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1 Introduction

In The Netherlands, no milieu report is required for a wind turbine if the rotor diameter is
smaller than 2 m. In practice, also no building permit is needed in the rural area for such a
wind turbine. So the idea is to design a wind turbine with a rotor diameter of 1.99 m. This
wind turbine is called the VIRYA-1.99. The VIRYA-1.99 has a 3-bladed stainless steel rotor
and the design tip speed Aq = 4.5. The rotor construction is derived from the rotor of the
VIRYA-1.8 which has been tested for many years. The blades have the same chord but are
longer and the hub plate is also larger. The VIRYA-1.8 rotor is given on drawing 9903-01.

The VIRYA-1.8 uses a PM-generator which is made from an asynchronous motor.
Manufacture of such a generator is a lot of work and for the VIRYA-1.99 it is therefore
chosen to use the axial flux PM-generator of the Chinese manufacture Hefei Top Grand type
TGET260-0.5KW-350R. The whole generator housing is rotating and the cables of the
3-phase winding are coming out of the hollow shaft. For battery charging, a separate 3-phase
rectifier is required. Rectification of the winding is described in report KD 340 (ref. 1). This
generator has only been measured by the manufacturer for a resistance load and not for a 24 V
battery load. In chapter 6, the characteristics for a 24 V battery load are derived.

The VIRYA-1.99 is provided with the hinged side vane safety system as described in
report KD 223 (ref. 2) for the VIRYA-3.3D. The head is the same as the head of the
VIRYA-2.2S. The VIRYA-2.2S head is given on drawing 9904-03. However, a clamp has to
be designed to mount the generator shaft to the bracket of the VIRYA-2.2S generator. It
seems possible to use the free standing tubular tower of the VIRYA-1.8 which is given on
drawing 9903-04. This tower has a 6 m long lower part made out of 3” gas pipe. However,
instead of a 2 m long 1 '4” gas pipe, a 1.5 m long 1 '%” gas pipe has to be used for the upper
tower part. This requires redesign of the head bearing housing item 04 of drawing 9904-03.

2 Description of the rotor of the VIRYA-1.99 windmill

The 3-bladed rotor of the VIRYA-1.99 windmill has a diameter D = 1.99 m and a design tip
speed ratio Aq = 4.5. The rotor has blades with a constant chord and is provided the 7.14 %
cambered airfoil. This airfoil is described in report KD 398 (ref. 3). A blade is made out of a
2 mm thick stainless steel strip with a width of 125 mm and a length of 825 mm. The chord ¢
iIs somewhat smaller than the strip width and it is found that ¢ = 123.3 mm = 0.1233 m.
30 strips can be made out of a standard sheet size 1.25 * 2.5 m with almost no losses. It is
important that all blades have the same weight and so the last strip of a row must also be cut
to the correct width of 125 mm! The airfoil is made over the whole length of the blade.
A special press is required to camber the blades. A hydraulic blade press for the 750 mm long
blades of the VIRYA-1.8 rotor is available. This blade press has drawing number 9905-01/A.
This blade press can also be used for the 825 mm long blades of the VIRYA-1.99 if pressing
is done in steps. The tools for twisting of the blade and the hub plate, designed for the
VIRYA-1.8 and given on drawing 9905-02, can also be used for the VIRYA-1.99.

The three blades are connected to each other by a hub plate made out of 3 mm stainless
steel sheet. The hub plate has three 125 mm wide and 195 mm long ears which are cambered
and twisted such that the correct blade angle is realised at the blade root. The overlap in
between a blade and an ear is 25 mm which results in a free blade length of 0.8 m. It is
expected that a 2 mm thick stainless steel blade isn’t sensible to flutter at high tip speeds for
this free blade length. The rotor radius R = 825 + 195 — 25 = 995 mm = 0.995 m and so the
rotor diameter D = 1.99 m. Each blade is connected to the hub plate by three stainless steel
bolts M6 * 30 and three self locking nuts M6. Some washers have to be placed under the nuts.

The generator housing has an outside diameter of 265 mm and a shaft diameter of
30 mm. The front side of the generator has a collar with a diameter of 110 mm. This collar is
provided with eight threaded holes M8 * 20 at a pitch circle of 90 mm. The hub plate is bolted
to the generator housing by eight bolts M8 * 25. Locking liquid has to be used at these bolts.



