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Abstract: Renewable energy technologies are the main focus in today’s world for scientists and engineers due
to global climate issues. Energy extracted from wind and solar are the two most established ones as more than
5% of electricity is produced from wind globally. This paper gives insight knowledge to the energy planners for
developing a cost-effective way to mitigate the electricity problems in low-income areas by incorporating the
energy mix of wind and solar. A Surface Mounted Permanent Magnet Synchronous Generator is designed
for the location and simulated in Matlab. With a fixed rated speed of 100 7p, based on the load calculation,
the number of poles and slots calculated are 60 and 180 respectively. The total load demand is shared 50%
between wind and solar as per the load demand of the locality. The total capacity of the generator designed
is 60£WV. Sensitivity analysis of the designed machine is done by varying the hyper-parameters of the wind
turbine generators.
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Introduction demand from the non-conventional resources (Chiari
et al., 2011). Renewable energy exists in the form of
solar, wind, hydro, biomass, geothermal, and tidal

energy in nature (Alrikabi, 2014). If only wind energy

is taken into account as this paper would deal, then it is

! I \he  worldwide increasing  environmental
and ecological constraints resulted from the

extraction of energy from fossil fuels with its limited

availability in the future (Herbet ez a/., 2007), has
compelled the world policymakers on renewables
to look for alternate resources of energy. Besides the
depletion of fossil fuels, the environmental concerns
due to the emission of CO, gas, which has its role in
Global Warming and other toxic gases are some of
the major restraints that have highlighted the energy

important to understand the scientific reason behind
the existence of wind on earth’s atmosphere as it is
only possible to get feasible energy out of the wind on
earth’s atmosphere where wind speed is sustainable to
rotate the wind turbine. The different weather patterns
resulted from the uneven terrain on the earth’s surface
and geographical tilt causes different heat conditions
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near the surface of the earth from the sun that
causes the wind to blow from higher atmospheric
pressure to lower atmospheric pressure (Herbet ez
al., 2007). According to the multi-criteria decision
analysis (Saleem and Ulfat, 2019), conducted for
the different alternatives for the household domestic
sector in Pakistan, wind energy is ranked the second
most feasible alternative for the household energy
demand sector. In Permanent Magnet Synchronous
Generator (PMSG) was designed for 1500W rated
power (Hebala ez a/.,2017). In this paper, the PMSG
Wind turbine generator is designed for 60kW rated
power and its simulation is done by using Matlab
Simulink software. The structure of this paper is
categorized as follows: The ratings/specifications of
the generator along with the comparative analysis
between different topologies of generators consisting
of the Squirrel Cage Induction Generator (SCIG),
Doubly Fed Induction Generator (DFIG), and
Permanent Magnet Synchronous Generator (PMSG)
are studied in section I. The type of generator with
the highest performance is considered for the locality
along with its topology. The methodology of the
designed machine is explained in section II. The
designed machine sensitivity is evaluated against its
calculated parameters in the result and analysis section
IIL. In the end, the conclusion has been highlighted
in section IV.

Rating/specification of wind generator

The design of the Generator from the Wind Turbine
is based on 100 houses in a locality. The maximum
load demand in the location is in the summer season
where the average load demand is 39kWh for the six
months of the summer season and the average load
demand for the winter season is 15.6kWh. Based
on the location of Pakistan the design system of the
Renewable Energy System is a hybrid one with an
addition of solar PV and will be Grid-connected
(Baloch ez al.,2019). The rating of the wind generator
is such that 75% of the total load demand is divided
into a 50% share, between the solar PV and the
Wind Energy system. Since the design is made for
the summer season and the maximum average load
in the month of summer is calculated from Table 1,
as 39kWhx0.75x0.5=14.625 kWh per day. The load
in kW is calculated as 14.625/24= 0.61 kW and for
the 100 homes, the total load calculated demand is
0.61x100=61 kW.

'The power factor is roughly taken as unity; since the
power converters will nullify all the reactive power as
all the power transformer is an active power in “Watts”

so the generator power in kVA same as 61 kVA.

