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ABSTRACT

In a conventional power system, a synchronous generator characterized by high-speed operating condition has been
widely implemented. However, those high-speed synchronous machines are not suitable for a power plant powered by
renewable energy (RE) due to the uncertain feature of renewable resources. To overcome this problem, an electrical
machine with a low-speed characteristic is required for ensuring stable operation and maintaining the output power of
the RE-based distribution generation (DG) unit. In this paper, a low-speed permanent magnet synchronous generator
(LS-PMSG) is designed and implemented. To realize low-speed operation capability, the multi-stages permanent magnet
synhcronous machine is proposed. The multi-stages machine equipped with two stators and three rotors construction.
From the experimental results, it was monitored that output voltage of single rotor of the designed machine was 35 V.
Moreover, to increase the output voltage to 50 V, those three rotors can be connected in series.
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INTRODUCTION

The significant increase in population leads to an increase in electrical load. Consequently, the utility must proportionally
generate more power to deal with the increase of demand both in urban and remote areas. On the other hand, expanding
transmission and distribution networks is a costly option for providing electricity services for the small community in a
remote area. Moreover, environmental issues have to be considered in generating electrical power. To solve this problem,
a small-scale power plant powered by renewable energy resources such as solar energy, wind and hydro have become
main considerations. As a country with an abundant hydro resource, the small-scale hydropower plant has been widely
applied and implemented in Indonesia for providing electricity service for the rural community which cannot be reached
by distribution network from the utility company. A micro-hydro or even pico-hydro scale power plants have become
popular due to its low-price investment and easy to handle features.

Even though small-scale hydropower generation is a reasonable solution for rural area electrification, uncertain
condition of water level and continuity of water flow have become major concern in developing those small-scale
hydropower generation plant. On the other hand, generally, a permanent magnet synchronous generator with high-speed
characteristic mostly implemented in those hydropower generation units. As a result, it is difficult to maintain the output
power of the micro or pico-hydropower plant under low-level water and slow water flow conditions. To maintain
stability and ensure continuity of electricity supply, a small-scale generator which can be operated efficiently in most of
the water level and flows ranges with an acceptable power output

Most of the generator available in the market is the permanent magnet generator with a high-speed characteristic
which requires an initial electric power to create a magnetic field [2]. Therefore, it is difficult to implement this type of
generator for small scale hydropower plant. A low-speed permanent magnet synchronous generator (LS-PMSG) is
considered [3] for this research. The proposed synchronous machines can be operated at a lower speed to maintain the
power output under lack of hydropower resource in term of low water level and slow water flow. It is expected that with
LS-PMSG, enhancement of power output stability can be maintained in most of the water circumstances throughout the
year.

This paper addresses the design and manufacture procedures of LS-PMSG for micro and pico-hydropower plant.
Multi-disc LS-PMSG type is selected since it is more efficient and can generate more power. The multi-disc design offers
more flexibility in increasing the generator capacity by adding the number of rotor and stator. Moreover, it also can be
coupled with various types of turbines without significantly change the output power characteristic of the machine.

DESIGN OF LS-PMSG

The following section delivers design and manufacture procedures of proposed LS-PMSG involving selections and
calculations of the magnetic core, stator, and rotor.

The first step for machine design is determining the operational frequency and nominal speed. Correlation between
the rotating speed of stator magnetic field and frequency is given in the following equation
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120 x f
p

Where p and ng represent the number of poles and the nominal speed of the machine.

It was planned that the proposed LS-PMSG is operated under 50 Hz nominal frequency and 600 rpm nominal speed.
From (1), the number of poles can be determined. Hence, according to the planning design, 10 number of poles is
obtained.

The second stage for designing the LS-PMSG is rotor design. The acrylic material coated with aluminum with a
diameter of 30 cm is selected. That material is then processed to facilitate placement of magnetic core.

Neodymium material is selected to create 10 magnetic poles as depicted in Figure 1.

Ng rpm (1)

Fig. 1. Neodymium permanent magnet material.

Design and characteristic of the magnetic pole are determined using the following procedures.
A. Determining the Magnetic Flux Density
Magnetic flux density is calculated using the following equation,

bn () %)

Bmax = Br x

m
Where, Bmax, Br, Lmand Sare... respectively.
According to design consideration, it was determined that B, 1.17 T (Magnet NdFeB type N35) which had 60 mm
length, 15 mm wide and 5 mm height. Assuming that the implemented air gap is 3 mm and implementing (2), the
maximum magnetic flux density (Bmax) can be calculated as 0.0538058 T.

B. Determining the Area of Permanent Magnet Poles

The area of the magnetic pole determines the area of the rotor which has a disc shape. Moreover, the size and shape of
stator proportionally follow the size and shape of the rotor to synchronize the axial magnetic flux from the permanent
magnet pole at the rotor and magnetic and winding at the stator. The rotor topology of the proposed LS-PMSG is
depicted in Figure 2.

Fig. 2. Design of rotor of LS-PMSG.

