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Abstract— The amount of energy harnessed from Renewable energy sources (RES) is constantly increasing. This rise can be attributed to
technological advancement that has lowered generation costs, financing from governments and private sector, efficient payment plans (e.g.
Pay As You Go), and need for clean energy. RES are either integrated into the local distribution grids or used as standalone/off grid
solutions that facilitate easy energy access to meet the ever-increasing power requirements. Extensive studies on the behavior of power
networks integrated with RES is therefore required so as to facilitate the changes that will be made on the current grid configuration. This
study assessed the impact on the harmonics and flicker of distributed networks due to the integration of wind and solar energy sources. To
achieve this, the IEEE-33 bus system was integrated with RES at selected locations and power quality and harmonic analysis performed
using DigSILENT PowerFactory software. Results obtained indicate increased harmonic and flicker levels of distribution networks. The
levels of harmonic distortion and flicker obtained were found to be reliant on the type, penetration level and installation patterns of RES.

Index Terms—DigSILENT PowerFactory, IEEE-33 bus, Power Quality, Renewable Energy Sources.

1 INTRODUCTION

RES form a critical part of African economies energy mix.
Tremendous growth of RES in energy generation is expected as
more African countries seek alternatives to fossil fuels which
form part of their primary sources of energy. Usage of RES will
not only make African economies less vulnerable to constantly
changing prices of imported fossil fuels, but will also create new
job opportunities, generate electricity close to load center and
also address greenhouse gas emission concerns [1]. Further
benefits of using RES for energy generation can be found in [2]
and [3]. RES abundantly found in Africa include solar, wind,
biogas, hydro, biomass and geothermal [4]. Greater attention is
being given to wind and solar since they are technically feasible
[5]. In addition, harnessing energy from the two sources is
environmentally friendly and is not affected by changing climatic
conditions.

RES are integrated into power networks at distribution
network level. Gharehpetian and Mousavi [6] denote that this
integration takes place at 400V for low voltage (LV) networks
and between 11kV and 33kV for medium voltage(MV)
networks. Energy generated from the RES is within kW-MW
range and researchers consider different production amounts
[6], [7]. Integration of RES on power system networks however
causes issues in planning and operation of distribution grids
[8], [9]. Operation concerns influenced by integration of RES
include voltage control, fault level, power quality, grid losses
and protection [10]. The impact on the operation of
distribution networks depends on the type of RES and also
whether the RES was integrated at MV or LV.

This paper assesses the effects of integrating wind and solar
energy systems on operation of distribution networks with a
special focus on harmonics and flicker which are key aspects
of power quality. Wind and solar PV energy systems use
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power electronic devices (rectifiers and inverters) to interface
the RES to the distribution grid that introduce significant
levels of harmonic distortion. The operation of wind and solar
PV energy systems also contribute dynamic voltage variations
due to their frequent start and stop, and unceasing variation
in input power caused by fluctuating energy source that
result in voltage flicker [11].

To assess the impact of harmonic and flicker caused by the
integration of wind and solar energy systems in the IEEE-33
bus, DigSILENT PowerFactory software was used due to its
abilities of measuring harmonic distortion (HD and THD) and
flicker indices (short and long-term flicker perceptions) at
points of common coupling (PCC) through harmonic load
flow and flicker analysis tools. Locations of the IEEE-33 bus
selected for RES connection were buses 6 for single connection
and buses 6 and 15 for two separate connections. This is in
line with studies conducted by Prassana et al and Kumar et al
[12], [13] who in their findings identified this two buses to be
the optimal locations for integrating RES in order to reduce
active power losses. Three connection scenarios were
considered for this study. For the first case, each RES was
connected to each bus at a time. In the second scenario, two
separate generators of each source were connected to buses 6
and 15. For the third scenario, the RES were connected
interchangeably to buses 6 and 15. In this study, LV buses
voltage level was considered to be 1kV and below and for MV
above 1kV. The rest of this paper is organized as follows:
Section 2 gives the related works carried out on this subject,
section 3 gives the models of solar and wind energy systems
developed for this study, section 4 gives the simulation results
and discussion and section 5 gives the conclusion.

2 RELATED WORKS

Authors in [14], [15], [16], [17] have analyzed the harmonic
impact of integration of RES into distribution networks. From
their findings, the levels of harmonic content is directly
proportional to the scale of integration. In addition, the level
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of harmonic distortion is also dependent on the location and
type of RES integrated into the networks [18]. These factors
need to be considered in the planning of distribution networks
integrated with RES[19].

Authors in [19], [20], [21] explain that inverters used to
integrate RES into distribution networks inject harmonic
currents and voltages. Harmonics are also introduced by
nonlinear loads using power electronic devices for
switching[21], [22]. Harmonics lower the power quality of
distribution networks and increase values of line currents
which negatively affects performance of end user equipment.

