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Exercise 1.1 1.1/1

Cage induction generator for wind power

A three-phase 6-pole cage induction generator for wind power has the following data:

Rated voltage: Uv=400VY Rated phase current: Isv = 1095 A
Rated frequency: fn = 50 Hz Power factor: cosg, = 0.81 (generator)
Rated shaft power:  Pn =640 kW Bore diameter: dsi =490 mm

Number of turns per phase: Ng= 15
Amplitude of fundamental field wave: B ;=0.994 T

Stack length: Ire = 450 mm
The stack length Ire is assumed to be equal to the equivalent iron length l. for simplification!

1) Calculate the induced voltage with a winding factor kwsy = 0.945! How is this value
called in the T-equivalent circuit?

2) Calculate the internal apparent power Ss!

3) Determine Esson’s number C in —VA;S and in —kVATm
m m

a) via Ss,
b) via the current loading A and the fundamental field amplitude B ;!

4) Determine with the rated current density J = 3.56 A/mm2 the product A-J and discuss,
which kind of cooling is recommended, if the stator winding temperature rise at steady
state nominal operation shall not exceed 4% = 105 K at 4, = 40 °C ambient

temperature!

5) Determine with the product A-J the heat transfer coefficient ¢, at nominal
temperature rise according to 4)! Which kind of losses is only considered?

6) Calculate the rated apparent power Sy, and the generator efficiency 7, ! Is S bigger
than Sz and if so, why? Use the consumer reference frame and give the correct sign

for the real power flow including the determination of input and output power and
overall losses!

7) Determine the specific thrust for CO0S¢ =cos¢ and the apparent specific thrust
Tacapp! Give the relationship between zacay, and Esson‘s number (theoretically
and calculative)!

8) Calculate the tangential force Ft and the electromagnetic torque M, at rated operation
from z5c! Assume, that M, is equal to the shaft torque My and determine the speed

and the slip of the generator! If we assume Me = My, which kind of losses are
neglected?

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 1.1

1.1/2

2
1) Usi:ﬁ”'fs'Ns'kwsl';'Tp'lFe'BS,l

2

—/27-50-15-0.945- = .0.2566-0.45-0.994 = 230.09V
T

oy =35 _ 4907 _ oe6 6mm
2p 6

Usi = Un in the T-equivalent circuit!

2)  S5=3-Ug- I, =3-230.09-1095= 755838VA
3) aC=—y % 2755838 _ 419735 Y55 _ g g KVATIN
dgi? leg Ny 0.49%-0.45.16.67 m? m?
Noyn = T 90 16675
p 3
72 72 VAs KVAmIn
b) C=—-Kye1 - A:-Bs1=—=-0.945.64000-0.994=419549 —— =6.99—
) \/E wsl 5,1 \/E m3 m3
A_2mNg-lg_2:3151005 . A _ 00 A
dgj- 7 497 cm m

4) A-J =640-3.56= 2278.4A- A
cm mm?

According to Chap. 1 a totally enclosed machine with outside air-cooling and shaft

mounted fan might be possible. For the rotor cooling an internal air circulation is
necessary, driven by a smaller internal shaft mounted fan!

5) A8, = Al
K-o,
A-J  22784.10%-10° W
=oy = = 3 =56.
k-AY, 38.25-10°.105 m2K

A8, =105K=>3,, = A8, + %y, =105+ 40=145°C

TU Darmstadt
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Exercise 1.1 1.1/3

235420 _ 6 235+20 .0 MS

=Koy (G =145°C) = (20°C) s = 235+145 m

Only the stator I2R-losses are considered in the product A-J!

6) Sy =3-Ugy-loy =3-220.1005- 758638VA

J3

Sn = 758638 VA > S = 755838 VA

The stator voltage drop at Rs and X is not included in Sg, but it is included in Sn, so
usually Sy, is bigger than Sy, as Us is bigger than Usi = Un!

Ug=——==230.94V>Uy =230.09V!

P.out Sn-COSp, 7586380.81 614497
P, in P in 640000 640000

=96%

Consumer reference frame:

P, =Py + P, =P, =P, — P, =—614.5KW+ 640.0kW =25.5kW>0

P, =—614.5KW =—P,
Py = —640.0KW=—Py

Losses are always positive, independent of the consumer or generator reference frame!

7) Specific thrust:

A-B :
Tac = 281 -COSQ; :Mzo'ggél.o_glzyfﬁ,zﬁz
m

A

A=2 Ky A=~2 -0.945:64000=85532

Apparent specific thrust:

A-Bs; 85532.0.994 N
2

TAC, app = = 5 = 42509@

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 1.1

8)

TU Darmstadt

Theoretical relationship between z5¢ 45, and C:

2

2
T

A

Calculative proof:

?
C-= 419549@:7:242509
m

N
m2

419549=7242509=419549!

Note: 2= _ 3 _ im

NI
m m m

F’[ =7TacC* A= TAC 'dSi VN IFe =344320497l'0,45= 23852N

dg; 049

M, =F -—=23852.—— =5843.68Nm
2 2 _—

Me:MN:Pm,in :2'7['nN'MN

Pnin 640000
2r-My  27-5843.68

=Ny = =17.43/s=1046/ min

Ny, —N 1000-1046
n 1000

syn

S= =-0.046=-4.6%

Collection of exercises

1.1/4

2
T T 2
C:_\/5'kwsl'A'BS,l:7'\/§'kwsl'A'BS,l:7'kwsl'A'BS;L:7[ “TACapp

The assumption Me = Mn means the negligence of all braking torques and

corresponding losses:
- friction and windage losses

- additional losses, which are related to the rotor movement like tooth flux

pulsation losses (see Chap. 2)

Institute of Electrical Energy Conversion
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Exercise 1.2 1.2/1

Cage induction motor for a pump drive

A 12-pole high voltage cage induction motor with open air ventilation is used as a pump
drive in a thermal power plant. The three-phase machine has the following data:

Rated power: Pn =1060 kW Power factor: cosgsn = 0.83
Rated voltage: Un=6600VY Rated frequency: fn =50 Hz
Rated phase current: Isn=117 A

Bore diameter: dsi =830 mm

Number of stator slots: Qs=72

Number of turns per phase: Ns = 156

Coil span: W =5 stator slots pitches

Air gap width: 0=14mm

The internal voltage Un is by 5 % smaller than the stator nominal voltage with an internal
power factor cosg, =0.85. For a good cooling the iron length Ire = 800 mm is separated into

20 packets with radial cooling ducts with a width of Ik = 8 mm in between.

1) Determine the slots per pole and phase g, the distribution factor kq1, the pitch factor
kp1, and the winding factor kws: of the fundamental field wave!

2) Calculate the overall stack length L, the packet length |1 and the equivalent iron length
le! Give the relationship between L, Ire and le!

3) Evaluate the pole flux @ of the fundamental field wave and its flux density amplitude

Bs1!

4) Determine the current loading A and Esson’s number C with the length le:

a) via the internal apparent power Sg,
b) via Aand B;, !

5) The stator winding copper cross sections is gcu = 26.5 mm2. Determine the stator
current density J and the product A-J ! Is it valid for open ventilated air cooling?

6) Calculate the efficiency ny, the total losses Py, and the air gap power Pjvia cosg,!
Separate via P; the losses Py into stator-side losses Py and rotor-side losses Py ! If
rotor friction and windage losses Py, and rotor side additional losses P44, are
5 kW, how big is the slip and the speed of the rotor?

7) Calculate the specific thrust 7, and the electromagnetic torque M,

a) from 7,
b) from P!

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 1.2

1) QS — 72

Kgr = = =0.9659
T ——
2-sin
q Sm{quj (2 3 2}
5.
Pitching: W_ 2% _ 5 _5_5
7, Mm-gq-7gs m-q 32 6

kg =sin| = :sin(z-§j:0.9659
2 1, 26) —

Kwsz = K1 - Kp1 = 0.9659” = 0.933

2) L=l +(20-1) 1, =800+19-8=952mm

1:Iﬁ:@=40mm

20 20
h'=|_k=L=11_43

o612 14/2

h? 1143

h") = = =7.95
¢ h'+5 11.43+5
' I1+Ik 40+8

L+l —Cc(N)-(5/2) 40+8-7.95-(1.4/2)

= L = 952 =841mm
ke 1.13

C

le

I <le < L&800mm<841mm<952mm

U_N:@Egslov

NERINE]

Ug; =U}, =0.95-U,y =0.95-3810= 3620V

3) UsN =

TU Darmstadt
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4)

5)

6)

Exercise 1.2 1.2/3

Ug; 3620

¢= =
V2.7 g Ky -Ng  ~/2-7-50-0.933-156

=111.96mWb

7y =i 80T 517 3mm

2p 12
-3

= o 2111.96 10° | ogor
Syl ©.02173.0841 T
T T

Al 2mNg-lg 2:3-156117 0 A
dgi-7 83-7 cm

a) S;=3-Uy, -l =3-3620-117=1270620VA

_f_ % -8.33st =500mint

syn

p
Co—pn - 2700 _ 263280~ - 4.39@
dgi2 -1y -Ngyn  0.832.0.841-8.33 m m
2 2 )
b) C= % ks A Byy = % .0.933-42000-0.962 = 263081—\::5 - 4.38—“\/':1';“”

The difference between a) and b) is due to rounding errors of the numerical
calculation.

LW A
Ocy 265 mm
A A

A-J =420-4.42=1856-"—.

cm mm?

According to Chap. 1 this is small enough to allow air cooling.

= mout _ Py _ 1060000  _1060000_ oo
N R J3-Uy-ly-cospy  +/3-6600-117-0.83 1110116
=95.49%

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 1.2 1.2/4

Py = i—1 Py =( ! __ j-1060000=50116W
TIN 0.95485

Py =3-U;, - I -cosg; =3-3620-117-0.85=1080027W

Pys = Pojn — P =1110116-1080027=30089W

Py = Ps — Pry out =1080027-1060000= 20027W

Pour = SN - Ps = Pyr —(Prrsw + Pagy )= 20027-5000=15027W

_ Peur 15027

Sy = = =0.0139=1.39%
P, 1080027

Ny =(1-Sy ) Ngyp = (1-0.0139)-8.33=8.217/ s = 453/ min

A-B V2 Kysq - A- By - COS@

7) Tac= 5,1 ~COS(0| _ ws1 > 5,1 I
_ \/§~0.933-420200-0.962-0.85 _ 22657%
_m

a) M,=F % L N % =22657-0.83% - 7-0.841/ 2 =20619.7 Nm

Py 1080027
° 27y, 27833

by M =20627Nm

The difference between a) and b) is due to rounding errors of the numerical
calculation.