The rotor is balanced by adding balance weights under the connecting bolts of the blades. A
sketch of the VIRY A-1.99 rotor is given in figure 1.
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fig. 1 Sketch VIRYA-1.99 rotor

3 Calculation of the rotor geometry

The rotor geometry is determined using the method and the formulas as given in report KD 35
(ref. 4). This report (KD 802) has its own formula numbering. Substitution of A4 = 4.5 and
R =0.995 m in formula (5.1) of KD 35 gives:

Ara=45226*r (- 1)
Formula’s (5.2) and (5.3) of KD 35 stay the same so:
p=¢-a (°) 2)
d=2/3arctan 1/ Arqg ® (3)
Substitution of B = 3 and ¢ =0.1233 m in formula (5.4) of KD 35 gives:
Ci=67.945r (1 —cosd) ) (4)
Substitution of V =5 m/s and ¢ = 0.1233 m in formula (5.5) of KD 35 gives:
Rer=0.411%10°*V (L 2+ 419) () ()
The blade is calculated for six stations A till F which have a distance of 0.16 m of one to
another. Cross section F corresponds to the end of the ear of the hub plate. The blade has a
constant chord and the calculations therefore correspond with the example as given in chapter
5.4.2 of KD 35. This means that the blade is designed with a low lift coefficient at the tip and
with a high lift coefficient at the root.

First the theoretical values are determined for C;, o and 3 and next 3 is linearized such
that the twist is constant and that the linearized values for the outer part of the blade

correspond as good as possible with the theoretical values. The result of the calculations is
given in table 1.



The aerodynamic characteristics of the 7.14 % cambered plate airfoil are given in report
KD 398 (ref. 3) for four different Reynolds values. Remarkable is that the lowest Reynolds
value 1.2 * 10° has the lowest C4/C; ratio. The Reynolds values for the stations are calculated
for a wind speed of 5 m/s because this is a reasonable wind speed for a windmill which is
used in areas with moderate wind speeds.

sta- r Mrd (I) c Cin | Ciiin | Rer * 10_5 R.* 10_5 Olth Qlin Bth B"n Cd/C| lin
tion) (m | () [ () |(mM () | O |V=5ms| 714% | ) | O) | O[O O
A 0.995 | 4.5 8.4 [0.1233 |0.72 |0.79 |1.87 1.7 0.7 |14 |77 (7.0 |0.042
B 0.835 |3.776 9.9 |0.1233 {0.84 |0.84 |1.58 1.7 19 |19 8.0 |8.0 [0.041
C 0.675 |3.053 |12.1|0.1233 |1.02 |1.00 |1.28 1.2 33 |31 |88 (9.0 |0.030
D 0.515|2.329 |15.5|0.1233 |1.27 |1.21 |1.00 1.2 6.3 |55 (9.2 |10.0]0.041

E 0.355 |1.606 [21.3]0.1233 |1.64 |1.43 [0.71 1.2 - 10.3 |- 11.0(0.11

F 0.195 |0.882 |32.4|0.1233 |2.06 |1.26 |0.45 1.2 - 204 |- 12.010.34

table 1 Calculation of the blade geometry of the VIRY A-1.99 rotor

No value for oy, and therefore for By is found for stations E and F because the required C,
values can’t be generated. The theoretical blade angle B varies in between 7.7° for station A
and 9.2° for station D. If the linearized values are chosen 7° for station A and 12° for station
F, the linearized values of oy, are lying close to the theoretical values for the most important
outer part of the blade. The blade is twisted 5° left hand in between station A and F. The ears
of the hub plate are twisted 12° right hand in between the hub and the blade root to get the
correct blade angle at station F.

4 Determination of the Cp-A and the Cg-A curves

The determination of the Cp-A and C4-A curves is given in chapter 6 of KD 35. The average
C4/C, ratio for the most important outer part of the blade is about 0.04. Figure 4.7 of KD 35
(for B = 3) and Aqpt = 4.5 and Cy4/C, = 0.04 gives C, 1 = 0.43 (interpolation in between the
lines for C4/C,=0.03 and C4/C,; = 0.05).

The blade is stalling in at station F. For the calculation of the maximum C, therefore not
the whole free blade length k = 0.8 m is taken into account but only the part up to 0.07 m
outside station F. This gives an effective blade length k> = 0.73 m.

Substitution of C, v = 0.43, R = 0.995 m and effective blade length k> = 0.73 m in
formula 6.3 of KD 35 gives Cpmax = 0.4. Cqopt = Cp max / Aopt = 0.4 / 4.5 = 0.089. Substitution
of Aopt = Ag = 4.5 in formula 6.4 of KD 35 gives Ayn = 7.2. The starting torque coefficient is
calculated with formula 6.12 of KD 35 which is given by:

Cosan =075 B* (R-14k) *Ci*c *k /7R () ©)

This formula is only valid for a rotor with constant chord and a constant blade angle.
However, it can also be used for a rotor with a constant chord and a slightly changing blade
angle if the average blade angle is used. The average blade angle is 9.5°. For a non rotating
rotor, the average angle of attack a is therefore 90° - 9.5° = 80.5°.

