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Exercise 01: Fundamentals of the magnetic field

Acknowledgement: The following exercise is adapted from “Elektrische Maschinen und Antriebe

Ubungsbuch: Aufgaben mit Losungsweg” by A. Binder, Springer, 2017

Task 1.1: Magnetic iron yoke

2 and

The iron core consists of thin single metal sheets with a cross-sectional area of A = 900 mm
with an air gap of 6 = 3 mm. A simplified sketch is shown in Fig. 1.1.1. The material behavior of
the selected iron is visualized in Fig. 1.1.2. The coil with N turns contains a direct current which

results in a homogeneous magnetic flux density of Bs = 1.8 T in the air gap.
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Figure 1.1.1: Simplified sketch of a magnetic iron core. All dimensions of the core are given in mm.
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Figure 1.1.2: Direct current magnetization curves of electrical steel for (1) hot rolled processing with
a thickness of 0.5 mm and (2) cold rolled processing with a thickness of 0.35 mm. The magnetization
curve in figure on the left side is a zoomed version of material (1) for lower field strengths.
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1.1.1 Calculate the magnetic flux ¢s in the air gap.
Answer:
The area of the air gap is equal to the iron core area (4s = A = 900 mm?). The calculation of the

magnetic flux is defined as follows:

5 = /SB dS = BA, (1.1.1)

where B is the magnetic flux density and S is the surface area to integrate. The above integral could
be simplified to B*A because the flux density is homogeneous and the integration surface S and the

flux are perpendicular to each other. This results in

¢s = BsAs = 1.8 T-900-107% m? = 1.62 mWh. (1.1.2)

1.1.2 How big is the magnetic flux density B, in the iron core at the dotted line in Fig. 1.1.17
Neglect the leakage flux.

Answer:

Since the leakage flux is neglected, the fluxes ¢s in the air gap and ¢g. in the iron are equal. This

results in the following equation:
Cbé = ¢Fe - A5B5 - AFeBFe- (113)

The equation from above is resorted to calculate the magnetic flux density:

=18 T. (1.1.4)

1.1.3 What is the value of the permeability ; and the magnetic field strengths Hs and Hp,. in the air
gap and in the iron for the given operating point?

Answer:

The permeability in the air gap is equal to the permeability in the air, which is given with:

p=po = 4mr - 1077 VS . The magnetic field strength in the air gap is calculated with:

Bs 18T A
1432305 —. (1.1.5)
o 47 - 10 7 Am m

Hs =
The curve (1) on the right side in Fig. 1.1.2 shows for Bg, = 1.8 T a magnetic filed strength of
Hg, = 80 C% = 8000 %. With the filed strength Hp, the permeability of the iron is calculated:
BFe 1.8T Vs

o DR — 0.000225 >, 1.1.6
e = e~ 8000 A/m Am (1.1.6)

which is approximately 179 times p.
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1.1.4 What is the required magnetomotive force # = N - I in the excitation coil to excite the flux

density B; = 1.8 T?
Answer:

The magnetomotive force is calculated with Ampere’s law along closed curve 95
0 = NI = Hs 4+ Hrpelpe.
Therefore, the length of the magnetic path calculates as:

Ire = 2(120 — 30) + 2(135 — 30) — 3 = 387 mm.

Hence, with the two equations from above, the magnetomotive force is calculated with:

0 - H5(5 + HFelFe-
= 1432395 A/m - 0.003 m + 8000 A/m - 0.387 m
= 7393 A.

1.1.5 What is the required current [ if the coil has N = 500 turns?
Answer:

The current is calculated with:
0 7393 A

=— = = 14.79 A.
N 200

Task 1.2: Electromagnetic induction

(1.1.7)

(1.1.8)

(1.1.9)

(1.1.10)

A magnetic circuit (cf. Fig. 1.2.1a) has the dimension of 6 = 3 mm, b = [ = 30 mm. The excitation
coil with N = 500 tuns id fed with an alternating current i(t) = fsin(27rft) with f = 100 Hz and
I =78 A. The permeability of the iron pp. is assumed to be infinite and the flux leakage can be

neglected. A quadratic, non-moving coil with a side length of 30 mm and N¢ = 10 turns is within

the air gap of the yoke. The orientation of the coil is shown in Fig. 1.2.1b.

1.2.1 Calculate the flux density Bs(t) in the air gap. Sketch the trajectories of i(¢) and Bs(t).
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(b) Orientation of the coil surface in the air
(a) Iron yoke with a coil in the air gap. gap of the given yoke.

Figure 1.2.1: Iron yoke and coil orientation.

Answer:
Since the leakage flux is neglected, the fluxes ¢5 in the air gap and ¢, in the iron are equal (¢s = Pre).
In addition, the area of the coil and the air gap area are identical (Ag. = As). Therefore, the following

relationship is made:

Ps = ¢re = As By = ApeBre. (1.2.1)

By resorting the equation from above, the flux density in the air gap is calculated:

Bre = Bs—> = B;. (1.2.2)

The magnetic field strength calculates as:

Bre
Hype = =2 = 0, (1.2.3)
HFe

which is zero due to the assumption of an infinite permeability in the iron path.

In the following equation, Ampere’s law is given with:
0(t) = Ni(t) = Hs0 + Hpolpe. (1.2.4)

This equation simplifies by neglecting the magnetic field strength within the iron (Hg, = 0) due to
the infinite permeability. This leads to the following equation:
Bso
0(t) = Hyd = = (1.2.5)
Ho
where Hs = By / po.
By rearranging the equation from above, the magnetic flux density in the air gap is calculated as

follows: )
poNi(t)

(1.2.6)
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With the given values in the task, the time course of the magnetic flux density is expressed as:

500 - 7.8 A - sin(2r - 100 Hz - t)
0.003 m

Bs(t) =4m-1077. =1.63 T -sin(2r - 100 Hz - t). (1.2.7)

In the upper part of Sol.-Fig. 1.2.1 the trajectory of the current is shown. In addition, the trajectory

of the magnetic flux density is visualized in the lower part.

10

71in A

BinT

2.5 5 7.5 10
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Solution Figure 1.2.1: Trajectories of the current i(¢) in the upper and the magnetic flux density
B(t) in the lower part of the figure.

1.2.2 How large is the magnetic flux linkage ¥(t) of the magnetic field generated by the excitation
coil to the coil in the air gap?

Answer:

According to Fig. 1.2.1b, the direction of vector d.S is in the opposite direction of the flux density

vector Bjs. Therefore, the flux linkage has a negative sign:
(1) = Ned(t) = —NoAsBs(2). (12.8)
With the given and calculated values, the flux linkage is defined with:

Y(t) = —10-(30-30)-107° m*- 1.63 T -sin(27 - 100 Hz - ) = —0.0147 Vs -sin(27 - 100 Hz - t). (1.2.9)

1.2.3 How large is the induced voltage u;(t) of the coil in the air gap? Also, sketch the trajectory wu;.

Answer:

The induced voltage is the differential of the magnetic flux linkage and therefore, defined as:

ui(t) = —dﬁf) — —o1f W cos(2n ft). (1.2.10)
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In addition, the induced voltage is calculated with the previous calculated values:
ui(t) = —2m - 100 Hz - (—0.0147 Vs) - cos(27 - 100 Hz - t) = 9.2 V - cos(27 - 100 Hz - t).  (1.2.11)

In the upper part of Sol.-Fig. 1.2.2, the calculated current from the previous task is shown again.

The induced voltage is visualized in the lower part of the figure.

t in ms

Solution Figure 1.2.2: Trajectories of the current i(¢) in the upper and the induced voltage u;(t) in
the lower part of the figure.

1.2.4 Calculate the mutual inductance M between the excitation coil and the air gap coil.
Answer:

The mutual inductance is defined as follows:

M = My =

¥ sin(2 v —0.014

i(t)  Isin(2rft) 78 A

Task 1.3: Moving current-carrying conductor in a magnetic field

An electrical conductor (length [ = 1 m, resistance R = 0.2 Q) is connected via two flexible supply
lines from a battery (open circuit voltage Ugg = 12 V, internal resistance Rp; = 0.1 2) and is excited
with direct current I. The conductor is located in an air gap between two very long permanent
magnets pole pieces, that are perpendicular to the conductor axis. The magnetic flux density directed
downwards perpendicular to the conductor axis Bs = 0.8 T in the air gap. The self-inductance of

the conductor and the wire connections is neglected.

1.3.1 Draw the electrical equivalent circuit diagram of the battery and resting conductor, and enter

the direction of current flow I in the load convention style. How large is 17
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I
|

Figure 1.3.1: Current-carrying conductor in magnetic field.

Answer:
As the magnetic field is constant over time, no induction occurs. Only the electrical battery voltage
acts according to the equivalent circuit diagram in Sol.-Fig. 1.3.1. Hence, the current is calculated

with:
Uso 12V

= = =40 A. 1.3.1
Rgi + R (0.1 + 0.2) Q ( )

9 1 Bai 2

R Qw & T

1 1

Solution Figure 1.3.1: Equivalent circuit diagram for the battery and resting conductor marked here
with R.

1.3.2 In which direction shows the Lorentz force F' on the conductor? How big is this force?
Answer:

The force F' acts at right angles to the field and current flow direction, this means, in the direction
of the air gap surface to the right, which is shown in Sol.-Fig. 1.3.2. Since the direction of current

flow and field direction form a right angle with each other, the maximum possible force occurs:
F=1IIBs=40A-1m-08T=32N. (1.3.2)

As the conductor is flexibly connected to the battery via flexible connections the force F' in the air

gap accelerates it to the right in its direction.
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Solution Figure 1.3.2: Acting Lorentz force on the conductor in the air gap.

1.3.3 Draw the electrical equivalent circuit diagram for the combination of the moving conductor and

feeding battery with the conditions at conductor side [. What additional electrical voltage occurs?

Answer:
If the conductor is moved by the force F' at the speed v, the movement induction in the conductor

along the length [ creates a movement field strength against the direction of the tangent vector:
-Eb = X Bé. (133)
Therefore, between 2 and 1 the voltage u; is induced:
1 1
= / (v X Bs)ds = —/ vBsds = —vB;sl = U,. (1.3.4)
2 2

In the equivalent circuit diagram (Sol.-Fig. 1.3.3), the induced voltage acts in series with the battery
voltage:
UBU -+ Ui = (RBi + R)[ = UBO — UB@Z. (135)

As long as v Bjsl is less than Ugg, is I > 0 and the driving force ' > 0 remains effective. The induced
voltage acts against the current direction I, which is the cause of the conductor movement through

F, and therefore acts against the cause of its creation (Lenz’s rule, Sol.-Fig. 1.3.3).

2 IRBi

—

Ui

Solution Figure 1.3.3: Moving conductor with the induced voltage w; as an external voltage, a)
equivalent electrical circuit diagram, b) direction of the Lorentz force F'.
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1.3.4 To what final velocity vg is the conductor in the air gap accelerated by F' if no mechanical
braking force acts on it and if one considers the air gap as arbitrary long? How is the current [ in
the conductor after reaching the final velocity?
Answer:
The final velocity vy in the air gap is reached when, the sum of all forces acting on the conductor is
zero (3 F = 0), according to Newton’s second axiom. Without mechanical forces from outside, this
is this only true when I = 0 due to F' = [IB;. With the equivalent circuit from Sol.-Fig. 1.3.3 the
following equation is defined:

Upo = (Rpi + R)I — U, (1.3.6)

with I = 0, it arranges to:

UBO == —Ui == UoB5l. (137)
Hence, the final velocity is calculated as:

UBO 12V m
—= = — 15 I 1.3.8
T Bl T 08T -1m s (1.3.8)

At the final speed vg, the induced voltage and battery voltage canceled each other out, such that the

current [ is zero.

1.3.5 Assume that the conductor experiences a braking force due to friction Fr= 10 N. To what final
velocity v does the conductor now accelerate? What is the current I in the conductor?

Answer:

The final velocity v is reached when no further accelerating force acts on the conductor, i.e., when
F — Fr = 0. The force F' is defined as:

F=1IIBs = Fp = 10 N. (1.3.9)

By rearranging, the necessary current is calculated with:

10 N

= —— =125 A. 1.3.1
I1m-08T 25 (1.3.10)

With the voltage equation again from the equivalent circuit diagram:
Ugg = (RBi + R)I — Ui, (1311)

with
u; = —vBsl. (1.3.12)
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Hence, the velocity v calculates as follows:

UBO_(RB1+R)[ 12V -03Q-12.5 A m
= = =10.31 —. 1.3.1
Bsl 0.8T-1m 05 s (13.13)

The Lorentz force and the friction force are visualized in Sol.-Fig. 1.3.4 after reaching the final speed.

|[F|=F = Fg = |Fg|

Solution Figure 1.3.4: Indicates the balance of forces after reaching the final speed.

1.3.6 What mechanical power P, is required so that the conductor can move against the braking
friction force Fr = 10 N with the final velocity v determined in task 3.5. Sketch the curves v(/) and
v(F) for a variable braking force Fr between vy and v = 0.

Answer:

The mechanical power is calculated as follows:
P, =Frv=10N-10.31 m/s = 103.1 W. (1.3.14)

The relationship between the current and the velocity is calculated with:

_ Upo— (Rei+ R)I

1.3.15
et (13,19

by changing the value of the current. This results in the left part of Sol.-Fig. 1.3.5. The corresponding

force F'is calculated as:
F =1IBs, (1.3.16)

and the resulting values are shown in der right part of Sol.-Fig. 1.3.5.

10
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15
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Solution Figure 1.3.5: Current and force of the conductor in relationship to the velocity.

1.3.7 What is the electrical power drawn from the battery P, for the operating point from task
3.57 What is the efficiency 1 and the power loss P} when converting electrical power into mechanical
power? How does the conductor act as an electromechanical energy converter?

Answer:

The electrical power for the given operating point is calculated with:
Py=Ugyl =12V -125 A =150 W, (1.3.17)

which is used in the next step for the efficiency calculation:

P, P, 103.1W
_ _ Lm A0A W e 1.3.18
T p TP 150 W % ( )

The total losses are calculated as follows:
P=P,— P,y =150 W —103.1 W =469 W. (1.3.19)

The conductor moves against the braking external frictional force Fg, hence, it acts as a motor. It

converts electrical energy from the battery into mechanical energy.

11
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Exercise 02: DC machine

Acknowledgement: The following exercise is adapted from “Elektrische Maschinen und Antriebe

Ubungsbuch: Aufgaben mit Losungsweg” by A. Binder, Springer, 2017

Task 2.1: Six-pole loop winding

A six-pole DC machine with an axial laminated core length [, = 120 mm and a internal stator
diameter ds = 190 mm has an ideal pole coverage o = 0.7 and a maximum radial magnetic air gap
flux density Bs = 0.85 T at no-load. The armature of the machine is equipped with a two-layer lap
winding with a coil winding number N, = 20 and K = 31 commutator segments. The machine has
a interpole winding connected in series with the armature winding to improve commutation. The

total resistance of the armature and interpole winding is R, = 0.14 Q.

2.1.1 What is the total number z, of armature conductors?
Answer:

The total number is calculated as follows
Za = 2K N, = 2-31-20 = 1240, (2.1.1)

with K number of commutator elements and /N, number of conductor turns per coil.

2.1.2 Calculate the induced voltage U; at a rotational speed of n = 4000 1/min.
Answer:

First, the pole pitch is calculated with

dsm 190 mm - 7
o2 6

= 99.5 mm, (2.1.2)

Tp =

where dg is the inner stator diameter and p the pole pair number.

