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ABSTRACT modelling, this study proposes an appropriate method
of determining a background distortion level for the

The number of installations of photovoltaic solar pan- Mmedium voltage system which will be used in allocating
els and associated inverter systems within residential@ harmonic voltage distortion level for LV PVIS in MV

premises is increasing. As these systems incorporate &ystem.

power electronics front end, they will have an influence
on the quality of supply in regards to voltage harmonics.
This paper investigates the harmonic impact on an 11kV
distribution system due to the installation of residen-
tial type grid connected photovoltaic inverter systems
(PVIS). To characterise the aggregated harmonic current _

spectrum contributed from the low voltage system, a Va] = [Z0llLaggr.pvis.l @

typical inverter spectrum is utilised. Conventional har- yhereV;, represents the network wide harmonic voltage

monic modelling techniques are applied to determine yatrix 7, is the harmonic impedance of the system

a medium voltage system model and resulting networkcoresponding to feeder, transformer and the upstream
wide harmonic voltages for various penetration levels gystem impedance matrix ankl,gr py 15, represents

of residential type photovoltaic inverter systems. Basedihe aggregated LV PVISs harmonic current emission.
on this study, a recommendation is made for acceptable

penetration levels to limit the harmonic impact of grid A method to determine the acceptable penetration levels
connected photovoltaic inverter systems. of LV PVIS was incorporated as suggested by refer-
ence [1], where by the acceptable level is measured as
a percentage of the distribution transformer rating, given
by equation (2).

Conventional nodal analysis was used to determine the
magnitudes of the individual harmonic voltages arising

on the MV network due to the aggregated harmonic

current emission from the grid connected PVIS, using

1. INTRODUCTION

vis!tdis S
Piever(%) = ””Z?—”NV X 100%  (2)
This paper is a continuation of the study [1] completed TX
on determination of the harmonic impact of PhotoVoltaic wheren,,,;, is the total number of PVIS per distributor,

Inverters Systems (PVIS) on low voltage distribution g, . the distribution MV/LV transformer rating in MVA,
systems. To undertake the study an aggregated current, ... the rating of the individual inverter units in MVA,
source model was proposed for the photovoltaic inverter gng nais: IS the number of LV distributors connected to

systems (Appendix, Table 5) based on measurement datghe distribution transformer. Details of the LV systems
from available literature [2] [3], the relevant international gre given in Table 1.

standards [4] and appropriate modelling techniques [5]

[6]. A typical LV distributor including Ioa_ld arrange- Table 1: LV System Parameters [1]
ments was selected for the study. Conventional harmonic 10ta| ?lumberL of gfustﬁmerIS: ;1010/

. . . . ranstormer Loading Level: (]
moglel.llng methods are applled_to determine harmonic Toad rafing: SRV
emissions and resulting harmonic voltage levels for var- Distribution Transformer Rating: 350KVA
ious penetration levels of photovoltaic inverter systems. Distribution Transformer Reactance: 5%

K . R Distributor Length: 350m
A method was developed in determining the maximum No of Distributors: 2
acceptable number of PVIS that can be connected to the Inverter Rating: 2kw

grid for LV distribution networks without harmonic limits

being exceeded. ] ]
To determine the acceptable level of penetration the har-

This study proposes a method to determine the acceptablenonic voltage distortion of the MV system was found for
number of LV residential type PVISs that can be con- several values of penetration level and a comparison was
nected to the grid without exceeding the MV distribution made to the recommended harmonic distortion limits.
networks harmonic limits. To undertake this study a This study analyses four sets of recommended harmonic
residential distribution system model was developed, voltages arising from the MV distribution system in order
which includes a residential feeder model consisting to represent a suitable acceptable penetration level of
of aggregated distribution transformers represented asPVIS, namely acceptable penetration levels based on
harmonic current sources characterised by the PVISscomparing network wide harmonic voltages contributed
harmonic current spectrum. Continuing from the system from LV PVIS with:



i. Standard harmonic voltage planning levels for 11kV
distribution systems excluding phase and time mag-
nitude diversity

ii. Standard harmonic voltage planning levels for 11kV

distribution systems including phase and time mag-

nitude diversity

Harmonic voltage distortion levels allocated for

PVIS, based on background distortion excluding

phase and time magnitude diversity

Harmonic voltage distortion levels allocated for

PVIS, based on background distortion including

phase and time magnitude diversity

MEDIUM  VOLTAGE DISTRIBUTION

NETWORK M ODEL

Figure 1 shows the complete medium voltage and low
voltage system under study. The system consists of two
distributors per 350kVA distribution transformers, seven
overhead feeders and substation transformers rated at
25MVA with (n-1 redundancy). The system is based on
a dedicated residential purpose distribution, hence MV
loads are excluded in the system. For the purpose of
calculation, the feeders are assumed to be electrically
homogenous, i.e. similar conductor parameters among
feeders, same length feeders and each feeder reflects

by an aggregated LV residential type PVIS [1].
Based on the voltage drop of the feeder to remain
within 0.05pu at the end of the feeder under loaded
condition, fundamental voltage drop is considered
negligible for the purpose of calculations.