The aerodynamic characteristics for the 7.14 % cambered plate airfoil aren’t given for
large angles of o in KD 398. However, the Cj-a curve for large values of o is given as figure
5 of KD 398 for the 10 % cambered plate airfoil. It is assumed that this curve can also be used
for the 7.14 % cambered plate airfoil at large angles o when the airfoil is stalling. For
o =80.5° it can be read that C; = 0.31. The whole blade is stalling during starting and
therefore now the real free blade length k = 0.8 m is taken. Substitution of B = 3,
R=0.995m,k=0.8m, C;=0.31 and ¢ =0.1233 m in formula 6 gives that Cqstart = 0.0132.



The real starting torque coefficient is somewhat lower because we have used the average
blade angle. Assume Cyqsart = 0.013. For the ratio between the starting torque and the optimum
torque we find that it is 0.013 / 0.089 = 0.14. This is rather high for a rotor with A4 = 4.5. The
starting wind speed Vit Of the rotor is calculated with formula 8.6 of KD 35 which is given

Vstart = \/ ( """"""""""" ) (m/ S) (7)
Cq start 1/29 * WR3

At the specification of the generator it is mentioned that the starting torque is smaller than
0.1 Nm. This is very low and | doubt if this is correct if the generator has a seal on the shaft.
The generator can be used without a seal for a vertical axis wind turbine but for a horizontal
axis wind turbine, a seal is certainly necessary to prevent that water enters the bearings.
Assume that the sticking torque with a seal is 0.3 Nm.

Substitution of Qs = 0.3 Nm, Cqsart = 0.013, p = 1.2 kg/m® and R = 0.995 m in formula
7 gives that Ve = 3.5 m/s. This is acceptable low for a 3-bladed rotor with a design tip speed
ratio Aq = 4.5 used in regions with moderate wind speeds.

In chapter 6.4 of KD 35 it is explained how rather accurate Cy-A and Cq-A curves can be
determined if only two points of the C,-A curve and one point of the Cq4-A curve are known.
The first part of the Cy-A curve is determined according to KD 35 by drawing an S-shaped
line which is horizontal for A = 0. Kragten Design developed a method with which the value
of Cq for low values of A can be determined (see report KD 97 ref. 5). With this method, it can
be determined that the Cg-A curve is about straight and horizontal for low values of A if a
7.14 % cambered plate airfoil is used. A scale model of a three bladed rotor with constant
chord and blade angle and with a design tip speed ratio A4 = 6 has been measured in the wind
tunnel already on 20-11-1980. It has been found that the maximum C, was more than 0.4 and
that the C4-A curve for low values of A was not horizontal but somewhat rising. This effect
has been taken into account and the estimated Cy-A and C4-A curves for the VIRYA-1.99 rotor
are given in figure 2 and 3.
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fig. 2 Estimated C,-A curve for the VIRYA-1.99 rotor for the wind direction perpendicular
to the rotor (6 = 0°)
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fig. 3 Estimated Cq-A curve for the VIRYA-1.99 rotor for the wind direction perpendicular
to the rotor (6 = 0°)

5 Determination of the P-n curves and the optimum cubic line

The determination of the P-n curves of a windmill rotor is described in chapter 8 of KD 35.
One needs a Cy-A curve of the rotor and a 8-V curve of the safety system together with the
formulas for the power P and the rotational speed n. The Cy-A curve is given in figure 2. The
8-V curve of the safety system depends on the vane blade mass per area. The vane blade is
made of 1 mm stainless steel sheet. This vane blade gives a rated wind speed Vg 0Of about
10 m/s. The estimated -V curve is given in figure 4. The head starts to turn away at a wind
speed of about 6 m/s. For wind speeds above 10 m/s it is supposed that the head turns out of
the wind such that the component of the wind speed perpendicular to the rotor plane, is
staying constant. The P-n curve for 10 m/s will therefore also be valid for wind speeds higher
than 10 m/s.
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fig. 4 Estimated 3-V curve for a 1 mm stainless steel vane blade

The P-n curves are determined for wind the speeds 3, 4, 5, 6, 7, 8, 9 and 10 m/s. At high wind
speeds the rotor is turned out of the wind by a yaw angle & and therefore the formulas for P
and n are used which are given in chapter 7 of KD 35.