Voltage fluctuations that cause flicker result when RES of
large capacity are integrated to weak grids [23], [24]. Factors
that influence flicker emission in wind turbines include
control strategies of the wind generator, windspeed ,
turbulence intensity and short circuit ratio at PCC [25], [26],
[27]. Windfarms using the DFIG wind turbine technology
were also found to produce less flicker compared to those
using permanent magnet synchronous generator due to their
two paths of controlling active and reactive power [28]. For
solar PV, flicker is influenced by the inverter control
characteristics, temperature and irradiance. A study by[29]
denotes that solar PV systems emit less flicker and the levels
do not exceed prescribed limits.

3 MODELLING OF RES

3.1 Modelling of solar PV system

Solar cells convert energy from sunlight to electrical energy
using photovoltaic effect. Several models exist for modelling
the solar cell across literature, however, the single diode
model(SDM) is the most preferred due to its simplicity[30],
[31]. The SDM solar cell consists of series and shunt resistors,
current source and a diode. The terminal current of the SDM
solar cell described by Fig 1 can be determined by subtracting
the current passing through the diode and resistances [30],
[32].
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Fig 1. SDM solar cell equivalent circuit.
i = Iph —Ip — Iy, (1)

where i represents the load current, I, is the photocurrent,
Ip  is the diode current and I, is the current flowing in the
shunt resistance. Elaboration of Equation (1) yields Equation

).
q(V+i.RS)
i =Ly — o (e—m — 1) — (V +1Ry)/R, )

where [, represent the reverse saturation current of diode,
R,is the series resistance, R, is the shunt resistance, V is the
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terminal voltage, q is the electron charge, Kis the Boltzmann’s
constant and T is the absolute temperature of the solar cell.

In practical applications, the PV arrays constitute of PV
cells connected in parallel or series to meet requirements of the
SPV system [33], [34]. Series connection increases the output
voltage and on the other hand, the parallel connection
increases the output current. SPV are designed to operate
either as stand-alone or grid-tied. Stand-alone SPV systems
operate independent of the grid while on the other hand grid-
tied SPV system operate parallel with the grid. For this study
the grid-tied SPV system design without a battery back-up is
considered. Authors in [35], [36] explains the layout of a grid-
tied SPV system and various ways in which the inverter can
be interconnected. The inverter can be centrally connected
whereby one inverter is used to connect the entire PV system.
Each PV module string can also be connected to its own
inverter forming string inverters and another connection
involves using micro-inverters whereby each PV module is
connected to its own inverter.

To develop the SPV system in DigSILENT PowerFactory
the static generator model is used as it has non-rotating parts.
The solar PV system developed is illustrated by Fig 2 and
generated 0.5Mw at 50Hz and at a voltage level of 0.4kV. In
order to carry out harmonic simulations in DigSILENT
PowerFactory, SPV systems are usually modelled to inject
harmonic current spectrums. The developed SPV system
inverter was assumed to inject the current harmonic spectrum
in Table 1. The harmonic spectrum data is based on published
results of a real PV installation whose capacity is 0.95MVA
[37]. The flicker coefficients assigned to the developed SPV
system are shown in Table 2.

—§]

0.4KV -12.66kV tx ESPVvoltage bus (0.4kV)
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)
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External Grid

Fig 2. Developed solar PV system.

TABLE 1. HARMONIC CURRENT SPECTRUM OF SPV SYSTEM

Harmonic = Magnitude
order (f/fn) %
3 1.28
5 3.78
7 1.53
9 0.38
11 0.37
13 0.37
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TABLE 2. SOLAR PV SYSTEM FLICKER COEFFICIENTS

Network Voltage
etwor]
K Coefficient, Stepfactor, change
angle, psi . .
c(psi) kf(psi) factor,
deg .
ku(psi)
1 30 0.4 0.11 0.12
2 50 0.32 0.1 0.09
3 70 0.23 0.07 0.08
4 90 043 0.06 0.05

3.2 Modelling of DFIG wind turbine generator (DFIG
WTG)

Wind energy conversion systems convert kinetic energy of
moving air mass into mechanical energy. Generators are used
to convert the mechanical power harnessed from wind into
electrical power [38]. The instantaneous power of an air mass
flowing through an area A at a speed V can be expressed as

Pying = 5 pAV? (3)
where p represents air density, A is the area swept across by
wind and V is the speed of wind.

The theoretical maximum amount of wind power extracted by
wind turbine according to Betz is a function of the power
coefficient (C,) of the rotor.

Poetz = 5 PAVC, C)
where Py, represents maximum of the wind turbine, C,, is the
rotor power coefficient (C,, = 0.59).

