
Homework 6 Solution

EE 451/551 Wind Energy

Due 11:00 pm, Feb. 28, 2019. Submit online at
https://www.dropbox.com/request/QSdn2F246nGj9qwUIBvz

Problem 1. A DFIG (Type 3) turbine has 6 poles and the terminal voltage is 480V
line-to-line. The parameters are:

r1 = r′2 = 0.1 Ω, x1 = x′2 = 0.2 Ω, xm = 5 Ω.

Assume the stator voltage is the reference. The speed of the rotor is 1260 r/min. A voltage
of 10V with an angle of −60° is injected at the rotor. Find the developed power, the air gap
power, and the stator output power. Use Thévenin equivalent circuit for calculations.

Solution. Applying the voltage divider rule to solve for Vth yields

Vth =
(

jXm

Z1 + jXm

)
V1 = 266.420∠1.102° V.

The corresponding Thévenin impedance is given by

Zth =
(

1
Z1

+ 1
jXm

)−1

= Z1jXm

Z1 + jXm

= 0.092 + j0.194 Ω.

The developed power is then

Pd = 3<
{[
VD + V ′a

(1− s
s

)]
I ′∗2

}
= 180.921 kW,

where
VD = −I ′2R′2

(1− s
s

)
.

To solve for the air gap power, recall that

Pgap = Pd

( 1
1− s

)
= 172.306 kW.

The stator output power is then

Ps = 3<{V1I
∗
1} = 161.009 kW.

Problem 2. A Type 3 wind turbine has a 6-pole, 690V terminal voltage induction generator
with the following parameters: x1 = x′2 = 1.0 Ω, xm = 10 Ω, r1 = r′2 = 0.1 Ω. The machine is
operating at a slip of s = −0.1.
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a) Find the developed power if the injected voltage is 0.
Solution. Solving for the developed power as in Problem 1, we have

Pd = 3<{VDI
′∗
2 } = 96.408 kW.

b) Suppose the injected voltage is in phase with terminal voltage. Find the magnitude of
the injected voltage to increase the developed power by 10%.
Solution. Since V ′a affects I ′2, we’ll solve this problem by plotting the developed power
as a function of the RSC injected voltage. Figure 1 shows that the desired developed
power is achieved when V ′a = 3.270∠0° V. Checking this result, we see that

P̂d = 3<
{[
VD + V ′a

(1− s
s

)]
I ′∗2

}
= 1.1Pd = 106.049 kW.
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Figure 1: Developed power vs. RSC injected voltage.

b2) Find the developed power if the injected voltage is 5∠90°.
Solution. Repeating the calculation done in part (a) for a different value of V ′a, we see

Pd = 3<
{[
VD + V ′a

(1− s
s

)]
I ′∗2

}
= 71.271 kW.

Problem 3. A Type 3 wind turbine has a 6-pole, 690V terminal voltage induction generator
with the following parameters: x′2 = 1.0 Ω, xm = 10 Ω, r′2 = 0.1 Ω (r1 and x1 are zero). The
machine is operating at a slip of s = −0.05. Find the reactive power delivered to the grid
from the stator for:
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a) An injected voltage of V ′a = 10∠20°.
Solution. Since the stator-side impedances can be neglected, the Thévenin equivalent
voltage is simply

Vth =
(

jXm

Z1 + jXm

)
V1 = V1.

Recall that the stator reactive power delivered to the grid is given by

Qs = 3={V1I1
∗} = −220.451 kVAr,

where
I1 = I ′2 − Im.

b) An injected voltage of V ′a = 5∠−100°.
Solution. Solving for the reactive power as in part (a), we have

Qs = 3={V1I1
∗} = −91.601 kVAr.

Problem 4. An 8-pole DFIG is spinning at 810 r/min. Its slip power is 10 kW. Ignore losses
and compute the power delivered to the grid.

Solution. Recall that the slip power is defined such that

Pslip = Pr − Pcu2 = sPgap,

where Pgap is the airgap power. For this machine the slip is

s = ns − n
ns

= 900− 810
900 = 0.1,

where
ns = 120f/p = 120(60/8) = 900 r/min.

Hence, we see that the machine is operating with a positive slip. Note that Type 3 machines
do not necessarily need to operate with a negative slip in order to deliver real power to the
grid. The airgap power is then

Pgap = Pslip/s = 100 kW.

Since the losses are negligible, the machine delivers 100 kW to the grid

Ps = Pgap = 100 kW.

