
Midterm Solution

EE 451/551 Wind Energy

Winter Quarter 2019

Problem 1. A boost converter has a source voltage of 10V and a load resistance of 3W.
The load consumes 150W of power. Calculate its duty cycle and voltage across the load.

Solution. Since the output power of the boost converter is Pout = 150 W, we can determine
the output voltage Vo by

V 2
o

R`

= Pout =⇒ Vo =
√
R`Pout = 21.213 V,

where R` is the load resistance. The voltage conversion ratio for an ideal boost converter is

Vo
Vg

= 1
1−D =⇒ D = Vo − Vg

Vo
= 0.529.

Problem 2. A 4-pole, 60Hz, three phase type 1 generator is connected to the grid at a
voltage of 690V with the following parameters:

X ′2 = 2 Ω, R′2 = 1 Ω.

a) Suppose the slip is s = −0.05. Find the developed power and the copper losses.
Solution. Recall that the developed power is given by

Pd = −3|I ′2|2R′2
(1− s

s

)
= 24.748 kW,

where
I ′2 = −Vth

Rth +R′2/s+ jXeq
.

In this case, R1, X1, and Xm may be neglected. Hence, the expression for the equivalent
rotor current simplifies to

I ′2 = −V1

R′2/s+ jX ′2
= 19.820∠5.711°.

Since the stator resistive impedance is small, all of the copper losses stem from the
rotor

Pcu = Pcu2 = 3|I ′2|2R′2 = 1.178 kW.
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This is also the difference between the developed power and the output power

Pout = <{3V1I
∗
1} = 23.569 kW

Pout = Pd − Pcu = 23.569 kW.

b) Find the maximum possible developed torque.
Solution.
The slip at maximum torque follows the expression

s? = −R′2√
R2

th +X2
eq

= −R
′
2

X ′2
= −0.5.

The corresponding maximum torque is then

Td = −3|Vth|2R′2
s?ωs

[(
Rth +R

′
2/s?

)2
+X2

eq

] = −3|Vth|2R′2
s?ωs

(
R′22 /s

2
? +X2

eq

) = 631.447 N m.

Problem 3. A wind turbine has 25m long blades. The far stream wind speed is 15m/s and
the coefficient of performance is 30%. The turbine is a 6-pole machine rotating at 1260 r/min.

a) The mechanical power captured by the turbine.
Solution. Recall that the coefficient of performance is defined such that

Cp = Pin

P̂
= (1/2)δAw (w2

u − w2
d)

(1/2)δAw3
u

,

where Pin is the blade power and P̂ is the available wind power. This implies that the
mechanical power captured by the turbine is

Pin = CpP̂ = CpδAw
3
u

2 = 994.019 kW.

where we’ve assumed the density of air is 1 kg/m3.

b) Suppose there is no gearbox loss. Find the airgap power (power delivered to the stator).
Hint: Find the slip first.
Assuming there are no rotational losses, the developed power and the input power are
equal

Pd = Pin.

Recall that the airgap power and the developed power are related by the slip such that

Pgap = Pd

( 1
1− s

)
= 946.685 kW,

where the slip is
s = ns − n

ns
= −0.05.
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Problem 4. The following measurements were made at a potential site for a wind turbine.
The blade length is 20m and the coefficient of performance is Cp = 0.5 (regardless of wind
speed). The density of air is 1 kg/m3.

Speed (m/s) 2 4 6 8
Hours 200 100 300 400

a) Suppose a turbine has a cut-in speed of 3m/s and an cut-out speed of 7m/s. Find the
average power generated by the turbine. Note if the turbine is not on, it generates a
power of 0.
Solution. Neglecting rotational and copper losses, the power generated by the turbine
as a function of the wind speed is

Pout(w) = Pin(w) = CpδAw
3

2 .

Using this definition to solve for the expected output power, we have

E [Pout] = 0.1Pout(4) + 0.3Pout(6) = 22.368 kW.

b) The turbine is improved to have a cut-out speed of 10m/s (same cut-in speed). Find
the new average power.
Solution. In this case, the average power becomes

E [Pout] = 0.1Pout(4) + 0.3Pout(6) + 0.4Pout(8) = 86.708 kW.