The induced voltage per armature conductor calculates as

aNONflzda
Uie = ——liw, 2.1.3
, o (2.1.3)
with N field conductor loops and the air gap length §.
The total induced voltage is defined with
N,
Ui = — U, 2.1.4
22U (21.4)

with N, armature conductor loops and the pole coverage a. For the lap winding, the number of

parallel winding branches 2a is equal to the number of the magnetic poles 2p, that leads to a = 3.

12
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Hence, the total induced voltage is calculated by

foeNe Ny l, T,
wh——2=2F

U, = 550 (2.1.5)
with N
Aéé__’g% ey (2.1.6)
resulting in
.~ aN,
U, = Béww
Ta
2.1.7
4000 1 0.7- 200.0.12 m-0.0995 m - 3 ( )
=0.85 T - 27 - = 587.3V,
60 s -3

where [, is the length of the machine and Bs the maximum flux density in the air gap.

2.1.3 The machine operates as a motor. For this purpose, a voltage of U, = 600 V is applied. How
large is the armature current I,7
Answer:

Derived from the equivalent circuit diagram, the voltage equation is given with:
Us =U; + ILR,. (2.1.8)

The above equation is resorted and solved for the armature current as follows:

U,— U, (600 —587.3)V
R, 0.14 ©

I, = =908 A. (2.1.9)

2.1.4 Calculate the Lorentz force per conductor F, and per pole F,ge. Calculate in addition the
resulting average electromagnetic torque 7. An air gap of 6 = 1 mm is assumed.
Answer:

The current per armature conductor is calculated with:

I. = a = %SA =15.13 A. (2.1.10)

The Lorentz force per armature conductor is determined as:
F, = Byl,I.=0.85T-0.12m-15.13 A = 1.54 N. (2.1.11)

With F. the Lorentz force per pol is calculated with:

. 1240
SF_{”‘7T 1.54 N = 2228 N. (2.1.12)
p

Fpole =

13
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The torque per conductor is defined as follows
_ Hoib e (2.1.13)

with the outer armature diameter d, = dy — 20.

Hence, the resulting average torque is given as

o NNyl ,d,

T = 2aN,T, = I 1, 2.1.14
“ 4opa ! ( )
with (2.1.6) resulting in the following equation
~ aN,ld,
T = B2 S
a
2.1.15)
0.7-21.0.12 m-0.188 (
—085T- o ™ 90.8 A = 125.9 Nm.

2-3

2.1.5 Calculate the motor losses. Assume that the iron losses and friction losses can be neglected as
well as that the field excitation is produced via permanent magnets.
Answer:

Based on the assumptions, only the ohmic losses occur in the machine:

P = Poya = RaI?> =014 Q- (90.8 A)* = 1154.2 W. (2.1.16)

2.1.6 Calculate the efficiency n for the given operating point.
Answer:

The electric power is defined with
Py =U,I, =600V -90.8 A = 54480 W, (2.1.17)

and the mechanical output power as:

4000
Preeh =Tw =125.9 Nm - 27 - T

»n |

= 52753 W. (2.1.18)

The efficiency results in:
Preen 52753 W

P, 54480 W

n= — 96.8 %. (2.1.19)

Task 2.2: Design parameters of a DC machine
The separately-excited four-pole DC machine with a two-layer lap winding has a stator with the
diameter of d; = 133 mm and a length of [, = 80 mm. The armature has ) = 30 slots, u = 3

commutators per slot and layer as well as N, = 9 windings per armature coil. The maximum air gap

14
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flux density is Bs = 0.9 T, the ideal pole coverage is a = 0.7, and, the air gap width is 6 = 1.5 mm.
The nominal speed of the machine is n, = 1440 min™!, with an armature current of I, , = 22 A. The

excitation values are given with Iy = 0.5 A and Uy = 230 V.

2.2.1 What is the pole pitch 7, and the flux per pole ¢5?
Answer:

The pole pitch calculates as follows

dsm 133 mm -7
2p 4

= 104.5 mm, (2.2.1)

Ty =
with the inner stator diameter dg and the pole pair number p = 2. The flux per pole is calculated as
05 = ozrplzﬁ’é =0.7-0.1045m - 0.08 m- 0.9 T = 5.265 mWb, (2.2.2)

where a represents the pole coverage, [, is the axial length of the machine and the maximum flux

density Bs in the air gap.

2.2.2 What is the number of commutator elements K, the total number of armature conductors z,
and the number of parallel armature branches 2a.
Answer:

The number of commutator elements is calculated as
K =Qu=30-3=90, (2.2.3)

with () slots and the slot to commutator ration u. The total number of armature conductors is
defined by
2o = 2KN. =2-90-9 = 1620, (2.2.4)

with K number of commutator elements and N, number of conductor turns per coil.
For a lap winding, the number of poles are directly connected with the number of parallel branches,
which results in:

2a = 2p = 4. (2.2.5)

2.2.3 Determine the induced voltage U; at nominal speed n,, and the electromagnetic torque 73,. What
is the necessary armature voltage U, during motor operation mode, when R, = 1 Q7 How large is
the motor output power, neglecting the friction and the soft magnetic material losses (hysteresis +
eddy current)? Determine the no-load rotational speed ng at the fixed flux ¢s.

Answer:

The induced voltage is calculated by

MOaNfNalsz

Ui: [
Wit 2mda

(2.2.6)

15
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with

I, (2.2.7)

resulting in

5 Nalz
U, = wa
mwa
9.9.
1440 1 0.7-1%% 0,08 m - 0.1045 m - 2 (2.2.8)
09T om0 % — 2048 V.
60 s T2

The average torque is given as
toeNg Nol,d,

T, =
4opa

Ii1,, (2.2.9)

with (2.2.7) resulting in the following equation

2a B

0.7 120.0.08 0.130
—09T- > 2m ™ 99 A = 29.2 Nm.

(2.2.10)

The armature voltage U,, at nominal speed is derived from the equivalent circuit diagram and

therefore given with:
Upn = Ui + R, =2048 V+1Q-22 A = 2268 V. (2.2.11)

The mechanical output power is defined with:

1440 1
Paneen = Ty = 29.2 Nm - 27 - == — = 4403 W. (2.2.12)
S

To calculate the maximum speed at no-load, the friction and soft magnetic losses are neglected.
Therefore, the armature current is assumed to zero (I, = 0) resulting in U; = U,. Hence, the voltage

equation is given with:
N, l,pp

U, = U, = Bsw (2.2.13)
Ta
By rearranging the equation from above, the no-load speed is calculated as follows:
Ua 226.8 V-1 -2 1 1
= - - i — 9268 — = 1607 —. (2.2.14)
BsaN,l,mpp2r 0.9 T-0.7- 5= -0.08 m-0.1045 m - 2 - 27 S min

2.2.4 How many brush pairs does the machine have? How big is the current per brush? What is the
circumferential speed of the armature under consideration of §?
Answer:

The machine has two brush pairs to meet the pole pair number, which are electrical parallel connected.

16
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At the nominal operation point, the current per brush is calculated as follows

I 22 A
L,="22=""""—11A 2.2.15
b a 9 5 ( )
with a = p = 2 due to the lap winding.
The outer diameter of the armature is determined with
dy =ds —20 =133 mm — 2 - 1.5 mm = 130 mm, (2.2.16)

and therefore, the circumferential speed of the armature calculates with:

144
Ua:dawnn:0.13m-ﬁ-00

k
~9.8 f_353 Tm (2.2.17)

UJ\H

2.2.5 Determine the necessary excitation with ideal iron path (u, — oo) per pole. What is the
number of necessary windings for each of the four coils of the excitation of the stator. Considering
a real motor, is the excitation larger or smaller?
Answer:
The total field is calculated as follows

0r = Hsb = Bsg _ LTV -0.0015 m = 1074.3 A, (2.2.18)

140 4 - 1077 =
with the magnetic field strength Hjs in the air gap. The relationship between the total excitation
and the excitation per pole is
Or = Nt polelt, (2.2.19)

which results in the necessary windings per pole

0; 10743 A
Nipoe = =& = — 2% — 9148.6, 92.2.20
fpole = 7 0.5 A ( )

with the field current I;r. This results in 2149 necessary turns.

By considering iron saturation u, is not constant anymore, see therefore the magnetization curves
from the lecture. This results in lower value of p, compared to the previous assumption in this task
(y — o0) and therefore the effective magnetic reluctance along the field excitation path increases.
To overcome this and to provide the same effective excitation field, the field winding’s MMF need to

be increased by additional winding turns compared to the previous calculation.

2.2.6 Determine the efficiency 7, of the armature and the resulting total efficiency 7. Are these losses
larger or smaller for real motors? Why? Give an explanation.

Answer:
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The electrical input power is calculated as follows:
Poo=Ulyn =2268V- 22 A =4990 W.

Hence, the armature efficiency is determined with:

Puean 4503 W

= = 0.895 = 89.5 %.
Pua 50314 W %

Na =
The field losses are calculated as
Pas=Uil; =230 V-05 A =115 W,

which leads to the total efficiency:

o Pmech o 4403 W
= Py + Pay  4990W + 115 W

= 0.862 = 86.2 %.

(2.2.21)

(2.2.22)

(2.2.23)

(2.2.24)

The real losses are higher due to the air and bearing friction as well as the soft magnetic material

losses (hysteresis + eddy current) which have been neglected in the above model calculation but

which are present in a real machine.

2.2.7 The motor should be operated with a constant armature voltage of U,, = 230 V in the flux-

weakening range with 7" = 15 Nm. What is the flux per pole ¢, and the armature current 1,7 How

large is the resulting efficiency 7, if the utilized iron shows no saturation and required field weakening

is reached through reducing the field voltage Us.
Answer:

The armature voltage is calculated as
Ua = Ui + Ra[a = wwé + RaIaa

with I, = % resulting in:
f
R, T
v

= M/ff

This equation is reformed to the following

/ Ua /! Ra
(m)g - ;wf + o 0,

which represents a quadratic equation, that is solved in the following form:

2?4+ Pz +Q = 0.

(2.2.25)

(2.2.26)

(2.2.27)

(2.2.28)
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The solution is given as follows

P P\?
=——+4/|=) — 2.2.29
L1,2 9 ( 9 ) Q, ( )
with U
P=-_2 (2.2.30)
w
which is applied according to the equation:
P 230 V
— = ——5— = 0.578 Vs. (2.2.31)
y "
The parameter () is defined by:
RT, 1Q-15N
Q= - o = 0.0754 (Vs)®. (2.2.32)

w 27T-—60 3

Hence, the solution is calculated as follows

U U\ R.T,
oo Zay [(Za) _ ftaln
Wiha =3, \/<2w> w (2.2.33)

(1f)15 = 0.578 £ 1/(0.578Vs)? — 0.0754 Vs,

with two possible solution due to the quadratic equation. Therefore, both solutions must be evalu-

ated, starting with (¢f); = 0.07 Vs. The corresponding current is calculated by:

T, 15 Nm
I, = = =214.3 A. 2.2.34
(),  0.07 Vs ( )
Testing the second solution (1f), = 1.09 Vs results in
T, 15 Nm
I, = = =13.76 A, 2.2.35
(),  1.09 Vs ( )
which is the right solution due to the lower current.
The corresponding flux per pole is calculated with:
‘ 1.09 Vi
Ppole = (ﬁiﬁ)? = “Tem ® = 4.23 mVs. (2.2.36)

2r 2w

The relationship to the previously calculated flux per pole ¢s is defined as follows

Ppole 423 mVs
¢s  5.265 mVs

= 0.803 = 80.3 %. (2.2.37)

In the following, the armature current is set in relation to the nominal current as:

I, 1376 A
L., 22A

= 0.63 = 63 %. (2.2.38)
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Hence, the electrical input power is calculated with
Py,=U, =230V 1376 A = 3164.8 W, (2.2.39)
and the mechanical power with the given values in the task description by:

Preech =Tw =15 Nm - 27 - ——

1900 1
0 s 2984.5 W. (2.2.40)
s

The given operating point is located in the flux-weakening range and, therefore, the excitation values

and the corresponding losses are changed. This leads to lower excitation losses as follows

Pay R} I

= = 2.2.41
Patn R, I7) ( )
with 5 =
pole f 2
— = —- =10.803". 2.2.42
This results in: )
I
Pt = Pasn (;) =115 W - (0.803)* = 74.2 W, (2.2.43)
fn
The efficiency is given by:
Prec 2084.5 W
n= b —=0.921 = 92.1 %. (2.2.44)

Py.+ Pay 31648 W+ 742 W

Task 2.3: Submarine with DC machine

A four-pole DC machine on the board of a submarine with U, ,, = 440 V, P, = 65 kW, n,, = 1300 min~!
has an efficiency of n, = 0.9. The total losses P are separated in the ohmic losses Pcy 5 in the armature
with 75 % and the soft magnetic material, friction, and additional losses (Pgo + Piyagq) With 25 %

of the total losses P. The field excitation losses are neglected in the following.

2.3.1 Calculate the armature current 7, ,, the torque T, the losses Pcy, and Ppiadd, the armature
winding resistance R, and the no-load speed ny.
Answer:

The armature current calculates as follows

Pu/na 65 kW/0.9
Uwn 440V

Lin = —=164.1 A, (2.3.1)

with a nominal mechanical power of P,, the efficiency 7, and the voltage U, ,. Hence, the torque is

determined with:

P, 65 kW
n 60 s
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The efficiency is given with
P,

e

(2.3.3)

where P are the losses of the machine. To calculate them, the equation is rearranged as follows:

p=(t 1 Pn:(l—l)-65kW:7222W.
M 0.9

As described in the task, the cupper losses are defined by
Peya =070 =0.75- 7222 W = 5416.7 W,
and, therefore, the other losses yield as follows:
Pre + Piiaga = 0.25FP = 0.25- 7222 W = 1805.5 W.
The resistance of the armature calculates with

Poya = R.I?

a,n’

which is resorted to the following:

Poua 54167 W

= —=0.201 Q.
12, (164.1 A)?

R, =

The voltage is determined according to the equivalent circuit diagram by
Ua - Ui + Ra]a,na

and, therefore, the induced voltage is calculated with

Ui=U,— RsI,, =440V —0.201 2-164.1 A =407 V.

In addition, the induced voltage is defined as

Ui = Wﬁéa

which is used to calculate the flux linkage as follows:

U 40TV
wgzzzf'% : =2.99 Vs.

(2.3.4)

(2.3.5)

(2.3.6)

(2.3.7)

(2.3.8)

(2.3.9)

(2.3.10)

(2.3.11)

(2.3.12)

To calculate the maximum speed at no-load, the friction and soft magnetic losses are neglected.
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Therefore, the armature current is assumed to zero (I, = 0) resulting in U; = U, ,, which leads to

Uan
w= 2 (2.3.13)
f
resulting in
Uan 440 V 1
= — = = 23.42 — 2.3.14
"= e T 2.99 Vs - 21 s’ (23.14)

which is a no-load speed of ny = 1405 min~!.