Table 1: Load calculation.
Months Totalload Actual Load (Wh) Days Total Load

perday  perday for the in one year

(Wh) wind energy (Wh)
Jan 15600 5850 31 181350
Feb 15600 5850 28 163800
Mar 15600 5850 31 181350
Apr 39000 14625 30 438750
May 39000 14625 31 453375
Jun 39000 14625 30 438750
Jul 39000 14625 31 453375
Aug 39000 14625 31 453375
Sep 39000 14625 30 438750
Oct 15600 5850 31 181350
Nov 15600 5850 30 175500
Dec 15600 5850 31 181350
Average 327600 122850 365 3741075

Tradeoff between different topologies on the type of
generators

In the case of grid-associated short circuit faults,
the SCIG is more superior to DFIG due to its
detachability option from the grid. In DFIG 30%
of the output power passes via a power converter
making it advantageous as low-cost power converters
can also be used (Beainy ez a/., 2016). In the case of
altogether effectiveness, robustness, and longevity
the direct-drive PMSG system is more superior
on offshore sites (Beainy ez al., 2016). The power
specification determined for a load demand of 100
homes is 61kW. Based on the classification of wind
turbine technologies, the design of the wind turbine
generator will fall in the medium-size category, with
a generator type as Permanent Magnet Synchronous

Generator (Patil ef a/., 2013).

Selection of machine topology

In terms of high reliability, low cost, technical maturity
a surface-mounted PM generator is considered to be
the best choice according to TOPSIS analysis (Gupta
and Singh, 2016). A surface-mounted PM generator
has a typical configuration where the magnets are
affixed at the top surface of the rotor, hence the name
‘Surface Mounted Permanent Magnet’ (SMPM)
machine. In this setup to balance the centrifugal
force, the magnets are affixed to the rotor surface. The
orientation of magnets is made in the radial direction
but least common in the circumferential direction.
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'The reactance in the quadrature and direct directions
are almost the same. Due to simple rotor contour,
amongst other configurations, the construction of
the rotor core is the easiest in SMPM (Madani ez
al., 2015). 'The surface-mounted configuration is
shown below. Due to simple rotor geometry, the non-
salient surface-mounted permanent magnet topology
is selected to lessen the overall cost of the machine
(Madani ez al.,2015). In the non-salient machine, the
quadrature axis inductance and direct axis inductance
are both equal since the permeability of free air is
almost equivalent to the permeability of a permanent
magnet.

Figure 1: A Surface mounted rotor for a PMSG.

Windings

'The windings generally use are Distributed Winding,
Concentrated Winding, Fractional Slot Winding,
and Single Layer Concentrated Non-Overlapping
Winding. In terms of efficiency for low-speed
applications such as wind turbines, concentrated
windings are more efficient to be used (Ghoneim
et al., 2016). A Surface mounted rotor for a PMSG
and Matlab Simulink design of PMSG are shown in
Figure 1 and 3, respectively.

Materials and Methods

Design of a selected machine
'The design flow chart is shown in Figure 2.

The following constants like the winding factor
K , tooth flux density B, remnant flux density B,
Stator flux density B and lamination filling factor
K, is taken from the literature review (Hebala ez
al., 2017; Ghoneim ez al., 2016). The methodology
of the designed machine has been incorporated in
the flow chart. The design of the generator has been
evaluated in excel also given in the appendix section.
The novelty of the design is based on modifying

the slot depth and its dimensions until a difference

in magnitude of the area of slot calculated through
iteration and area of slot evaluated by equation 4 / K,
reaches the minimum value of 5 % of A (area of slot).
Consequently, the magnet thickness, stator inner/
outer radii, rotor inner/outer radii, air-gap length, and
Stack length all change with the modifications based

on the size of the PMSG wind turbine generator.

Figure 2: Design flow chart.

Results and Discussion

The Matlab Simulink diagram is made after setting
the speed at a rated value of 100 rpm, (Madani
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et al., 2015). A Low pass (LC) filter is added after
rectification to remove higher harmonics while
smoothing the curve. The values of inductance and
capacitance are set to the values of 50x10°H and
50x10F respectively. The input torque defined by
the step input to the PMSG block is readjusted with
a step time given at 0.2 while limiting the simulation
to a 1-time unit. Average load demand per day
calculation for a building apartment for winter and
summer seasons as shown in Supplementary Table 2.

'The input torque to the generator is calculated as:

Calculated load, Pm _ 60,000
Angulare Speed of Rotor in Rad/Sec - (2m/60) x 100

Torque = = 5729.74 Nm

Resistance of stator, Armature Inductance, Flux
linkage, and pair of poles are found to be:
The Resistance of the stator R, is calculated as;

Where p is the resistivity of the copper (1.77x10%), L
is the Stack length and A is the area of the conductor,
using Equation 1, putting the values calculated in the
excel sheet from Supplementary Table 1:

R — 1.77%107% X Stack lenght X Ny,
= nDc?
4
B 1.77x107% x 1.095 x 60
s 70.00442
4

R_ =03 0/phase (2)

With the addition of 1.92 Q resistance of the
connector and 1.92 Q resistance of the junction the
total resistance of the stator becomes:

R,=031+192+192
R, =4150

The stack length L, Coil turns N, and the diameter
of the conductor D are taken from Supplementary

Table 1).
Armature Inductance is fixed at H=2X10° Henry.

