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Abstract: In this work the authors studied a wind generator system consisting in: three-phase syn-
chronous generator, rectifier, voltage limiter and single-phase inverter connected to the grid. A sim-
ulation model of the electrical part of the wind generator was created in the environment of PSpice.
An electronic circuit of voltage limiter with hysteresis controller was developed, simulated, manufac-
tured and tested. An experimental study of the wind energy conversion system was also performed.
The good coincidence between simulation and experimental result proves the correct operation of
the developed computer model. The work was carried out in the Renewable energy sources labora-
tory (Electrical aspects) in the Faculty of electrical engineering of the Technical University of Sofia.
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1. Introduction

Nowadays, energy is one of the most important fac-
tors in society. There is no doubt that the way of
obtaining and using this energy has a high impact
on the planet, and that some of the most relevant
sources which are being used now (fossil fuels) are
not sustainable at all. Taking this into consideration,
it is time to promote renewable sources of energy, to
guarantee a future with a cleaner planet and without
power limitations.

One of the most widely used renewable energy
source is the wind. Wind generators are currently
popular sources of electricity. At the end of 2014
the total installed capacity of wind turbines in the
world reached 370GW [1]. Small-scale wind genera-
tors with capacity below 10kW are also gaining pop-
ularity [2]. It is a modern practice to connect them
to the mains through single-phase inverters [3,4].
These systems are still in the beginning of their de-
velopment and to advance in their study it is impor-
tant to simulate the performance of the wind gener-
ators under different conditions.

The goal of the study is to create a simulation
model of the electrical part of a small-power wind
generator consisting in: synchronous generator, rec-
tifier, voltage limiter and single-phase inverter con-
nected to the grid. Experiments will be performed on
a laboratory test bench where the wind turbine is re-
placed with a computer controlled variable speed DC
motor drive.

2. System Overview

The block-diagram of the electrical part of studied
wind generator is shown in Figure 1.
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The studied system is composed of the following
elements:

e Three-phase synchronous generator 1500 W,
400V, 2.2 A, 1500 rpm;

e Three phase diode rectifier;

e Voltage limiter with limiting voltage level
360 V;

e Single-phase grid-connected inverter Windy
Boy 1700 with nominal AC power 1550 W, nom-
inal AC current 6.7A, AC voltage range 180-
265V, and input DC voltage range 140-400V.
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Figure 1. Block-diagram of electrical part of studied wind
generator.

3. Simulation Model of the System

3.1. Synchronous generator and diode rectifier

On the basis of the above shown block-diagram an
electronic circuit is designed in OrCAD/PSpice en-
vironment to simulate the behaviour of the real ob-
jects. The model of three-phase synchronous gen-
erator is built by representing each phase as an al-
ternating voltage source with internal impedance
as it is shown in Figure 2. The resistance value is
obtained by direct measuring and it is 5 Q. The in-
ternal inductance is considered constant although it
changes with the saturation of the magnetic circuit



Z. Zarkov, V. Milenov, |. Garciarena Martincorena

Synchronous Generator

| 11
B.3mF C>3.24Adc

conected in triangle Rectifier
A J J
— | & Ao &
D5 D7 D9
C
c1
L2 L3 L4
75mH 75mH 75mH
N D6 N D8 2N D10
R1 R2 R3
5 5 5
V5 V6 v7

Figure 2. Complete circuit of the PSpice model of the synchronous generator and the rectifier.

of the machine. Its value is known from previous au-
thors’ work and it is 75 mH [5].

Figure 2 shows the complete circuit of the devel-
oped model of the synchronous generator and diode
rectifier. The generator windings are connected in
triangle in order to decrease the rectified voltage to
acceptable level for the inverter.

Figure 3 shows the simulated waveforms of volt-
ages and currents of the synchronous generator
working together with the diode rectifier. The cur-
rent waveform is not sinusoidal because the recti-

fier is a nonlinear load. Under the imposed operat-
ing conditions (speed of rotation 1500rpm and rated
excitation) the rectified DC voltage is 344V at load
DC current 3.24A and the total electrical power is
1115W.