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 2.1 2.1/1

Magnetic design of an induction motor

A four pole three-phase squirrel-cage induction motor (tapered deep-bar cage rotor) has
following data:

Nominal power: Pn =55 kW Nominal voltage: Un=380V/220V YI/A
Rated frequency: fn =50 Hz Power factor: coson =0.885
Efficiency: v =90.8 % Stack length: Ire =220 mm

Bore diameter: dsi =270 mm Air gap: 0=0.7mm

Specific iron losses: vio = 2.3 W/kg Sheet thickness: bsh = 0.5 mm

Iron stack factor: kre = 0.94

The sketch shows the stator and rotor lamination in the slot region. The double-layer stator
winding has 11 turns per coil and layer, and four parallel branches. Coils are pitched by 5/6.

1)

2)

3)

4)

5)

6)

Calculate the nominal current Iy as well as the stator and rotor slot number.

How big is the number of turns per phase and the winding factor for the fundamental
wave of the magnetic field?

How big is the amplitude of the fundamental wave of the magnetic air-gap field in
motor idle operation? The voltage drop across the ohmic resistance and the leakage
reactance in the stator winding is to be neglected.

How big is the m.m.f. for the air gap related to the amplitude of the field from 3)?

How big is the m.m.f. for the stator tooth related to the amplitude of the field from 3)?
Consider only the parallel sided part of the tooth and neglect the magnetic flux through
the slot.

As shown in the sketch, the rotor tooth is considerably broader than the stator tooth, so
that its influence on saturation — as well as the influence of the rather low yoke flux
density — can be neglected. How big is the magnetizing current referred to the rated
current in percent?

: .
o
e ©
8 15 ‘ ]
§
g | 12,05
[&)]
o I
F
g 3,9

Dimensions in mm

Fig. 2.1-1: Stator and rotor iron lamination geometry

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 2.1 2.1/2
Uy 380
P 25000 A=1037 A

I = =
NPT 3.Upph -COSPN 7y 3-220-0.885-0.908

Tgs =17,7mm, 75, =212 mm,according to sketch dimensions.

=d5i~7z=270-7z Qr:dsi-ﬁ=270-7z= 0

177 — g 212 —

o

Qs
TQS

Q=2-p-gm, 2p=4, m=3 = q=4
2)

e N =11 turns per coil and layer
e a =4 parallel circuits (windings of 4 poles connected in parallel)

=2 NC

11
Ng=2:p-q-—CS=4.4.=-=44
s=2-p-0-— i
sin”
Kgs = 6 __ 0 _09566 ko, =sin .7 =sin(5'—”]=o.966
7y 2 12

f T - T
. = 4-sin| —
q sm[ﬁ.qj (24]
Kws = Kgs “Kps =0.9566-0.966 =0.924

3) no load operation (R - g, X - I neglected):
U; =Ugpy = voltage at magnetizing reactance Un, fn = 50 Hz, Ire = 0.22 m.

7, = dszi 72107 i~ 2121 mm
P
Ui =2z fN-NS-kWS-E-rp-IFe-BSI: B;, =0.82T
T o ————
4) Vs = Bsi 5. ke ke =Kgs - Ky - Carter's coefficient
Ho

Dimensions according to Fig. 2.1-1:
S S

Sos =2mm, s =3mm , X -2 _pgs ¥ _3 _429 o
o 07 o 07

¢s=10; ¢, =20

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 2.1 2.1/3

TQr _ 212 1 07

TQS 177 1 04 kCr _ _ —1.
tor =6 212-2.07

k = = =1.
© e —¢-6 17.7-1.07

ke =1.04-1.07=1.11

= Vs :L27-o.7.1o—3 1.11A=580A

4.-7-10" —

5) Length of the parallel flank of the stator tooth according to Fig. 2.1-1: lg = 12 mm
Width of the parallel flank of the stator tooth according to Fig. 2.1-1: bg = 8.4 mm

We assume By, = By, -

Bs1-7qs  0.82:17.7
Kee by 0.94.8.4
With use of the B(H) curve for the v; = 2.3 W/kg sheet according to the textbook, we
obtain:

T=184T

I~ r
Bds = Bds Bds -

Hgs =155A7cm = Vg = Hys -1y =155-1.2 A =186 A

6) Vm = V5 + Vds + Vdr + Vys + Vyr Wlth assumption Vdr, Vys, Vyr << VdS we get

Vo, =V +Vy, = (508+186)A=694A V. _J2m Ng Ky - Iy =
TP
. \/Ev5+vds _ ﬁ528+186 A_253A
VEM NG ke Y2.°.44.0.924
T P T 2
Im _ 253 o440
Iy 1037

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 2.2 2.2/1

Design of a squirrel-cage induction machine

A squirrel-cage induction machine is to be designed for following rated values:

1)

2)

3)

4)

5)

Py = 200 KW 2p=8
Un =400V /690 V , AIY fy = 50 Hz

Determine the main dimensions of “bore diameter” and “length of core” with help of
the design curves in the text book. According to these curves, how big ist the
efficiency, the power factor, the electric loading as well as the amplitude of the
fundamental wave of the magnetic air gap field?

Calculate with help of the values determined in 1) the so called Esson’s coefficient in
units of KVAmin / m®.

For verification calculate Esson’s coefficient in units of K\VA min/m®once more with
help of the electric loading and the field amplitude determined in 1). Assume the value
of the winding factor for this calculation with 3/7.

Determine the number of turns per phase according to the fundamental wave
amplitude of the magnetic field (Neglect the voltage drop across the ohmic resistance
and the leakage reactance of the stator winding).

How big are the turns per coil if a slot number per phase and pole q = 3 and a single
layer winding with all coils per phase connected in series is chosen? How big is the
winding factor?

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 2.2 2.2/2

1) Py =200kW =7, =18cm  according to curve zp(Pn), text book Fig. 2.2-3.

2p-2'p=dsi-7l':>dsi=¥ mm =458 mm

le =l =37 cm=370mm according to curve le(Pn), text book Fig. 2.2-4.

cosp=0815,7=92.1% according to curve cosg(Pn), 7(Pn), text book Fig. 2.2-9,
Fig. 2.2-10.

A =400 A/cm according to curve A(z), text book Fig. 2.2-5.
Bs,av = 0.6 T according to curve Bsav(p), text book Fig. 2.2-5

= By, = % Bsay =0.94T

/N

Bd av

Tp

Fig. 2.2-1: Fundamental wave of air gap flux density per pole pitch

2 C=—N
dsi 'IFe'n
S Py 200 KVA = 266.4 KVA

N cosp 0921.0815

N=ngy,=750/min  (ngy, :%~60/ min :57?-60 min =750 min)

266.4 KVAmIn kK\VAMIn
0.458-0.37-750 m =m
3) C—ﬂ—z-k .A-B —”_2.§.40000.094VAS — 2505786 VAs
\/E WS 5,1 \/E n . —m3 m3
— C=2505786. 31 kVAr;un _418 kVAr:m <46 kVAr;nn
10°-60 m o oom m

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 2.2 2.2/3

According to the comparison of C in 2) and 3) A and Bs 1 have to be increased slightly,
e.g..

A=420A/lcm,Bs1 =099 T or A =440 Alcm,Bs1=0.94 T.

2
Ui =Unpn =27 fN'Ns'kws';'Tp'lFe'Bé,l

= Ng= 200 =47.

V2.7.50.2.2.018.037.004
T T

w

5) q=3 = Q=2p-q-m=8-3-3=72 Nc¢ = Ng : turns per coil = turns per slot

Single layer winding, a = 1 (all poles connected in series ):

Ns=p~q-%=8-3-%:473z48 = NC=4
| TT
SII’](GJ
= =0.96

kds - T
3-sin[]
6-3

A single layer winding is always full-pitched: kps =1 = kys =Kgs kps =0.96

(instead of the estimated value of 3/7 = 0.955)

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 2.3 2.3/1

Current displacement in deep-bar and keyed-bar

A rotor of a 55 kW induction motor, 400 V, Y, 104 A, 1460/min, 50 Hz, is to be equipped
either with deep-bars or keyed-bars, as shown in the sketch below. The length of the
laminated core is 240 mm, the number of turns per phase winding is 44, the winding factor is
0.924 and the number of slots in the rotor is 40. The starting current is five times higher than
rated current.

1) Calculate the resistance and slot leakage inductance per bar for the keyed as well as
the deep-bars for no load operation (slip s = 0) at 20°C.
2) Perform the same calculation done in 1) for starting point at s = 1and rated slip.

3) How big are the bar current densities and the ohmic losses per bar for s = 1 and rated
slip? (Note: For s>sy : 1; =1, 1y =1,/0;)

4) How big is the loss increase in a bar at s = 1 compared to rated slip for both bar types?

Slot sketches:

deep-bar slot keyed-bar slot
1,0 1,0
T T
| o ) i O |
- | o | 1,5
0 | 0 |
o | o |
i | - |
| |
] | Y |
3,9 3,9

Dimensions in mm
a) b)

Fig. 2.3-1: Rotor slot geometry of a) deep bar and b) keyed bar

TU Darmstadt Institute of Electrical Energy Conversion
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Exercise 2.3 2.3/2
1) deep-bar slot keyed-bar slot
1 IFe —-N-
Rpar. =—- s=0: f,=s-fy=0Hz
K Opar
a) b)
10° 024 10° 0.4
Ryar. = : Q=354 _= Q=511pQ
ba=""57 119.10° 2 =757 824.10° @ ——
b, —b
Bequ(i =, + 4 2=
equ(ivalert) 0 10
3.9-15

h ., ,hs_305 05

Qr L
3-bg s 339 1
=3.107

=15+ mm=1.74 mm

10
hy _ 305 , 05

dor =—2—-k L :
O Bby, MM s, 31747 1
—6.343

Lo.bars=0) =0.937 pH

Lo,bar(s=0) =1.913uH

2) s=1:

f, =s- fyy =50Hz

E=h-Jup 7 fr x-S =0.0305- V471077 -7-50-57-10° - /5 =3.23- /5

a)

b)

__ sinh(2&)+sin(2&)
KR =< cosh(2&)-cos(2&) 320

kr=4.8 according to curve in text book

3 _sinh(2§)—sin(2§)_o46
L7 2.¢ cosh(2&)—cos(28)

KL wedge = 0-49 according to curve in text book

Aor = My -k,_+h—4:£-l.699+%
3-bg sg 339 1

=1.699

h h, _ 305 '0'49+0_i5

+_
so 3174

Lo, bar(s=1) =0.5912pH

Lo, bar(s=1) =1.014 uH

Rpars_1 =115.4 pQ

Rpars_1 = 245.3 10
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Exercise 2.3 2.3/3
S = SN SN =M=0.027:§=0.53
1500
a)  kr=1.007 k. =0.9978
b) kr = 1.0 ke = 1.0

= Bar resistance and inductance are identical for sy and s = 0.