The flux linkage is calculated as;
Flux Linkage = N, X ¢ ..

(3)
Where; flux per pole,

¢ = B, X Area of one pole And,

Area of one pole =1, X L,

T, is the pole pitch and B, is the air gap flux density,
'Therefore, using Equation 3,

Flux Linkage = Ny, X By, X T, X L o0
= (60 X 0.65 X 38.039 X 1094.81)/(1000 X 1000)
Flux Linkage, ¥ =1.624 Weber-turn

(values are taken from the Supplementary Table 1).

'The number of poles calculated is:

_ 120X f(Hz)
T R
120 X 50
P=——+

100

P=60 poles
The number of slots N is calculated as:

Since the number of slots per pole per phase q=1.

'Therefore,

N, = 3 X Poles
N_=3x 60 = 180 slots

The input parameters for the permanent magnet
synchronous generator are given below:

Resistance of the Stator Rs= 4.15Q
Armature Inductance (H)=2x10° henry
Flux linkage=1.624 Weber-turn
Pair of poles = 30

Sensitivity of the designed machine

'The Sensitivity of the designed machine about the flux
linkage ¥, the stator resistance R and the armature
inductance H are considered. Figure 4, shows the
Voltage measurement between terminals A and B,
which is about 400 Volts according to the PMSG
parameters given in Table 5. It also shows the speed
of the rotor which is according to the rated speed of
100 rpm.
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Figure 3: Matlab Simulink design of PMSG.

Figure 4: Voltage Measurement between terminal A and
B and Speed in rpm.

Table 2: Comparison of different types of generators
(Gupta and Singh, 2016).

Genera- Energy Cost Relia-  Grid Sup- Tech-
tor type yield bility  portability nical
Maturity
SCIG  Least  Least  Highest Least Highest
WRIG  Average Highest Highest ~ Highest
highest
DFIG  Average Average Average Average  Highest
highest
PMSG Highest Average Average Highest  Average
highest highest highest

Table 3: Constant parameters (Madani et al., 2015).

Parameter names Values in units
Winding factor, K| 0.866

Tooth flux density, B, 18T
Remnant flux density, B, 1.6T

Stator flux density, B, 1.6T
Lamination filling factor, K 0.45

il

Electric loading AC 25000watt-hours

Variation of flux linkage and its effect on the output load
voltage and speed while keeping other parameters constant
By increasing the flux linkage from, a calculated
value of 1.624 weber turns to 2.124 weber turns the
voltage between terminal voltage and speed of the
rotor decreases. It further decreases when the flux
linkage is 2.624-weber turns. By decreasing the flux

linkage from a nominal value of 0.624 weber-turns
the speed of the rotor increases drastically while the
voltage across the load between terminal A and B
also increases. Constant and designed parameters of

PMSG are shown in Table 3 and Table 4.

Table 4: Parameters of PMSG to be designed.

Parameters Value

Pole number 60

Slot number 180
Number of phases 3

Rated speed in rpm 100

Rated output power (W) 602
Rated Torque (N.m) 5729.75 Nm
Induced Voltage (V) 230
Estimated efficiency (%) 90%
Winding turns per slot (turns) 5

Stator radius: inner/outer (m) R , R 0.729/ 0.762
Rotor radius: inner/outer (m) R , R 0.696/ 0.726
Air-gap length (m) lg 0.0015
Magnet thickness (m) /_ 0.001

Stack length (m) 1.094

Slot Depth (m) 0.011

Slot opening Width (m) 0.00254
Tooth width #_(m) 0.00517
Core material/ Permanent magnet N30AHNdFeB

Parameters validated through Motor-solve software.

Table 5: PMSG parameters.

Name of the Parameter Calculated value
Flux Linkage ¥ 1.624 weber-turns
Stator Resistance R, 4.15 ohms
Armature Inductance (H) 2x 10° H

For flux linkage 2.124 weber-turns

Figure 5, shows voltage between terminal A and B
when the flux linkage is increased to 2.124 weber-
turns. As we can see the voltage between the two
terminals has decreased from the nominal value. It
shows the speed of the rotor in rpm which is reduced
to 60 rpm.

Figure 5: Voltage Measurement between terminal A and
B and Speed in rpm.