Substitution of R = 0.995 m in formula 7.1 of KD 35 gives:

ns =9.5973 * A * c0osd * V (rpm) (8)
Substitution of p = 1.2 kg / m® and R = 0.995 m in formula 7.10 of KD 35 gives:

Ps = 1.8662 * C, * cos® * V° (W) (9)

The P-n curves are determined for C, values belonging to A is 1.5, 2.5, 3.5, 4.5, 5.5, 6.5 and
7.2 (see figure 2). For a certain wind speed, for instance V = 3 m/s, related values of C, and A
are substituted in formula 8 and 9 and this gives the P-n curve for that wind speed. For the

higher wind speeds the yaw angle as given by figure 4, is taken into account. The result of the
calculations is given in table 2.

V=3m/s |V=4mls |V=5mls V=6m/s V=7m/s |V=8m/s |V=9m/s [V=10m/s
8§=0° §=0° 3=0° 5=0° §=3° §=12° 5=21° 5 =30°

A Co n n n Ns Ps Ns Ps Ns Ps Ns Ps Ns Ps

B P P
(O |pm) (W) [(pm) |(W) |(rpm) [(W) |(rpm) (W) | (pm) [(W) |(rpm) [(W) [ (pm) |(W) | (rpm) | (W)

15 0.051(43.2 |26 |57.6 |61 |72.0 {119 [86.4 |20.6 [100.6|32.5 |112.7|45.6 |121.0({56.5 |124.7|61.8

25 1019 [72.0 (9.6 [96.0 [22.7 |120.0|44.3 |144.0|76.6 |167.7|121.1|187.8(169.9[201.6[210.3|207.8230.3

3.5 ]0.345]100.8|17.4 |134.4]41.2 |168.0|80.5 |201.5[139.1|234.8|219.9|262.9|308.5|282.2|381.9|290.9 [418.2

45 |04 [129.6[20.2 |172.8]|47.8 [215.9/93.3 |259.1|161.2|301.9|255.0|338.0357.7|362.9442.8374.0|484.9

55 ]0.345]158.4|17.4 |211.1]41.2 [263.9|80.5 |316.7[139.1|369.0/219.9|413.1|308.5|443.5|381.9|457.1|418.2

6.5 [0.19 [187.1|9.6 |249.5[22.7 |311.9|44.3 |374.3|76.6 |436.1|121.1|488.2|169.9|518.7 [210.3|540.2|230.3

7.2 |0 207.3|0 276.4|0 34550 414.6 |0 483.0(0 540.7 |0 580.6 |0 598.4 |0

table 2 Calculated values of n and P as a function of A and V for the VIRY A-1.99 rotor

The calculated values for n and P are plotted in figure 5. The optimum cubic line which is
going through the tops of the P-n curves is also given in figure 5.
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6 Determination of the generator characteristics

An axial flux generator of Chinese manufacture has been chosen. Axial flux means that the
magnetic flux which is flowing through the coils is in parallel to the generator axis. There is
no iron in the coils and so the sticking torque is only determined by the friction of the
bearings and the seal on the shaft. As there is no iron in the coils, there are no magnetic losses
and the peak efficiency is rather high. Such generators are supplied by different Chinese
suppliers like Hefei Top Grand, Xinda Green Energy, Hiestmotor and Qiangsheng Magnets.
I have chosen Hefei Top Grand because they gave the clearest answers on my questions.
I have bought and tested a smaller generator type TGET165-0.15KW-500R at this company
and they keep their promises. Measurements for this generator and experiments with a small
wind turbine are given in report KD 595 (ref. 6).

For the VIRYA-1.99, | have chosen the generator with type TGET260-0.5KW-350R
(260 refers to about the housing diameter; the real diameter is 265 mm, 0.5KW refers to the
rated power in KW and 350R refers to the rated rotational speed in rpm). A data sheet about
this generator can be found on the website of Hefei Top Grand following the path:
www.china-topgrand.com — product — Permanent Magnet Generator Outer Rotor — page 2 —
TGET260-0.5KW-350R. The data sheet gives: Range of Application at point 3, Shape
Drawing at point 4, Performance Parameter at point 5 and Curve Graph at point 6.