2.3.2 Determine the value of the additional starter resistor Rq, such that the start-up torque 717 at
U, = U, is limited to 150 % of the nominal torque.
Answer:

As described in the task, the torque is set by

Ty = 1.5T, = i1, (2.3.15)
and at machine standstill, the voltage is defined as:

Usn = (Ra+ Ra) L1, (2.3.16)

Therefore, the starter resistor is calculated with

Urn Ut} 440 V - 2.99 Vs
Rg= " R, =2 R — ~0.201 2 = 1.635 Q2. 2.3.17
L, 15T, 1.5-477.5 Nm ( )

Hence, the starter current is determined with:

15T, 1.5-477.5 Nm

I,
Y 2.99 Vs

= 239.7 A. (2.3.18)

2.3.3 With a power electronic converter, the armature voltage U, is reduced to 0.8 U,,. How large
is the rotational speed n with the fixed flux ¢;s at the torque T'= 0.5 T,,?
Answer:

The equation for the reduced armature voltage is given as follows
Us = 0.8U,n = wi)i + Ral,, (2.3.19)

and the reduced torque results in a lower armature current, which is calculated with:

05T,

I,
(0

(2.3.20)
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With this two equations from above, the speed is calculated below:

0.8U, , — LHal0-57n ) 0201 ©-0.5-477.5 Nm
an = 08,440 V L0547

oryf 27 - 2.99 Vs (2.3.21)
1 1
= 1780 ~ = 10736 —

mln

n =

2.3.4 After the submarine surfaced, the machine is now used as a generator to charge the batteries
powering with marine diesel at the speed n, = 1530 min~!. What is the no-load induced voltage?
How big is the armature voltage U, at I, = Ly, (¢ = ¢5)7

Answer:

The induced voltage is calculated with:

15301
Ui=Up = wibf =2m - —=—2.99 Vs = 478.7 V. (2.3.22)

To determine the armature voltage, the ohmic voltage drop is taken into account as given below:

Uy = Uy — IynRy = 4787V — 164.1 A - 0.201 Q = 445.8 V. (2.3.23)

2.3.5 How large is the voltage U, at ¢ = 0.7 ¢5 and I, = I, ,/27?
Answer:

The armature voltage is calculated in the following with:

1
U, = g2 ~ 5lanRa =478V 0.7 051641 A-0.201 2 = 3186 V. (2.3.24)

s

2.3.6 What is the rotational speed n such that the generator with the nominal flux ¢s and the nominal
current I, , induces an armature voltage of Uy?
Answer:

The basic equation is the same as in the previous subtasks and is defined as:
Us = Uy = wi); — Rulay. (2.3.25)

After reformulation the speed is calculated as shown below:

Uo+ R.I, 4787V +0.201 2-164.1 A 1 1
= = = 27. 25 - =1635 —. 2.3.26
2t 21 -2.99 Vs min ( )
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Exercise 03: DC machine and transformer

Acknowledgement: The following exercise is adapted from “Grundlagen der Elektrotechnik Teil B”
by J. Bocker, Paderborn University, 2020

Task 3.1: Series DC machine with DC and AC voltage supply

In this task, a ten-pole series DC machine is given. The supply voltage is Upc = 325 V with an
electrical input power of P, = 500 W at a nominal speed of 1600 min~!.

3.1.1 Calculate the nominal torque 7, and the nominal armature current [, , for an effective field
inductance of Ly = 1.24 H.

Answer:

The armature current is calculated with:

Py 500 W
I, = = =1.54 A. 3.1.1
’ Upc 325V ( )
Hence, the nominal torque calculates as:
T, =LiI?, =121 H-(1.54 A)* = 2.9 Nm. (3.1.2)

3.1.2 Determine the efficiency for the given operating point.
Answer:

The mechanical power is given with

1600 1
P = Tywn = 2.9 Nim - 2 - = — = 486 W. (3.1.3)
S

The electrical input power is known from the task description, which results in the following efficiency:

Precn 486 W
P, 500 W

n = =0.972 = 97.2 %. (3.1.4)

3.1.3 The machine is manufactured with a lap winding, which contains N, = 40 armature windings.
The number of field windings Ny = 10 is given too. Calculate the field inductance Ly.

Answer:

The field inductive is calculated with:

hY 1
Li = JQJZW_LMHwéyfgzﬂmgﬂ (3.1.5)

where a = p due to the lap winding.
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3.1.4 Calculate the peak and the average torque of the machine for an alternating voltage supply
with U = 230 V and a frequency f = 50 Hz. Assume, that the armature inductivity is given as
L, = Lf . Interpret the results.

Answer:

The total series inductance is calculated with:

N, 40
L=LitLi=Ly +Li=049H 5 +049H=243H (3.1.6)
f

The effective resistance can be calculated on the previously provided information from the DC oper-

ation case: I O
/ DC
= = =211 Q. 1.

f(w) Ln L54A (3.1.7)

Therefore, the peak torque is calculated with:
U? 230 V)?
T = 2L; 575 =2+ 1.24 H- 5 ( ) 5 5 = 0.21 Nm. (3.1.8)
R(w)? + wgL? (211 Q) + (27 - 50 Hz)” - (2.43 H)

The average torque is defined as:

.1
T=,T=-021 Nm=0.11Nm. (3.1.9)

N)\r—t

The machine in this task is designed for a DC voltage supply, which is shown indirectly with the
good efficiency. By considering an AC voltage supply, the high inductance value increases the induced
voltage significantly. Hence, no voltage margin remains between the terminal voltage and the induced
voltage, which results in a small armature current and a small corresponding torque. To complete
this task: When the series DC machine is designed for a DC voltage supply, the operation with an

AC voltage does not make sense but requires an electromagnetic redesign of the machine.

Task 3.2: Ideal transformer
Given is an ideal (no losses, no flux leakage) single-phase transformer with an apparent power of
5 kVA. The voltage U; on the primary side is 230 V and on the secondary side Uy = 110 V. The

transformer is operated at a frequency of 50 Hz.

3.2.1 Determine the turn ratio i of the transformer.
Answer:

The turn ratio of the transformer is given with:

Uy 230V
Uy, 110V

i = =2.1. (3.2.1)
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3.2.2 The transformer is operated at its rated operating point. Calculate the current through the
primary and secondary winding.
Answer:

The current through the primary winding is calculated as

I, = S _BOKVA oy A, (3.2.2)
TTU 230V

with the apparent power S given in the task. Due to the ideal transformer, the current through the

secondary winding is determined in the same way as follows:

S 5kVA
’ U2 110 V

=455 A. (3.2.3)

3.2.3 Now, the transformer is operated on the secondary side with the rated terminal voltage and
delivers an active power of P, = 3.2 kW with a power factor of cos¢ = 0.8 (inductive). Calculate
the current of the primary and secondary winding.
Answer:
The apparent power is calculated with as:

Py 3.2 kW

S = = =4 kVA. 3.2.4
CoS ¢ 0.8 ( )

Due to the loss-free transformer, the calculated apparent power is the same on the primary and

secondary side. Hence, the primary and secondary currents are are determined by:

12:§:4kVA=36.4A,
U, 110V
S 4kVA (325)
I, = — 174 A,
YU, 230V 7

Task 3.3: Magnetization current
A transformer has a primary voltage of U; = 230 V and a secondary voltage of Uy = 48 V with a

frequency of f = 50 Hz. The area of the iron core is Sg, = 6 cm?.

The average length of the iron
core is given with lp, = 30 cm. A simplified sketch of the transformer is shown on the left side in

Fig. 3.3.1 below. On the right side, the magnetization curve of the utilized iron is visualized.

3.3.1 How many winding turns are necessary, such that the maximal flux denxity in the iron is
B = 0.8 T? Hint: For the calculation of the winding turns, the magnetic coupling of the coils is
assumed to be ideal. In addition, winding resistances are also neglected. Draw the T-equivalent

circuit diagram for the given assumptions.
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Figure 3.3.1: The left side shows a simplified sketch of the transformer given in the task. On the
right hand side a magnetization curve is given.

Answer:
As described in the task, the windings are perfectly connected, which means, that no leakage flux
occurs. In addition, the winding resistances and the iron losses of the transformer are neglected.

This results in the equivalent circuit diagram shown in Sol.-Fig. 3.3.1.

-/

1 Lo 19
o . - <o
/
| Ll m Uy Nl : N2 U2
o —o0

Solution Figure 3.3.1: Equivalent circuit diagram without leakage flux and neglected winding and
iron losses.

Therefore, the relationship between the voltage and flux linkage is given with:
ur(t) = — L) (33.1)
BT o
which is rearranged into the following form:
Y= — /ul(t)dt = — / V22U, sin(wt)dt. (3.3.2)

Due to the steady state, the integral is indefinite. This results in:

V2U,

w

S cos(wt). (3.3.3)
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This is simplified in the case of the maximum value of the flux linkage to:

V2U,

w

=

(3.3.4)

The relationship between the flux linkage, the number of winding turns and flux is given with:

¥ = Nigr. (3.3.5)

Hence, the number of turns is calculated with:

1& V32U, V/2:230 V

Y_ e _ 2750 Mz = 2157. 3.3.6
¢ BSsp 08T-6-10"*m (3:36)

N, =

The turn ratio of the transformer is defined as follows

Uy 230V
_ =4.79 3.3.7
Uy, 48V ’ ( )

hence, the winding turns for the secondary winding are calculated by:

N, 2157
2= T a9 ® (3.3.8)

3.3.2 Which magnetization current I/, consumed the transformer in the no-load operating mode?
Assume that the iron losses are neglected.

Answer:

At no-load operation, the current through the secondary winding is assumed to zero (i = 0 A).

Therefore, the magnetomotive force simplifies to:
0 = Hyolp. = Nyiy. (3.3.9)

Due to the no-load operation, the current through the primary winding is equal to the magnetization
current. In addition, the maximum flux density B leads to the calculation of the peak magnetization

current as:

PO Hpope 2 230
=i, = ]FVlF == A 97.8 mA. (3.3.10)

The magnetic flux density B shows a linear behavior in the area between 0 T and 0.8 T. Therefore, the

magnetization current is not distorted due to the magnetization and has a sinusoidal characteristic.

Hence, the current is calculated as follows:

I a1 27.8 mA

=19.7 mA. (3.3.11)
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3.3.3 Calculate the factor between the peak magnetization current zm 5, When the applied voltage is
risen from U; = 230 V to U; = 400 V.
Answer:
With the rearranged equation (3.3.6), the maximum flux density is calculated by:
L V20, V2400 V

B = = =139 T. 3.3.12
WS N7 2w -50Hz-6-10"4 m - 2157 ( )

The maximum flux density is used to determine the maximum field strength H =16 C%. Hence, the
peak magnetization current results in:
o, Heldge 16 2 .30 cm

e = S 5m (3.3.13)

Hence, the factor is calculated as:
im2 2225 mA
im1  27.8mA

(3.3.14)

Task 3.4: Parameter identification via no-load test
Given is a 50 Hz, 6 MVA single-phase transformer with U; = 5 kV and Uy = 100 kV. The effective

2 and a maximum flux density of B=15T. During the no-load

area of the core is Sp. = 0.187 m
operation, the primary voltage is U;, = 5 kV with a no-load electrical power P, = 8.8 kW and the

no-load current I, = 2.6 A.

3.4.1 Calculate the nominal currents and the transformer ratio.
Answer:

The transformer ratio is given as:

Uy 5 kV

— = = 0.05. 3.4.1
Uy 100 kV ( )

U =

With the apparent power S of the transformer, the primary and secondary currents are calculated

by:

U,  5kV
S 6MVA (342)
L= =2 — — 60 A
27U, 100 kV

3.4.2 Calculate the number of winding turns N; for the primary and N5 for the secondary side.

Answer:
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The number of winding turns for the primary side is calculated with:

J) V22U, V2.5 kV

Ny=—+ =& —__ mi0H ____gj 3.4.3
"7 9 BSy 1.5T-0.187 m? (3.4.3)

The number of winding turns for the secondary side is calculated with the transformer ratio as
follows:
N 81

N, = L = 2= — 1620. 3.4.4
27 4005 (3.4.4)

3.4.3 Determine the iron losses and the apparent power S, for no-load operation. Give the values for
the magnetization current I! ; the iron loss current I. and the mutual inductance M’. Assume for
the calculation that Ry << R. and L;, << M’. In addition, draw the equivalent circuit diagram
with the given assumptions.

Answer:

The equivalent circuit diagram for the no-load operation with the iron loss resistance R, is shown in
Sol.-Fig. 3.4.1.

Lolh Liy,  Ly,=0

-

Solution Figure 3.4.1: Equivalent circuit diagram for the no-load test with the iron loss resistor R..

The no-load apparent power is calculated by
So =Uy,l, =5kV-2.6 A=13 kVA, (3.4.5)

with the no-load voltage U, and the no-load current I,.

The equivalent iron loss resistance is determine as follows

Uz,  (5kv)’
P, 88kW

R, = — 2841 (3.4.6)

and, therefore, the corresponding current is calculated with:

P, 8.8 kW
I. = = = =1.76 A. 3.4.7
R. 2841 Q2 ( )
The power factor is determined as
P 88kW
= = = = 0.68, 3.4.8
8o =5 T I3 KVA (3.48)

and the corresponding angle is ¢, = 47.16°.
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The following equation is used to calculate the mutual inductance

Ui
oM~ —— 3.4.9
el ]l,o Sin(900> 7 ( )
which is rearranged to:
Ulo 5 kV
M = L = —8.35 H. (3.4.10)

I o sin(@o)we 2.6 A -sin(47.16°) - 27 - 50 Hz

With the geometric addition the magnetization currents is calculated with:

= /T2, — 12 =1/(2.6 A)* — (1.76 A)* = 1.91 A, (3.4.11)

Task 3.5: Inrush current

Given is a single-phase transformer in no-load operation (i.e., open circuit secondary side) which
initial primary current is zero. A the time point ¢t = 0, the voltage u,(t) = @, sin(wt + «) is applied.
Remanence and iron losses are neglected. The self-inductance L;, resistance R; and the number of

winding turns Nj are given.

3.5.1 Calculate the inrush current trajectory i;(t) and the trajectory of the flux ¢(¢).
Answer:

The dynamic equation of the transformer current is given as follows:

4. B RM] 1
30 = {Rf]\l;fl s i)+ 7t u(t). (3.5.1)
olLqiLo oLo olLiLo oLo

Due to the no-load operation (i; = 0 A) and the neglected leakage flux, the equation simplifies to:

d Ry 1

() = — (0 = L) (3.5.2)

The equation from above is rearranged to solve the ordinary differential equation. Therefore, the

homogeneous part is on the left side and the perturbation part on the right side as given below

d 1 1
&Zl(t) + ;11(75) flu1<t) (35.3)

Ly
Ry"

First, the homogeneous part is separated, which results in:

with 7 =

d 1
i)+ i) =0, (3.5.4)
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This homogeneous part is solved with the exponential approach, which is given with

i (t) = Cer, (3.5.5)
and the first derivative
iy = —Zet (3.5.6)
—1 =——€" 5.
de T
with an integration constant C.
Using (3.5.5) and (3.5.6) results in
Rl _t C _t
EC€ T — ?6 T = 07 (357)
which is rearranged as follows:
R, 1
c ( _ ) —0. 3.5.8
¢ L1 T ( )

Therefore, the homogeneous solution is given as:
in(t) = Ce™~. (3.5.9)

In the second step, the perturbation solution is determined. Therefore, the comparison of coefficients

ansatz is used. The voltage is given in the task with
Up = Uy sin(wt + a), (3.5.10)
which leads to:
sin(wt + a)) = cos(wt) sin(«) + sin(wt) cos(). (3.5.11)

The expression in (3.5.11) is separated in two parts which are later combined again (superposition

principle of linear systems). The approach for the first case is given by:

d 1 .
e i(t) + —Z( ) = ksin(a) cos(wt), (3.5.12)

with a new parameter k = L%, derived from (3.5.3).