N e MeeNg-ky  3-44-0924
i, '" Q051  40-051

=6.098

sv. lgy=104A 1/ ~ly  1!-U; =6098104A=6342A

bar current: I, =1;-U0,=6342A
a) b)
" qu;r B 613;1; mﬁz =°3 m'ro\n2 o :% m’rb\n2 - 7'7$
Pypar = Roar - 17 =35.4-107°-6342° W=142 W | Py, =51.1.107°.634.2° W =20.6 W

s=1: l;;=5104A=520A I, =6,098-520A=3171A

a) b)
Jr:£71 A__ 2662 Jr=3171 A _3g5 A
119 mm? mm? 82.4 mm? mm?
Pypar =115.4-107°.3177 W =1160 W Py par = 245.3:107% 31722 W = 2467 W
4) Increase of losses compared to sy at s = 1:
P s=1 P s=1
2) apar(S=1) 1160 _ 817 b) apar(S=1) 2467 oo

I:)d,bar(s :SN) - 14.2 I:’d,bar(s :SN) - 20.6 -
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Exercise 2.4 2.4/1

“Re-winding” of an induction motor

Deep-bar squirrel-cage induction motor:
Rated data:

Pn =500 kW
Un=6kKVY
INn =59 A
nn= 1482/min
coson = 0.86
fn =50 Hz

Pre = 9.4 KW (Hysteresis and eddy-current losses)
Pcu=15.0 kW (Ohmic losses)

Starting data:

Starting torque: M1 = 0.8- Mn
Starting current: I1=5.2-In

Stator winding data:

Winding type: double-layer winding
Number of turns per coil and layer: Nc =10
Number of stator slots: Qs =60

All coils per phase are connected into series!

1) Calculate the number of turns per phase?

2) The number of turns per coil will be decreased from 10 to 9. Decreasing the number of
turns per coil allows increasing the cross-section of copper. Calculate the new motor
impedances, the starting current and the starting torque! Do the motor impedances
change? How do starting torque and current vary in comparison to the given data?

3) Does the total leakage coefficient and the breakdown slip change? In case of changes,
what is the percentage of the changes?

4) How do the air-gap induction, the primary current at rated slip and the electric loading
change?

5) Compute the no load losses as well as the current-depending losses for the new number of
turns per coil!
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Exercise 2.4 2.4/2

NS:2. p.q.&:45.E:200
a 1 =
Q, 60

2.p-m 223

1) Specifications: a=1

Qs=60=2.p.q.m =Qq=

ol

2) N, =9= N:=%~200=1i)

%\ 2
RS~N52:>R:~[—J :~19% ;

2 *\2
R;~u2.Rr~(%] .N,.2~N52:>R;*~[%} :—19% ;

r S

X Xogr Xy, X

o

*\2
X, ~NZ = x*~(&] :—19% ;

S

* 2
l51= ' 2UN — :%Z[Ni] :(%}2 ~1.2346
\/(RS+Rr) +(xs(,+xr0) st '

o (1) 1
jls’lz(ﬁj 'Is’lz(ﬁj -5.2-59A =379A

S:]-:PCu,r:S'PSZPS’ Is,l"'lr,l (Im ~0)

L2 . )
— M Ps _ PCU,r _ ms'Rr'Ir,l ~ ms'Rr'Is,l
1= = =
-stn S -st -stn -stn

* " e 2 *\2 4 2 2
My R L {&] {&] :[Ns} 2( 1)
! . 2 * *
My R 2 (N (Ng) TNy Lo

2
M =[ 1) .0.8.3222Nm = 3182Nm
1 o9

500000W
My =155 — =3222Nm
2.7[.7.3

60

- The increase of starting current and starting torque is 23 %. The decrease of
impedances is 19 %!

~ =l=>o0c=0
' *2 *2 -
Xs - Xy Ng - Ng

( «2)2
2 Ns j .
3) o=1-_h
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Exercise 2.4 2.4/3

R, . R R’
Sp * r.:Sb [—r,:—r*,, RS<<1J
Xr Xr

- Leakage coefficient and breakdown slip do not vary by changing the number of
turns per coil!

4) Unph = +05)-U; =(1+as)~\/§~7r- foNg-Kys -£~rp “lge - Bs,; = const.
T

2 - Bs
05=&~N—52=1:> N Bj, =N, -Bj =const. = o= Ns
X Ns ’ ’ 86,1 Ns
10

= B;;l =5 Bs, =1.11-B;,

- The increase of the air-gap induction Bsz is 11%.

UN h UN h
s:—’p :>Zmot(s)~N52 =I5~ 5
Z ot () N Y, Ng
(N Y -
=S~ = (in case of s =const.)
s (N

- At nominal slip, the increase of the nominal current (as well as the starting
current) is about (1/0.9)% = 23%!

*

* * * 2 *
C2meNglg A NI NGNE AN
2'p'7’-p AS NS'IS Ns'N32 AS Ns

A

- The increase in the current loading is about (1/0.9) = 11 %!

Plausibility check:

IS

* * 2
S~§=3.U_ -l =S~I :%:Is (—*J (Ui =Uy pn =const.)

or

sti:?"ui,ph'ls: 'kws'A‘s'BS,l'dszi'IFe'n~AS'BS,ICZ 'kws'As'B(S,l:

1
S

N*

w

2
Esson’s coefficient [~ —S] : the electromagnetic utilization increases!
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Exercise 2.4 2.4/4

= * *
S AS : 88,1 Ns Ns

* * 2
s AsBN_N_[Nj

With assumption 7-cose = const., the output power increases too (Pm = S-7-cosg)!

* *\2 2
P B N
5) P ~me-vy-B2, Fe—| 2| —| s
Fe Fe " V10 PFe B Ns

; 0.9

2 2
:PEE:PFE-[N—i] :9.4kw-(ij =11.6kW  (+23%)
N
* * * 2 * 2 4 2
> Py [R)[I N N N
o mR B TR TN W) TN
Cu N N
2

2
R =Py | =15kW-(i) =1.23-15kW =185kW  (+23%)
N 0.9

Note: On the one hand the losses increase by the factor (N/N*)2, on the other hand,
the Esson coefficient C and the output Pr, also increase by the factor (N/N*)?, which
leads to a constant efficiency.

Practical application:
By variation of N at Pm = Pn = const. and U = Un = const., the minimal current
consumption can be obtained, as the following pictures show.

Explanation: Py, ~ A -Bs;-cosp~ 1,1y, (I, = Ig-cosp, A ~Ig, By ~1Iy)
I:)m"'Us'Is,re (:US'IS'COS§D) - Is,im'ls,re ~ Ayl (Us"'Ui"'B(S,l"'Imzls,im)

2 2 2 2
(Is: Is,im"'ls,re ~ V|m+|r )

Bl &
" ! | Bs1 A K ‘ Re
Y / Saturation
\\ / QS
\\ I I ~ Pm _ const. J I
s, m r m Im Is,re 4-mmmmn- 8
N s A
Satuiagion[ ~ !
171 i
B~N e |
—_ Tl e i
0 \ > Ng 0 » [m !
0 Ns,opt 0] 0 Isim
a) b) c)

Fig. 2.4-1: a) Variation of flux density amplitude and stator current for variable number of turns per
phase at fixed voltage and frequency, b) Fundamental air gap flux density amplitude vs. magnetizing
current, ¢) Stator voltage and current phasors

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 2.5 2.5/1

Hysteresis and eddy-current losses in the stator core

The drawing below shows the cut out of stator lamination. It was made for the stator of a four
pole induction motor. The rated power Py of the motor at 50 Hz is 55 kW. Further data of the
motor:

Number of stator slots: Qs =48

Lamination factor: kre = 0.95

Length of core: l[re =220 mm

inner/outer diameter of the laminated core: dsi/dsa = 270 mm / 400 mm

The coefficients for the calculation of the hysteresis and eddy current losses of the steel sheet
at 1 T and 50 Hz are: ony = 1.3 W/kg, ort = 0.4 Wikg

@‘?

] 8.4
IR | !
&) | ’

K5
0 2
ol " 177

P270

Dimensions in mm

Fig. 2.5-1: Stator iron lamination geometry

1) Due to the influence of saturation, the distribution of the flux density in the air gap is
flat-top. The amplitude of the air gap flux density Bsmax is 0.8 T, while the amplitude
of the fundamental FOURIER-wave Bs1 is 0.85 T. What is the value of the main flux
@y? For calculating @, make use of the value for the flux density of the fundamental
wave.

2) What is the value for the apparent induction B's in the teeth and the induction Bys in
the yoke. The value of the stator leakage-flux has to be taken into account as os = 0.04
(®SG = oy O )

3) Calculate the value for the specific iron loss vio of the magnetic sheet steel for the
frequencies of 50 Hz and 100 Hz in the Epstein frame !

4) Under influence of higher harmonics and by stamping the magnetic sheet steel, the
loss coefficients for the iron increases compared to Epstein frame values. The eddy-
current and hysteresis losses in the teeth are 80 % and in the yoke 50 % higher than
according to Epstein frame. Recalculate the hysteresis and eddy-current losses for 50
and 100 Hz'!

Advice: For simplification make use of B'gs instead of Bgs!
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Exercise 2.5 2.5/2
1)

S~ fundamental FOURIER—wave

Bémax Bél oblated field distribution curve

{influence of slotting neglected)

Tp
Fig. 2.5-2: Air gap flux density per pole pitch

2 V4 Vs
@ =— -7l -Bs =di-——=270-— mm=212.0mm
h jn Tp " Tre " Bs1 Tp Si 2.p 1
= 2 -0.212-0.22-0.85=0.0252Whb

T
2)
7 =17.7 mm (in accordance to the drawing)
bgs = 8.4 mm (inaccordance to the drawing)
T
Q

ds = Bs,max :
bds ) kFe

B

=0.8~£ =177T
84.095 ——

Magnetic flux in slot leads to lower tooth flux density — Bgs < B ds

@y = (1+05) @y | 2=1.04-0.0252/ 2=0.0131Wb

B — Dys 0.0131

ys —

hys Keelpe  41.7-107°.0.95.0.22 ——

—

hys = [400—(270+2-23.3)]-% =41.7mm

T slot height according to drawing

f f)?
Vio :[%j'GHy +(%j "OFt

— atB=1Tand f =50Hz: vy :1.3+0.4:1.7kW
g

3)

kg

— atB=1Tand f =100Hz: v10:2-1.3+22-0.4=4.2w
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Exercise 2.5

4)
mass of teeth my,

=17.7kg

tootharea Ay

mass of yoke mys  my =

= 46938-10°.0.22-7850-0.95;

=77.0kg

yoke area Ay
ka =1.8; kV

N4
B
I:)Fe,ds = Mys - kvd {1_(15] V1o

2
I:)Fey = Mys 'kvy'[l_yl_sJ V1o

Ags = [(270+2 23.3)°

Collection of exercises

2.5/3

Mys = Ads 'IFe *VEe 'kFe
-10813-10°.0.22-7850.0.95;

=7850—;

2702] ——48 222=10813mm?

ring area at tooth

= [4002 —(270+2- 23.3)2}

number of slots slotarea

Ays Ire - 7Fe - Kre

kg
m?