Problem 5. A 690V, 600 r/min DFIG system has its GSC connected to the grid (i.e., the
FCB) through a transmission line with a reactance of 2W. Compute the output voltage of
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the GSC such that 10 kW and 60 kVAr is delivered to the FCB. Note the FCB voltage is
taken to have an angle of 0°.

Solution. Recall that the apparent power delivered to the farm collection bus follows the
relationship

Sfcb = 3VfcbI
∗ = Pr + jQfcb.

In terms of the GSC output voltage, we have

Pr = 3|V ′out||Vfcb|
X

sin δ

Qfcb = 3|Vfcb| (|V ′out| cos δ − |Vfcb|)
X

,

where δ is the angle of V ′out with respect to Vfcb. Equivalently, we could also write

Sfcb = 3Vfcb

(
V ′out − Vfcb

jX

)∗
.

Hence,
V ′out = jX

(
Sfcb

3Vfcb

)∗
+ Vfcb.

Solving for the GSC voltage V ′out that yields the real and reactive power stated in the problem,
we have

V ′out = j2
(

10 + j60 kVA
690
√

3

)∗
+ 690√

3
= 499.061∠1.922°.

Checking this result yields,

Sfcb = 3Vfcb

(
V ′out − Vfcb

X

)∗
= 10 + j60 kVA.

Problem 6. (Bonus for undergraduate students, must attempt for graduate students.) A
Type 3 wind turbine has a 6-pole, 690V induction generator with the following parameters:
x1 = x′2 = 1 Ω, xm = 10 Ω, r′2 = 0.1 Ω, (r1 = 0). The machine is operating at a slip of -0.1. A
voltage is injected into the rotor of the induction generator such that the generator provides
50 kVAr of reactive power to the grid. The developed (active) power should not change. Find
the injected voltage.

Solution. Applying the voltage divider rule to solve for Vth yields

Vth =
(

jXm

Z1 + jXm

)
V1 = 362.156∠0° V,

where the corresponding Thévenin impedance is given by

Zth =
(

1
Z1

+ 1
jXm

)−1

= j0.909 Ω.
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Recall that the reactive power delivered to the grid is given by

Qs = 3={V1I1
∗} ,

where I1 = I ′2 − Im via KCL. In the case where the rotor-side injected voltage is zero, we have

Pd = 3<{VDI
′∗
2 } = 93.187 kW

Ps = 3<{V1I1
∗} = 84.715 kW

Qs = 3={V1I1
∗} = −205.011 kVAr.

The problem states that the developed power Pd should not change. Recall that the developed
power is related to the airgap power such that

Pgap = Pd

1− s.

Hence, if Pd and s remain constant, then Pgap also remains constant. Furthermore, the
problem states that the stator-side copper losses are zero, which implies that

Pcu1 = 0 =⇒ Ps = Pgap − Pcu1 = Pgap.

Thus, in this case, Pd being unchanged implies that the active power delivered on the stator
side is also unchanged. We are then searching for an injected voltage such that Ps = 84.715 kW
and Qs = 50 kVAr. Back calculating the required stator current, we have

Ss = 3V1I
∗
1 =⇒ I1 =

(
Ss

3V1

)∗
= 82.310∠−30.550°.

Hence,
I1 = Vm − V1

jX1
=⇒ Vm = I1jX1 + V1 = 445.879∠9.148°.

The voltage across the magnetizing reactance is related to the voltage injected in the rotor by

Vm = V ′a/s− I ′2 (R′2/s+ jX ′2) ,

where
I ′2 = V ′a/s− Vth

Rth +R′2/s+ jXeq
= V ′a/s− Vth

R′2/s+ jXeq
.

Recall that Xeq = Xth +X ′2. Substituting the expression for I ′2 into the equation for Vm

above yields

Vm = V ′a/s−
(
V ′a/s− Vth

R′2/s+ jXeq

)
(R′2/s+ jX ′2)

Vm = (1− β)V ′a/s+ βVth,

where
β = R′2/s+ jX ′2

R′2/s+ jXeq
.
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Solving for V ′a, we have

V ′a = s (Vm − βVth)
1− β = 50.584∠−152.354°.

Checking this answer yields

Pd = 3<
{[
VD + V ′a

(1− s
s

)]
I ′∗2

}
= 93.187 kW

Ps = 3<{V1I1
∗} = 84.715 kW

Qs = 3={V1I1
∗} = 50.000 kVAr.

This solution would vary slightly if we accounted for the reactive power provided to the grid
via the rotor-side converter!
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