The general approach is given with
i15(t) = acos(wt) + bsin(wt), (3.5.13)

with the two parameter a and b. The first derivative is determined as:

d

&ilﬁs(t) = —aw sin(wt) + bw cos(wt). (3.5.14)
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With (3.5.13) and (3.5.14) in (3.5.3) the equation is determined:

—aw sin(wt) + bw cos(wt) + 71_ [a cos(wt) + bsin(wt)] = ksin(a) cos(wt). (3.5.15)

The following equation is obtained by reshaping
: 1 1 :
sin(wt) [—aw + b] + cos(wt) [bw +—-a—k sm(wt)} =0, (3.5.16)
T T
and by dividing through cos(wt) results in:

tan(wt) {—aw + ib] + [bw + 1a - ksin(wt)} = 0. (3.5.17)

T

To fulfill the equation, the expressions between the large brackets must be zero. The first expression

is given with:

1
—aw+—b =0,
T (3.5.18)
b= awr.
The second expression is defined with:
1 :
bw + —a — ksin(a) = 0. (3.5.19)
T
With b from (3.5.18) results in
aw’T + —a — ksin(a) = 0,
Ty (3.5.20)
a [wQT + ] = ksin(a),
T
which is reshaped to:
ksin(a)
o= T (3.5.21)
Therefore, with the two calculated coefficients, the solution for the first approach is:
, k sin(a) '
i15(t) = ot l [cos(wt) + wT sin(wt)]. (3.5.22)

The second case is given with $i(t) + Li(t) = kcos(a)sin(wt).To do this, the steps already carried

out in the first approach are repeated. The starting point is given as

i2s(t) = acos(wt) + bsin(wt), (3.5.23)
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and, therefore, the first derivative:

d
&igﬁ(t) = —aw sin(wt) + bw cos(wt). (3.5.24)

The comparison of coefficients and reshaping leads to:

—aw sin(wt) + bw cos(wt) = ! [a cos(wt) + bsin(wt)] = ksin(wt),
T (3.5.25)

1 1
sin(wt) | —aw + —b — kcos(oz)] + cos(wt) [bw + a} = 0.
T T

To fulfill the equation, the expressions between the large brackets must be zero. The first expression

is given with:

1
bw+—a =0,
T (3.5.26)
a = wbr.
The second expression is defined with:
1
—aw~+—b — k cos(a) = 0,
T
1
w*br+—b — kcos(a) = 0, (3.5.27)
T
_ kcos(a)
S owir 4L
This result is used to solve parameter a from (3.5.26) as follows:
wtk cos(«)
= —wbr = ——————+= 3.5.28
a wbt 7 % ( )
Therefore, the solution for the second case of the perturbation part is defined as
k cos )
is2(t) = 3 Tj_ i) [—wT cos(wt) + sin(wt)], (3.5.29)
and, this leads to the solution of the perturbation part by:
i15(t) = 1 [sin(a) [cos(wt) + wT sin(wt)] + cos(a) [—wT cos(wt) + sin(wt)]] . (3.5.30)
W3t + -
The total solution is given with:
i1(t) = i1 n(t) +i1s(2). (3.5.31)

Next, the integration constant C' from the homogeneous solution is determined. To perform this,

the initial conditions are used, which are defined in the task description. Therefore, the current is
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defined as:
i1(0) = 0. (3.5.32)

The second initial condition is the results of applying (3.5.32) to the differential equation, that is:

d :Lu(o) Lllusm(a) (3.5.33)

Apply the initial conditions to the total solution results in

. k .
(0)=C+ Pl [sin(r) — w7 cos(a)] = 0, (3.5.34)
which is rearranged to:
k
C = aryr - sinta) + wreos(a)]. (35.35)

Therefore, the total solution is given with:

t

i (t) = T [—sin(«) + wT cos(a)] e~
LT (3.5.36)
o [sin(a) [cos(wt) + wT sin(wt)] + cos(a) [—wT cos(wt) + sin(wt)]] .
wir + 2
The trajectory of the flux is defined as
o(t) = Lyi(t), (3.5.37)

and, therefore, directly given with the current trajectory.

3.5.2 Assume that Ry << wL;. Discuss the result for i;(¢), when the voltage is applied at zero
crossing with an angle a = 0 and for an angle of a = 7.
Answer:

First, the trajectory for & = 0 is determined. Therefore, (3.5.36) results in:

k ¢
i(t) = 1 [wm_? — wr cos(wt) + sin(wt)} : (3.5.38)

With the assumptions given in the task, Ry << Ljw results into wr >> 1.

Hence, the equation simplifies to

k

i(t) = ——wt |e ~7 — cos(wt)],
“;Tl+ e | (3.5.39)
I [e - cos(wt)}

which is used to calculate the current trajectory. As it can be seen, the equation contains an
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exponential part. To determine the steady-state current trajectory, the equation is reshaped into:

A~ A~

1(t) = e F — 7 cos(wt),
i1(t) = —e = — — cos(w
T L (3.5.40)
L —/sin(wt)dt
Llw Ll )
With the input voltage u(t) = G sin(wt + «), the equation simplifies to:
U . 1
(1) = —e 7 + — t)dt. 541
n(t) = gt + o ful) (3.5.41)

Assumed, that in the steady state 7 — oo, only the second part of the equation remains. Therefore,

the current trajectory is given with:

in(t) = L11 / u(t)dt. (3.5.42)

Next, the trajectory for o = 7 is determined. Therefore, the equation (3.5.36) is solved as follows:

k
i (t) = T [cos(wt) 4+ wT sin(wt)]

k .
= m [WT Sln(wt)] s
1 1
= L—an sin(wt),

A

(3.5.43)

= —— sin(wt).
T Snlwt)
In Sol.-Fig. 3.5.1 the two calculated current trajectories are visualized. They result from the applied
voltage with the additional angle a.. In this example is the peak current value during the transient
process approximately double than in the steady state, which can trigger the overcurrent protection.
Therefore, the magnetization current should be kept low and the overcurrent protection must be able

to handle the inrush current.
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i /\/\/\/V |

t in ms

Solution Figure 3.5.1: Current of the transformer, when the voltage is applied at two different angles
for a.
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Exercise 04: Fourier analysis of rotating fields

Acknowledgement: The following exercise is adapted from “Geregelte Drehstromantriebe / Con-
trolled AC Drives” by J. Bocker, Paderborn University, 2021 and “Elektrische Maschinen und
Antriebe Ubungsbuch: Aufgaben mit Losungsweg” by A. Binder, Springer, 2017

Task 4.1: Fourier analysis of a field distribution of a three-phase winding

The winding of a three-phase and four-pole machine is described with the following parameters. The
number of notches is given with ¢ = 2 and the winding chording is y/p, = 5/6. The number of
windings per coil is given with N, = 5 with @ = 1. The air gap is given with 6 = 1 mm and the inner

stator diameter is d; = 80 mm. The phase current root mean square value is given with Iy = 30 A.

4.1.1 Calculate the number of slots per pole pair. In addition, determine the pole pitch p, as an
angular information and calculate the pole pitch 7, as a distance in m. Furthermore, determine the
number of conductors per phase.

Answer:

The number of slots is calculated with
Q=q@2pm=2-2-2-3 =24, (4.1.1)

where p is the number of pole pairs and m is the number of phases. Therefore, the number of slots

per pole pair is given with:

Q_AM_ (4.1.2)

P 2

The pole pitch as an angular information is calculated with

T T
= — = — 4.1.3

and in comparison, the pole pitch as a distance information is determined as:

dem 80 mm -7
= = —— =028 . 4.1.4
T, 2.2 H (4.14)
The conductors per phase are calculated by:
2pgN.  2-2-2-5

N, = P47 _ = 40. (4.1.5)

a 1

4.1.2 Calculate the amplitude of the flux density fundamental in the air gap assuming an ideal
homogenous and block-shaped flux distribution along the stator circumference.

Answer:
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The maximum flux density is given with:

. Ni 4w -1077 ¥moo40.(30-2) A
p="rort A ( ) — 1.07 Vs. (4.1.6)
20 2-0.001 m

The general form to calculate the flux density for phase a of a harmonic order is defined by
A (k’) 4 A 1
B¥(t)=—-B Cos(wt)%fd,kﬁp,k, (4.1.7)
s

with &q is the distribution and &, is the pitch factor. Hence, for the fundamental wave is k = 1,
which leads to

sin
(m) _ sin(35) _
a1 = qsm(;njq) > sin (25 = 0.966, (4.1.8)
and,
£y1 = sin (1 : ;r;,p) — sin (1 : g : 2) — 0.966. (4.1.9)

Finally, (4.1.7) is multiplied by a factor of % to calculate the amplitude of the fundamental wave of
the three phases acting on the air gap flux. This leads to:

AL _

m»n

1
-1.07 Vs - 1 0.966 - 0.966 = 1.27 Vs. (4.1.10)

I\D\OJ

4.1.3 Determine the amplitudes of the resulting flux density for the fundamental wave and the follow-
ing six harmonic orders. Give the results as relative fractions to the amplitude of the fundamental
wave. In addition, calculate the distribution, pitch and winding factor for the given harmonics and
the fundamental wave.

Answer:

The flux density for the harmonic orders is calculated with (4.1.10). The pitch factors are determined
with (4.1.9) and the distribution factors with (4.1.8). The winding factor is given with:

Ewk = Eakp k- (4.1.11)

For the calculation up to the 19*" harmonic, a short Python script is written. The results are
visualized in Sol.-Tab. 4.1.
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Solution Table 4.1: Distribution, pitch, and winding factors as well as relative harmonic flux density
amplitudes.

(k)
k gu) in % fp,k fd,k fw,k

1 100 0.966 0.966 0.966
5 1.4 0.259 0.259 0.067
7 1.0 0.259 0.259 0.067
11 9.1 0.966 0.966 0.933
13 7.7 0.966 0.966 0.933
17 0.4 0.259 0.259 0.067
19 0.38 0.259 0.259 0.067

4.1.4 Sketch the flux density of the fundamental wave in the air gap of phase a as a function of the
electrical stator circumference . Assume i,(t) = I - V2, i.e., the phase a is at its current peak. In
addition, draw the flux density of the 11*" harmonic.

Answer:

The calculation is performed with (4.1.7) in a separate Python script. The resulting trajectories are
shown in Sol.-Fig. 4.1.1.

1.5
10 - fundamentaI.
—— 11th harmonic
0.5
|_
£ 0.0
Q
—0.5
—1.0
_1.5 T T T
0 5 T 37” 27
1961

Solution Figure 4.1.1: Visualization of the flux density of the fundamental wave and the 11*" harmonic
of phase a.

Task 4.2: Distributed windings
Consider a 4-pole three-phase motor with 15 stator slots. A simplified sketch of this motor with the

winding scheme of phase a is shown in Fig. 4.2.1.

4.2.1 Determine the pole pitch p, and the number of notches. Is it an integral-slot or a fractional-slot

winding?
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Phase a

Figure 4.2.1: Simplified sketch of a distributed winding scheme. Only phase a is shown.

Answer:
The number of slots are shown in the figure, which leads to ) = 15. Furthermore, the number of
phases is given in the task, that is m = 3.
Hence, the pole pitch is calculated as:
2w
= —=_. 4.2.1

The number of notches is defined with:

15 15 5
2om  2-2-3 12 4

Since the number of notches per pole and phase is not an integer, it is a fractional slot winding. The

coil width y is three stator slots, which leads to the angular coil width:

2m 2m 2m
_ 20 g2 4.2.
w=5m=1s 3 5 (4.2.3)

Therefore, the chording factor is determined with:

w  bm-2 12
mn  16m 15

5= (4.2.4)

4.2.2 Complete the winding scheme of the given machine in Tab. 4.2.1 for the phases b and c¢. Sketch

the resulting winding scheme into Fig. 4.2.1.
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Table 4.2.1: Winding scheme of the distributed winding from Fig. 4.2.1.

Coil nr. Phase a Phase b Phase ¢
In ‘ Out ‘ In ‘ Out ‘ In ‘ Out
1 1 4
2 8 5)
3 8 11
4 9 12
5 15 12

Answer:
In the task only phase a of the winding scheme is given. However, to complete the winding scheme,

phase b must have an electrical phase shift of 120° and phase ¢ of 240° respectively. This leads to

360°
NP 0 = 120° mod 360°, (4.2.5)
where ny, is the displacement in slots. This expression is rewritten into
360°
npp = 120° + £360°, (4.2.6)
and also for phase c:
360° . .
Nep = 240° + k360°. (4.2.7)

Now, an integral solution must be found for (4.2.6) and (4.2.7) to determine the winding scheme.

This is done with trial and error, the first assumption is n, = 10, k = 1, which results in

10‘2_360

= 120° + 360°,
(4.2.8)

480° = 480°,

therefore, the requirement is fulfilled. For phase ¢ the assumption is given with n, = 5,k = 0 into
(4.2.7)

360°

5-2- = 240° + k360°,

(4.2.9)
240° = 240°,

which fulfills the requirement too. With the calculated phase shift and the knowledge of the coil
width of three slots from the figure, the winding scheme is completed. In Sol.-Tab. 4.2 the inputs
and outputs of each winding are given.

The sketch of the distributed winding scheme is visualized in Sol.-Fig. 4.2.1.
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Solution Table 4.2: Solution of the distributed winding scheme.

Coil nr Phase a Phase b Phase ¢
© ’ In ‘ Out ‘ In ‘ Out ‘ In ‘ Out
1 1 4 11 14 6 9
2 8 5 3 15 13 10
3 8 11 3 6 13 1
4 9 12 4 7 14 2
5 15 12 10 7 5 2
Phase a

Solution Figure 4.2.1: Solution of the distributed winding.

4.2.3 How many layers are there in this winding scheme?
Answer:

The winding diagram has 2 winding layers, due to the two conductors per slot.

4.2.4 Calculate the complex winding factors _, for the fundamental as well as for the 5t and 7t
harmonic.
Answer:

The complex winding factor is defined by

1 Y .
éa,k =7 Na,iejkﬂel’a’iy (4210)
JNVa ;
with
Q
No =) INul, (4.2.11)
=1
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and the electrical angle:
Veai = Vai * D- (4.2.12)

The mechanical angles are calculated with

360° 360°

i =(i=1) " == 1) G = (= 1) 28 (4.2.13)

where ¢ represents the number of the stator slot. Therefore, the mechanical angles are given in
Sol.-Tab. 4.3.

Solution Table 4.3: Mechanical angles of the distributed winding from Fig. 4.2.1.

Doy = 0° D9 = 192°
Doq = 72° Oa11 = 240°
193,5 — 960 19&712 - 2640
O,5 = 168° Da15 = 336°

To calculate the winding factors, the total number of turns of the respective phase N, is determined
for each stator slot. A negative sign indicates, that the winding turn is oriented towards the negative

z-axis. When no conductor is in a slot, IV, ; = 0. The result is shown in Sol.-Tab. 4.4.

Solution Table 4.4: Winding turns of phase a of the distributed winding.