Vee = 7850—=

% — 46938 mm?2

(by assuming By, = Bys)

f =50Hz:

VlO = 17%

Progs =17.7-1.8-1.77% 1.7 =170 W

Preys =77.0-1.5-1.5% 1.7 = 442
PFe,ds+ys =612W

f =100Hz:
w

Voo =4.2—
10 kg

Pre.ds = j? 170= 420W

Pre.ys = %-442:1092W

I:)Fe,ds+ys = 1—512\/\/
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Exercise 2.6 2.6/1

Cage design of a small induction motor

The data of a totally-enclosed fan-cooled three-phase 6-pole cage induction motor with
single-layer winding are at a rated slip sn = 5.5%:

Rated voltage: Uv=400VY Rated efficiency: nn=10.79
Rated frequency: fn = 50 Hz Power factor: cosggn = 0.75
Rated shaft power: Pn=3.6 kW Bore diameter: dsi = 130 mm
Number of turns per phase: N = 204, Stack length: Ire = 130 mm

Fundamental air gap field wave amplitude: Bg ;= 0.9 T, stator/rotor slots: Qs/ Qr = 36 / 30.

1)

2)

3)

4)

5)

Calculate the electrical apparent power S, the rated current Isn, the Esson’s number C
in KVA-min/m?®

Give the induced voltage per phase Up, the rated torque Mn and rated speed nn!

Determine the voltage and current transfer ratio Uy, Ui, the induced voltage per bar
Un,bar and the rotor bar current Ir at rated slip via the estimate I ~ Igy-cosgyy ! Why

Is there nor insulation for the rotor bars necessary?

Determine for a rated current density Jr = 4.2 A/mm? in the Aluminum cage the bar
cross section area Apar and the ring cross section area Aving!

Give the rotor outer diameter dra With the air-gap width 6= 0.4 mm! For the rotor slot
values hs = 1.0 mm and hpar = hring = 15 mm calculate the deep bar and ring width bpar
and bring! With the conductivity xaw(20°C) 34 MS/m give the resistance of one bar
(without current displacement) Ryar, OF One ring segment ARring between two adjacent
bars and the value R; of the T-bar equivalent circuit per phase!
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Exercise 2.6 2.6/2

1) Sy =Py /(cosgy - 1) =3600/(0.75-0.79) = 6076 VA ,
lon =S /(v/3-Uy) =6076/(/3-400) =8.77 A,

Stator r.m.s. current loading:
_ 2mgNglgy  2-3-204-8.77

A =26284A/m =262.84 Alcm,
dsiz 013-7
Single-layer winding = No pitching: k; ; =1,
Slots per pole & phase: g = Q _36_ 2,
2p-mg 6-3
Distribution factor: ky ;= S!n(ﬂ fem))  _ s'h(ﬂm) =0.966
" Q-sin(z/(2mg-qs)) 2-sin(z/12)
Fundamental winding factor: ks =K 1k, 1 =0.966.
2 2 -

V4 T VAs KVAmMIn
C="—+—kysA By =—=:0.966-26284-0.9=159477——=2.66——.

\/E WS As 5,1 \/E mé m3

2) Pole pitch: 7, =dg;z /(2p) =1307/6=68.1mm,

Fundamental air-gap flux/pole:
2 2

D5 = — Tyl Bs1= — 0.0681-0.13-0.9=5.07 mWhb,
Uy = 2z fs - Ng Ky - @y = J27-50-204-0.966-5.07/10° = 221,95V,
Ngyn= fs/ p=50/3=16.67/s=1000/ min,
Ny = (1—Sy) - Ngyn = (1—0.055)-1000=945/ min,
My =Py /(27 - ny) =3600/(272 - 945/ 60) =36.74 Nm.
3) = wNs _0968:204 a9, 45 g, Mg, 3 _30413. 3 _3041,
Kyr Ny 1.05 m, Q 30
Up par =Up /Uy =221.95/394.13=0.56V :
Due to the very low bar voltage no rotor bar insulation is needed.
Even at stand-still (s = 1) the increased bar voltage
Up par(s =1) =Up par(Sn) - (87 s,\,)‘sz1 =0.56-(1/0.055) =10.18VV
is very small (below low voltage AC limit of 24 V).
In = lgn-Cos@gy = Iy =0 - Iy =39.41-8.77-0.75=259.2 A.

J; 4.2 2-sin(p-7/Q,) 2-sin(3-7/30)
| 4194
Aring = gng =12 =99.9 mm?.
r :
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Exercise 2.6 2.6/3

5) Boar = Apar / Npar =61.7/15=4.1mm, bring = Aring I hypar =99.9/15=6.67 mm,
bring = Aring /Ny =99.9/15=6.67 mm, d,, =d;; —20=130—-2-0.4=129.2 mm,

Kaw 20" Ppar  34-10°-61.7-107

dring =d;; —2h, — hring =1292-2-1-15=112.2 mm,

Rpar (20°C) =

dying 77/ :
R g (20°C) = 118 Q _ 0.1%522 7z/3o_6 3460
K20 ~Pring  34-10°-99.9-10
" AR,
ARyjng (20°C) = e 340 =18.1uQ,

2-sin®(pz/Q,) 2-sin®(3r/30)
R (20°C) = Ryy + ARypg =62.0+18.1=80.1pQ,
R} (20°C) =i, iR, =394.13-39.41-80.1.10° =1.24 Q
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Exercise 2.7 2.7/1

Stator winding design of a small induction motor

The data of a totally-enclosed fan-cooled (TEFC) three-phase 6-pole cage induction motor
with single-layer winding are at a rated slip sy = 5.5%:

Rated voltage: Uv=400VY Rated current: In=85A
Rated frequency: fn =50 Hz Power factor: cosggn=0.75
Rated shaft power: Py = 3.6 kKW Bore diameter: dsi = 130 mm
Stack length: Ire = 130 mm Stator/rotor slots: Qs/Qr=36/30

Fundamental air gap field wave amplitude: B; ;=09 T.

1)

2)

3)

4)

5)

6)

Calculate the electrical apparent power Sy and the rated efficiency nn! Estimate the
inner apparent power Sz and induced voltage per phase Un the by a stator stray
coefficient os = 0.05! Give with these values the Esson’s number C in KVA-min/m?!

Determine the necessary turns per phase Ns for the conditions of 1)! Find the real
number of turns per phase and per coil N¢ for a series connection of the coil groups!

Determine the thermal utilization for a stator current density Js = 6.5 A/mm? via the
r.m.s. current loading As! Is the thermal limit for TEFC motors kept for a temperature
rise of 80 K above 40 °C in the stator winding (Thermal Class B)?

Choose the round wire copper, if wire diameters dcy = 0.6 / 0.7 / 0.8 / 0.9 mm are
available! The slot cross section is trapezoidal with an inner and outer slot breadth bo;
= 6.5 mm, bga = 8.7 mm, and a slot height hs = 0.5 mm, h; = 12.6 mm. Check, if the
demanded slot fill factor kf< 0.45 for single-layer winding!

The winding overhang length is Ib = 90 mm! Determine the ohmic resistance Rs per
phase at 20 °C! Give the corresponding stator winding 1°R-losses at rated speed and
120°C hot copper, and their percentage of total losses Pq! Give the needed copper
mass mcy,s for the winding!

Calculate the stator tooth width bgs! Is the tooth width constant along the stator tooth?
Check, if the apparent stator tooth flux density limit < 1.9 T is fulfilled! Use for the
flat-topped real air-gap flux density the value B; ,x =0.8T<B; ;=0.9T, and an iron

fill factor kre = 0.97!
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1)

2)

3)

4)

Exercise 2.7 2.7/2

Sn =+/3Uplgny =+/3-400-8.5=5889VA , P,y =Sy -COS¢y =5889-0.75=4417 W,
1N = Py / Py = 3600/ 4417=81.5%,
U, ~Ugn/(L+ o) = (U /+/3) 1L+ o) = (400/+/3)/1.05=219.9 V
S5 =3-Up, - Iy =3-219.9-85=5608VA, ng, = f;/ p=50/3=16.67/s,
S 5.608 KVAmin

C=— =— =255
d2-lge-Ngyn 0.13%-0.13-16.67-60 m?

Single-layer winding = No pitching: k; ; =1,

Slots per pole & phase: g = Q _36_ 2,
2p-mg 6-3
Distribution factor: ky ;= S!n(ﬂ I2m,)) = s'h(ﬂm) =0.966,
" Q-sin(z/(2mg-qs)) 2-sin(z/12)
Fundamental winding factor: ki, =K 1k, 1 =0.966.
Pole pitch: 7, =dgiz /(2p) =1307/6=68.1mm,
Fundamental air-gap flux/pole:
T T
Up =27 fg - Ng Ky - @y,
.= Yn = 2199 =202.12.
V27t -Kys @5 ~27-50-0.966-0.00507
Series connection of all coil groups: a=a, =1,
single-layer winding: Ng=p-ds-N./a, N, = Noa _20212-1 =33.69,
P-ds 3-2

next integer choice: N, =34, real turns per phase: Ng =6-34=204.

Stator r.m.s. current loading:

A = 2mgNslgy _ 2-3-204-85
dgim 0.13- 7

J A = 6.5- 254.75=1655(A/mm?) - (Alcm)

The Thermal Class B temperature rise demands for TEFC motors a thermal limit of

(IsA) rax ~1700(A/mm?)- (Alcm), which is fulfilled!

=25475A/m =254.75 Alcm

a=1: I =lg/a=ly, A =1./J5=Igy/Js=85/65=1.31mm?,

z-d&, /4=0.28mm?/0.38mm?/0.50 mm? /0.64 mm?. Closest fitting to the
demanded value 1.31mm? is a;=2,dg, =0.9mm: A =127 mm?.

Jo=I/A =85/1.27=6.7 Amm?, J A =6.7-25475=1705(A/mm?) - (Alcm).
Slot cross-section area: Ag =My - (bgj +bg,)/2=12.6/(6.5+8.7)/2=95.76 mm?,

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 2.7 2.7/3

ke =N¢-A /Ag=34-1.27/95.76=0.4509~ 0.45. The manufacturing limit for semi-
closed slots with random-wound round-wire winding is very tightly fulfilled!