At point 3, Range of Application, it is mentioned: “0.05 — 0.3 kW wind turbine”. This is
strange as the nominal power is 0.5 KW. At point 5 no 11 it is mentioned that the starting
torque is smaller than 0.1 Nm (One uses N/m but this is incorrect). | think that this only that
low if the generator has no oil seal on the rotor shaft. No water will enter the bearings if the
shaft is mounted vertical. The same was the case with the generator model
TGET165-0.15KW-500R which | have tested. However, the housing of this generator was
provided with a chamber in which an oil seal can be mounted. I expect that this is also the
case for the TGET260-0.5KW-350R housing if it has no standard seal. But the starting torque
with a seal will be substantially higher. In chapter 4 it was assumed that it is 0.3 Nm with a
seal. At point 5 no 18 it is mentioned that the generator has a mass of 11 kg which seems
acceptable for the VIRYA-1.99.

The generator is of the type “Outer Rotor” which means that the whole generator
housing is rotating around the shaft. The following values are copied from point 5.

No 1 Rated power = 0.5 kW =500 W.
No 2 Rated speed = 350 rpm

No 3 Rated voltage = 56 / 28 VDC

No 4 Rated line current = 6.44 /12.88 A
No 6 Efficiency = > 85 %

So the generator is available for two different voltages. It is not the case that both voltages can
be obtained from one generator housing. So one has to order a housing with the correct
voltage which is 28 VDC as the VIRYA-1.99 will be used for 24 V battery charging. So the
rated line current is 12.88 A for a rated voltage of 28 VDC.

The winding is internally connected in star and only three wires are coming out of the
hollow generator shaft. So the star point isn’t available.

The generator isn’t measured for a 24 V battery load. At point 6 Curve Graph, the Pg-n
curve is given. This is about a parabolic line which means that the generator was loaded with
a fixed resistor. The electrical power is 500 W at n = 350 rpm but it can be doubted if this is
true. At point 6 two voltage curves are given. The bottom right curve has to be used. The
on-load voltage is about 34 VDC at n =350 rpm. This is strange as at point 5 no 3 it is
mentioned that the rated voltage is 28 VDC. The whole curve is strange as the numbers
mentioned at the y-axis have no constant distance with respect to each other. So the voltage
can’t be read accurately from the curve.
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Assume that the voltage of 34 VDC as given in the graph is correct. So the generated power at
350 rpm is 12.88 * 34 = 438 W. This is much lower than 500 W but this doesn’t mean that the
generator is useless.

As no battery is used, and as DC voltages and DC currents are specified, the generator
must have been rectified. A fixed resistor is used as a load. The resistance of this resistor
follows from the law of Ohmandso R=U/1=34/12.88 = 2.64 Q.

To determine the Ppecn-n and Pg-n curve for a battery load it is required to know the
open DC voltage at n = 350 rpm. It is also required to estimate an efficiency curve for
different loads. The efficiency for a resistance load is high and rather constant because the
current increases with the voltage. But for a battery load, the voltage is almost constant and
increase of the electrical power is only caused by increase of the current. This results in
decrease of the efficiency at higher powers.

The unloaded and loaded voltage has been measured in report KD 595 (ref. 6) for the
generator of Hefei Top Grand Type TGET165-0.15KW-500R. The nominal rotational speed
of this generator is 500 rpm and the generator is meant for 12 V battery charging. The
measured U-n curve is given in figure 2 of KD 595. The first straight part of this curve shows
the open voltage. It can be read that U = 10 V for n = 250 rpm. So the open voltage at
n =500 rpm would be 20 V. The loaded voltage at n = 500 rpm is about 13.6 V. So the ratio
in between the open and the loaded voltage is 20 / 13.6 = 1.47. Assume that this ratio is also
valid for the generator type TGET260-0.5KW-350R.

The loaded voltage of this generator at n = 350 rpm is 34 V. So the open voltage at
n=350 rpm is 1.47 * 34 = 50 V. Both voltage lines are straight lines through the origin.
These lines are given in figure 6.
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fig. 6 Loaded and unloaded DC voltage as a function of n