The sun’s illumination level on the MV voltage
network span will be considered uneven, resulting
in phase and time magnitude diversity among the
PVISs on the entire network. Hence, corresponding
harmonic voltages will be calculated based on
related diversity factors as suggested by [7] [8].
The harmonic current absorbed by the residential
load is believed to have an insignificant impact on
the MV network wide distortion levels [1].
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Figure 2: Schematic of system model including
the feeder impedance and representation of the
aggregated distribution transformers as harmonic
current sources

distribution transformers of similar characteristics. A
typical medium voltage system of overhead open-wire
system was adopted from reference [7]. In addition to
the aforementioned feeder characteristics, system wide
assumptions are believed to be necessary for the calcul
tion of the harmonic voltages around the network given

by:

i. The distribution transformers are believed to be

On the basis of feeder homogeneity, harmonic voltage
dlstortlon levels around the network were calculated

abased on a lumped impedance model as shown in

Figure 2. For this study the distribution transformers
per feeder are lumped at three pre-assigned locations;
substation transformers busbigg; s, middle of the MV

spread out evenly along the feeder as seen inféederVisp and the end of the MV feedeVpnp,

Figure 1.
i. The low voltage distribution system is represented
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Figure 1: Shows the complete residential distribu-
tion system under study

at defined rations of 1:2:1 [1]. The resulting harmonic
impedance matrixZ, of the system shown in Figure 2
is given by matrix (3).

Zsysn+ngZiin —nsZfin 0
—Zf1,n Zyin+Zran —Zpan 3)
0 —Zfan Zya.n

Where Zgygsy is the transformer and upstream
impedance,ny is the total number of feeders]s; ;
and Z, , corresponds to feeder impedances &ng 1,
I,vo andl, 3 are the lumped harmonic currents from
the distribution transformers subjected to PVIS.

The study was undertaken for overhead open wires
system feeders based on the understanding that the
highest impedance type feeder (overhead conductor type)
will contribute to lowest acceptable penetration levels
of PVIS [1]. Hence, it is believed that any portion of
the feeder subjected to underground cabling or aerial
bundled cable conditions will be bound by the overhead
conductors acceptable penetration levels of PVIS.



3 BACKGROUND DISTORTION Table 2: Harmonic voltage distortion levels in 11kV
' system for PVIS as a percentage

h Li1,pvis,h h Li1,pvis.h h Li1,pvis,h
. ) . 2 0.3993 5 0.196 28 0.1245
The allocation of allowable MV harmonic voltage dis- 3 1.4974 16 0.1131 29 0.4674
tortion limits for the LV PVIS €11, pvrs.) is based on ‘5‘ g-ﬁg; i; é-ggﬁg 22 8-}1223
the planning levels of MV system less the total contri- 3 0:2181 10 0:8384 32 0:1095
bution from distorting loads. The total contribution from ; S'ggi ';‘2 8-532 2431 8}832
distorting loads include loads in the existing MV system 5 05801 > 01945 = 04061
and the downstream (LV system) equipments. Since the [ 10 0.1846 23 0.8765 36 0.1095
: : : : H H 11 2.3216 24 0.1245 37 0.3836
con.trlbupon from th(_a MV d|sto_rt|ng loads ina dedicated > Soge Se CEsae % oTo98
residential feeder will be considered negligible, the term [13 1.7349 26 0.1245 39 0.1095
Lo 11,5 in equation (5) will be considered insignificant as 14 0.1285 27 0.1245 40 0.1095

shown in Figure 3. The contribution from upstream is as-

sumed to be equal to the 33kV planning levels as per [7]. {jo\yever, a simple method for estimating the acceptable
Itis assumed there will be conS|d§rabIe O!'Vefs'ty bewVeenpenetration levels of harmonic current sources (PVIS) is
the upstream and PVIS harmonic contribution, thus the proposed by equation (6) based on Figure 4.

