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ABSTRACT

This research presents the design and development of an automatic controller for 

a pico hydro power plant, using a 2.2 kW, 380 V, 50 Hz, 1430 rpm, 4 pole three-phase squirrel 

cage induction motor as a self-excited induction generator (SEIG). The prototype pico hydro 

power plant was constructed using a 2.2 KW variable speed three-phase squirrel cage induction 

motor as a prime mover. The automatic controller for the pico hydro power plant uses a constant 

flux technique to control the excitation in the SEIG, the ratio of voltage to frequency under 

various rotor speeds and loads was maintained by controlling the capacitor banks connected to the 

generator output terminals.  The automatic controller was tested under various load and speed 

conditions.  It is found that the prototype SEIG has a stable operation under varying loads and 

speeds. The maximum efficiency at 62.73 percent of the rating is 79.90 percent. However, the 

efficiency decreases when the SEIG operates at lower frequencies.

Keywords:  Self-excited induction generator, V/f control, Performance of induction generator. 



(6)

                      
              (6) 

                        (12) 

          (13) 

1. .................................................................................................................................. 1

1.1 ............................................................................ 1

1.2 ................................................ 2

1.3 ........................................................................................................... 3

1.4 ...................................................................................................... 3

1.5 .................................................................... 4

2. ............................................................................................................. 5

2.1  (Pico Hydro Power Plant)............................     5

2.1.1 ............................................................................................. 6

2.1.2 ...................................................................................... 6

2.1.3 .................................................................................................... 6

2.1.4 ............................................................... 6

2.1.5 .................................................................................................. 6

2.1.6 ............................................................................................... 6

2.1.7 ........................................................................................... 6

2.2 .................................................................................................... 6

2.3 ........................................... 8

2.3.1  (Voltage Build Up) 

.......................................................... 8

2.3.2

.................................................................................................... 8

2.3.3

……………………………………………………………………. 9



(7)

 ( )

2.3.4 ……… 10

2.3.4.1 .................................... 11

2.3.4.2 ............................... 11

2.3.5

…………………………………………………………………... 11

2.3.5.1

…………..... 15

2.3.6  (Cmin)

............................................................................................................ 16

2.3.7 ....... 18

3.

....................................................................................................................................... 20

3.1

………………………………………………….................. 20

3.1.1

............................................ 21

3.1.1.1 ............................................................................. 21

3.1.1.2 ............................................................................. 21

3.1.2

................................................. 22

3.1.2.1 …………………………………………………. 22

3.1.2.2 ............................................................................. 23

3.1.3

.................................................................... 24

3.2

................................................ 25

3.2.1 ............ 25



(8)

 ( )

3.2.1.1  1 

.................................................................................................. 25

3.2.1.2

…………… 25

3.2.2

…………………………………... 28

3.2.3

.......................................................................................................... 28

3.2.3.1

......................................................................... 28

3.3

…………………. 34

3.3.1 …………………………………………………… 34

3.3.2 ……………………………………………………………. 35

3.4

…………………………………………………... 36

3.4.1 …………………………………………... 36

3.4.1.1 ……………………………………………… 36

3.4.2 ................................................................................ 37

3.4.3 ……………………………………………………………. 37

3.5

………………………………………………………... 39

3.5.1 …………………………………………………… 39

3.5.2 ............................................................................................. 39

3.6 …………………... 42

3.6.1 …………………………………. 42



(9)

 ( )

3.6.1.1 ………………………. 42

3.6.1.2.

……………………………………………………… 42

3.6.2 …………………………………………………… 43

3.6.3 ……………………………………………………………. 43

4. ……………………………………………… 44

4.1 ………………………………………………………. 44

4.1.1 ……………………………………….. 44

4.1.1.1 ……………………………….. 44

4.1.1.2 ........................................................................... 46

4.1.1.3  (Relay)…………………………………………………… 47

4.1.1.4 ……………………………………………… 47

4.1.2 .................................. 48

4.1.2.1  (Control System)……………………………….. 48

4.1.2.2 ....................................................... 53

4.2 ………………………………………………………... 54

4.2.1 …………………………………… 55

4.2.2 ……………………………………………. 55

4.2.2.1 .............. 55

4.2.2.2 ............................... 55

4.2.2.3

.............................................................. 56

4.2.2.4

………………………………………….. 60

4.2.2.5

...................................................................................................... 62