The charging voltage depends on the current and the charging state of the battery. At high
currents it is limited to 27.6 V by a battery charge controller. At low currents, it depends on
the charging state of the battery but it is easily higher than 26 V. So it is assumed that the
average charging voltage is 27 V. This open voltage is reached for a rotational speed of
350 * 27 / 50 = 189 rpm rounded to 190 rpm. The electrical power at this rotational speed is
zero and the mechanical power is very small. A loaded voltage of 27 V is reached for a
rotational speed of 350 * 27 / 34 = 278 rpm rounded to 280 rpm. The DC current increases
proportional to the DC voltage for a resistance load. So if the current is 12.88 A at a voltage
of 34 V it will be 12.88 * 27 / 34 = 10.23 A for a voltage of 27 VDC. So the electrical power
at n =280 rpm is 27 * 10.23 = 276 W. This is much lower than the 438 W at n = 350 rpm and
U =34 VDC. But it might still possible to use the generator for the VIRY A-1.99.
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To check the matching, the Prech-n for a voltage of 27 V must be known. This requires the
Q-n curve for a voltage of 27 V. To derive the Pg-V curve, the Pg-n curve must be known but
this requires the n-n curve. Assume that the generator efficiency is 0.75 for n = 280 rpm. So
the required mechanical power at n=280rpm is 276 / 0.75 = 368 W. The torque Q is
given by:

Q=30P/(x*n) (Nm) (10)
Substitution op P = 368 W and n = 280 rpm in formula 10 gives that Q = 12.6 Nm. Next it is

assumed that the Q-n curve is a straight line in between n = 190 rpm and Q = 0 Nm and the
point n = 280 rpm and Q = 12.6 Nm. This Q-n curve is given in figure 7.
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fig. 7 Estimated Q-n curve for V =27 VDC
The Q-n curve is extended up to a rotational speed of 320 rpm. To derive the Pmecn-n Curve,

several points have to be chosen on the Q- curve. This is done for every 10 rpm. The selected
points are given in table 3. Formula 10 can be written as:

P=Q*x*n/30 (W) (11)

P is calculated for the selected values of Q using formula 11. The calculated values are also
given in table 3.
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n (rpm) Q (Nm) Prmech (W) Ngen () Pel (W) Pheat (W)
190 0 0 0 0 0
200 1.4 29 0.83 24 5
210 2.8 62 0.9 56 6
220 4.2 97 0.88 85 12
230 5.6 135 0.85 115 20
240 7 176 0.825 145 31
250 8.4 220 0.805 177 43
260 9.8 267 0.785 210 57
270 11.2 317 0.765 243 74
280 12.6 369 0.75 277 92
290 14 425 0.74 315 111
300 15.4 484 0.73 353 131
310 16.8 545 0.72 392 153
320 18.2 610 0.71 433 177

table 3 Calculated values of Q and Pmech, Pei and Prear as @ function of n and mngen for
27V DC

To find the Pg-n curve, a certain n-n curve has to be estimated. It is estimated that n = 0.9 for
n =210 rpm and that n = 0.75 for n = 280 rpm. The estimated n-n curve is given in figure 8.
The estimated values of n as given in figure 8 are also given in table 3. The calculated values
of Pe and the generated heat Ppeg: are also given in table 3.
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fig. 8 Estimate n-n curve for 27 VDC

Figure 5 is now copied as figure 9. The Pmecn-n curve and the Pg-n curve can be derived from
table 3 and are also given in figure 9.
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fig. 9 P-n curves of the VIRYA-1.99 rotor and the optimum cubic line. Pmech-n and Pei-n
curves for 27 VDC

In figure 9 it can be seen that the Pmecn-n curve for 27 VDC is intersecting with the optimum
cubic line at a wind speed of about 5.1 m/s. De matching is good for wind speeds in between
4 and 7 m/s. For higher wind speeds, the generator load is too strong resulting in a tip speed
ratio of about 3.5 m/s and therefore in a lower C, than 0.4. But the matching is still
acceptable. The advantage of a lower tip speed ratio at high wind speeds is that this results in
strong reduction of the noise production.

The working point for a certain wind speed is the point of intersection of the Pmech-n
curve of the generator with the P-n curve of the rotor for that wind speed. The electrical
power for a certain working point is found by going exactly vertical from the working point
until the Pg-n curve is crossed. If this is done for each working point, one gets the Pg-V curve
which is given in figure 10.

In figure 9 it can be seen that the working point for V = 10 m/s is lying at a rotational
speed of about n = 290 rpm. In figure 7 it can be seen that this rotational speed corresponds to
a torque Q = 14 Nm. Now it is checked if this torque is lower than the nominal torque at
n =350 rpm. Earlier it was calculated that Pe; = 438 W at n = 350 rpm. Assume that the
efficiency n = 0.69 at n = 350 rpm (extension of the n-n curve of figure 8). This gives
Pmech =438 / 0.69 = 635 W at n = 350 rpm. Substitution of these values in formula 10 gives
that Q = 17.3 Nm. So the maximum torque of 14 Nm at V = 10 m/s is lower than the nominal
torque of 17.3 Nm. The generator will have a much higher peak torque than the nominal
torque but the Q-n curve will bend to the right at rotational speeds higher than about 300 rpm.
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fig. 10 Pg-V curve for the VIRYA-1.99 for 27 VDC