“summation law” approach in accordance with [8] is

utilised. @
33 kV 11 kV
33KV 1Lk, kv a15v Xs Xix © 0.260 Q km!
Tx,1 I/ Tx, 2 ; §
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Equipments

Figure 3: Simplified diagram to show the cause of

! : ' ) Figure 4: Estimating the acceptable penetration
the harmonic voltage distortion levels in MV system

level of PVIS, based on estimated 5" harmonic

parameters
Typical harmonic contributions from residential loads in
the MV system (11415,,) can be estimated for the Vista = 5.1% — 5" harmonic
range of harmonics under study using (4), based on Inine = 2.82% — 5" harmonic
the suggestion from [9] wherg,, is a scaling factor 7 Vi.std
adopted from measurement results from actual systems Praz = (7 + T + 5) Inim ©
(Br = 0.025 per unit for the5*" harmonic), andv;,  is ! N 0.651”"“}
the substation transformer impedance. Praz = (0.05 + 0.06 + 0.0268)0.0282
Li1,a150 = BnTia,sh (4) Prox = 268%

where V}, s1q is the recommended harmonic voltage
planning level [7],1}, in., represents the modelled invert-
ers’ harmonic current magnitudd?,,.. represents the
maximum acceptable penetration level based on system
parameters andy,z,, and x, are the corresponding
impedances of the system.

Combining the contributions from upstreathsg ), the

LV loads (L11.415,,) and the available MV limit {11 5)
using the summation law where alpha is the summation
exponent for harmonics given by [8], the allowabilg
contribution from the PVIS I[py;5) can be determined
using equation (5). Corresponding resultslaf py s »

is provided in Table 2. The derived acceptable penetration levels of PVIS ex-
- - - - clusive of background distortions revealed a significantly
Li,pvisn = ‘Q/Ln,h = Lg3 = L1 a15.0 — LO a1 higher numbers (a difference of approximately 17 units

(5) of PVIS) compared to inclusive of background distortion
levels, as seen in Table 3. Hence, inclusion of background

The harmonic impedance of the MV distribution system distortion is essential when determining the acceptable

is used to determine the allowable harmonic current enetration levels of PVIS in MV svstems
emission from the aggregated PVIS based on the avail-" Y '

able PVIS voltage contribution. The allowable harmonic  rapje 3: The summary of results representing the
current contributions are proportional to the acceptable  four comparison conditions in determining the ac-

penetration levels. ceptable penetration levels of PVIS
fy Acceptable
Reference Penetration levels
% (units) % (unitsy ™
Lii,n 28(49), 34(59) | 32(56), 38(67)
4. RESULTS Li1,pvis,n | 18(32), 23(41) | 20(36), 27(47)

(I) ¥ = Harmonic voltage to compare
(2) ** - Including diversity as suggested [7] [8]
. . . 3) 40t" 315t _ Format of results based on two distinct harmonics
The results of the harmonic voltage calculations using the
methods and models outlined in Section 2 and Section 3
were completed using various simulation packages, basedhe acceptable penetration level study of PVIS without

on system details given in Figure 1 and Figure 2. diversity but including the background distortion in the



MV system has shown that th&#!" harmonic exceeds Iz;\t;leei;(:o/T)he effect of 7, Reduction on Penetration
0

the limits at approximately 18% ac;ceptable pen_etrgtion T, Tiin Tiipvisn
levels (approximately 32 PVIS units) and the limiting Reduction (%) IBased - IBased -
odd harmonic was the1** harmonic, exceeding the o 37310 [ 223 T 26020 | 2939)
harmonic voltage limit at 23% acceptable penetration 20 42(35) | 47(40) | 29(22) | 33(25)
: f . : 30 48(40 54(45 33(26 38(29
level (approximately 41 PVIS L_mlts), as shown in F|g_- 70 56547; 63553; 3953(3 44534;
ure 6. However as suggested in [7], the MV harmonic 50 67(56) | 76(63) | 47(36) | 53(41)

(0) * = Including Diversity among the Distortive sources [7] [8
(2) 315t (40“‘) — Results based on two distinct harmonics

Penetration Levels for MV System Based on Standard
Harmonic Voltage Planning Levels, L1

10

—OH,
-~ - -OH

achieved through improving filtering or inverter switch-
ing techniques. For a reduction &f by 30% the results
showed that for the ta0'* harmonic, the limits were
exceeded at approximately 29% acceptable penetration
levels (approximately 51 PVIS units), and the limiting
odd harmonic was the&1* harmonic, exceeding the
harmonic voltage limit at 38% acceptable penetration
level (approximately 67 PVIS units) with inclusion of
background and appropriate diversity as given by Table 4.