Ng-2-(lge +1y)  204-2-(0.13+0.09)
Kcu20 @ AL 57.10°.1.1.27-10°°

235+120
R, (120°C) = R4 (20°C) -~~~ =R(20°C)-1.39=1.39 Q,
5(120°C) = Ry(20°C) - ——— - = Rs(20°C)

5)  R,(20°C) =

1.0Q,

Peus =3Rs 120 - 14 =3-1.39-8.5% =302 W,

Total losses: Py =Py — Py =4417-3600=817 W, P, s/ Py =302/817=37%.
Mous = 70w M- Ny -2-(Ipe +15)- AL

Mey s =8900-3-204-2-(0.13+0.09)-1.27-10°° =3.0 kg

6) Tooth width by; at bg; : Diameter: d; =dg; +2h; =130+2-0.5=131mm,
bdi =dl—ﬂ.—bQi =&—6.5:4.93mm,
Qs 36
Tooth width by, at by, : Diameter: d, =dg; +2h, +2h =131+2-12.6 =156.2 mm,

= déﬁ —bga = 1562-7 8.7 =4.93mm . The stator tooth has constant width
S

b
da 36
by = by, =bg; =4.93mm. Stator slot pitch: 7o =

dgiz 130-7
Qs

Bsmax "Tos _ 08:1134
bys ke  4.93-0.97

=11.34mm.

Apparent stator tooth flux density: Bjs = oT.

The saturation condition is tightly fulfilled!
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Exercise 3.1 3.1/1

Heating of a three-phase winding

A three-phase a.c. motor has stator coils according to the drawing of the slot as shown below
(all conductors are connected in series). The dimensions of the bright shaped wire are
7.1 mmx1.8 mm. The active iron length Ire is 380 mm, the inner stator diameter ds; is 460 mm
and the number of stator slots Qs is 60. Further data of the motor are given.

Data:

1)

2)

3)

Pn =500 kW
Un=6kV
IN=59 A

nn = 1460/min

Calculate the ohmic losses per slot and the current density in the conductor at an
ambient temperature of 30 °C. Make sure that the temperature-rise limit for a winding
of thermal class B is fully utilised!

Compute the temperature difference between the copper wire and the stator core, if the
heat conductivity of the slot insulation A is 0.2 W/(m-K). The heat flow via the slot
wedge shall be neglected.

Calculate the temperature difference between tooth tip (surface along bg) and the air in
the air gap. Assume, that half of the ohmic losses is flowing as heat flow directly to the
housing via the stator core.

The heat transfer coefficient o (W/(m?-K) at the surface of the core assembly is
depending on the circumference speed of the rotor v, as the following equation shows:

a=30-,/0.75-v, =20 (v, inm/s)

What is the temperature difference between the copper of the winding and the cooling
air at the air gap, when the temperature gradient of the iron along the tooth is
neglected?

bd
U3 a L1.0 Dimensions in mm
7.5
e
vz bcu
A L1Y1 28,5
67 6
28,5
Fig. 3.1-1: Stator slot geometry 12,5
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Exercise 3.1 3.1/2

1) Specifications:
Thermal class B — temperature-rise limit according to IEC 60034-1: 80 K
Given ambient temperature: 30°C
— Jcu=(80+30) °C=110"°C

Temperature coefficient of electrical resistance: a9 = 0.0039/K:

L 57.10°. > S
K_=K__ - = m =42.2-10° >
Cu T0C 1oy (9, —20°C) 1+0.0039-(110-20) m

Current density of conductor : J= ! 59 A =46 A

boyhey 7118 mm?  mm?

(Ic =1 =59A, due toseriesconnection)

1 l )
IC

Pac =— :
,Conductor
Kcu Doy -hey

Pa.o = Ng * Py ,conductor N : number of turns per slot

=2.10-——-—>_.10%.59% = 49W
422 7.1-18 —

2)

Insulation thickness : 4 = %(bQ —bey) = &2_71 mm = 2.7 mm,

Aq :side surface of slot without area of slot wedge
Aq =(2-67+125)-107°.0.38m* =55.67-107° m*,

3
4 2.7-10 £=O.243£.
Ag-A 3567-02W \W

A9 =8 — 8 =Py - Ry =49-0243K =11.9K

thermal resistance: Ry =

3) Circumference speed of the rotor:
Vy =dg-m-n=046.7. 700 _g5,M
60 S

o =it ™ _0467 o 0oaim
ARG 60 !

a=30-4/0.75-35.2 -20=134 ;N )
m--K

by =7 —bg =0.0241m —0.0125m = 0.0116m,
Are =Q-by -1z, =60-0.126-0.38m? = 0.265m?,
Per slot pitch: Ageq =by - Ige =0.0116-0.38 = 0.0044m?,

P
=t b 160K o 49-9,-9 =199 R, - 414K,
Areo-a 0.0044-134 W 2 —

Temperature difference beteen copper and air gap: A8, =% —% =53.3K.

R
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Exercise 3.2 3.2/1

Different operation modes of a.c. machines

A 500 kW three-phase asynchronous motor, with shaft-mounted fan, thermally utilized in
accordance with Thermal Class H, with an efficiency of 94.7 %, has a thermal time constant
Ts = 1 h with rotating rotor (fan turns) and a time constant Tgst = 1.5 h with locked rotor (fan
IS not moving).

1) How big is the admissible maximum temperature rise of the stator winding? How big
are the losses, which the motor at continuous operation may have?

2) How big are the admissible total losses and the output power of the motor in the
S2-Operation (30 min. operating time)?

3) How long is the operating time, how big are the admissible total losses and the output
power of the machine in the S3-Operation (60 % ON-time, duty cycle time 20 min.)?

4) Which temperature (°C) and temperature rise (K) are reached within the motor
winding at an ambient temperature of 20 °C, if the machine is operated continuously
with the admissible output power according to 3)? To what extent is the life span
shortening of the used insulation system with this mode of operation?
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Exercise 3.2 3.2/2

1)

2)

3)

Thermal Class H: maximum temperature rise is 125 K (IEC 60034-1)!

1 1
P=|=-1|-P=| ——-1|-500=28kW =P,, 4 =125K
d (77 j (0947 } 28KW =Py o1 g =125K

P
a2 A%, 1 L 25

S2: = - _ _
Pisi Adsy 1-e8/Ts 1 g S0/60 ~ ==

S

A§: temperature rise (“heating”)
tg =30min, Tg =60min
Pys2 =2.54-28=T71kW,

R Uyl | . .
outs2 . UN'7s2 _ ’S2 P, ~ 12 (Assumption: current dependent losses dominate)

Pouts1 Un-lst g

P P
— outS2 o |TdS2 » 55416
Pouts1 | Pust

F)out,SZ =16- Pout,Sl =797 kW

tB/tS=0.6:>tB=0.6'20:12min

tSt :ts _tB :8m|n

=) . .

Fass _ A% 4, Tolse to . 608 8 .0
Pisi 4% Tost-tg Tost 90-12 90

—> Pysg =1.36-28 =38 KW

Pss/ Py =+/1.36 = Pyy =+/1.36 500 =582 KW

Temperature rise

4)

AYs3 = A%, -1.36=125-1.36 =170K: Temperature rise
9s3 =20+170=190°C: Temperature

MONTSINGER’s rule: + 10 K temperature rise — half life span L
125K —» 135 K —» 145K —» 155K —» 165K —» 170K —» 175K

L L/2 L/4 L/8 L/16 I L/32

1(L L) L
L= -+ —|=—
2(16 32) 21.3

The statistically determined life span of insulation system is shortened down to 5 % of
nominal value (e.q. 200000 h — 5000 h).

14

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 3.3 3.3/1

Heating up of an asynchronous machine with blocked rotor

A three-phase asynchronous motor with squirrel-cage rotor (wedge-bars in the rotor) and
following rated data

Pn =55 kW; Un=400V Y; fn =50 Hz; cosen = 0,86, v = 0.9

will be connected to the mains. Due to a defect in the coupled load machine the motor cannot
run up; the rotor is blocked. From the calculation sheet of the manufacturer, the following
data of the equivalent circuit diagram are known:

Rs =0.06 Q; Xs6=0.17 Q; Xp = 8.63 Q2,
At s =1 (current displacement!): Ry =0.17 Q; Xrs'=0.24 Q.

Answer the following questions:
1) How big is the stationary current in the stator winding?
2.) How many times is it bigger than the rated current?

3) How big are the copper losses in the stator winding at s = 1 compared to the rated
operation?

4.) The mass of the stator winding amounts to 22.9 kg. Determine the final temperature of
the stator winding with an ambient temperature (coolant temperature) of &, = 25°C,

if the protection switch disconnects the motor from the mains after 20 s. Neglect due
to this short operating time the heat transfer from the winding to the ambient (heat
transfer coefficient « = 0: "adiabatic heating"); specific thermal capacity of copper:
Ccu = 386 Ws/(kg-K).

5.)  The thermal time constant T4 ¢ of the machine at stand still (n = 0) amounts to 40 min.

How big is the winding temperature 9., at the time 25 min after switching the motor
off?

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 3.3 3.312
1) Circuit diagram for s = 1:

Is

(s=1) Rs Xso Xrg Ry'/s
—e— R |
Ry '(s=1)
Zs __ g Ith ,
(s=1) Xrg(s=1)
©

Fig. 3.3-1: T-equivalent circuit per phase of the induction machine

Ry (s=1) ch; (s=1)

U
(s =1) = —2"€ (v_connection!)