Nap = -1 Nag =1 Nas =1
Nag = -2 Nag = -1 Nan =1
Na12 =2 Na15 =-1

For the fundamental wave k = 1 applies and, therefore, with (4.2.10), the winding factor of the

fundamental wave calculates as follows

£, = 13) [ IR0 | IR 1292 9oi 12168 5121920 | 122400 ( |
o J 4.2.14
4 2ed 12208 i 123367 1 — () 9812 4 (.86537,
with the corresponding absolute value:

€0 | = 0.9099. (4.2.15)

For the 5" harmonic is k¥ = 5, which results in

I 1 ) [ _ 200 | 35Ty 52920 o 52168° _ j52192° | j:5:2:240°
2a5 105 (4.2.16)
§52:264° j5.2:336° 1 _
+ 2e —e | =0,

with the corresponding absolute value:
|€as] = 0. (4.2.17)
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The complex winding factor for the 7*" harmonic results by

7105 (4.2.18)
4 2ed T2 oI T2I6T T — 0 0711 — 0.05167,

with the corresponding absolute value:

|€az| = 0.087. (4.2.19)

4.2.5 Assume a block-shaped distribution of the flux density with a maximal value of B =1 T and a
number of winding turns N, = 30 (i.e., there are more turns per coil as indicated within Fig. 4.2.1).
The axial length of the machine is [ = 0.35 m and the diameter is dg = 0.10 m. The machine
rotates with a mechanical speed of n = 250 ﬁ Calculate the induced voltage of phase a for the
fundamental wave as well as of the 5" and 7*" harmonics.

Answer:

The Fourier coefficient of the flux density is given with

01 k
B(¥Yq,t) 7T6pB ; z sin (;) cos(wt — ki), (4.2.20)
and for the fundamental wave:
BW(0,t) = EE sin (W> cos(wt — D). (4.2.21)
’ mp 2

The flux linkage of phase a is calculated as

Pa k(1) l*|§ak|/£ Del, t)dda, (4.2.22)

2

with the complex winding factor to cover the winding distribution inside the stator. Hence, the
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fundamental wave calculates as follows:

ban(t) = |§al| Bsin (g) [ costot = v

2

= ldg|€an|— B/i cos(wt) cos(Ve1) + sin(wt) sin(Ve;)dle
3

co8 (Ve )de) + sin(wt) /2

s
2

= ld, |§al|— [Cos(wt)/ sin(ﬁel)dﬂell

[ME]
[ME]

—1d ygal\ [cos(wt) (sin(9a)) %= + sin(wt) [—cos(ﬁel)ﬁg]

jus
2

= ldg|€,, 1| [2 cos(wt)]

= ldslém\—B cos(wt).
™™

(4.2.23)

Taking into account also the number of winding turns N/, the flux linkage of phase a is given with

wa,k(t) = N;¢a,k<t)7
which results for the fundamental wave into:

Yar(t) = Ny p(t) = N;zds|5a,1|3§cos(wt)
mp

=30-0.35m-0.10 m - 26 -1 T cos(wt) - 0.9099
77

= 0.9123 Vs - cos(wt).

The equation for the induced voltage of the fundamental wave is given with:

d

Uind,a,1 (t) - _&

d
= —50.9123 Vs - cos(wt)

= 0.9123 Vs - sin(wt)w

%,1

=0.9123 Vs - sin(wt) - 2w -2+ — —

=47.78 V - sin(wt).

The flux linkage of the 5% harmonic is determined with (4.2.22), which results into

¢a,5 - Ou

due to |&, 5| = 0. Therefore, the induced voltage results by:

Uind,a,5 = 0.

(4.2.24)

(4.2.25)

(4.2.26)

(4.2.27)

(4.2.28)
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With (4.2.22) the flux linkage for the 7*" harmonic is calculated by:

Ga(t) = \5a7| 1 sin (7;) /77 cos(wt — Te1)dde

(4.2.29)

= l—|§l7| B Cos(wt)

The resulting flux linkage is calculated by taking into account the number of winding turns as

Va7 = N;¢a,7(t) = |€a 7| B cos(wt)
1 1
=30-0.35m- 20 m - 26; 1T = cos(wt) - 0.087 (4.2.30)

= 0.0126 Vs - cos(wt),

therefore, the induced voltage is given with:

d
uind,a,7<t) - _&waﬁ
= 0.0126 Vs - sin(wt)w
250 1 (4.2.31)
=0.0126 Vs -sin(wt) - 27 -2+ — —
s - sin(wt) - 27 60 3

= 0.66 V - sin(wt).

4.2.6 Write a Python script to calcualte the complex winding factor £ , up to various harmonics.
Answer:

The Python script is separately available, therefore, only the solution is presented in Tab 4.5.

Solution Table 4.5: Complex winding factor § , up to the 12" harmonic order.

€., = 0.281240.8653] €, = -0.0486-+0.0353] €5 = 0-3078+0.2236]
€., = 0.0322-0.099; €5 =0 €, = -0.0727-0.2236]
€or = 0 0711-0.0516; €, = -0.0711-0.0516; €, = 0.0727-0.2236]
Eoto = €11 = -0.0322-0.099 €12 = ~0-3078+0.2236]

Task 4.3: Concentrated windings
Consider the shown 10-pole 3-phase motor with 12 stator slots in Fig. 4.3.1. The winding scheme of

phase a is shown in the figure.

4.3.1 Determine the pole pitch and und the number of notches. Is it an integral-slot or a fractional-slot

winding?
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Phase a

Figure 4.3.1: Simplified sketch of a concentrated winding. Only phase a is shown.

Answer:
The number of slots is determined by counting the slots in the given figure of the machine. Hence,
the number of slots is () = 12. The number of phases is given in the task, which is m=3. Therefore,

the pole pitch calculates as:

27 T

_m_m 4.3.1

The number of notches is determined with:

12 2
=9 _ 2 (4.3.2)
2om  2-5-3 b

Since the number of notches per pole and phase is not an integer, it is a fractional slot winding. The

coil width y is one stator slot, as it is shown in the figure. This results in the angular coil width:

27 2T T

LT 4.3.3
Q 126 ( )
Hence, the chording factor is calculated by:
w o T-d D
— - C_= 4.3.4
° Tp 6 6 ( )

4.3.2 Complete Tab. 4.3.1 with the winding scheme for phases b and c. Sketch the resulting winding
scheme in Fig. 4.3.1.
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Table 4.3.1: Winding scheme of a concentrated winding from Fig. 4.3.1.

Coil nr. Phase a Phase b Phase ¢
In ‘ Out ‘ In ‘ Out ‘ In ‘ Out
1 1 2
2 1 12
3 7 6
4 7 8

Answer:
In the task only phase a of the winding scheme is given. However, to complete the winding scheme,

phase b must have an electrical phase shift of 120° and phase ¢ of 240° respectively. This leads to

360°
Q

where ny, is the displacement in slots. This expression is rewritten into

nyP = 120° mod 360°, (4.3.5)

360°

npp—— = 120° + k360°, (4.3.6)

and also for phase c:

360°
n@p42§gr::240°%—k360°. (4.3.7)

Now, an integral solution must be found for (4.3.6) and (4.3.7) to determine the winding scheme.

This is done with trial and error, the first assumption is n, = 8, k = 3, which results in

360°

895+ = 120° + 3 - 360°,

(4.3.8)
1200° = 1200°,

therefore, the requirement is fulfilled. For phase ¢ the assumption is given with n, = 4,k = 1 into
(4.3.7) leads to

360°
4.5. — 240° + k360°,
12 (4.3.9)
600° = 600°,

which fulfills the requirement too.
With the coil width of one slot, the resulting winding is determined. The solution of this winding
scheme is shown in Sol.-Tab. 4.6.

The completed winding scheme is visualized in Fig.4.3.1.
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Solution Table 4.6: Solution of the winding scheme of a concentrated winding.

Coil 1r Phase a Phase b Phase ¢
’ In ‘ Out ‘ In ‘ Out ‘ In ‘ Out
1 1 2 3 2 4 5
2 1 12 3 4 6 5
3 7 6 8 9 11 10
4 7 8 10 9 11 12
Phase a

Phase b
Phase ¢

Solution Figure 4.3.1: Solution of the concentrated winding scheme.

4.3.3 How many layers are in this winding scheme?
Answer:

There are two layers per slot, therefore, it is a two layer winding scheme.

4.3.4 Calculate the complex winding factors {_, for the fundamental as well as for the 5% and 7t
harmonic.
Answer:

The complex winding factor is defined by

1 & .
A D Nageeres, (4.3.10)
a =1
with
Q
Ny = INuil, (4.3.11)
i=1
and the electrical angle:
79el,a,i = ﬁa,i * P (4312)
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Hence, the mechanical angles are calculated as follows

. 360° , 360°
Vai = (1 — 1) 0 =(@{—1)- 5

= (i—1)-30° (4.3.13)

where ¢ represents the number of the stator slot. Therefore, the mechanical angles are given in

Sol.-Tab. 4.7.

Solution Table 4.7: Mechanical angles of the concentrated winding from Fig. 4.3.1.

Vag = 0° Va9 = 180°
ﬂa,4 = 300 1934711 - 2100
Va5 = 150° V12 = 330°

To calculate the winding factors, the total number of turns of the respective phase N, is determined
for each stator slot. A negative sign indicates, that the winding turn is oriented towards the negative

z-axis. When no conductor is in a slot, N,; = 0. The result is shown in Sol.-Tab. 4.8.

Solution Table 4.8: Winding turns of phase a of the concentrated winding rom Fig. 4.3.1.

Nap =2 N = -1 Na6 =1
Na7 =-2 Na8 =1 Naz = -1

For the fundamental wave, is & = 1 and, therefore, with (4.3.10), the winding factor of the funda-

mental wave calculates as follows:

1 - o ; o . o : o y o y °©
§a71 — g X [26]~1-5~0 . 6j~1-5~30 + 6]-1~5-150 o 26]~1-5~180 + 6]-1~5~210 o 6]-15'330 ] — _09330]’ (4314)

with the absolute value:
|€a.1] = 0.9330. (4.3.15)

For the 5" harmonic is & = 5, which results in

1 . o . o . o . o . ° ; o
§a75 _ @ . [263.5.5.0 . 6j-5~5~30 4 €j~5~5-150 o 26]-5-5-180 4 ej~5'5-210 - ej-5v5~330 ] — —0067j, (4316)

with the absolute value:

|€a5] = 0.067. (4.3.17)

Finally, the complex winding factor for the 7*" harmonic is defined as
€an| = — - [ 267 TN oI THI0° | I TEIS0° 9o T5IB0° 4 of TR0 _ i T5330° | — () 0675, (4.3.18)
and, therefore, the absolute value results in:

|€az| = 0.067. (4.3.19)
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4.3.5 Assume a block-shaped distribution of the flux density with a maximal value of B=1Tanda
number of winding turns N = 137. The axial length of the machine is [ = 0 70 m and the diameter
is d = 0.45 m. The machine rotates with a mechanical speed of n = 50 —-. Calculate the induced
voltage of phase a for the fundamental wave. What are the 5" and 7th harmonlcs of the induced
voltage in phase a?

Answer:

The Fourier coefficient of the flux density is given with

B(¥q,t) = fpl%i:: li sin (?) cos(wt — kidy), (4.3.20)
and for the fundamental wave:
BW (g, t) = El% sin (W> cos(wt — Vq). (4.3.21)
™ 2
The flux linkage of phase a is calculated as
k(1) |§ak| / _ B(Ja, t)dda, (4.3.22)

with the complex winding factor to cover the winding distribution inside the stator. Hence, the

fundamental wave calculates as follows:

ds 6 A . 3
Gan(t) = l*|§a71|—B sin <72T) / _cos(wt — Jer)der

= ld, ]é‘al\ B/ - cos(wt) cos(Ver) + sin(wt) sin(Je))dde

= ld, ]f‘al\— [cos(wt) /1 cos(Ue1)dte) + sin(wt) /2

— us
2 2

Sin(ﬂel>dﬁel]
(4.3.23)

= ldg|&,, 1|— [cos(wt) [sin(dJ )]% + sin(wt) [— cos(ﬁel)]gg]

s
2

= ld, ]f‘al\— 2 cos(wt)]

= st|§a,1|7B cos(wt).
mp
Taking into account also the number of winding turns N/, the flux linkage of phase a is given with

Yak(t) = Nydar(t), (4.3.24)
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which results for the fundamental wave into:

VYar1(t) = Nlg.x(t) = N.ldg |§a1| Bcos(wt)

= 137-0.7m-0.45 m - 56 -1 T cos(wt) - 0.9330 (4.3.25)

7r
= 15.38 Vs - cos(wt).

The equation for the induced voltage of the fundamental wave is given with:

4
dt
d

= —&15.38 Vs - cos(wt)

= 15.38 Vs - sin(wt)w (4.3.26)

%,1

uind,a,l(t> = -

= 15.38 Vs -sin(wt) - 27 -5 - — —

= 402.6 V - sin(wt).

The flux linkage of the 5% harmonic is determined with (4.3.22), which results into:
. (5T [2
Gas(t) = \ga5| sm ( . ) [ costwt — 50)dd
(4.3.27)

= l—\5a5| B cos(wt)
The resulting flux linkage is calculated by taking into account the number of winding turns as

Va5 = Nyas(t) = ]5a 5| B Cos(wt)
0. 45 6 1
=137-0.7m-—— m-—-1T- - -cos(wt) - 0.0067 (4.3.28)
2 51 5
= 0.2208 Vs - cos(wt),

therefore, the induced voltage is given with:

d
&Q/Jaj

= 0.2208 Vs - sin(wt)w
50 1

—0.2208 Vs - 21 -5 = =
STETIOT60 s

Uind,a,5 (t) - -

(4.3.29)

= 5.78 V - sin(wt).
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With (4.2.22) the flux linkage for the 7*" harmonic is calculated by:

Ga(t) = ‘5&17’ 1 sin (7;) /77 cos(wt — Te1)dde

(4.3.30)

The resulting flux linkage is calculated by taking into account the number of winding turns as

Yaz = Nydar(t) = |€a7| B cos(wt)
—137.0. oy —.17T. = 0. 3.
37-0.7m 5 m 5 I - cos(wt) - 0.067

= 0.0156 Vs - cos(wt),

therefore, the induced voltage is given with:

d
uind,a,7<t) = —&1%,7
= 0.0156 Vs - sin(wt)w A
oot ve a5 0 ! e
o 60 s
=4.13 V.

4.3.6 Calcualte with a Python script the complex winding factor § , up to various harmonics.
Answer:

The Python script is separately available, therefore, only the solution is presented in Tab 4.9.

Solution Table 4.9: Complex winding factors §_, for the concentrated winding up to the 12" harmonic
order.

€., =-09330) & ,=0 £, = "0.5] Sas =0
§a5 = -0.0670j §a6 =0 §a7 = -0.0670j §a8 =0
§a9 =-0.5 §a,10 =0 §ann = 70-9330] §a,12 =V
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Exercise 05: Transient and steady state of an induction machine

Acknowledgement: The following exercise is adapted from “Geregelte Drehstromantriebe / Con-
trolled AC Drives” by J. Bocker, Paderborn University, 2021

Task 5.1: Transient simulation of an induction machine
Given is a squirrel cage motor with the characteristics in Tab. 5.1.1. The motor is operated with the

stator frequency f; = 50 Hz and a line-to-line voltage of U; = 400 V, that is, connected to grid.

Table 5.1.1: Characteristics of the induction machine.