June 2021 | Volume 40 | Issue 1 | Page 56



OPEN aACCESS

Journal of Engineering and Applied Sciences

For flux linkage 2.624 weber-turns

Figure 6, shows the voltage between terminal A and B
when flux linkage is further increased to 2.624 weber-
turns, while the speed of the rotor in rpm when the
flux linkage is increased to 2.624 weber-turns.

Figure 6: Voltage Measurement between terminal Aand
B and Speed in rpm.

For flux linkage 0.624 weber-turns

Figure 7, shows the voltage across the terminal A and
B when flux linkage is reduced to 0.624 weber-turns
while showing the speed of the rotor in rpm when
the flux linkage is reduced to 0.624 weber-turns. The
speed of the rotor has greatly increased to around 680
rpm.

Figure 7: Voltage Measurement between terminal A and
B and Speed in rpm.

Variation in stator resistance while keeping other
parameters constant

On increasing the stator resistance from the calculated
value of 4.15 ohms to 4.65 and 5.14 ohms, the voltage
between terminal A and B does not change much
while the rotor speed in rpm slightly increases. On
decreasing the stator resistance to 3.65 ohms, the
rotor speed reduces from 100 rpm, while the voltage
across the terminals remains unchanged.

For Stator Resistance of 4.65 ohms

Figure 8, shows the voltage between terminal A and B
when the stator resistance is increased to 4.65 ohms,
while it shows the speed of the rotor in rpm which
shows an increment from the rated value.

Figure 8: Voltage Measurement between terminal A and
B and Speed in rpm.

For stator resistance of 3.65 obhms

Figure 9, shows the voltage across the terminal A
and B when the stator resistance is reduced to 3.65
ohms, while showing the rotor speed in rpm when
the stator resistance is reduced to 3.65 ohms. It shows
that speed in rpm to be slightly reduced by 90 rpm.

Figure 9: Voltage Measurement between terminal A and
B and Speed in rpm.

For stator resistance of 5.15 ohms

Figure 10, shows the voltage across the terminal when
the stator resistance is increased to 5.15 ohms, while
it shows the speed in rpm when the stator resistance is
set to 5.15 ohms. It shows that the speed is increased
to 118 rpm.

Figure 10: Voltage Measurement between terminal A
and B and Speed in rpm.

Variation of armature inductance while keeping other
pammeters constant
On increasing the armature inductance from the
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calculated value of 2x10°H to 2x10~°H and 2x10*H
the voltage across the terminal does not change much
while the rotor speed shows an abrupt increase at the
step input of 0.2 and we can see disturbances along
the line of 100 rpm. By decreasing the value from
2x10°H to 2x107H and 2x10H the voltage across
the terminal A and B rotor speed remains the same.

For armature inductance of 2xexp-7 henry

Figure 11, shows the voltage across the terminal
when the armature inductance is set at 2x107H,
while it shows the speed in rpm when the armature
inductance is reduced to 2x107H.

Figure 11: Voltage Measurement between terminal A
and B and Speed in rpm.

For armature inductance of 2xexp-8 henry

Figure 12, shows the voltage between terminal A and
B when the armature inductance is further reduced to
2x10*H, while it shows the speed in rpm when the
armature inductance is set to 2x10H.

Figure 12: Voltage Measurement between terminal A
and B and Speed in rpm.

For armature inductance of 2xexp-5 henry

Figure 13, shows the voltage across the terminal A
and B when the armature inductance is increased to
2x107H, while it shows the speed in rpm when the
armature inductance is increased to 2x10~°H from the
nominal value. We can see a spike in rotor speed at

step input of 0.2.

Figure 13: Voltage between terminal A and B.

For armature inductance of 2xexp-4 henry

Figure 14, shows the voltage across the terminal
A and B when the armature inductance is further
increased to 2x10H, while it shows the rotor speed

in rpm when the armature inductance is increased to
2x107H.

Figure 14: Voltage between terminal A and B.
Conclusions and Recommendations

Inlow-income countries, harvesting energy from wind
and solar is considered the most viable option to meet
residential demand for a particular locality. However,
the designed capacity of the generator could change
with the increasing energy demand in different areas.
Decentralizing the energy mix into smaller units is
an option to lessen the burden on the national grid
which will have an impact on reducing the usage
of fossil fuels and minimize CO, emissions. This
paper brings an idea to the town planners and local
developers of the power market that electricity can
be fed to the residential communities from wind and
solar while solving the two renewables’ intermittency
issues and giving better life quality for the community
of that area.

Novelty Statement

The novelty of the design is based on modifying the
slot dimensions until a difference in magnitude of
area of slot calculated through iteration and area of
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slot evaluated by equation A_cs/K_fill reaches the
minimum value of 5 % of A_s (area of slot).
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