Since the rotor side is in a cylindrical disc shape, the magnetic area (Amagn) Can be calculated as given by the following
equation,
(G —) (o —i)Nm
N m

Am agn = €))
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Where r, is the outside magnetic radius, riis the inside magnetic radius. While rf and N, represent the distance between
the magnetic pole and number of magnetic poles respectively. From the calculation, the area of each rotor disc is
0.002063466 m?. The values of those parameters are given in Table I.

TABLE |. ROTOR DESIGN PARAMETERS

Parameters Values
o 13cm
ri 8cm
Rf 6.5cm
Nm 10

C. Determining the Maximum Flux for Permanent Magnet
The maximum flux from for permanent magnet pole can be determined from the correlation between maximum flux
density (Bmax) and area of the pole (Amagn) Using (3),
Pmax = Arnaan Bmax Wb 4
Where dgnax represents maximum flux in each permanent magnet pole. From the obtained values of Bmax and Amagn from
previous calculation procedure, the maximum flux of each permanent magnet pole is 0.0001110265 Wh.

D. Design of Stator Winding

Several winding slots at stator side is 10. The corresponding number is selected according to the number of magnetic
poles at the rotor side. The equal number of stator winding slots and permanent magnetic poles is considered to make
sure that the circular distance of stator is matched rotor. Moreover, it ensures that all the winding will be fully covered
with magnetic flux, providing nominal induction voltage for the generator. The design of stator winding slots is shown in
Figure. 3.

Fig. 1. Fig. 3. Stator winding slots.

After determining the number of slots, the next procedure is determining the number of the stator winding. The

number of the stator winding is derived as given by the following equation:
Ng =px(Nph/2) (®)

Where Ns and Ny represent a number of the stator winding and phase respectively. It is assumed that Ny is 2 (one phase
and one neutral). Therefore, N5 can be determined as 10. The corresponding value is selected based on a number of poles
at the rotor side, the stator size would be proportional with the rotor size. Moreover, it is expected that all the stator
winding would be passed by magnetic flux. Number of turns in every slot is then determined. In this paper, 142 turns are
selected to provide nominal induction voltage in the output terminal of the machines. The obtained design of rotor and
stator with 10 poles is depicted in Figure. 4.

Fig. 4. The 10 poles rotor of LS-PMSG
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The benefit of circular disc type of the proposed LS-PMSG is the flexibility to change the capacity of the machine. As
the induced voltage and output power is highly correlated with the amount of magnetic flux, poles, and windings, the
output power can be increased proportionally by increasing the number of rotor and stator discs. In this paper, the
proposed LS-PMSG employed two stators and three rotor discs in order to generate the designed output power and
terminal voltage. The construction of those two stators and three rotor LS-PMSG is shown in Figure. 5.

Fig. 5. Two stators and 3 rotor LS-PMSG.

E. Design of Electrical Output Values

The proposed LS-PMSG is designed to have 10 poles for generating single phase voltage and output power. The
magnetic poles are manufactured from permanent magnet NDFeB-35 with 60 mm x 15 mm x 5 mm dimension. Those
poles are positioned in circular position according to rotor shape. The design of two stators and three rotors type of LS-
PMSG using the NDFeB-35 poles is shown in Figure. 6.

Fig. 6. Single phase LS-PMSG consisting of two stators and three rotors with NDFEB-35 poles.

Induced voltage, generated by two stators and three rotor type of LS-PMSG can be calculated as given by
Erms =4.44x N x f x@a x(Ns/Npp) Vot (6)

Where Ems represents rms value of induced voltage from the machine.

Using the obtained parameters as given in the previous sections, the E;ns values of the proposed LS-PMSG is 35 V.
While, the rated current of the machine can be calculated using an apparent power equation. From the calculation, the
rated current of the machine is 2 A.

As nominal voltage and current have been determined, the rated output power can also be obtained. Assuming that the
designed power factor is 0.8, the rated active power of those single-phase LS-PMSG with two stators and three rotors

type is 56 W.

F. Design of Electrical Output Values

After determining and calculating all the design procedures involving pole, stator, rotor, and electrical output values,
the manufacturing stage can be conducted. In this research, the permanent magnet pole is ordered from the other
company. Hence it is not involved in the discussion. The permanent magnet pole is depicted in Figure. 7.

First step in manufacturing the LS-PMSG is cutting process to create rotor and stator cylindrical disc shape. All the
acrylic material is cut using laser according to the determined size and shape. The acrylic material is shown in Figure. 8.
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Fig. 7. Permanent magnet for LS-PMSG poles.

Fig. 8. Acrylic material.

The second step is making the winding as shown in Figure. 9. According to the planning, 142 turns and 20 windings
are required to build the proposed machine. The winding is then installed to stator as depicted in Figures 10 and 11.

Fig. 10. Installing winding to the stator.
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Fig. 11 The winding to the stator installed permanently.