S

U 400
Us,phase = Tg = ﬁ =230V,

iXp (R +X ") j8.63-(0.17 + j0.24)

- =0.06+ j0.17 + - =

Ri'+j(Xp + Xys') 0.17 + j(8.63+0.24)
-2.07 +_11.55 006+ j0A7+ (-207+ j1.55)-(0.17 - j8.87) _
0.17+ j8.87 0.17% +8.872

12.66+ j18.61
+—

;s = RS+jXSG+

=006+ jO,17 +

= 0.06+ j0.17 ~0.221+ j0.407
2 =0221% +0.4072 =0463 @, 1, =20 _497.1 A
0,463

Note: Since Xrs ", Rr'<< Xn, one can calculate with sufficient accuracy:

L= Uq 230
ST (Ry+ Ry )+ j( Xgo + X' ) 0.23+j0.41
= lg= 230 =4893 A
V0.23% +0.412
(Calculation error: (489.3 — 497.1)/497.1 = -1.6 %)
2) Iy N = Sn_ 71059 16557 A
T Uy V/3-400
S = Pu  _ 55000 __ 0cg VA ls(s=1) _ 4971 _ o,
COS(DN ‘77N 08909 ISN 10257 —

3)  Pous(s=1)=3-R-12(s=1)=3-0.06-497.12 =44480 W =445 kW
Pous(Sn) =3-Rs - Isn® =3-0.06-102572 =1894 W =1.9 KW

Peus(8=1) _ 44480:[Is(s =1)

2
— 4.852 = 23.49
Pous(sn) 1894 =

ISN
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3.3/3

4) “Homogenous body replica” (the “body” is the stator copper mass):
PV . dt = mCu . CCU . dA‘QCU,S +A - ASCU,S . dt

Py =Poys(s=1)

a=0 = PV -dt = mCu 'CCU 'dASCU,S’
I:)Cu,s(s :1)
Mcy Cey

A‘QCU,S =

t+A190(t :O),

44480-20

A _oarolr et
Cus = 929.386

ﬁCu,s

A

19amb

=100.6 K

motor
switched off

motor
a) blocked

0

>t

b)

A% (t=0)=0, t=20s
\

Rotor locked

AﬂCu,s A adiabatic heating (a=0)
’/\a >0
A
0 >t
0 t

Fig. 3.3-2: Rise of a) the winding temperature, b) the winding temperature difference to ambient

temperature

Result: 9o, s(t=205) = A9y s + Famy =1006 K +25°C =1256°C

5)  Cooling: Adgys(t) = A (t=0)-e'T

New time counting: t = 0: Motor switched off

R, =0, A%(t=0)=1006 K

T =Tg =40 min. (Stand still), t=25min, t/Tg, =25/40=0.625

AFt’('lCu,s ‘

AD,

motor
switched off

Fig. 3.3-3: Rise and fall of the winding temperature difference to ambient temperature at locked rotor

Agy s (25min) =100.6-e % =53.9 K
Iou s (25min) = A9, ¢ (25min) + G, =53.9 K +25°C = 78.9°C
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Exercise 3.4 3.4/1

Thermal Heating of a Totally Enclosed, Fan Cooled Cage Induction Motor

A totally enclosed, fan cooled, cage induction motor has the following losses and thermal
resistances according to Fig. 3.4-1:

- Rotor-end ring via air to end shield: Rih1 = 167 mK/W
- End shield via housing to ambient air: Rin2 =50 mK/W
- Rotor surface via air gap to stator iron: Rins = 79 mK/W
- Stator winding via insulation to stator teeth: Riha = 21 mK/W
- Stator teeth to stator yoke: Rins= 12 mK/W
- Stator yoke via housing to ambient air Rthe = 20 mK/W
- Rotor cage losses, including additional losses

and friction losses: Pr = Pecur + Pad + Prrsw =1300 W
- Stator winding losses: Pcus = 1200 W
- Stator iron losses in teeth Pre.ds = 200 W
- Stator iron losses in the yoke Preys =400 W

Rin2 Ry R 1~ h

-—l:l—l:l—d—}PZ

—e 4
ambienot Ris 3 Ras P 2Rth3
A =
o7 /"1 A
Frey Fed || Ring

!

Fig. 3.4-1: Losses and heat sources plot

1) Determine the temperature rise A% between stator winding and stator iron!

2) Determine the motor efficiency for an output power of Pout = 60 kW!

3) Determine the heat flow Po!

4) Determine the heat flow P31, P2, P3, P4!* Give the power flow as a graph like in Fig. 3.4-1.

5) Determine the temperature rise A% in the cage (node 1), A% of the stator iron teeth (node
2) and A9s of the stator iron yoke (node 3)!

6) Where is the hot spot in the machine?

1) Ay = Peys - Ripna =1200-21-107° =252 K

2) Total losses:
Pa = Peus + Pr + Pre,ds + Pre,ys =1200+1300+ 200+ 400 = 3100W = 3.1kW

Pout 60
Pout+ Py 60+3.1

n= = 95.09%

! Use the Kirchhoff’s circuit laws!

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 3.4 3.4/2

3) Heat flow: Py = P, s =1200W
4) Kirchhoff node equations (19, (2), (3):
Pour =P+t P, BB=P,+ Py +Pregs, Pp=P3+ P,:ely,S
Kirchhoff mesh equation (4): A9, = A5 + 483 + A9y
Or: (Rin1+Rin2) -PL=Ring- P +Rips - P3 + Ryng - By
Solution of the four equations (1) ... (4) for the four unknowns P, P, P;, P,
Py = P3 + Prg ys = Py + 400W, P, = P — Py — Prg g5 = Py —1400W

P = I:>Cu,r - (PS -R- PFe,ds) =—P; +2700W,

(0.167+0.05)P, = 0.079P, +0.012P; + 0.02P,
0.217-(2700— P;) = 0.079- (P; —1400) + 0.012P; + 0.02(P; + 400)
(0.217+0.079+0.012+0.02)Py = 0.217- 2700+ 0.079-1400— 0.02- 400

0.328P; = 688.5W

Solution:
P; =2099W, P, = (2099-1400)W = 699W, P, = (-2099+ 2700)W = 601W
P, =(2099+ 400)W = 2499W
601W
< < 1300W
3100W ’ 699W

2499W 2099W
< » +. 200W

I

400W  1200W

Fig. 3.4-2: Heat flow

5) A% =A%, =Ry +Ryp)P, = (0.167+0.05)-601=1304K
A9y = Ay = RypgPy =0.02- 2499 = 50.0K
A9y = Ay + Aoy =50.0K + RyygPy =50+ 0.012- 2099 = 75.2K
Check: A9, + RyysP, = 75.2K +0.079-699=130.4K = A%

6) A9 =1304K, AYy = Ay + Ay = 75.2K + 252K =100.4K < 1304K

The hot spot in the machine is the rotor cage.

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 3.5 3.5/1

Temperature rise in a copper wire

A cylindrical copper wire with the diameter d = 0.1 mm, and the length | = 10 cm is fed from
t =0 onwards by a DC current | = 0.8 Al The resistance of the wire is Ryp = 0.223 Q. The wire
is placed in air and cooled by natural convection and radiation (« = 15 W/(m?-K)).

1) Give the differential equation for the wire temperature rise 4.9, the formula for the thermal
time constant Tgand the stationary temperature rise 4.9, at the wire 10ss Pg.

2) Evaluate Ty and 49, for a conductivity at 20 °C, ko = 57 MS/m, a mass density
y = 8900 kg/m? and a specific heat capacity ¢ = 388.5 J/(kg-K).

3) Sketch the solution with correct scaling and determine 4.9 (T ), 49 (2T ) and 4.4 (3T ) and
the initial condition 4.9(0) = 0.

4) Now consider the increase of electric resistance R(9)=Rzo-(1+acy: 4.9). Give the new
differential equation for 4 4(t), give the new time constant 7’¢ as formula and in numbers.
(acu= 1/255 K1)

5) Determine the new solution 4 4(t) with 4.9(0) = 0 with 7”¢ and determine the values 4.X(t)
for t = 0.2:|T"g|, 0.4:|T"4, and 0.6-|T"4|. Give a qualitative sketch of 4.9(t)! What is the
significant difference to the solution of 3)?

1) m.CdA_'g_,_aA.Alg:pd,dA_'g_,_ﬁ.Alg:P_d,Tg:ﬁ,Agoo:i
dt dt m-c m-c oA a-A
2 2
2) Wire mass: m :ydT”I =8900-W~0.1:6.99mg,

Wire surface: A=dz =(0.1/1000)-7-0.1= 31.4-10%m?

_m-c_6.99-10°.3885

To = =
7o A 15.314.10°°

=5.766s

Wire cross section area: g =d 2z /4 =(0.1/1000)%7 /4 = 0.0079mm?
Wire resistance at 20°C: Ryy = | /(k5q) = 0.1/(57-10° - 0.0079-107%) = 0.223Q2

Losses in the wire: Py = Ry, - 12 = 0.223-0.8% = 0.143W

P, 0.143

Steady state temperature rise in the wire: 49, = = 5
a-A 15.31.4-10°

=303.6K

3) A9=49,-1-e ")+ 4 -e VT =49, -1-eVT9), 4% =0
AH(T4) =0.632- A3, =192K , AI(2T4) =0.865- A, = 263K,
A(3Ty) =0.950- A9, = 288K
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Exercise 3.5 3.5/2
A )

£ 0.7 (e, 0 30%6K
— JHEK
J6LK

2oo 791K

A00 7

. | o
°% 1 2 3 ol

Fig. 3.5-1: Stable temperature rise in the wire
4) m-cddA—t‘9+aA.A9= Py = Ryg - L+ argy - 49) - 12

m-cdj—t‘g+(aA—R20.|2~aCu).A9=R20-|2

2 2 2

dA19+O(A\—R20'I ~aCU.A19=R20~I :dA19+A_19:R20'|

dt m-c m-c dt Ty m-c
m-c 6.99-10°°.388.5

Th= = -30.255 =-

Ta

aA—Ry-12-ae, 15-31.4-107°-0.143/255
5) A9=49, -1-e Ty 1 a9,-eTh = a9, -a-e"Tl), 49, =0

Ryo - 12 ~ 0.143
0A—Ry - 12 -0, 15-31.4-107°-0.143/255

A9 = =-1593K =-[A4,

A9(t) =|a3, |- ("'l —1
There is no stable temperature rise, as the loss increase is faster than the cooling
process. The increasing temperature increases the resistance and hence the losses due to the

impressed current, which gives a further heating up to infinite values. The wire will reach the

melting temperature. This is the basic lay-out principle of a fuse.

5=I5

e,
o
=

fop

s

= =T
I

o T4l

Fig. 3.5-2: Unstable temperature rise in the wire
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Exercise 3.6 3.6/1

Transient temperature rise in a motor stator

The temperature rise in the stator iron stack and stator copper winding of a 4-pole 11 kW
squirrel cage induction motor for 400 V Y, 50 Hz, has to be calculated for rated steady state
operation after turning on the cold machine. The air-cooled motor is totally enclosed with a
shaft-mounted radial fan (TEFC). The thermal resistance between the stator iron stack in the
housing and the outside air is determined by the cooling fins as Ri1 = 0.072 K/W, and that of
the electrical insulation between the stator winding in the slots as R, = 0.047 K/W. The
stator winding copper mass and specific heat capacity are mcy = 4.8 kg, ccy = 388.5
Ws/(kgK); the corresponding values for the stator iron stack are mre = 22.5 kg, cre = 502
Ws/(kgK). The losses in the stator winding and stator iron stack are constant as Pcy = 554 W,
Pre = 260 W. Use in the following the simplified thermal equivalent network of Fig. 3.6-1.
The masses of the housing and of the end shields and the corresponding heat flow are
neglected as well as the rotor copper, friction and additional losses!

