. VcciaenoBane peaqn30BaHO C IENbI0 BBIBICHUS (aKTOPOB, MOMYYEHHBIX OT paboThl JBUTraTelnel, pado-
TarOLIMX B BEICOKOMOIIIHOW rapMOHMUecKo cpene. [lomydeHHsle (hakTopsl MOTYT UCIIOIB30BaThCs [UIs repecdera 3G HEeKTUBHOCTH JOOBIYH.

Knrwouesvie cnosa: waxma, snekmpocems, 2apMOHUKA, HANPSAAHCEHUE, MOOETUPOBAHUE
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