3.2. Voltage limiter

At higher speeds than 1500 rpm the generator and
rectifier will produce DC voltage which can exceed
400 V. This voltage is dangerous for the inverter so it
has to be limited. One possible solution is to build a
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Figure 3. First plot: generator phase current. Second plot: line current. Third plot: line to line voltage (down), rectified

DC voltage (up).
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Figure 4. Voltage limiter with hysteresis controller.

voltage limiter that dumps the generator power into
an external resistive load. The voltage limiter oper-
ates as aregulator that keeps the DC voltage at a pre-
defined value when the input voltage exceeds it.

In this work the adopted solution for the de-
scribed problem is a hysteresis controller that fol-

lows the DC voltage and controls the power transis-
tor. The transistor turns on and off a dump resistor,
which dissipates the extra power.

Figure 4 presents the developed simulation cir-
cuit of voltage limiter with hysteresis control. The
hysteresis controller is a Schmitt trigger built of
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Figure 5. Voltage limiter simulation: First plot: V1 source voltage (up), DC voltage (down). Second plot: R10 voltage. Third

plot: dump resistor (R11) current.
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the transistors Q3 and Q4 and the resistors R5, R6,
R7 and R9. The voltage detector consists of R1, zen-
ers D1, D3, D4 and R10.

Some results from the simulation of the designed
voltage limiter with hysteresis controller are shown
in Figure 5.

As it can be seen from simulated waveforms, the
operation of the designed hysteresis controller and
voltage limiter is correct. The DC voltage is limited
to a value 368V which is well close to the desired
value of 360V. Voltage ripples caused by the hystere-
sis controller are very small and they are considered
not to affect the inverter operation.

3.3. Inverter

Windy Boy is a single-phase grid-connected inverter
with built-in low-frequency transformer at the out-
put and full-bridge configuration. The transformer
is necessary for electrical isolation of the whole sys-
tem from the grid, to avoid safety problems. Besides,

it gives the possibility to increase the voltage from
the transistor bridge to the value that is required by
the grid, in this case 230Vac. The used inverter has
the possibility to operate with 140V input DC voltage
when the grid voltage is 230Vac. The transformer is
step up and the voltage in the secondary winding has
double value than in the primary.

The inverter with the transformer output is sim-
ulated using the circuit from Figure 6.

The output voltage of the H-bridge is filtered by a
LCL filter consisting of L1, C1 and L2. R22 is a dump-
ingresistor that suppresses the oscillations in the fil-
ter.

The purpose of the resistance R26 is not to let the
secondary winding of the transformer floating this is
arequirement of the simulator software. The voltage
source V2 represents the grid.

The aim of a pulse-width modulator is to create
a pulse sequence that controls the transistors in the
bridge of the inverter in order to create a sinusoidal

s sS4 PHM1 PWM v
PWMZ 15Vde ==
I ~
= 510k
B A 0 — P
w
) u2 M
7 2 R11
VOFF = 1 R20 RN 10k 2
VAMPL = 0.9 1k oL
FREQ = 50Hz \ 4
PHASE = 0 3 p
s2 ] w
PWM1 S3  PWM2 V8 LM311]
L2 y ?0 M
100k GRID 1mH i 1
FREQ = 50 :
PONGE= op. = 13vde -~ vo ~
PHASE= 90 =0

bod] A Lo Lo L ]
L) 1 L0 0 A A
ARNARRINEARN G mIEy R NANNARRAENAR NIRRT S UAR IR NAR AR
LU L L IS L L L D L TS e T
oo LAV LV U IN A  Je LA ULV N L]
Lal VLA VLS L VLY AN LV L AL L L AN L
72555 L 1~ N A L Y B N L QLT
i O 1 u |/ \k[ o \/ N 1 1

\ TlfU | V, | \ H\ l! LAl

o V(R11:1)

Time

Figure 8. First plot: comparator inputs. Second plot: comparator output voltage control signal PWM1. (Here the frequency
of the carrier signal is 500 Hz instead of 10 kHz to clarify the view).
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Figure 9. First plot: current in the inductance L1. Second plot: voltage, current and power flowing to the grid.

output voltage. The PW Modulator in this project
is built with a comparator LM311 and two voltage
sources representing the modulating sinusoidal sig-
nal with 50Hz frequency and the carrier triangle sig-
nal with 10 kHz frequency. The simulation circuit of
the modulator is shown in Figure 7.