mv div|

10

Penetration Level (%)

0o 5 10 15 220 25 a0 40
Existing Harmonics, h
’ Overall results of the study illustrated that a reduction
Ry ) by 30% in the line current of the PVIS can signifi-
system with limiting voltages as harmonic voltage ntly decr the harmonic volt distortion level
planning levels [7] on long overhead open wire _Ca y _ec ease the harmonic voltage distortion Ievels
distribution feeders in medium voltage systems. However, the acceptable
penetration levels of PVIS are significantly influenced

o _ by the background distortion levels contributing to the
distortion levels are better expressed with phase andmedium voltage system distortion.

time magnitude diversity among the distortion contrib-
utors. The acceptable penetration level study of PVIS
with diversity including the background distortion in

MV system has shown that th&#” harmonic exceeds

the limits at approximately 20% acceptable penetration
levels (approximately 36 PVIS units), and the limiting This paper proposes a method for calculating the ac-
odd harmonic was the1** harmonic, exceeding the ceptable penetration levels of low voltage residential
harmonic voltage limit at 27% acceptable penetration type photovoltaic inverter systems in medium voltage

level (approximately 47 PVIS units), as shown in Fig- distribution systems based on limits recommended in the
ure 6. Individual harmonic magnitudes corresponding to relevant Australian harmonic standards.
the number of acceptable PVIS units are provided as

Figure 5: Penetration levels of LV PVIS on MV

5. CONCLUSION

additional detail in Appendix, Table 6. The possibilities of implementing a customer level miti-
gation technique such as better harmonic filtering was
Penetration Levels for MV System Based on L“‘Pv‘stherivedfmm Stud'ed on an OVerhead Open Wll’e feeder SyStem tO

Standard Harmonic Voltage Planning Levels

understand the impact of acceptable penetration levels of
residential type photovoltaic inverter systems in medium
voltage distribution system.

——OH_,

To allow the calculation to be performed, a medium
voltage distribution system was modelled and sufficient
background distortion level was derived. This model was
based on the aggregation of distribution transformers
represented as superimposed harmonic current sources
for frequency domain calculation.

Penetration Level (%)

10*

o 5 10 15 20 2 3 3B The acceptable penetration levels from the residential
_ Fenoremonest type photovoltaic systems injecting their full rated cur-
Figure 6: Penetration levels of LV PVIS on MV rent at LV system was shown to be approximately 21%
s_ys:tem_wnh limiting voltages as harmonic voltage for the even harmonic40*) and 27% for the odd
limits given by Table 2 on long overhead open wire harmonic §1°%) corresponding to approximately 72kW
distribution feeders -

and 94kW of energy, respectively.

With the possibility of better filtering wherg, is reduced
Additional studies were conducted on the effects of by 30%, the acceptable penetration levels of residential
reducing the harmonic emissions of the PVIS, i.e. re- type photovoltaic systems reached 29% for tE"
ducing thel, magnitudes. It is assumed this could be harmonic and 38% for th&15¢ harmonic corresponding



to approximately 100kW and 133kW of energy, respec- distortion levels in radial distribution systems.”
tively. Orlando, USA: 9th International Conference on

) ) Harmonics and Quality of Power, 2000.
The results are based on the inclusion of reasonable

contributions from background distortion from both up-
stream and downstream systems and considering a signif6
icant amount of diversity among the individual systems
over the network span.

APPENDIX

. . ] ] Table 5: Modelled Harmonic Current Emission
Future work required for this study includes the analysis  spectrum of a Representative 2kW Inverter [1]

of the resulting acceptable penetration levels of LV PVIS HarfT;LoniQ (A{ﬁ's) Ha"?lonicv () Ham;onicv A
in power distribution network configurations consisting > 0_021 16 0_086 320 0_089
of common feeder types. 3 0.245 17 0.058 31 0.037
Z 0.061 18 0.012 32 0.009
5 0.245 19 0.039 3 0.028
6 0.013 20 0.013 3 0.009
7 0.121 21 0.050 35 0.009
REFERENCES 8 0.023 22 0.009 36 0.009
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10 0.008 24 0.009 38 0.006
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on Harmonics and Quality of Power, Oct. 1-5
20086. Table 6: Shows the acceptable penetration level of
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“Results of recent performance and reliability age limits given in Table 2 for individual harmonics
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