Symbol Description Value
T Nominal torque 4.7 Nm
I, Nominal phase current 3.9 A
P, Nominal power 1.5 kW
Nn Nominal speed 3000 ——

5.1.1 Determine the equations of the induction machine in the rotor flux oriented coordinate system.
Therefore, only the stator current i q4(f) and the rotor flux 1, 4(t) should occur as state variables.
Answer:

The stator equations in the k coordinate system from the lecture are defined by:

d :

d*ttbé(,d(t) = Wietiq(t) + ugq(t) — Reigq(t), (5.1.1)
d k k k -k
&ws,q(t) = _wk,elws,d(t> + us,q(t) - RSZs,q(t)‘ (512)

The rotor equations in the k coordinate system are defined as:

L (1) = (@ (6) = (O, () + g (8) — R (5.13)
(iibﬁq(t) = —(Wicet(t) = wra(®)a(t) + o (t) = Ry (1), (5.1.4)

For the further consideration, only the stator current and the rotor flux are of interest as state
variables. Therefore, the rotor current and stator flux are being eliminated with the help of the

following equations

brat) = 2balt) = Toinalt),
A I (5.1.5)
irg(t) = I —tig(t) — ersq(w

T
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and:
, M
Vsa(t) = oLsisa(t) + I ¢rd()
Iy (5.1.6)
Ysq(t) = oLsisq(t) + S¢r,q(t)

These equations are derived from the magnetic circuit of the induction machine.
The rotor current from (5.1.5) is inserted in the rotor equation (5.1.3). In addition, the coordinate

system is aligned with the rotor flux. This results in the following equation for the d-axis:

M,

i¢muy:@%Jw—wm@»me+umuy-m(;pm@y—ijaﬁ. (5.1.7)

Within the rotor flux-oriented coordinate system, only a flux in d-axis occurs, therefore, the equation

can be simplified into
d Rr RI“Z 41‘
&%,d = Ura(t) — I Pra(t) + I

and due to the squirrel cage machine the rotor voltage is zero. This leads to:

isa(t), (5.1.8)

d Rr Rer

a@br,d - _L7r¢r,d(t) + Tris,d<t)- (519)

For the g-axis, the rotor current form (5.1.5) is also used in the rotor flux differential equation. This

leads to:

T teal®) = ~(a®) = wea®)ralt) + wrat) = B (bealt) — Tia(®) . (G:110)

r

and with the definition for v, 4(t) = 0:

d M, .
T Vra(t) = 0= —(walt) — wra(t)vralt) + urq(t) + Regisg(t)- (5.1.11)

T

Due to the squirrel cage motor type, the rotor voltage is zero. However, the slip frequency is

determined from this equation as follows:

M, s q(t)
' L, QZ}r,d (t) '

(Wiel(t) — wralt)) = (5.1.12)

In the next step, the stator flux is eliminated in (5.1.1). Therefore, (5.1.6) is used as follows

d M d

M, ,
oL o —isa(t) + I dtwrd() Wi () (aLszS,q(t)Jrerﬂr,q(t)) + U q(t) — Ryigalt), (5.1.13)

with the derivative of the previous determined rotor flux

d M R, M,

JLs&i&d(t)—i- 7 (urd() ¢rd() L rz's7d(t)> = Wi 10 Lgis () + usa(t) — Rsisa(t), (5.1.14)
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which leads to:

d . 1 M MR,
&Zsyd(t) - O_LS _frur7d(t) + wr,d (t) L?
g (5.1.15)
+ u}kﬁl(t)O'LsZ'S’q(t) + Us7d(t) + is,d(t) <_ rL2 s _ Rs)] .
Again, eliminate the stator flux in the ode with (5.1.6) for the g-axis, which leads to
d M d :
oLs dtzs at) + L. dtwr a(t) = —wia(t)sa(t) + usq(t) — Rsisg(t), (5.1.16)
with ¢, = 0 and the derivative St q = 0, the equation results in:
d :
oL dtzsq( ) = —Wiel(t)Vs.a(t) + tsq(t) — Ryt q(2). (5.1.17)

Hence, the ODEs for the stator currents and the rotor flux are given in the following. It starts with

the d-current component, which is given with:

d . 1 M M;R,
&Zs,d(t) = O'LS _frur,d<t) + wr,d(t) L?

(5.1.18)
. ) R.M?
+ wk7e1<t)0'LSZS7q<t> + ’U/S,d(t) + 1s,d (t) — 12 — RS ,
for the stator g-current
L oal®) =~ [t ualt) + tg(t) — Ruieg(t) (5.1.19)
dtzs,q — O'LS Wk el s,d Us,q shr,q ) -1
and the rotor flux in the d-axis:
d Rr RI‘MI‘ .
a’lﬂnd = _frwr7d(t) + TrZS7d<t). (5120)

To simulate the induction machine, also the mechanical part must be taken into account. Hence, the

mechanical equation is given by

Jiwwﬂ)zT@y—ﬂ@% (5.1.21)

where T'(t) represents the produced torque and 7j(t) is the load torque. This leads to

d 1
Zealt) = < (T(H) = Ti(t) . (5.1.22)

where T'(t) is defined as
T(t) = —5p (%0q() Tokaal0) (5.1.23)
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which results in the rotor oriented coordinate system into:

§m'r,q(t)wr,d(t). (5.1.24)

T(t) = Spiea(thbealt) — 5

2

The first part from the equation above is zero, due to the definition of the coordinate system. The

rotor current is replaced with (5.1.5), that leads to:

7(t) = =50 (1-¥ra(®) = isal®)) dral®)
s (5.1.25)

2 L, ZSQ( )Qpr,d(t)'

5.1.2 Write a Jupyter notebook to solve the derived equations in the dq coordinate system aligned
to the rotor flux from the previous task. First, simulate the machine with no load. Analyze the
transient motor response starting from the initial state iq(t = 0) = iq(t = 0) = ¥4(t = 0) = wa(t =
0) = €a(t = 0) = 0 when excited with the above-mentioned stator voltage. Simulate as well as
visualize the torque, speed, flux and current responses and plot the latter two in abc, a3 and dq
coordinates.

Answer:

The current in the dq coordinate system is shown in Sol.-Fig. 5.1.1. After the steady state is reached,

the current values are constant, which could be expected in the rotor flux-oriented coordinate system.

25 [ h
ol | \[\/\/\
_25 .

0.0 0.1 0.2 0.3 0.4 0.5
tins

— g iq

Solution Figure 5.1.1: Transient process of an IM in the dq coordinate system.

In Sol.-Fig. 5.1.2 the current in the «, 3 coordinate system is visualized. The transient process is
also clearly visible in this coordinate system.

Sol.-Fig. 5.1.3 shows the transient process of the current in the three-phase abc coordinate system.
Compared to the abc current plot, one can observe also a sinusoidal signalform with the same
amplitude and frequency evolution, while the phase difference between the currents is 120° in abc and

90° in «f3. This fits to the expectations resulting from the amplitude-invariant Clarke transformation.

The electrical angular frequency of the stator and the angular frequency of the rotor are shown in
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iabc in A

Solution Figure 5.1.3: Transient process of an IM in the abc coordinate system.

Sol.-Fig. 5.1.4. Due to the no load operation (also no friction) of the IM, the angular frequency of
the rotor is equal to the angular electrical stator frequency.

400 A
0
—
c 200 ~
3
0 A — Wr,el - Ws
0.0 0.1 0.2 0.3 0.4 0.5

tins

Solution Figure 5.1.4: Electric angular frequency of the stator and angular frequency of the rotor
during the transient process at no load.

The produced torque is shown in Sol.-Fig. 5.1.5. During the transient process, very high torque
values are reached and an oscillation of the rotor is visible. In the steady state, the torque is equal
to zero, due to the no-load operation.

In Sol.-Fig. 5.1.6 the rotor flux is shown, which also shows the transient process. The d-axis of the

coordinate system is oriented on the rotor flux and, therefore, the flux aligned to the g-axis is zero.
Thus, only the rotor flux aligned to the d-axis is visualized.
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£ 1%
S AR

0.0 0.1

0.2 0.3 0.4 0.5
tins

Solution Figure 5.1.5: Produced torque of an IM during the transient process at no load.

n 0.6 /
2 /
c 0.4 /
= LNV
> V V — Yr,d
0.0 ,
0.0 0.1 0.2 0.3 0.4 0.5

tins

Solution Figure 5.1.6: Rotor flux in dq coordinate system during the transient process at no load.

2 A il
(A

tins

Solution Figure 5.1.7: Rotor flux in «f3 coordinate system during the transient process at no load

0.5

Wr, abc IN VS
o
o

0.0 0.1

Solution Figure 5.1.8: Rotor flux in abc coordinate system during the transient process at no load
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5.1.3 Add a speed dependent load with the following equation 7} = 0.00004 * W?,el to the machine
model. Repeat the simulation from the previous task. How does the currents, torque and flux
change? In addition, how changes the rotational speed of the machine between these two operating
points?

Answer:

In Sol.-Fig. 5.1.9 the speed of the stator and rotor field is visualized. For this simulation a load term
representing the friction is added, thus this load is speed dependent. Hence, this results in a different
speed of the rotor in the steady state in comparison to the stator field. This occurs due to the load

of the machine, and is representing with the slip of the machine.

400 - \/\/\

200 A

win 1/s

0 — Wr,el — Ws

0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 5.1.9: Electrical angular frequency of the stator and angular frequency of the rotor
during the transient process with a speed dependent load.

To highlight the difference between the stator and rotor field, in Sol.-Fig. 5.1.10 the boundaries of

the vertical axis are limited. Hence, the speed difference in the steady state is clearly visible.

© 320 ~
—
.E 310_
3
— Wr, el — Ws
300 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

tins

Solution Figure 5.1.10: Zoom into the electrical angular frequency of the stator and angular frequency
of the rotor to visualize the difference in the steady state.

The produced torque during the transient process is shown in Sol.-Fig. 5.1.11. Sol.-Fig. 5.1.12 shows
a zoomed version of the produced torque to highlight the torque in the steady state.
In Sol.-Fig. 5.1.13 the currents in the dq coordinate system are visualized. Due to the load and, thus,

the generated torque, the current ¢, is no longer zero in the steady state.
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Solution Figure 5.1.11: Produced torque of an IM during the transient process and in the steady-
state operation with a speed-dependent load.

10.0
—_—T
= 7.5 4
=2
c 5.0 -
~ 25
0-0 1 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

tins

Solution Figure 5.1.12: Produced torque of an IM during the transient process and in the steady-
state operation with a speed-dependent load.

25 - [1\ — iq

_25 .

0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 5.1.13: Currents in dq coordinate system of an IM during the transient process and
in the steady-state operation with a speed-dependent load.
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Solution Figure 5.1.14: Currents in «f3 coordinate system of an IM during the transient process and
in the steady-state operation with a speed-dependent load.

iabc in A

Solution Figure 5.1.15: Currents in abc coordinate system of an IM during the transient process and
in the steady-state operation with a speed-dependent load.

4 0.6-

>

c 0.41

C 0.2

> — Yrd

0.0 - T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 5.1.16: Rotor flux linkage in dq coordinate system of an IM during the transient
process and in the steady-state operation with a speed-dependent load.
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Solution Figure 5.1.17: Rotor flux linkage in «f3 coordinate system of an IM during the transient
process and in the steady-state operation with a speed-dependent load.

w 0.5

>

£

g 0.0

<

§' -0.5 T B TR ANt b ST e T

——— — —— T
0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 5.1.18: Rotor flux linkage in abc coordinate system of an IM during the transient
process and in the steady-state operation with a speed-dependent load.
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Task 5.2: Steady-state operation of an induction machine

An induction machine with the characteristics in Tab. 5.2.1 is given.

Table 5.2.1: Characteristics of the given induction machine.

Symbol Description Values
U, Nominal voltage 380 V
I, Nominal phase current 54 A
fon Nominal frequency 50 Hz
P, Nominal power 25 kW
Ny Nominal speed 1465 ——
cos(p)  Power factor 0.77

R, Stator resistance 0.48 Q
R, Rotor resistance 85 mf2
M Mutual inductance 100 mH
Lys Stator leakage inductance 2 mH
L Rotor leakage inductance 2 mH

5.2.1 Determine the amplitude of the complex AC voltage U and current phasor I.

Answer:

The amplitude of the line-to-line voltage is given with
U=+2-380V=5374V,

and, therefore, the amplitude of the phase-to-star-point voltage is defined as:

A 380V
Ustar = W

Furthermore, the current amplitude is defined by:

V2 =3109 V.

I =V2I=+v2 54 A =764 A.

5.2.2 Determine the number of pole pairs p.

Answer:

(5.2.1)

(5.2.2)

(5.2.3)

The stator frequency is given with f; = 50 Hz, which leads to the synchronous rotational speed of

the electrical frequency as follows:

1
Ngyn,el = 00 Hz - 60 — = 3000 ——

min HllIl

(5.2.4)

The nominal speed is given with n, = 1465 ﬁ, which is associated with a synchronous speed of

Nsyn,mech = = 1500 — min
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Therefore, the number of pole pairs is defined with:

Nynel 3000 m
Tsyn,mech 1500 m

i _ 9, (5.2.5)

in

p:

5.2.3 Calculate the rated slip s,. Which slip occurs at an ideal no-load operation (no firction)?
Answer:

The slip is calculated by:

3000 1 _ o, . 1465 1

5 — Wslipn  Ws — PWr 2m 60 s 2 2m 60 s — .023 (5 2 6)

n = = = 3000 1 — e o
ws wS 2 ’ 60 g

where w;, is the rotor speed. At an ideal no-load operation (also no friction), the rotor has the same

speed as the stator field and, therefore, s = 0.

5.2.4 Calculate the apparent, the reactive and the electrical power. In addition, determine the
efficiency n, for the rated operating point.
Answer:

The apparent power is calculated with
S =+3UI=+/3-380 V-54 A = 35.541 kVA, (5.2.7)
and, the electrical power is determined with the power factor in the task as follows:
Poan = = V3UTI cos(p) = V/3-380 V- 54 A-0.77 = 27.367 kW. (5.2.8)
The angle of the phase shift is calculated by:
¢ = cos 1(0.77) = 39.6°. (5.2.9)
Hence, the reactive power yields:
Q = V3UIsin(p) = v/3-380 V- 54 A -sin(39.6°) = 22.655 kVA. (5.2.10)

The efficiency results as:

Pmechn 25 kW
h = — = = 0.914. 5.2.11
TR 27.367 kW (5:2.11)

5.2.5 Determine the nominal torque generated by the induction machine.
Answer:

The torque is calculated as:

Prnee 25 kW
T, = o — 163 Nm. (5.2.12)

Wmech 2m - 60 s
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5.2.6 Calculate the starting Ty and the maximum torque Tp,.,. For the latter determine first the slip
Smax &t the operating point with the maximum torque.
Answer:

The slip at the maximum torque operating point is defined by

R, 85 m)
max = - = = 0.068, 5.2.13
’ a(L{”JrM)wS 0.038 - (2 mH + 100 mH) - 27 - 50 1 ( )

with the leakage coefficient:
MQ
(M + Ly )(M+ L)

(100 mH)? (5.2.14)
(102 mH) - (102 mH)

= 0.038.

Hence, the maximum torque is calculated with:

3 U? M?
2" (L 1) (Lo + M)

5 100 mH (5.2.15)

(2r - 50 92 0.038 - (102 mH)? - (102 mH)

Tmax -

.9

3
2

= 355 Nm.