Problem 5. A type 2 turbine has a 6-pole induction machine connected to a grid voltage of
690V. The parameters of the machine are

R′2 = 20 mΩ, X ′2 = 100 mΩ.

Suppose a resistance of R′a = 25 mΩ is added in series with the rotor.

a) Find the maximum power with and without the added resistance.
Solution. Before the additional resistance is added, the slip at maximum power follows
the expression

m = R′2√
R2

th + 2RthR′2 +X2
eq

= R′2
X ′2

ŝ = −m
(
m+

√
m2 + 1

)
= −0.244.
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Inserting this slip to solve for the maximum developed power, we have

Pd = −3|Vth|2R′2(1− ŝ)
ŝ
[
(Rth +R′2/ŝ)

2 +X2
eq

] = −3|Vth|2R′2(1− ŝ)
ŝ (R′22 /ŝ2 +X ′22 ) = 2.904 MW.

With the added rotor resistance, the slip at maximum power is

m = R′2√
R2

th + 2RthR′2 +X2
eq

= R′2
X ′2

ŝ = −m
(
m+

√
m2 + 1

)
= −0.696.

Inserting this slip to solve for the new maximum developed power, we have

Pd = −3|Vth|2R′2(1− ŝ)
ŝ
[
(Rth +R′2/ŝ)

2 +X2
eq

] = −3|Vth|2R′2(1− ŝ)
ŝ (R′22 /ŝ2 +X ′22 ) = 3.682 MW.

b) Suppose the generator speed is 1270 r/min. Find the loss due to the added resistance.
Solution. Solving for the equivalent rotor current yields

I ′2 = −V1

(R′2 +R′a)/s+ jX ′2
= 512.123∠7.386° A.

The losses due to the added rotor resistance are given by

Padd = 3|I ′2|2R′a = 19.670 kW.

Problem 6. A WTG uses a SDR bank with resistors of 50W and triggering angles at α = 30°
and β = 145°. The resistor bank dissipates at most 1 MJ of energy before breaking down.
Faults in the turbine can be cleared in 50ms. Find the maximum fault current the SDR bank
can tolerate.

Solution. The equivalent resistance of the SDR bank is

Re = RSDR

π

(
π − γ − sin 2α

2 + sin 2β
2

)
= 3.686 Ω.

Since the maximum energy dissipation of the bank is 1 MJ, the maximum power is

PSDR = ESDR

∆t = 1 MJ
50 ms = 20 MW.

Hence, the maximum fault current is

PSDR = 3|Ia1|2Re =⇒ |Ia1| =
√
PSDR

3Re

= 1.345 kA.
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Problem 7. A type 1 turbine has a 6-pole induction generator. The parameters are

R1 = R′2 = 5 mΩ, X1 = X ′2 = 60 mΩ.

The turbine is spinning at 1260 r/min when it is connected to the grid. The grid voltage is
415 V.

a) Find the magnitude of the current in the turbine.
Solution. Since the magnetizing impedance can be neglected, the equivalent rotor
current is given by

I ′2 = −Vg
R1 +R′2/s+ jXeq

= 1.565∠51.632° kA

where Xeq = X1 +X ′2.

b) Suppose a bypass switch with SCRs are installed at the stator side with a triggering
angle of α = 60°. Find the reduction in current magnitude.
Solution. With the bypass switch, the voltage seen at the stator terminals is

V̂1 = Vg|
√

1− α

π
+ sin 2α

2π = 0.897 · Vg.

Hence, the new equivalent rotor current is

Î ′2 = −V̂1

R1 +R′2/s+ jXeq
= 1.404∠51.632° kA,

where the magnitude of the current has declined by 10.3%.

c) Suppose we want to achieve the same reduction by adding resistance to the rotor. Find
the amount of resistance needed.
Solution. With an added rotor resistance, the equivalent rotor current becomes

|I ′2| =
|Vg|√

[R1 + (R′2 +R′a)/s]
2 +X2

eq

,

where Xeq = X1 +X ′2. To make the problem easier, let’s introduce a new variable
Rβ = R1 + (R′2 +R′a)/s. The problem is then quadratic in Rβ

Rβ = −
(
|Vg|2

|I ′2|2
−X2

eq

)1/2

,

where
R′a = s(Rβ −R1 −R′2/s) = 1.316 mΩ.
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