PFE Pey
Pre* Pey — ! — l

Fig. 3.6-1: Thermal equivalent network of the stator iron stack and stator copper winding

1) Give the set of differential equations for the temperature rise of the iron stack A9re in node
1 and of the stator copper winding A9cy in node 2 for general functions Pcu(t), Pre(t).
Assume the temperature rise in node 0 (housing surface) over the air coolant temperature
to be zero: A9=0.

2) Give for the system of Fig. 1 one resulting differential equation a) for 49cy, b) for A 9.
Comment the result!

3) Give the relevant thermal time constants.

4) Determine the temperature rise A9cu(t) and AJe(t) as general formulas for the initial
condition 49cu(0) = 0, 49(0) = 0 and constant losses Pcy = const., Pre = const.

5) Give the steady state values A9cu(t — ) =0, AJre(t —> ).

6) Give the graph Adcu(t) and Agre(t) for 0 <t < T (with T at least as three times the longest
time constant of the system).
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Exercise 3.6 3.6/2
1)
mCuCCu dAlgCU + ASCU _ASFe = PCu (1)
dt Rino
MeoCre dA‘gFe + Ak, _ A8y — A, =P, 2)
dt Rih1 Rin2
2)
dag 1 1 P
Cu 'A‘9Cu_ 'A'gFe: Cu (1)
dt McyCeu Rin2 Mey Ceu Rin2 McyuCeuy
A%, 1 ( 1,1 j-ASFe— 1 A8 = P @
dt mMeCre \Riny  Rinz MeeCreRin2 MeeCre
Abbreviations:
a= 1 1b: 1 1C: 1 '( 1 + 1 ]’ pCU: PCU ' pFe: PFe
Mcy Ceu Rin2 MeeCreRin2 MeeCre \ Rin1  Rinz McyuCeuy MeeCre

(1): A'g(:u +a- A9y —a- Ak = Pey, (2): A'QFe +C- A8, —b- A8y = Pre

a) A'g(:u +a'A'9Cu _a'A'gFe = Pcy

(2)(1) yields (17): A8, +a-A9oy —a- (Ppe =€+ Ak +b- A%0y) = Poy

(1)—>(1") yields: AgCu +a'ALQCU —a-b-Ady —c-(pgy _AQCU —a-A%y) = Pcy + 2 Pre
Ao, +(@+¢)- A9, +a-(c—b)- AJe, =C- Py + Py +a- Pre 3)
b): A'gFe"'C'A‘gFe _b'A‘QCu = Pre

(1)-5(2) yields (2): Ak, +¢- Adpe —b-(Po, —@- Ay +2- A%e) = Pre

(2)—>(2") yields: A'§Fe +cC- A‘gFe +a- (A‘gFe +C- Ak — pFe) —a-b- A, = b- Pcu + Pre

AgFe+(a+c)'A'9Fe+a'(C_b)'A'-9Fe =b-poy +2a- Pre + Pre (37)
Results (3") and (3") show, that the homogeneous differential equation, describing the
dynamical system behaviour, is identical both for A9cy(t) and A49e(t):

A, +(@+C)-AY, +a-(c—b)- A9, =0 (4)
A +(@+C)- A +a-(C—b)-AG, =0 . (47)
The difference is in the right hand side of (3") and (37"), describing the steady state solution,
which yields different temperatures for copper winding and iron stack.

3

T)he solution functions of the homogeneous differential equations (47), (4™")
Ay (1) = Ce™ +Cre™ | A,y (1) = D™ + D™

yield the characteristic second order polynomial
AZ4(@a+c)-A+a-(c—b)=(1-2y) - (1-1,) =0

with its roots A;, 1, as the negative inverse of the two thermal time constants

2 2
Ty =1/, Ty =—1/4,: ;11,2=—a;ci\/[a;cj ~a-(c-b) =—azci\/(a;"j ta-b.
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Exercise 3.6 3.6/3
Long/short time constant: T= 1 > , Ty ! >
a+c a-c a+c a-c
- j +a-b + ( ) +a-b
2 2 2 2
IS S 1 ~0.0114/s,
McyCouRine 4.8-388.5-0.047
-t L ~0.0019/s,
MeeCreRipy  22.5-502-0.047
c= LR Lo ! ( L + ! j:0.0031/s,
MeeCre \ Rinn Ripp ) 22.5-502 \ 0.072  0.047
1 .
T= > =985.8s =16.4min,
0.0114+0.0031 (0.0114—0.0031) -+ 0.0114.-0.0019
2 2
1 .
T= = =74.2s=1.2min.
0.0114+ 0.0031+\/(0.0114—0.0031j +0.0114-0.0019
2 2
4)

For constant right hand side values ( pc, =0, pg. =0) also the particular solutions of (3°),

(37) are constants: A9, (1) = Ky, A8 p(t) =Ky

_C-Poyt+a-Pre _b-pcy+a- pre
1™ a.(c-b) a-(c—b)

=A%y 0, Ky

= A'gFe,oo

K1 =Pey - (Rin1+ Rth2) + Pre - Rint = 48y 00 Ko = (Pey + Pre) - Rin1 = 4%ke oo

Initial conditions:
A9, (0)=0, 43, (0) = pey (from (1)); 49(0)=0,
Algcu (t) — Awgcu’h (t) + Atgcu’p(t) =S Cleﬂit + Clelzt + Kl

Ao (t) = Abee h (1) + AT p (1) = De’t + De’?! + K,

A'gFe (0) = Pre (from (2)).

A9%,(0) =Cy+Cy+K; =0, A9, (0) = 4C; + AC; = Poy
A (0) =Dy + D, + Ky =0, A% (0) = 4Dy + 4D, = pre

Clz—Kl'ﬂ/z—pCU 1:_K2'22_pFe
A =4 =4
c, = KA+ Py D, - K2 A+ Pre
L hh T h
P, P
Ty — A9y e Ty — A
Cl — McyCeu D, = MreCre
1-T,/m 1-T, /T,
PCu PF
Ty = A8y € T, -A%
C,= Mey Cey B , = MeeCre -
1-T/T, 1-T,/T,
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Exercise 3.6 3.6/4
A9, ) =Ce 1 1+ Ce T2 4 NG, o, AGee(t) = Die T + D VT2 + AY,

5)
Ay, =554-(0.072+0.047) +260-0.072=84.7K , A, ., = (554+260)-0.072=58.6K

6)
94 gg5g 847 9% 40 847
1—74.2/985.8 ' 2 1-985.8/74.2
260 9555 586 260 2,0 586
D, = 225502 616K . D, = 225-502 _30K
1-74.2/985.8 2 1-985.8/74.2

A, (t) =—67.7K -7 V/958 _17 0K .eV/™2 1 847K,

A (t) = 616K -e7V/958 1 3 0K .e7V/ 7425 | 58 6K

Graph for 0 <t < T = 3000 s in Fig. 3.6-2! The long time constant is dominating the transient
temperature rise.

03 i R A Lo
80 R R

| | | n | |
------

70 4 o R A
60 N A — 586K
R P e e e
S T e e — 5

30| o i S A S
20 0 < - - - Temperature rise of copper A%,

10 44 --------------- Temperature rise of iron Adg,

0 i i i i i

0 500 1000 1500 2000 2500 3000
Time fin s

!
Ll

Temperature rise A% in K
\

Fig. 3.6-2: Calculated temperature rise of copper winding and stator iron stack for constant iron and ohmic losses
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Exercise 3.7 3.7/1

Thermal time constants

An open-ventilated four-pole cage induction motor 550 kW, 6.6 kV Y, 50 Hz has Qs = 60
open stator slots (slot height hg = 69 mm, slot width bg = 12.5 mm, main insulation thickness
d = 2.7 mm) and an iron stack length Ire = 380 mm. The double-layer winding overhang is
cooled with an air flow velocity v = 12 m/s. The coil height is ca. half slot height ho/2, the coil
breadth is ca. slot width bg and the length of winding overhang per coil per side is I, = 614.8
mm. The stator housing outer diameter is Dsa = 790 mm and its axial length is L = 820 mm.

1) Determine the cooling surface of the stator copper winding in the slots Aq and in the
winding overhang Ap! Neglect the hat flow via the stator slot wedges! Calculate the
cooling surface of the stator housing Ac! Neglect the housing front sides!

2) Determine the heat resistance Rig due to heat conduction from the copper conductors
to the stator iron via the main slot insulation thickness d for a thermal conductivity A
= 0.2 W/(m-K). Calculate the heat resistance Run due to heat convection from the
insulated winding overhang to the cooling air! Determine the convective heat
resistance Ri: from the housing surface to the cooling air at an air velocity v = 12 m/s.

3) The I1?R-losses in the stator winding are Pcus = 7739 W, of which 45 % occur in the
slot conductors. Determine the copper temperature rise of the slot conductors
AJcy,q — A s above the stator iron temperature, and the copper temperature rise

A8, , — AG,;r of the winding overhang conductors above the cooling air temperature!

4) The stator iron losses at rated operation are Pres = 6779 W, the rotor copper losses are
Pcur = 4538 W and the additional losses (occurring mainly in the rotor) are Pag1 =
2875 W. Assume that 50% of Pcyr + Pad,1 give a heat flow via the air-gap to the stator
iron, whereas the other 50% are transported off via the cooling internal air flow.
Determine the steady-state stator iron and slot copper temperature rises A 9res, A9cu,!
Is the Thermal Class B limit exceeded?

5) The mass of the stator iron stack is mres = 631 kg, the stator winding copper mass is
Mcus = 142 kg. The mass of the stator steel housing is mg = 427 kg, which is also
heated up and must therefore be added to mre;s. Give with cre = 502 J/(kg-K), ccu = 389
J/(kg-K) the long and short time constant Ts1, Ts2 Of the stator copper and iron mass!
After roughly which time the steady-state over-temperature is reached?
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Exercise 3.7 3.7/2

1)

2)

3)

4)

5)

Slot cooling surface: No heat flow via stator wedges: Ag ~2-hg +bg .

Aq=Qs-(2-hg +Dbg)-Ige =60-(2-69+12.5)-380-10™° = 3.43mm?,

Cooling surface of insulated stator coils in the winding overhang of drive-end and non-
drive-end side:

Py =2-Qs-2-((hg/2) +bg) -1, =2-60-2-((69/2) +12.5)-614.8-107° =6.93mm?,
Cooling surface of the stator housing:
Ag =Dy, -7-L=079-7-0.82=2.04m>.