In figure 10 it can be seen that the Pg-V curve starts at a cut-in wind speed of about 2.9 m/s.
This is rather low and so the VIRYA-1.99 can be used in regions with low wind speeds. In
chapter 4 it was calculated that the starting wind speed is 3.5 m/s. So there is hysteresis in the
Pei-V curve for 2.9 <V < 3.5 m/s. In figure 10 it can be seen that the maximum power is
about 300 W at a wind speed of 10 m/s and higher. This is good for a wind turbine with a
rotor diameter of 1.99 m and a rated wind speed of 10 m/s.

If the charging voltage at high wind speeds is 27.6 V and if the maximum power is
about 300 W, it means that the maximum current is about 300 / 27.6 = 10.9 A. It is expected
that the rotor of the VIRYA-1.99 can be stopped by making short-circuit in the generator. It is
advised to place the rectifier and the short-circuit switch in a box at the tower foot. One
should make short-circuit in the 3-phase cable coming from the generator. It is advised to use
a wire thickness of at least 1.5 mm*.

The generator characteristics for 27 VDC are based on rather inaccurate values supplied
by Hefei Top Grand. The n-n curve of figure 8 is estimated. The P¢-n and the Pg-V curves are
therefore only an indication of what can be expected from the chosen generator. For more
accuracy, it is necessary to buy a generator and measure it on a test rig with a real 24 V lead
acid battery of enough capacity or to measure it with a voltage controller and dump load
which is adjusted at 27 VDC. One has to measure the rotational speed n, the torque Q, the
charging voltage U and the charging current 1. To check if the generator can be used as a
brake, the Q-n curve for short-circuit has to be measured too.

To prevent over charging if the batteries are full, a battery charge controller has to be
used. This controller consists of a voltage controller and a dump load. A 27.6 V, 200 W
battery charge controller is described in a free manual (ref. 7) which can be found at the
bottom of the list with KD-reports. The dump load has an aluminium cooling plate size
3 * 250 * 500 mm on which two resistors and one power transistor are mounted. To increase
the power which can be dissipated, the cooling plate dimensions can be increased up to
3*500 * 500 mm and on which four resistor and two power transistors are mounted. The
same voltage controller can also be used for a bigger dump load.
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7 Checking of the head geometry

The VIRYA-1.99 is provided with the hinged side vane safety system which turns the head
out of the wind at high wind speeds. The head geometry is checked for very low wind speeds
with formula 50 of KD 223 (ref. 2). This formula is copied as formula 12.

Co=7R*> *Ci*e/{h*w* (R, +i)} ¢) (12)

Formula 12 is valid if the rotor is perpendicular to the wind and if the wind speed is that low
that the vane blade is almost vertical. C, is the normal coefficient of a square vane blade. R is
the rotor radius and R = 0.995 m. C; is the thrust coefficient of the rotor and C; is about 0.75
for a rotor with a cambered airfoil. e is the eccentricity in between the rotor axis and the tower
axis and e = 0.18 m for the VIRYA-2.2S. But as the VIRYA-1.99 has a smaller rotor diameter
than the VIRY A-2.2S, the thrust is also smaller. So it is chosen to use a larger value e = 0.2 m
for the VIRYA-1.99. The advantage of a larger eccentricity is that the self orientating moment
has less influence on the total rotor moment. h is the height of the vane blade and w is the
width of the vane blade and both values are 0.5 m. R, is the length of the vane arm measured
in the direction of the vane blade hinge axis and R, = 1.33 m (measured from the assembly
drawing of the head), iy is the distance in between the normal force acting on the vane blade
and the front edge of the vane blade. i; depends on the angle of attack o which is 30° if the
rotor is perpendicular to the wind; iy is about 0.37 w for o = 30° (see KD 223 figure 7). So
i1 =0.37*0.5=0.185m. So Ry + i; = 1.33 + 0.185 = 1.515 m. Substitution of these values in
formula 12 gives that C, = 1.23.

The C,-a curve of a square vane is given in figure 6 of KD 223. In this figure it can be
read that o is about 27.5° for C, = 1.23. This means that the rotor has a negative yaw angle of
& = -2.5° for very low wind speeds. For low wind speeds, the vane blade is no longer vertical
and this reduces the horizontal component of the normal force acting on the vane blade.
Therefore the rotor is about perpendicular to the wind for low wind speeds. So the chosen
vane geometry is good for the VIRYA-1.99 if e is increased from 0.18 m up to 0.2 m.