When the stator winding is ready, the next stage is installing rotors in one shaft. The rotors are installed inside the
aluminum disc. Installation of three rotors LS-PMSG is depicted in Figure. 12. The stator is then situated in between that
three rotor disc to complete the proposed LS-PMSG. The complete manufacture of two stators, three rotors of LS-PMSG
is depicted in Figure. 13.

2
1

Fig. 13. Complete manufacture of proposed LS-PMSG.

TEST AND EXPERIMENTAL RESULTS

The following section provides the test, experimental results of the LS-PMSG. Generator tests are conducted in series
and parallel connections under no-load and full load conditions to obtain the characteristic and check the connection
between the stators. Under loading condition, the generator is coupled with the prime mover through the variable speed
drives to observe generator performance under various speed circumstances. The output voltage, current and power of the
generator are then monitored, and electrical characteristic is recorded.

Figures 14 and 15 shows the correlation between the terminal voltage of the generator and operating speed in stator 1
and stator 2 respectively under no-load condition. While the difference of terminal voltage in stator 1 and 2 under no-load
condition is shown in Figureure 16. Table 2 represent detailed data during the test. It was monitored that the terminal
voltage of the generator is proportionally increased when the operating speed is gradually increased. The terminal voltage
is increased to 49.9 Volt under 1000 rpm operational speed. While, under nominal operating speed around 600 rpm, the
monitored voltage in stator 1 and stator 2 are 29.9 and 28.1 respectively. Under the no-load condition, the generator can
handle operational speed above the nominal speed without experiencing overheat.

From several simulations, it was monitored that the proposed LS-PMSG can maintain the frequency around 50 Hz under
various operating speed. It was also observed that the efficiency of the proposed two-stators, three-rotors LS-PMSG in
average is around 85.4%.
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Fig. 14. Terminal voltage of Stator 1 under no-load condition.

50
ot
o i
"
rd
= 30 rard
o ‘_.O‘
> 20 per .
"
" T
O,tff
O O OO0 O OO0 000000000 OO0 oo
OO OoOLWOoOLWwOoOLwOoLwOoLwOoLwmoLwo
HHNNMM##LDLD@@I\I\CDCDCDO’S
Rpm

Fig. 15. Terminal voltage in stator 2 under no-load condition.
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Fig. 16. Terminal voltage in stator 1 and 2 under no-load condition.

TABLE 2. NO-LOAD MEASUREMENT

No. Speed Stator 1 Stator 2
(rpm) Voltage (V) Voltage (V)

1 50 2.6 2.5

2 100 45 4.4

3 150 7.3 7.1

4 200 9.6 9.4

5 250 12.0 11.8

6 300 14.8 14.4

7 350 16.8 16.2

8 400 19.7 19.0

9 450 22.3 21.1
10 500 24.6 23.4
11 550 27.3 25.6
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The second generator test is conducted under loading condition. To simulate the loading scenario, a DC lamp 12 Volt,
21 Watt is considered as a load. Under loading conditions, voltage droop across the winding of the generator was
monitored. As the load is connected to the generator, the operating speed is lower than under no-load condition. It was
clearly seen that there was a significant difference around 18 Volt was monitored between no-load voltage and loading
voltage of the generator. The detailed experimental data both under no-load and loading scenarios are presented in Table
I1. The voltage profile in stator-1 and stator-2 in series connection under the no-load condition and loading circumstances
are shown in Figures 17 and 18 respectively. While the voltage profiles difference between those two scenarios is shown

in Figure 19.

TABLE 3. NO-LOAD AND LOADING MEASUREMENT FOR SERIES CONNECTION OF GENERATOR.

Series Connection

NO RPM 2, 8, £, 5, & 5
o o = = o Q.5
42 J8 §2E8 £ E£EZ
pd 2 - | O - §
1 50 49 44 0 0 - Off
2 100 94 87 0 0 - Off
3 150 144 12,4 0 0,2 - Off
4 200 19,3 16,9 0 06 0,21 Off
5 250 243 214 02 18 0,23 Dim
6 300 289 256 05 22 0,42 Dim
7 350 333 294 09 27 054 Dim
8 400 396 351 1,7 3,6 0,63 Dim
9 450 436 389 38 53 0,64 Bright
10 500 47,7 422 58 6,2 0,74 Bright
11 550 53,0 50,1 86 7,3 0,83 Bright
12 600 56,9 549 10,8 8,3 0,95 Bright
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Fig 17. Voltage profiles in series connection under no-load condition.
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Fig 18. Voltage profiles in series connection under loading condition
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Fig. 19. Voltage profiles difference in series connection under no-load and loading condition.

CONCLUSIONS

The proposed generator type offers more flexibility in terms of increasing or varying the output power by proportionally
adding the number of stator and rotor cylindrical disc. The LS-PMSG with two stator and three rotor configurations can
be considered as a viable solution for small scale hydropower plants such as micro and pico-hydropower plant. From the
test and experimental results, it was monitored that the proposed type of LS-PMSG is promising and providing a good
performance under a wide range of operational speed. Hence, it can be considered for a small-scale power plant to handle
the uncertain condition of renewable energy resources.
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