(10)

 ( )

4.2.2.6

………………………………………………………………... 63

4.2.2.7 ... 64

4.3

………………………………… 66

4.3.1

…………………………………………………………………………... 67

4.3.2

..................................................... 67

4.3.3 ………………………………………………….. 68

4.3.4 …………………………………………………………... 68

4.3.4.1

………………………………………………… 68

4.3.4.2

………………………………………………………… 69

5. ………………………………………………….. 72

5.1 …………………………………………………………………… 72

5.1.1 …………………… 72

5.1.2 …………………. 72

5.1.3 ……………………………………………… 73

5.1.4 ................................................. 73

5.1.5 …………... 73

5.2 .......................................................................................... 74

5.2.1 …………………………………………………………………… 74

5.2.2 …………………………………………………………….. 74

………………………………………………………………………………... 76

……………………………………………………………………………………. 78



(11)

 ( )

…………………………………………………………………………………. 79

…………………………………………………………………………………. 81

…………………………………………………………………………………. 84

…………………………………………………………………………………. 89

......……………………………………………………………………………. 91



(12)

                        
3-1  1 ...................... 25

3-2 ………………………………………. 42

3-3 ………….. 42

3-4 ………………………….. 43

4-1 …………………… 67

4-2

............................................................................................................................. 68



(13)

                           
2-1 .......................................................................... 5

2-2  1 ………………… 7

2-3  1 

..................................................................................................................... 9

2-4  1 

……………………………………………………………………………….... 10

2-5  Admittance Model.........................................................   12

2-6  1 ……...   12

2-7  1 

 (a)  (b)……………… 12

2-8  1 

 2-7……………………………………….. 13

2-9  1 

........................................................................................ 16

2-10

………………………….. 19

3-1

…………………………… 21

3-2

............................................................................................................................... 22

3-3

……………………………… 23

3-4

………………………………………………………………………….. 23



(14)

 ( )

                           
3-5

………………………………………………………………………….. 24

3-6

……………………………………………… 26

3-7  1 ..................... 25

3-8  (E1)  (Im)

.................... 26

3-9  (E1)

 (Xm)

........................................................................................................................... 27

3-10

 R=412.5  C=21.13 F................................................................... 28

3-11

 R=412.5  C=21.13 F…………………………………………………. 29

3-12

 R=412.5  C=21.13 F................................................................... 29

3-13

 R=513.2  C=21.13 F………………………………………….... 30

3-14

 R=513.2  C=21.13 F………….……………………………………… 30

3-15

 R=513.2  C=21.13 F.................................................................. 31

3-16

 R=412.5  C=30.167 F................................................................. 31

3-17

 R=412.5  C=30.167 F.......................................................................... 32



(15)

 ( )

                           
3-18

 R=412.5  C=30.167 F................................................................ 32

3-19

 R=513.2  C=30.167 F............................................................... 33

3-20

 R=513.2  C=30.167 F......................................................................... 33

3-21

 R=513.2  C=30.167 F............................................................... 34

3-22

............................................................................. 35

3-23 …………….. 36

3-24 -

..................................................................................... 37

3-25 -

.................................................................................. 38

3-26 -

................. 38

3-27 -

..................................................................................... 40

3-28 -

........................... 40

3-29 -

........................... 41

3-30 -

.......................................... 41

4-1  ARM7  LPC2138...................................... 47



(16)

 ( )

                           
4-2 ................................................... 48

4-3 ............................................. 49

4-4 ............................................................................................ 49

4-5 ...................................................................................................... 50

4-6  ET-SSRAC PLUS............................................................................................ 51

4-7 ........................................................................................... 51

4-8 .............................................................................................. 52

4-9 ............................................................... 53

4-10 ........................................................................................... 54

4-11 ..................... 55

4-12 .............................................................. 56

4-13  500 .......... 57

4-14  400 .......... 58

4-15  350 .......... 59

4-16  500  400 

.................................................................................................................. 60

4-17  700 500 400  350 

.................................................................................................................. 61