The wind turbine model considered for this study utilizes
the doubly-fed inductor generator (DFIG). DFIG based wind
turbines are the most dominant in wind generation systems.
This is due to their numerous advantages including its ability
to control reactive power and separate control of active and
reactive power by autonomous control of rotor excitation
current. Furthermore, DFIG can be magnetized from its rotor
circuitry [38]. In DFIG systems, the stator voltage applied from
the grid as it is directly connected whereas the voltage in the
rotor is fed from the power electronic converter. The layout of
the DFIG system is given in [39]. The back to back (AC-DC-
AC) converter allows for bidirectional power flow as well as
controlling the speeds of the DFIG system in super and sub-
synchronous speed ranges. Using the dq reference frame,
stator and rotor voltage equations used to model the DFIG are
given by [40], [41]

Lsq

Fig 1. DFIG model equivalent circuit in dq reference frame [40].
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d S

Vsa = Rslsq + Igtd - wslpsq (5)
ds

Vsq = Rs[sq + dtq + wslpsd (6)
d T

Via = Relra + 22 = w0,y @)
dr,

qu = Rr[rq + dtq + wrlprd (8)

Flux equations in the dq reference frame are

Ysq = (L + Lg)isqg + Miyq ©)

wsq =Ly + Ls)isq + Mirq (10)

lprd = (Lm + Lr)ird + Misd (11)

lnbrq = (Lm + Lr)irq + Misq (12)

where M represents the mutual inductance L,,

The expression for electromagnetic torque for this model is
described by

T, = zp (LT:/ITS) (lpsq lrg = Ysa irq ) (13)

The wind turbine generator system shown in Fig 4. was
built using the 0.69kV, 1.0MW DFIG WTG template available
in DigSILENT PowerFactory library. The developed DFIG
WTG system was configured to generate 0.5MW at 50Hz and
unity power factor. The DFIG WTG was assumed to inject the
current harmonic spectrum of a Vestas V90/2000kW wind
turbine converter described by Table 3 [42]. The DFIG WTG
was also assigned flicker coefficients in Table 4 in order for it
to contribute flicker in the power system.

0.89kV-12 86KV tx
B-efe— (D

Fig 4. Developed DFIG WTG system.

External Grid
DFIG wind turbine

TABLE 3. HARMONIC CURRENT SPECTRUM OF DFIG-WTG SYSTEM

Harmonic = Magnitude
order (f/fn) %
1.5 0.513
2 0.715
5 0.446
5.5 0.927
75 0.665

TABLE 4. DFIG WIND TURBINE SYSTEM FLICKER COEFFICIENTS

Network Coefficient, Stepfactor, Voltage
angle, c(psi) kf (psi) change
psi deg factor,

ku(psi)
1 30 2.7 0.09 0.91
2 50 4.5 0.12 0.72
3 70 6.4 0.14 0.35
4 85 7.5 0.17 0.24

|"" 4. RESULTS AND DISCUSSION

In this study, three different connections scenarios were
analyzed to determine the contribution of wind and solar
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energy sources to the harmonic content and flicker levels of
the IEEE-33 bus. The bus and load data of the IEEE-33 bus
distribution system can be found in [12]

4.1 Integration of wind and solar PV to bus 6 and 15
each bus at a time

In this connection scenario each RES source was individually
connected to bus 6 and then to bus 15 to determine the level of
harmonic and flicker each source introduced in the
distribution system. Figs 5-8 shows the harmonic distortion
plots of integrating SPV and DFIG-WTG systems individually
to buses 6 and 15. From the simulated results, the THD values
obtained at the PCC after integrating SPV system to buses 6
and 15 were 0.5% and 1.2% respectively. For the integration of
the DFIG-WTG THD values obtained at PCC were 0.2% for
bus 6 and 0.4% for bus 15. From the distortion plots as well as
the values of the THD at PCC, the harmonic distortion
introduced due to the integration of SPV and DFIG-WTG
systems was within the prescribed IEEE 519-2014 limits for
MV networks. Table 5 shows the measured short (Pst) and
long-term (Plt) flicker perceptions for switching and
continuous operations after the integration of SPV and DFIG-
WTG systems. From the simulated results, the short and long-
term flicker introduced by the integration of SPV and DFIG-
WTG systems was within the compatibility levels for MV
networks as prescribed by the IEC 61000-3-7 specification.
From the simulation results, it is also evident that connecting
either SPV or DFIG-WTG at bus 15 introduces higher levels of
harmonic distortion and flicker emission.