The resistances R20 and R21 are added to make a
small hysteresis that makes the switching faster and
more reliable.

The comparator receives two input signals: mod-
ulating and carrier, as it is shown in Figure 8. It pro-
duces two inversed control signals PWM1 and PWM?2
for the two couples of switches in the bridge. It is
clear to see that the comparator output varies be-
tween two values: 14 Vand -13 V.

The magnitude of the first harmonic of the in-
verter output voltage is controlled by the modulation
index. In the case shown in Figure 8 this modulation
index is equal to 0.45.

Figure 9 shows an example of simulated current
and voltage waveforms in the inverter circuit. The
magnitude of the output AC current is 6.05A and the
active power is P = 810 W. The current at the bridge
output (L1) has relatively big high-frequency ripples,
but after the second stage of the filter (C1 and L2) the
current is very smooth and purely sinusoidal as it can
be seen in the second plot of Figure 9.

4. Experimental Study

A general view of the test bench used for experi-
ments is shown in Figure 10.

The generator and the rectifier were tested to-
gether by measuring the DC voltage at the rectifier
output with different load currents obtaining in this

ARHN

Figure 10. Image of the test bench.

way the dependence V. — Ij.. The speed of rotation
of the generator was 1500 rpm. Figure 11 shows the
curves Vi, — I in the real circuit and in the simulated
one shown in Figure 2.
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Figure 11. V4. — I4. dependance from the simulation and
from the measurements.
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Figure 12. Voltage limiter test. AC component of the DC
voltage (up); current in the dump resistor (low).

The two curves have good coincidence, so the
created model represents very well the real objects.

A prototype of the voltage limiter was also man-
ufactured and tested. The external dump resistance
was a rheostat with value of 100 Q and dissipation
power 800 W.

Figure 12 demonstrates the operation of the volt-
age limiter. The oscillogram shows the DC voltage
variations caused by the hysteresis controller. The
hysteresis is around 2 V from peak to peak and the
measured limiting voltage level is 358 V, which is
very close to the desired value of 360 V.

The whole system was connected to the grid and
tested at different rotational speeds of the generator.
During the test, the voltages, currents and powers in
the circuit were measured and registered.

Figure 13 shows the waveforms of the grid voltage
and inverter output current at the generator speed of
rotation 1500 rpm. The current is 5.43 A (RMS) and
the active power injected to the mains is 1276 W.

The current waveform is almost sinusoidal and
the value of total harmonic distortions (THD) is
5.73% what shows that the quality of the produced
electrical energy is good enough to be supplied to the
grid.

5. Conclusion

In this work a simulation model of the electrical part
of a small wind generator was developed in the envi-
ronment of PSpice.

An electronic circuit of voltage limiter with hys-
teresis controller was developed, simulated, manu-
factured and tested.

The results from the experimental study show
the correct operation of every single part and of the
complete wind energy conversion system. The com-
parison between simulation and experimental result
proves the correct operation of the developed com-
puter model.
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Figure 13. Inverter output voltage (up) and current (down)
atn = 1500 rpm and Py = 1276 W.

This work will help to complete a laboratory test
bench for physical modelling of small wind genera-
tors in the Renewable energy sources laboratory in
the Faculty of electrical engineering of the Techni-
cal University of Sofia.

This research can be developed by the creation
of a model of the whole energy conversion system in
Matlab/Simulink. It will bring the possibility of mod-
elling the control of the inverter.
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