4-18 .................. 62

4-19 ............. 63

4-20

............................................................................................ 64

4-21

................................................................................................... 65

4-22 ................................................. 65

4-23 ......................................................................... 66



(17)

 ( )

                           
4-24

........................................................................................................ 66

4-25  V/f 

.............................................. 69

4-26  (C) 

.................................................................................. 70

4-27

.................................................................................. 70

4-28

.................................................................................. 71



1

  1 

1.1

 (Variable speed prime mover) 

 (Stand Alone System) 

(Excitation)  3  (Squirrel-cage rotor) 

 (Self-Excited Induction Generator: SEIG) 

 (Variable speed prime mover) 



2

1.2

1.2.1 Wang et al. [1] 

 (Shot-shut capacitor) 

(Long-shut capacitor) 

 (Oscillation) 

1.2.2 Yaser et al. [2] 

 MATLAB

1.2.3 Neam et al. [3] 

 (Induced Voltage) 

1.2.4 Sandhu et al. [4] 

1.2.5 Grantham et al. [5] 

1.2.6 Riawan et al. [6] 

 3 



3

1.3
1.3.1

 3 

1.3.2

 3 

1.3.3

 3 

1.4
1.4.1

 (Steady state)

1.4.2

 3 

1.5
  1.5.1 



4

1.5.2

1.5.3

 1.5.2 

1.5.4



5

  2 

2.1  (Pico Hydro Power Plant)

 5  (stand alone system) 

 (Water supply) 

(Reservoir)  (Penstock pipe)  (Turbine and Generator) 

 (Electronic controller)  (Mechanical load)  (Distribution 

system)  (Consumer)  2-1

 2-1  [7] 



6

2.1.1

2.1.2

2.1.3

2.1.4

2.1.5

2.1.6

2.1.7

2.2

 1 

 2-2 



7

 2-2  1 [8]

R1  ( )

R2  ( )

X1  ( )

X2
 ( )

Xm  ( )

 (2-1) [8] 

       (2-1) 

ns  (rpm)

P
f  (Hz) 

 (2-2) [8] 

       (2-2)

s
nr  (rpm) 

ns  (rpm) 



8

 1  (2-3) [8] 

      (2-3) 

Pem  (Electromechanical power) (W) 

I2  (A) 

 (Efficiency)  (2-4) [8] 

    (2-4) 

Pout  (W) 

Pin  (W)

2.3

2.3.1  (Voltage Build Up) 

(emf)

2.3.2

 (Open circuit)  1 

 2-3 



9

E1V

I1 +

-

+

-

X1

Xm

R1

Im

Xc

 2-3  1 

[8]

Xc  ( )

V ,  (V) 

E1 ,  (V) 

I1 ,  (A) 

Im ,  (A) 

 (C)  (f)

 (Xm)  (2-5) [8] 

       (2-5) 

2.3.3

 1 

 2-4 



10

 2-4  1 

 [9] 

I1 ,  (A) 

I2 ,  (A) 

Im ,  (A) 

Ic ,  (A) 

IL ,  (A) 

 (2-6) [9] 

       (2-6)

2.3.4

 2 



11

2.3.4.1

-

-  ( )

-

-

-

2.3.4.2

Static Var Compensator (VSC) [10] 

 VSC 

-  (

)

-

-

-  (dv/dt) 

-

2.3.5
 (Admittance Model) 

 2-5



12

 2-5  [11] 

 1  2-5  2-6 

 2-6  1 

[11]

R

 1  2-7 

 (a)  (b)  2-

7

aE1V

I1 +

-

+

-

I2

jaX1 jaX2

jaXm aR2/(a-b)

R1

Im

R -jXc/a

Y1 Y2

Ym

 2-7  1 

 (a)  (b) [11]



13

frate
f  (operating frequency) 

a  (reduce frequency), 

b  (reduce speed), 

Y1
Y2
Ym

 (2-7) 

 2-8 

 2-8  1 

 2-7 [11] 

    (2-7)

      (2-8)

 1  2-8 

 A 

 (2-9) [11] 



14

     (2-9)

 E1

 (2-10) [11] 

      (2-10)

 (2-10) 

 (2-11)  (2-12)  [11] 

    (2-11)

   (2-12)

 (2-11)  (a) 

 (2-13) [11]

  (2-13)

      (2-14)  

   (2-15)

 (2-16)



15

(2-17)

    (2-18)

      (2-19)

       (2-20)

 (2-12)  ( )

 (2-21) [11]

      (2-21)

2.3.5.1

1.  (nr)

 (R) 

2.  (b)

3.  (b)  (R) 

(a)  (2-13) 

4.  (Xm)  (2-21) 

5.  (E1)  Xm  E1-Xm

6.