TABLE 5 SHORT AND LONG-TERM FLICKER FOR SWITCHING AND
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buses 6 and 15 at the same time. For the second connection,
the two SPV generators were replaced by DFIG-WTG of the
same capacity. Figs 9-10 shows the harmonic distortion plots
at the PCC for the two connections. The values of THD
obtained after integrating SPV system to buses 6 and 15 are
0.9% and 1.5% respectively. For the DFIG-WTG integration
THD values obtained were 0.3% and 0.5% for bus 6 and 15
respectively. These values were higher than when either
source was integrated at each bus a time. The increase in
harmonic distortion is also evident by the increased
magnitudes of individual harmonics in Figs 9-10 when
compared to Figs 5-8 for each of the two RES types. The level
of harmonic distortion introduced by the two types of
connection at the PCC was within the 5% limit set by IEEE
519-2014 standard for MV networks. Table 6 shows the
measured short (Pst) and long-term (Plt) flicker perceptions
for switching and continuous operations for the two
connections. From the results of Tables 5 and 6, the level of
flicker emitted after the integration of either type of RES
increased as more generators of the same RES type were
connected to the IEEE-33 bus system. The DFIG-WTG system
was also found to emit higher levels of flicker than the SPV
system during continuous operation. The values of short and
long-term flicker perceptions obtained for the two connection
types were within the compatibility levels set by IEC 61000-3-7
standards.

TABLE 6 SHORT AND LONG-TERM FLICKER PERCEPTIONS FOR
SWITCHING AND CONTINUOUS OPERATION FOR SCENARIO 2.

CONTINUOUS OPERATION FOR SCENARIO 1. RES Bus Pst Plt Pst Plt
connection no (sw) (sw) (cont) (cont)
RES ~ Busno  Pst Pt Pst Pt SPV to buses 6 00917 00682 00119  0.0119
type (sw) (sw) (cont)  (cont) 6 and 15 15 02374 01764  0.0302  0.0302
SPV. Bus6 00751 0.0558 0.0085  0.0085 DFIG-WTG 6 01143 0.0689 02010  0.2010
Bus15 0.2356 01750  0.0290  0.0290 to buses 6 15 02350 0.1416 03423 03423
DFIG- Bus6 0.0939 0.0565 0.1447 0.1447 and 15
WTG Bus 15 0.2314 0.1394 03123 0.3123
4.2 Integration of two separate wind or solar PV
generators of the same capacity to buses 6 and 15
In this scenario, two types of connections were made. In
first connection two 0.5MW SPV generators were connected to
|
______ - - P — —— — — :
|
|
|
|
|
_-_.‘ a: ;a":’:' c O El—:—'t-;-:‘-‘ e - -
Fig 5..: HD of integrating SPV system at bus 6.
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Fig 7.: HD of integrating DFIG-WTG to bus 6 and SPV to bus 15

4.3 Integration of wind and solar PV generators at
buses 6 and 15 interchangeably

In this scenario two separate connections were considered.
In the first connection the SPV system was placed at bus 6 and
DFIG-WTG at bus 15 of the IEEE-33 bus system. For the
second connection the two RES types were swapped and the
DFIG-WTG was placed at bus 6 and SPV system at bus 15.
Figs 11-12 illustrate the harmonic distortion plots at the PCC
for the two connections. The measured value of THD at PCC
for the first connection were 0.6% for bus 6 and 0.7% for bus
15. For the second connection the obtained THD values were
0.6% for bus 6 and 1.3% for bus 15. It is evident that the values
of THD obtained decreased when a combination of the DFIG-
WTG and SPV systems was connected to buses 6 and 15
compared to the integration of two separate SPV generators at
buses 6 and 15 of the IEEE-33 bus. The best combination
scenario was the first connection due to the low values of THD
and HD as illustrated by Fig 11. In the two connections
considered for scenario 3, the values of THD obtained were
within the 5% limit set by IEEE 519-2014 standards. Table 7
shows the measured short (Pst) and long-term (Plt) flicker
perceptions for switching and continuous operations for the
two connections under consideration. These values were
within the compatibility levels set by IEC 61000-3-7 standards
for MV networks.

TABLE 7. : SHORT AND LONG-TERM FLICKER FOR SWITCHING AND
CONTINUOUS OPERATION FOR SCENARIO 3.

5. CONCLUSION

The impact on harmonics and flicker of the IEEE 33 bus after
integration of RES has been studied and THD and short and
long-term flicker perceptions measured at medium voltage.
The results indicate that the level of harmonic distortion and
flicker emitted increases with the penetration level of the SPV
and DFIG-WTG systems into the distribution network.
Amount of THD and flicker introduced into the distribution
network also depends on the type of RES. From the
simulations it was established that the level of harmonic
distortion and flicker was within the limits prescribed by the
IEEE 519-2014 and IEC 61000-3-7 standards. Furthermore, it
was established that the integration of the same type of RES
produced higher THD than a combination of various RES

types.
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