The starting torque is determined as follows:

25 2.0.068
To = T 2™ — 355 Nm - —— > — 48.3 N, 5.2.16
0 1+ 82 T 0.0682 H (5:2.16)

5.2.7 Determine the stator currents I, 4q, and, in addition, the induced rotor currents I, 4.
Answer:

Derived from the lecture notes, the stator currents are calculated as follows:

3
.U 0?3, (Los + M) (L, + M)+ (L, + M) (Lys + M) (R)* = M? (R})?
s,d — T 2

Ws 0 (Lgs + M)’ (L’ + M) Walip (0 Wiip (L’} + M) + (R) ) (5.2.17)
=33 A,
Us M?> 1
Lo=— . S =518 A, (5.2.18)
W 0 (Lo + M)? (L, + M) o2 + e
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The rotor currents are calculated as follows:

Ms 1
La=—U, — — —18.06 A,
C e+ MR+
Us M 1
Lg=—— = —52.9 A.

W 0 (Los + M) (L, + M) oo + 5o

Wmax Wslip

5.2.8 Calculate the losses in the stator winding and in the rotor.
Answer:

The stator current is determined by

Logg = /T2 + 12, = /(3.3 A + (51.8 A)> =519 A,

which results to the stator winding losses as follows:

3 3
Pistator = QIquR =5 (51.9 A)? 048 Q=1939.4 W.

The rotor current is calculated in the same way. This leads to

Logq = /T2 + 12, = \/(—18.1 A)® + (=529 A)> = 55.9 A,

and the ohmic rotor losses are calculated with:

3

3
H,rotor - 2]r2dq ; - 5

-(55.9 A)*- 85 mQ = 398.4 W.

(5.2.19)

(5.2.20)

(5.2.21)

(5.2.22)

(5.2.23)

(5.2.24)

5.2.9 Draw the space vector diagram for the operation under rated conditions including the vectors

Ug, Is, Y and %ﬂ' Assume that the current vector ig is oriented along the x-axis of the Cartesian

coordinate system.

Answer:

The current is aligned with the x-axis of the Cartesian coordinate system. Therefore, the current is

given with:

iy = V21" =76.37 A - €l

The angle shift between the voltage and current is calculated by
Yui = 39.65°,

therefore, the voltage is defined as follows:

ug = V22U = 310.27 V - 397 = 238.89 V 4 7197.98 V.

(5.2.25)

(5.2.26)

(5.2.27)
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Hm Ry

Solution Figure 5.2.1: Resulting vector diagram of the induction machine in steady state. The scala
for the voltage is 1 cm = 100 V, for the flux linkage 1 cm = 1 Vs and for the current 1 cm = 10 A.

The stator resistance Ry is given in the task. Hence, the voltage equation is defined as:
, d
us = Rgig + E%' (5.2.28)

Rearranging leads to:

d
Ews = Ug — Rs&g
=238.89 V+j197.98 V —0.48 Q- 76.37 A
— 202.23 V +j197.98 V

=283 V- Y

(5.2.29)

The stator flux vector is defined as

¥ (t) = Us(t) - 0, (5.2.30)

S

and the differentiation (under consideration of the product rule) results in:

d d

—p (t) = a;bs(t) @70 w1 (1), (5.2.31)

Due to the steady state, the change of the flux amplitude (5 (t)) is zero. The flux vector rotates

with the speed w, therefore, the flux vector is determined as follows:

283 V - ettt
S(t) 1 i90°
314.16 - - e

=0.90 Vs - ¢ 734567, (5.2.32)

{S=
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Exercise 06: Synchronous machines

Acknowledgement: Parts of the following exercise are adapted from “Elektrische Antriebstechnik”
by J. Bocker, Paderborn University, 2020

Task 6.1: Transient simulation of a salient pole synchronous machine

Given is a salient pole synchronous machine with the parameters in Tab. 6.1.1.

Table 6.1.1: Parameters of the salient synchronous machine.

Symbol Description Value
R, Stator resistance 0.0196 Q
R Field winding resistance 54.7 {2
L q Stator inductance d-axis 2.7 mH
L Stator inductance g-axis 1.3 mH
L Self field inductance 20.3 mH
M, Mutual inductance 92.8 mH
I, Nominal stator current 450 A
Ity Nominal field current 7.854 A

6.1.1 Calculate the transient response for iqq and ¢ if a short circuit occurs at the running machine.
Assume iq9 = iq0 = 0, ip = %fn for ¢ = 0 and a fixed rotational speed w; . Assume further that the
ohmic stator resistance can be neglected for the short-term transient response.

Answer:

The machine model is defined as

L@ =y 0 My
& Zbsq(t) = 0 1/[’8,01 0
i t M, 0 — Ly
£(t) 6/ alv (6.1.1)
sd(t) Ry 0 0] |isa(t) 0 —wral(t) 0] [tsalt)
q<) — 10 Ry 0] [isg(t) wre1 () 0 O |¥sa(®)| |
e (t) 0 0 Rl | i) 0 0 0| | )
with the parameter
v = Mg — LyaLy, (6.1.2)
and the flux linkages
Psa(t) Lsa 0 M| |isalt)
Vea®)| =1 0 Liqg O isq(t)] - (6.1.3)
Ve (t) My 0 Le | | ie(2)

With the assumption of a constant speed (wye(t) = wr ), the general machine model from (6.1.1) is
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rewritten as follows:

d is,d (t) LfRs/'7 _LfLs,qwr,el/’Y _Mstf/’Y Z.s,d (t)
& 2.s,q (t - _Ls,dwr,el/Ls,q _Rs/Ls,q _Mfswr,el/Ls,q Z.s,q (t)
if t) L _Msts/7 MfSLs,qwr,el/fy Ls,de/'V if t) (6 1 4)
—L¢/y 0 M/ | |usa(t)
+ 0 1/Ls,q 0 Usq(t)
_Mfs/’Y 0 —Lsa/v| | w(t)
The exact system response is calculated with:
t
x(t) = ®(t,to)xo + [ ®(t,7)Bu(r)dr, (6.1.5)
to
with
o= w(to), (616)
and,
B(t,ty) = A7), (6.1.7)

To calculate the transient system response without damping, the resistances are assumed to be zero.

Hence, the equation is simplifies to:

d is,d(t) 0 _LfLs,qwr,el/'Y 0 is,d(t)
& Z's,q(t) = _Ls,dwr,el/Ls,q 0 _Mfswr,el/Ls,q is,q(t)
if (t) O Mstsjqwne]/’}/ O if (t)
- S —
(1) _ ! o (6.1.8)
_Lf/’y 0 Mfs/’y us,d(t)
+ 0 1/Lq 0 Us q(t)
Mg/v 0 —Lsa/v] | w(?)
- —_——
B u(t)
The eigenvalues of A are determined by:
A LfLs,qwr,el/’y 0
det Ls,dwr,el/Ls,q A Mfswr,el/Ls,q =0
0 _Mfs qwr,el/fy A
Miw? L Ly qw? (6.1.9)
— N+ fsW rel y _ fls,d rel'y
y A

—A<A2+wr2’elM2—LL )
- ")/ fs flisd | -

This results in the following eigenvalues, A\ 235 = {+jwr 1, —jwrel; 0}.
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The following transition matrix results from the calculated eigenvalues
®(t, 1) = A7) = Pdiag (ew—tfﬂ, e)‘"(t_to)) P (6.1.10)

with P and P~! holding the left and right eigenvectors of A leading to

[ =M, —L¢ —L¢ 0(t—to)
Loa M M. | |€ 0 0
q) t t — —Jjv o 7jwr,el(t7t0)
( ! 0) O (Ls,des) (Ls,qus) 0 €
1 1 1 0 0 err,el(t*to)
[—MgsLs a 0 —L¢Lsq
M, 1 jLs,q M, 1\712
fsdss,d J s, q Vs fs
- o y (6.1.11)
MgLsa  —jLsoqMi Mg
L 2 2y 2y
B MES—LSYde COS((t—to)wr’cl 7LS,qu Sin((tfto)wryel) 7Lf]V[fs(COS((tfto)wr’el)fl)
Lo sin((t—to)or.e) ! M sin((t—to)wr.e)
—Lig Sin — Wy — Sin — w-
— s,d 0)%r el COS((t _ to)wr el) fs 0)%Wr, el
LS:Q Ls,q
Lg aMgs(cos((t—to)wr,e1)—1)  LsqMgs cos((t—to)wre)  MZ cos((t—to)wrel) —Ls,aLs
L i Y Y

In the task, the short circuit case of the machine is given, therefore, the input voltage is zero, which

leads to

Zs,d (t) .
(

isq(t)| = x(t) = (L, to)mo + \ ®(t, 7)Bu(T)dr, (6.1.12)
Zf t) o
and the given assumption for the initial states:
xo=101. (6.1.13)
U0
This results into the analytical solution:
M2 — cos(twy e —Ls sin(twy e — s(cos(twy e1)—
is,d(t) M2 Ls,dL’; (twr 1) L ,quV (twr,e1) L Mig( y(t e)—1) 0
is7q (t) — 7Ls,d21:(§twr,el) Cos(twnd) — Mg ??(twr el) O
if t) Lg q Ms(cos(twy 1)—1)  Ls,q M cos(twy c1) M2 cos(twy, el) Lg,qL¢ if()
- ! ! ! (6.1.14)

— L Mg (cos(twy o1)—1)

Y
— Mg sin(twy e1) .
il D7
q
M2 cos(twy, el) LsaLg
L v

6.1.2 Determine the maximum current |is 44| for this scenario.

Answer:
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The quadratic current amplitude is given with:

L? 1
z’idq(t) = i§7d(t) + izyq( ) = im M7 (V (cos(twya) — 1)* + T Sin(twnel)?) _ (6.1.15)
S?q
To determine the maximum current, the first derivative is calculated and set to zero, which is given

as:

2

. L;i . 1
(t) = i MPwr o1 (—27; sin(twy e1) (cos(twy ) — 1) + LT cos(twy e1) sin(tw; el)) =0. (6.1.16)

&Zs,dq

*
tdq

In the next step, the value of ¢}, is determined, so that the expression inside the brackets is zero.

Hence, the maximum ¢}, is calculated with:

1 LiL? o
th, = s dq(t) = — = , 6.1.17
dq = ATgMAX i dq(?) oo acos <L%L§7q 2 + Wr,elz ( )
for i = 0,1,2,... . This leads to the maximum current amplitude of:
igo M| |

— 683 A. (6.1.18)

Z-s dq —
’ 2 272
LS,q \/7 - LfLs,q

6.1.3 Write a Jupyter notebook to simulate the short transient response of the machine under the
same initial conditions using an ODE solver. Compare the result including the impact of the stator
resistance with the simplified analytical solution from the previous task. The simulation configuration

is given in Tab. 6.1.2.

Table 6.1.2: Configuration of the simulation.

Symbol Description Value
Tim Simulation time 0.05 s
€m,0 Start angle of the rotor 0°

Wm,0 Start speed of the rotor 628.3 i

Answer:
Beside the stator current ODESs, the mechanical system of the machine must be considered, therefore,

the generated torque is calculated with

T(t) = 5 (Misie(0) + (L — L) ina(t)inalt) (6.1.19)
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and the mechanical equation is defined as follows:

Sot) = g (T(t) — Ti(t)). (6.1.20)
The relationship between the angle and the rotational speed is given by:

(is(t) = w(t). (6.1.21)

In Sol.-Fig. 6.1.1 a comparison between the analytical and the numerical solution of is shown. The
currents are initialized with the same values at ¢ = 0. The trajectories of the analytical and the
numerical current values are identical, except that a damping behavior is visible in the numerical
solution. This results from the consideration of the winding resistances in the numerical solution, in

comparison to the simplified analytical one.

iq == id,analytical == iq,analytical

N

0.00 0.01 0.02 0.03 0.04 0.05

Solution Figure 6.1.1: Transient process of iqq of a salient synchronous machine with a stator and
field winding short circuit.

The trajectories of the field current s are visualized in Sol.-Fig. 6.1.2. The behavior of this two

trajectories are identical, except to the damping in the numerical solution, due to the considered

winding resistance.

<
=
& 5.0
2.5 - - if === if,analytical
0.00 0.01 0.02 0.03 0.04 0.05
tins

Solution Figure 6.1.2: Transient process of the field current i¢ of a salient synchronous machine with
a stator and field winding short circuit.

6.1.4 Add a load with the following characteristic 7j(¢) = 0.0001 - w?(f) to the existing simulation.

Repeat the simulation with the same initial conditions as in the task before. Extend the simulation
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time to Ty, = 0.5 s and plot the currents iq(t)
the torque T'(t).

Answer:

, i¢(t), the angular frequency of the rotor w;, «(t) and

The resulting currents for the new operating point are shown in Sol.-Fig. 6.1.3.

500
<
£ 0
O
.0

—500 A

0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 6.1.3: Transient process of iqq of a salient synchronous machine with a stator and
field winding short circuit and a load resistance.

The filed winding current is visualized in Sol.-Fig. 6.1.4.

10.0 —
£
<< 7.5
£
= 50 7
2.5 1
0.0 0.1 0.2 0.3 0.4 0.5

tins

Solution Figure 6.1.4: Transient process of ¢ of a salient synchronous machine with a stator and field
winding short circuit and a load resistance.

Fig 6.1.5 shows the angular frequency of the rotor. Due to the winding resistance and the additional
load, the currents are reduced over time, until the machine comes to a standstill.

The generated torque during the transient process is shown in Sol.-Fig. 6.1.6.
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600 —ray
u
= 400
= 200
3
O -
0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 6.1.5: Transient process of a salient synchronous machine with a stator and field
winding short circuit and a load resistance.

500 T
e
=2 0 -
£
~ 500 -
0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 6.1.6: Generated torque of a salient synchronous machine with a stator and field
winding short circuit and a load resistance.

6.1.5 Now consider an additional damper winding with the parameters from Tab. 6.1.3 in the simula-
tion. Compare the resulting current signalforms, the speed and the generated torque to the previous
tasks with the identical simulation configuration as in the previous tasks. Consider the damper

winding to not carry any current for ¢ = 0.

Table 6.1.3: Parameters of the damper winding.

Symbol Description Value

Map Mutual ind. rotor d-axis 2 mH
Myq Mutual ind. rotor g-axis 1 mH

M, Mutual ind. field-rotor 50 mH
Lp Self ind. rotor d-axis 3 mH
Lq Self ind. rotor g-axis 2mH
R.p Rotor winding res. d-axis 50 m¢2
R.q Rotor winding res. g-axis 30 m{2

Answer:
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With the additional damper winding, the stator flux linkage equation extends to

isal(t) i Map 0 | |irp(?)
is,q(t)] A H o [ 0 MqQ] Lr’Q(t)] 7

and the field flux equation is extended with the rotor current as follows:

Ly 0
0 L,

—~

{@bs,d(t) 6.1.22)

bsa(t)

Ve(t) = Lyig(t) + My {1 0] [Z:S»d(t)

lsq(t

+ Mg [1 0] tzg] (6.1.23)

The rotor flux equation is defined by:

¢ Ly 0 D (T M 0 st 1l .