16

2.3.6  (Cmin)

 [12] 

 2-9 

aE1V

I1 +

-

+

-

I2

jaX1 jaX2

jaXm aR2/(a-b)

R1

Im

R -jXc/a

B

 2-9  1 

 1  2-9 

 B 

 (a) 

(Xc)  (2-22)  (2-23) 

   (2-22) 

      (2-23) 

       (2-24)

    (2-25)

      (2-26)



17

     (2-27)

       (2-28)

       (2-29)

       (2-30)

  (2-31)

      (2-32)

      (2-33)

      (2-34)

     (2-35)

(2-36)

      (2-37)

       (2-38)

Xmax



18

1.  (nr)

 (R)  Xm=Xmax

2.  (b)  

3.  (b)  (R) 

 1  (a) 

 (2-22) 

4.  (2-39) 

 1 

      (2-39) 

2.3.7
 ( )

 (2-40) [13] 

        (2-40) 

 (2-41) [13] 

        (2-41)

 2-10



19

 2-10 

 [14] 

 flow

 Vmin  flow  frated  (2-41) 

 frated



20

  3 

3.1



21

3.1.1

3.1.1.1

 3-1  3  2.2 kW 380-420 V 

50 Hz  1430 rpm 4 pole 

 3 

 3-1 

3.1.1.2

 3-2



22

 3-2 

3.1.2

3.1.2.1

 3-3  3 

 3 



23

 3-3 

3.1.2.2

 3-4  3-5 

 3-4 



24

 3-5 

 (

)

3.1.3

1.

 (2-5) 

 (2-5) (  C=13µF) 



25

2.

3.2

3.2.1
 3  2.2 kW 380-420 V 50 Hz 

 1430 rpm 4 pole 

 3.1 

 3.2.1.1 

3.2.1.1  1 
 1  R1, R2

X1, X2  Xm  1 

 2.2 

 3-1 

 3-1  1 

R1 R2 X1 X2 Xm

10.32 8.290346 12.56102 12.56102 244.1424 

3.2.1.2

 3-6 



26

 3-6 

 (E1)  (Im)

 1 

 3-7 

 3-7  1

        (3-1)

        (3-2)

 (E1)  (3-3) 



27

     (3-3)

 (E1)

 (Im)  (E1)

 (Xm)  3-8  3-9 

 3-8  (E1)  (Im)

 3-9  (E1)

 (Xm)



28

3.2.2

 2.3.5 

MATLAB

3.2.3

,

3.2.3.1

 R=412.5 C=21.13µF  3-10 3-11  3-12

 3-10 

 R=412.5  C=21.13µF 



29

 3-11 

 R=412.5  C=21.13µF 

 3-12 

 R=412.5  C=21.13µF 

 R=513.2  C=21.13µF  3-13 3-14

3-15



30

 3-13 

 R=513.2  C=21.13µF 

 3-14 

 R=513.2  C=21.13µF 



31

 3-15 

 R=513.2  C=21.13µF

,

 R=412.5  C=30.167µF  3-16 3-17  3-18 

 3-16 

 R=412.5 C=30.167µF



32

 3-17 

 R=412.5 C=30.167µF

 3-18 

 R=412.5 C=30.167µF

,

 R=513.2  C=30.167µF  3-19 3-20  3-21 



33

 3-19 

 R=513.2 C=30.167µF

 3-20 

 R=513.2 C=30.167µF



34

 3-21 

 R=513.2 C=30.167µF

C=21.13µF  30.167µF R=412.5  513.2 

3.3

3.3.1

 2.3.5 

 MATLAB 



35

3.3.2

 3-22

 3-22 



36

3.4

3.4.1
3.4.1.1

 2.3.6 

 (Xmax)

 3-23 

 3-23 



37

3.4.2

 2.3.5 

 MATLAB 

3.4.3

 3-

24  3-26 

 3-24 -



38

 3-25 -

 3-26 -

 5 V/Hz 

 5 V/Hz 



39

3.5

3.5.1
1.