In the first instance it is assumed that the head geometry of the VIRYA-2.2S head isn’t
changed and so the original generator bracket is maintained. The original VIRYA-2.2S
generator has a height of 80 mm from the shaft axis up to the bottom of the generator foot. So
for the VIRYA-1.99, clamping blocks have to be designed with such dimensions that the
height in between the generator shaft and the original generator bracket is 100 mm. These
clamping blocks are bolted to the original generator bracket. Another option is to modify the
head such that the clamping blocks are directly welded to the head frame.

The strength calculation for the VIRYA-1.8 tubular tower is given in the Dutch report
KD 116 (ref. 8). The VIRYA-1.99 will give a larger load on the top of the tower than the
VIRYA-1.8 because the swept rotor area is larger. However, the 1 %4 upper tower part has a
length of 1.5 m instead of 2 m and this reduces the bending stress in the 1 ¥4 pipe and in the
3” main pipe. So I think that the VIRY A-1.8 tower is strong enough for the VIRYA-1.99. It is
possible to test a prototype of the VIRYA-1.99 on top of the existing 12 m high tower of the
VIRYA-4.2 as the top of this tower is already provided with a hole for a 1 ¥4 pipe.

Manufacture of the VIRYA-1.99 requires special tools for cambering and twisting of
the blades and the ears of the hub plate. These tools are too expensive if only one wind
turbine is made and therefore only serial manufacture of the VIRYA-1.99 is advised. The
drawings of the VIRYA-1.8 rotor, the VIRYA-2.2S head, the VIRYA-1.8 tower, the
VIRYA-1.8 blade press and the VIRY A-1.8 torsion tools are not public but can be obtained at
certain conditions if a company wants to start serial manufacture of the VIRYA-1.99. All
these drawings are hand drawn on Al format and are therefore not digital. It is possible to
make a digital photo of the drawings but the measures are difficult to read if the photo is
printed at A4 format.
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So the measures can only be read properly at the computer screen if the picture is scaled up. If
there is serious interest in the VIRY-1.99, | can modify these drawings such that they are
valid for the VIRYA-1.99.

8 References

1

Kragten A. Rectification of 3-phase VIRYA windmill generators, May 2007, reviewed
January 2022, free public report KD 340, engineering office Kragten Design,
Populierenlaan 51, 5492 SG Sint-Oedenrode, The Netherlands.

Kragten A. Method to check the estimated -V curve of the hinged side vane safety
system and checking of the 8-V curve of the VIRYA-3.3D windmill (7.14 % cambered
steel blades), February 2005, free public report KD 223, engineering office Kragten
Design, Populierenlaan 51, 5492 SG Sint-Oedenrode, The Netherlands.

Kragten A. The 7.14 %, 10 % and 12,5 % cambered plate as airfoil for windmill rotor
blades. Aerodynamic characteristics, geometry, moment of inertia | and moment of
resistance W, November 2008, reviewed April 2018, free public report KD 398,
engineering office Kragten Design, Populierenlaan 51, 5492 SG Sint-Oedenrode, The
Netherlands.

Kragten A. Rotor design and matching for horizontal axis wind turbines, January 1999,
reviewed February 2017, free public rapport KD 35, engineering office Kragten Design,
Populierenlaan 51, 5492 SG Sint-Oedenrode, The Netherlands.

Kragten A. Determination of C, for low values of A. Deriving the Cp-A and C4-A curves
of the VIRYA-1.8D rotor, July 2002, free public rapport KD 97, engineering office
Kragten Design, Populierenlaan 51, 5492 SG Sint-Oedenrode, The Netherlands.

Kragten A. Measurements on a Chinese axial flux generator of Hefei Top Grand model
TGET-165-0.14 kW-500R for a 12 V battery load, September 2015, free public report
KD 595, engineering office Kragten Design, Populierenlaan 51, 5492 SG
Sint-Oedenrode, The Netherlands.

Kragten A. Manual of a 27.6 V, 200 W battery charge controller, free public manual
available at the bottom of the menu KD-reports, engineering office Kragten Design,
Populierenlaan 51, 5492 SG Sint-Oedenrode, The Netherlands.

Kragten A. Sterkteberekeningen voor de standaard toren en voor een gevelversie van de
VIRYA-1.8 windmolen (in Dutch), November 2002, reviewed May 2026, report
KD 116, engineering office Kragten Design, Populierenlaan 51, 5492 SG
Sint-Oedenrode, The Netherlands.