Yep . ip(f)| | Map sa® e i), (6.1.24)
Urq 0 Lsg| |irq(t) 0 My |isq(t) 0

In addition, also the torque equation changes to:
T(t) = P |:Mfs7,f/LS7q + (L;,d — L;q) isdlsq + Mapisqirp — Mqus,dan} ) (6.1.25)

For the SM with damper winding, the flux linkage matrix extends to:

wea®)] (L 0 My Map 0] [ica®)
ws q(t) 0 L;,q 0 0 MqQ Z‘S,q(t)
Y= e(t) | =|Mg 0 L My, 0 ie(t) | - (6.1.26)
Yy p(t) Mygp 0 My Lp 0 irp (%)
o)) [ 0 My 0 0 Lqg | |ing(t)]
L

The differential current machine model with damping winding is defined as:

o O O O O

is,a(t) Ug (1) R, 0 0 0 0 ||isat) 0  —wealt) 0 0

L [a® Ug (1) 0 Re 0 0 0 | |isg(®) we.al(t) 0 00

il R0 =L ' |w@®) |—-]0 0 R 0 0 ie(t) | — | 0 0 0 0

ir.p(t) Uy p(t) 0 0 0 Rp 0 ||in(®) 0 0 00

irq(t)] ot 0 0 0 0 Rl licg 0 0 0 0
(6.1.27)

In Sol.-Fig. 6.1.7 the iq, current trajectories during the transient process are shown.

The field current is visualized in Sol.-Fig. 6.1.8.

The rotational speed of the rotor is shown in Sol.-Fig. 6.1.9. The steady state is reached faster than
in the simulation before, due to the added damping winding.

Sol.-Fig. 6.1.10 shows the generated torque during the transient process. The faster transient process

is also visible in the torque curve, which faster converts to zero.
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<
.E O 7 A [\v,\v’\v o
O
.o
~ =500 A1
0.0 0.1 0.2 0.3 0.4 0.5

tins

Solution Figure 6.1.7: Transient process of a salient synchronous machine with a stator and field
winding short circuit and a damper winding.

10.0 1
< 757
£
~ 5.0
2.5
0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 6.1.8: Field current of a salient synchronous machine with a stator and field winding
short circuit and a damper winding.

500 —— wr,el
Q
—
£ 07
3
—500 A
0.0 0.1 0.2 0.3 0.4 0.5

tins

Solution Figure 6.1.9: Speed of a salient synchronous machine with a stator and field winding short
circuit and a damper winding.
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1000 - T
£
=2 0 -
£
=~ —1000 A
0.0 0.1 0.2 0.3 0.4 0.5
tins

Solution Figure 6.1.10: Torque of a salient synchronous machine with a stator and field winding

short circuit and a damper winding.
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Task 6.2: Cylinderical synchronous machine

In a thermal power station, a cylinderical synchronous generator is used which has the rated data in
Tab. 6.2.1 and is connected in star. The generator is driven by a turbine. The converted energy is
fed into the 50 Hz national grid via a transformer. Saturation effects and losses in the machine can

be neglected.

Table 6.2.1: Parameters of the synchronous machine.

Symbol Description Value

Ustar.n Star voltage % kV

Lsarn Star current 6500 A

fa Nominal frequency 50 Hz

cos(py) Power factor 0.8 (capacitive)
Ny Nominal speed 1500 ——

Ity Field current 150 A

I o0 Short circuit current 7800 A

6.2.1 Synchronization must be carried out to connect the synchronous generator to the electricity
grid. Why is this process necessary? Name the synchronization conditions that must be checked
before the generator can be connected to the grid.

Answer:

Necessity of synchronization:

e Synchronization of the generator with the grid is absolutely essential for a complication-free
connection of the machine to the grid. Otherwise, severe transient effects can lead to catas-

trophic effects.

o A high phase shift during the synchronization can start the machine to oscillate, but this is

reduced by the damper winding in the rotor.

o In addition, connecting the generator with a large phase offset leads to high equalizing currents

and thus a large torque are the result, which leads to the destruction of the generator.
Therefore, the following synchronization conditions should be fulfilled:
o The rotational frequency is equal to the grid frequency.
o The terminal voltage and the grid voltage are at the same level.
o The sense of rotation of the machine is equal to the grid.

o The phase orientation is equal to the grid.
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6.2.2 How can the amount of active power output be influenced during generator operation? On the
other hand, how can the inductive reactive power delivered or absorbed be influenced?

Answer:

The delivered active power can only be influenced by changing the mechanical input power. The
delivered (over excitation) or absorbed (under excitation) reactive power is controlled via the field

current.

6.2.3 What is meant by synchronous condenser operation?

Answer:

In the synchronous condenser operation mode, only reactive power is delivered into or absorbed
from the grid. The machine operates in no-load mode. This operation mode is used to control the
reactive power within the grid. Sometimes, more or less reactive power is needed, dependant on the

conditions of the considered time frame.

6.2.4 Calculate with the given data the pole pair number p, the synchronous reactance Xj, the
apparent power S, the phase shift angle ¢, the inner voltage U; and the load angle 6 at the rated
conditions.

Answer:

The pole pair number is determined with:

wa 2750

1
= = s =9 6.2.1
Wineech 27+ 25 (6.2.1)
The synchronous reactance is calculated by
U 10000
Xy=— =5 0740, (6.2.2)

Lo 7800 A

with the stator voltage Us and the short circuit current I;40. The apparent power determines as
S = V3U,I, = V/3-10000 V- 6500 A = 112.58 MVA, (6.2.3)
and this leads to the calculation of the phase shift angle by:
¢ = arccos(—0.8) - sign (g) = —arccos(—0.8) = —143.13°. (6.2.4)
The inner voltage is calculated with

Is scO — [s '
U= X.I. — X, ( 50 Sln<90)> , (6.2.5)
’ cos(p)
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and the active power is defined as:
3UU;

X,

Inserting the inner voltage from above into the active power equation, yields:

P =

sin(6). (6.2.6)

3USXS (IS,SCO_IS Siﬂ(#’))
XCOS‘*"’ sin(0) = 3U, (Isseo — Is sin()) tan(6). (6.2.7)

P =

Hence, the load angle is determined with resorting the equation from above as follows:

P I
0 = arctan ( 3Us s cos(p) )

= t
3Us(]s,sc[) - ]s,sc Sln(g@))) arctant <3Us(]s,sc0 - ]s,sc SIH(QO))

I cos(y) 6.5 kA - cos(—143.13°)
- = arctan -
Is 0 — Issin(yp) 7.8 kA — 6.5 kA - sin(—143.13°)

(6.2.8)

= arctan ( > = —23.95°.

The inner voltage is calculated by:

U= X.I..— X I sc0 — Issin(yp) 0740 7.8 KA — 6.5 kA - sin(—143.13°) 0473 V.
’ cos(0) cos(—23.95°)
(6.2.9)

6.2.5 The generator should only take reactive power from the grid. How large is the stator current
I, and the field current Iy at this operating point, when a reactive power of 120 MVA is extracted
from the grid? How large is the phase shift angle ¢ and the load angle 7 Draw the phasor diagram
for this operating point.

Answer:

The stator current changes to

L. Q _120MVA
RVETIA sin(yp) V310 kV

= 6928.2 A, (6.2.10)

and the inner voltage is determined with:

K\ ?
3U2— X, 3 (1) — 0740120 MVA

U, = = = 1501.11 V. (6.2.11)
3Us cos(0) 3- 1(1/?/ cos(0°)
Therefore, the necessary field current results in
U; 1501.11 V
Ii=—"I,= -150 A =23.77 A. 6.2.12
FTULTYT 4T3V ( )

The phase shift angle is ¢ = 90° and the load angle is § = 0°. The phasor diagram is visualized in
Sol.-Fig. 6.2.1, the inner voltage U; is purely imaginary, as defined in the lecture notes. The stator

voltage U, and the internal voltage are directly on top of each other due to the zero load angle 6.
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Solution Figure 6.2.1: Phasor diagram for the given operating point. The scala is for the voltage 1

cm = 1000 V and for the current 1 ecm = 2000 A.

6.2.6 In contrast to the previous subtask, the generator should provide 80 MW in addition to the

reactive power now. How large is the stator current [, the phase shift angle ¢ and the load angle 67

Draw also for this operation point the phasor diagram.
Answer:

The apparent power is:

S = /P2 + Q2 = /(80 MW)? + (120 MVA)? = 144.22 MVA.

Hence, the stator current yields:

L= S _ 144.22 MVA 839654 A

V33U, V310 kV

Retrieving the power factor via the complex power equation leads to:

—-P —80 MW
= arccos <> = arccos ( ) = 123.7°.

V33U V310 kV - 8326.54 A

(6.2.13)

(6.2.14)

(6.2.15)

The derivation of the load angle is already given in (6.2.8), which results for the new operation point

in
I cos(yp)
Issc0 — Issin(yp)

f = arctan ( ) = —79.66°,

(6.2.16)
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I~

Solution Figure 6.2.2: Phasor diagram for the given operating point. The scala is for the voltage 1
cm = 1000 V and for the current 1 cm = 2000 A.

while the resulting inner voltage is
Ui = Xslssc = 3600 V. (6.2.17)

The phasor diagram is visualized in Sol.-Fig. 6.2.2, the inner voltage U, is purely imaginary, as

defined in the lecture notes.

6.2.7 Now, the generator should provide a reactive power of 60 MVA into the grid. How large is the
generated torque T', that the generator operates within the rated apparent power? To which value
must the field current Iy change, such that the rated current is reached in the stator winding?
Answer:

With the determined rated apparent power in the task before, the given reactive power, the maximum

power is calculated by

= /2 — Q2 = /(112,58 MVA)? — (60 MVA)? = 95.26 MW, (6.2.18)

hence, the maximum torque is given with:

P 95.26 MW
T = - Y 606.5 kNm. (6.2.19)
Wmech,n 2w - 25 S

The angle ¢ for the phase shift at nominal current is determined as:

P —95.26 MW
= arccos | —=—————— | = arccos = —147.8°. (6.2.20)
\/gljstar,nlstar’n \/g . 10 kV . 65 kA
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With (6.2.8) the load angle is calculated by

I cos(yp) 6.5 kA cos(—147.8°)
0 = arct — arct — 26.03°, (6.2.21
e (IS,SC() — e sin(gp)) e (7.8 KA — 6.5 kA sin(—147.8°) - (6221)

therefore, the inner voltage results into:

Lo — Lsi 8 kA — 6.5 kA sin(—147.8°
U= X = X, L0 = Lesm(@)) 0 (78 6.5 kASn(=147.87)) _ 0076y (6.2.29)
’ cos(0) cos(—26.03°)

The field current must be set to the following value:

U, 9276 V
If=— Ty = 150 A = 146.9 A. 6.2.23
YU 4T3V ( )

Task 6.3: Steady-state operation of a synchronous machine

Consider a loss-free synchronous machine with the parameters from Tab. 6.3.1. First, the synchronous
machine is operated as a a motor. Using the data given above, determine the following characteristic
variables of the synchronous machine at rated operation. An example phasor diagram for this

operation is shown in Fig. 6.3.1.

Table 6.3.1: Parameters of the synchronous machine.

Symbol Description Value
Ustarn Star voltage % kV
Lstarn Star current 96 A
fa Nominal frequency 50 Hz
P Pole pair number 2
cos(py) Power factor 0.9 (capacitive)
T, Nominal torque %
T Im
U;
AU
Ux ¢
/ <G p<0,0>0
I Re

Figure 6.3.1: Phasor diagram of a over excited synchronous machine in motor mode.
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6.3.1 How large is the maximum torque T ..

Answer:

Due to the ideal machine characteristic (no losses), the nominal torque is calculated by
P, 8Ustaran [starn COS(9) _ V/3-6000 V-96 A -0.9

T, = - - star, 1 — 2858 N, (6.3.1)
Wmech,n Wmech,n 2m - 50

and, the maximum torque calculates as follows:

Thnax = 2T, = 2 - 2858 Nm = 5716 Nm. (6.3.2)

6.3.2 Which load angle 6 is set at the nominal operating point?
Answer:

The load angle can be determined by geometric transformations, which are shown in Sol.-Fig. 6.3.1.

The target is to create two different triangles, one with the known angle ¢ (marked in green in
the figure) and one without the load angle 6 (marked in gray in the figure). Hence, the load angle

calculates as follows

sin(0) . = cos(p)1,

L. 6.3.3
sin(f) = — cos(y), (6:3.3)
which leads to the angle:
I 96 A
— ] — 1 . . fr— O' . 4
0 = arcsin ( s,sc> cos(p) = arcsin (172.8 A) 0.9=230 (6.3.4)
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tIm
U;
AU p<0, 6>0
U,
Iy ol L0
PN
P
\ ls,sc
Re
cos(p) L,

Solution Figure 6.3.1: Phasor diagram for an over excited synchronous machine in motor operation.

6.3.3 Determine the synchronous reactance X value.
Answer:

The reactance is determined as:

v U U U,
S Isse N I sco L sin(arccos(0.9)sign(Q/S)) + Issc cos(6)
6000 7 (6.3.5)
V3 —32.12 Q.

T 96 A -sin(—25.8°) + 172.8 A - cos(30°)

6.3.4 Calculate the inner voltage U; at the nominal operating point.

Answer:
Ui = Xelgge = 3212 Q- 172.79 A = 5549.52 V (6.3.6)

6.3.5 In the next task, the machine operates as generator and the power is 500 kW. The phasor
diagram for this operation is shown in Fig. 6.3.2. Which load angle 6 is set at the new operating

point?
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AU o
<0, <0 v
------- .U, <
CErY
It Re

Figure 6.3.2: Phasor diagram of an over excited synchronous machine in generator mode.

Answer:
In the generator mode, the load angle is negative. With the generated power of 500 kW and the

constant voltage, the product of the current and power factor is determined by:

P —500 kW
cos(p)ls = S = 3. Wy —48.11 A. (6.3.7)
. Vi

It is also assumed that the short-circuit current has not changed its value by maintaining the exci-

tation current. The load angle can now be determined using the trigonometric relationship:

(L [(—a811A\ .
0 = arcsin (I&SC cos(go)) = arcsin (1728A> = —16.17°. (6.3.8)

6.3.6 Calculate the stator current I.
Answer:
The stator current is calculated with the active and the reactive current components, which are

defined as in the previous task by

I, = \/ active T ]r2eactive = \/(Ib Sin(_SD - 900))2 + (]b COS<_§0 - 900))2' (639)

With the relationship between the trigonometric functions and the phase shift, the equation from

above is resorted to:

I, = /(— L cos(—p))* + (L sin(—p))?

(6.3.10)
— \/(—IS cos(—¢))? + (= I sin(p))”.
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With the triangular relationship:

I = /(=L c05(—9))” + (Lsco — e c08(6))’

(6.3.11)
=/ (=1 cos(—go))2 + (Lssco + Issc cos(b’))Q.

Use the calculation of the short circuit current I 4, leads to:

2
I, = | (=L, cos(—¢p))* + (—)U; + Lo se cos(@))

6000

2
(6.3.12)
= |(48.11 A)® + (— Vi 172,79 Acos(—16.17°)>

32.12 Q

= 75.44 A.

6.3.7 How large is the power factor cos(p) at this operating point? In addition, calculate the angle
©.

Answer:

The active power is calculated with

]active = Is COS(@); (63].3)

which than leads to I I, cos() 48.11 A
active s COS(p e
_ _ — = —0.638 6.3.14
cos(p) I I, 75.44 A 7 | )

and, therefore, the angle results into:

¢ = arccos(—0.638) - sign (g) = —arccos(—0.638) = —129.6°. (6.3.15)
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