 3.4  Xm

2.

 2.3.5 

 MATLAB 

 1 

3.  1  2 

3.5.2
- -

- -

 3-27  3-30 



40

 3-27 -

 3-28 -



41

 3-29 -

 3-30 -

 ( )



42

3.6
3.6.1
3.6.1.1
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400 V 50 Hz  1430 rpm 4 pole 

,

 3-2 

 3-2 

V (V) f (Hz) Pout (W) T (N-m) s nr (rpm) 

400 50 2200 7.002817 -0.00467 1570 

3.6.1.2. 

 R  nr

 30-50 Hz 

 3-3 

 3-3 

 V (V) f (Hz) Pout (W) T (N-m) s nr (rpm) R (ohm) 

 400 50 2200 7.002817 -0.00467 1570 218.1818 

 240 30 1320 7.002817 -0.00467 942 130.9091 
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 3-4 

 3-4 

 C (µF) nr (rpm) V (V) f (Hz) Pout (W) E1/f (V/Hz) 
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4.1.1.3  (Relay) 

 2 

1.  (Power Relay)  (Contactor or 

Magnetic Contactor) 

2.  (Control Relay) 

4.1.1.4

PIC, MSP430, ARM7  PIC  MSP430 

 ARM7  LPC2138 

 58.982MHz  FLASH 

512KB RAM 32KB  PORT 47 I/O PIN  5  A/D 

10  8  D/A  10  1  UART 2  TIMER 32 

 4 

 4-1  ARM7  LPC2138
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4.1.2
 4-2 

 4-2 

 3  2.2 kW 380-420 V 

50 Hz  1430 rpm 4 pole 

 (Fixed Capacitor)  (Resistive load) 

 13µF 

 (Controller)  (Capacitor Bank) 

4.1.2.1  (Control System) 

1.

 ARM7  LPC2138

 P0.27  P0.28 

 (V)  (f) 
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 P0.8-P0.16 

 ON/OFF  ET-SSRAC PLUS 

 220 VAC 

 ET-SSRAC PLUS  S1-S7  220 VAC 

 ON/OFF  7 

 4-3 

 4-3 

-  (Voltage sensor) 

 A/D Converter 

 0-3.3  P0.28 

 4-4

Transformer
220/24 VAC

8.2 k

630 v047µF

L

N

 4-4 
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 (4-6)  4-4 

     (4-6)

V

v0

-  (Frequency sensor) 

 Low pass filter  cut off frequency  60 

Hz

 A/D Converter 

P0.27  Timer 

 4-5

Transformer
220/24 VAC

8.2 k

630 Input A/D 
N

Low pass filter
FN610-3/06

250 VAC 50 HZ

L

 4-5 

-

 ON/OFF  ET-SSRAC PLUS  P0.8-P0.16 
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-  ET-SSRAC PLUS 

 ET-SSRAC PLUS  Solid state relay 

 220 VAC  8 

 ETT 34 PIN I/O  220 VAC  8 

 Opto isolator triac driver output 

 220 VAC  Zero crossing 

 ET-SSRAC PLUS  4-6 

 4-6  ET-SSRAC PLUS

 ON/OFF  220 

VAC  7  (Coil) 

2.  (Capacitor Bank)

 4-7 

 4-7 
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 3  7  1µF 2µF 4µF 8µF 16µF 32µF  64µF 

 220 VAC  ET-SSRAC PLUS 
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 7  0µF 

 127µF 

 3.6 

 942 rpm  147 µF ( )

 127 µF ( )

 13 µF ( )

 39 µF ( )

 166 µF ( )

-  (Magnetic Contactor) 

 (Coil) 

 4-8 
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 4-9 

Start

Input V, f

Calculate V/f

7.8 (V/f) 8
yes

No

C=C+1C=C-1

yes

No

(V/f)>8

f>50

No

yes390 V 400

yes

V>400

Delay 300 ms Delay 300 ms

Noyes

No

 4-9 

1.  (V) 

 (f) 

 (V/f) 

 2.  (f)  50 Hz 

2.1

390  400 
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2.1.1  1 

2.1.2  400 

 (C)  1µF  1µF 

 300 ms  1 

2.2

 7.8  8 

2.2.1  1 

2.2.2

 8  1µF  1µF 

 300 ms  1 

4.2

4-2  4.1.2 

 Hyper Terminal 

RS232  4-10 
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 4-10 

4.2.1
1.  Inverter 

2.

3.

4.  Hyper Terminal 

 .txt

4.2.2
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 13µF  (1500 rpm) 

 4-11 

 4-11 

4.2.2.2
 500  ( )

 4-12 

 (Set point) 
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 4-12 
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 500 400  350  4-13 (a) 4-14 
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4.2.2.5

 500 

 4-18 (a) 

- - -

-  4-18 (b)  4-18 (e) 

 4-18 



63

4.2.2.6

 4-19 

 400  4-18 (a) 



64

- - - -

 4-18 (b)  4-18 (e) 

4.2.2.7

500

 4-20

 4-20 

 4-21 



65

 4-21 

 4-22 

 4-22 

 4-23



66

 4-23 

 80  0 

4.3

 4-2 

 4-24

S1 S7

V f

S1-S7

V

f
nr

I

Vab

Vca

Vbc

 4-24 



67

4.3.1
 3 

 2.2 kW 380-420 V 50 Hz  1430 rpm 4 pole 

 1 

 4-1 

 4-1 

R1 ( ) 10.23 10.32 

R2 ( ) 8.14 8.29 

X1=X2 ( ) 11.07 12.56 

Xm ( ) 238.71 244.14 

4.3.2

(4-7)

100      (4-7) 

Pshaft  (W) 

Pout,IG  (W) 

 (  )  2.2 
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4.3.3
1.  Inverter 

2.

3.

     3.1 

     3.2 

 270  410  75  50 

4.

 3 

5.

 (4-7) 

4.3.4
4.3.4.1

 4-2 

 (%) Nr (rpm) V (V) f (Hz) C (µF) Pshaft (kW) Pout,IG (kW) Efficiency (%) 

85.91 1555 387.5 50 16.86 2.54 1.89 73.63 

76.36 1548 386 50 15.86 2.12 1.68 79.17 

62.73 1542 386 49.92 15.2 1.73 1.38 79.9 

54.55 1540 385.1 50.11 14.53 1.27 1.2 79.18 

50 1539 400 50 14.2 1.4 1.1 78.78 

36.82 1522.7 385 50.12 13.86 1.09 0.81 74.19 

25 1517 400 50 12.53 0.91 0.55 60.74 
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5.1.3

5.1.4

 ARM7  LPC2138 

 ET-SSRAC PLUS 

5.1.5

 79.90 

62.73

5.2
5.2.1

1.

 (Over voltage) 

 (over current) 
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2.

3.

4.

 ON/OFF 

5.

6.

5.2.2
1.

2.  Pattern 

3.  Current source inverter (CSI) 

4.  ON/OFF 

 Input  Output  Turn on 

 Semiconductor 

 ON/OFF 

5.
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7.  50 

76.36  78.78  79.9 

 1.12 

 76.36 

 75 
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2.  ET-SSRAC PLUS

-2  ET-SSRAC PLUS
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3.

ET-SSRAC PLUS 220 VAC

N

Voltage 
sensor

Frequency 
sensor

GND

P0.27

P0.28

P0.8-P0.16

NS1 NS2 NS3 NS4 NS5 NS6 NS7

ARM 7
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Magnetic Contactor
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5.

Control System

Load

Inverter

Induction Motor

Induction Generator

Fixed Capacitor

-5



89

 Fuji  FRENIC-Mini 

Model: FRN3. 7C1S-4A 
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1.  Fuji  FRENIC-Mini Model: FRN3. 7C1S-4A 

-1  Fuji  FRENIC-Mini Model: FRN3. 
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