Thermally conductive resistance from slot copper to iron:

Ring = d__ 00027 444403 ki,
Jin-Ag  0.2-3.43

Convection from insulated winding to moving air: Heat transfer coefficient:
a=8v¥*=8.128/% =51.6 W/(m? -K),
Thermally convective resistance from insulated overhang to cooling air:

t _ 1 =259.107° K/IW,
a-A  51.6-6.93

Thermally convective resistance from the housing surface to the cooling air:
Heat transfer coefficient from metal to air:

ag =15-v2/3 =15.12%/3 = 78,6 Wi(m? - K) ,
11
ag-Ag  78.6-2.04

Rinb =

-6.23-10"% K/W.

Rthl =

Copper losses in the slot conductors: Pcysq =0.45 - 7739 W = 3483 W,

A8y 0~ A%es = Ring Peuso = 3.94.107°.3483=137K.

Copper losses in the winding overhang conductors: Pcysh = 0.55 - 7739 W = 4256 W,
A8y p — A% = Rinp - Poush = 2.59-1073.4256=11.0K .

Effective losses for the iron heating: Peft = Pres + 0.5 - (Pcur + Pad,1),
Pugs =6779+0.5- (4538+ 2875 =10486 W,

Aeqs = Ripy - Pogp =6.23-1072-10486=65.3K .
Aey,0 = (A9cy,0 — Ares) + A s =13.7+653=79.0K .

Thermal Class B limit (IEC 60034-1): 80 K over 40°C ambient!
AJey,q =79.0K <80K: Th. Cl. B limit is not exceeded!

TFe = MEeCre - Ripy =1058-502-6.23-10° =33089ss,
Mee = Mee g + Mg = 631+427=1058kg,

Tcy = MeuCoy - Ring =142-389-3.94-107° = 21765,

Riq - R .
T = mFeCFe . M —1058-502- 6.23-3.94

97207 1072 =12819s,
Rin1+ Ring 6.23+3.94
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Exercise 3.7 3.7/3
2
To = > ,
1 1 \/[1 1 ] 4
. [ 7_{_ —_
T Ty T Tcu TcuTFe
Ty = 2 — 367465,
S ( 1,1 jz_ 4
12819 2176 \\12819 2176/ 217.6-33089
2
Tgp = > :
1 1 \/[1 1 j 4
T Tcy T Tcu TcuTre
Tgp = 2 —=1950s,
1 1 1 1 )2 4
- + + -
12819 2176 \\12819 2176/ 217.6-33089

Ty =367465 > rp, =330895, Tgy =19595 < 7o, =217.65!

After ca. 3 long time constants the steady-state over-temperature of copper and iron
are reached: 3Tg =3-3674.6s5=1102385s=183.7 min ~ 3 hours !

TU Darmstadt

Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 4.1 4.1/1

Switching of a choke coil

A choke coil with the current-independent inductance L and resistance R is connected at the
time t = 0 to an AC voltage source

u(t) =U -sin(at + @)
The following data are given: U =10V, f =w/(27)=100Hz,R=1Q,X= 0L =1 Q.

1) Using the homogeneous and particular differential equations, calculate analytically the
current in the coil and discuss the results.

2) For the two different switching moments, at ¢ = 0 and ¢ = #/2, give the current
expressions! Analyze the special case of R = 0!

3) Using the method of Runge-Kutta, determine for ¢ = 0, by numerical integration, the
current variation of the coil for the first two periods of the AC voltage source and
compare the result with the analytical calculation of 1)!
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Exercise 4.1 4.1/2

1) The linear differential equation of first order with constant coefficients for t > 0:

L-%+R~i=U-sin(a}t+qp)

Initial condition: i(0)=0
Homogeneous differential equation:
L9 g =0

dt

Solution approach: i, =C .e*t Inserted in the homogeneous differential equation,
this yields: A =—R/L=-1/T with thetimeconstant T=L/R.

Particular differential equation:
di .
L-d—:+ R-i, =U -(sinet - cosp + cosat -sing)

Solution approach: i, = A-sinwt + B - cosat .
Inserted in the particular differential equation, this yields

R-(A-sinaet + B-cosat)+ L - (A-cosat — B -sinat) =
U -(sinwt - cosp + cosat -sing)

Each of the coefficients of sinat, cosat of the above equation must be identical on
the left and on the right side:

A

sinot: R-A—wlL-B=U -cosep
cosat: R-B+awl-A=U -sing

The linear system of equations with two unknowns A, B is solved with the Cramer's

rule.
R —al) (A} (U-cosp T
oL R B) Lj-singo ’ lol R
R -—-wL
Det(N):‘ M _R2 4 (wl)?
wlL
Ao L U-cosp —al| : R-cosp+al-sing
Det(N) [U-sinp R R% + (al)?

1 R U-cosp

3 _ 1 R-sing—al -cosp
Det(N) |wL U -sing

R% + (al)?

The solution for the current is the sum of homogeneous and particular solution.
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2)

Exercise 4.1 4.1/3

i =iy +i, =C-e™/T + A-sinat + B cosat

In order to determine the unknown constants C, the initial condition is used.
i(0)=C-e%’T + A-sin0+B-cos0=C+B=0 = C=-B

Thus we obtain the analytical solution for the current flow:

i(t) = B-(cosa)t—e‘”T )+ A-sinot

Discussion of the result:

The current decays with the time constant T = L/R due to the transient DC component
of the homogeneous solution. After about three time constants 3T, it has almost
decreased to zero, and the steady state solution remains as an alternating current

i(t)=B-cosat + A-sinet of the particular solution. With the approach A= Icosy ,
B = [ siny we obtain i(t)= f.sin(a)t+1//) with the amplitude

2 2 1
[=Va2p? -y IR *let) J

RZ+(al)? JR? + (al)?

R-Singo—a)L-COSgoj

and the phase angle y =arctan(B/ A) = arctan( -
R-cosg+wl -sing

a) Switching on at the zero voltage crossing ¢ =0:

A:U-%, B=-U 2a)—L2

R+ (wl) R+ (wlL)
b) Switching on at the maximum voltage ¢ = #/2:
Azu.zw_Lz, B:u.%

R+ (wl) R+ (wlL)

In the special case R = 0, the time constant T is infinite, and the DC component does
not decay.

A

a) ForR=0, ¢ =0, with A=0, B:—iL the current is
a

i(t) :a)%-(l—cosa)t) :

a superposition of a direct current and an alternating current component of the same
amplitude. The first peak value of current occurs at the time t*=z/® and with

I = Z—UL , itis twice as large as the AC current amplitude.
@

, B=0 the current is

b) For R =0, ¢ = n/2, with A:i
wlL
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Exercise 4.1 4.1/4

~

i(t) :i-sina)t ,
oL

a pure alternating current. The first peak value of current occurs at the time
t*=xn/(2w), and it is half as big as in the case a).

3) For the numerical integration, we write the differential equation as follows:

di(tt) R ... U . .
——=——i(t)+—- t , 1(0)=0
m C i(t)+ 3 sin(awt + @), 1(0)

The following values are used:
w=27-100/s, ¢=0,U =10V ,R=1Q,
L=X/w=1/(27-100)=3.183 mH.

The voltage period is 1/f = 1/100 = 0.01 s. The calculation is performed during two
periods, so for a period of 20 ms. The integration step size is 1 / 1000 of this period:
At =20ms/1000=0.02ms .

The numerical solution is compared with the analytical solution in Fig. 4.1-1. They are

identical, because the numerical deviations from the analytical values are smaller than
the line width, used for the graphical representation.

i
AA

<le

15

10

0.01 0,02

w|~ ¥

-10

-15

Fig. 4.1-1: Given voltage curve and numerically and analytically calculated current (coincident),
flowing in the coil after switching on at t = 0 (switching angle ¢ =0, R=X =1 Q, f =100 Hz)

The analytical calculation yields:

A=U.— R -~ =10- 21 -=5A,
R+ (wl) 17 +1
B=y.— % ! __5A

. — 10—~ -
R% + (al)? 12 412
T=L/R=3.183mH/1Q2=3.183ms.

i(t) = B-(coswt —etT —sina)t)
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Exercise 4.1 4.1/5

After about 3T = 3-3.183 ms ~ 10 ms resp. the period of the voltage curve, the direct
current has almost completely vanished. The current amplitude during the second
period reaches the steady state value

A

| =452 +52 =7.07A.

The steady state phase angle between voltage and current is:
W= arctan(%j =-arctan(l) =-=/4

The current lags the voltage by 45 degrees.
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Exercise 4.2 4.2/1

Self-excitation of a synchronous generator

A synchronous generator with Sy = 10 MVA, Un = 3 kV is driven by a turbine at rated speed
nn. Its stator winding is connected via a transformer to a power transmission line, whose
terminals are open (“open circuited power transmission line”). Due to the iron remanence, an
AC voltage upr(t) is induced into the stator winding with the rated frequency fn = w/(2m)= 50
Hz. The resulting reactance per phase X=818.2 mQ represents the sum of the synchronous
reactance of the generator, the short-circuit reactance of the transformer and the reactance of
the power transmission line. The capacitance C of the secondary open transmission line is
relatively big, because of their relatively big length, so the associated reactance Xc is
calculated, relatively to the generator voltage level, which is about 5% larger than X:
Xc =1.0526-X. The ohmic resistances and all other loss components are neglected. The
transformer converts the voltage of 3 kV on the generator side to 220 kV on the grid side with
the ratio 0.

1) For a remanent voltage Upr of 5% of the rated voltage of the generator, calculate the
generator charging current I = -Is of the power transmission line and its rms value as a
percentage of the rated current!

2) Determine the voltage U” at the open terminals of the transmission line in proportion
to the rated voltage and the remanent voltage at the generator terminals! Why can we
address this as "self-excitation™?

3) Calculate analytically the stator current per phase is(t) and the generator voltage u(t) at
the open secondary terminals of the power transmission line, when the transmission
line is switched to the generator terminals at the time t = 0. The time function of the
remanent voltage in the considered winding phase is:

Upr (1) =U pg -sin(et)
4) Calculate numerically is(t) and the voltage u(t) for 0<t<0.4s with the Runge-Kutta

method and compare the resulting curves with the analytically determined values from
3).
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Exercise 4.2 4.2/2

1) Using the complex AC-current calculations, currents and voltages on the grid side
(transmission line) are calculated relatively to generator voltage level by (:
Charging current of the transmission line, calculated on the generator side 1, =0- 1|

The voltage at the secondary terminals of the power transmission line, calculated with
respect to the generator voltage level: U =U'/ (i

The reactance of the transmission line capacitance, calculated with respect to the
generator voltage level:

Xc=Xc 102, Xe=1/(eC), C=u?-C'

Consumer reference system for the generator (I =1, , Fig. 4.2-1), determination of
the generator rated current:

Sy =+/3-Uply, Iy =Sy /(v/3Uy) =10000/(x/3-3) =19245 A

Stator voltage equation: jX - I +Upr=U,

Voltage at the capacitance: U =—jXc -1, .

Both equations yield the capacitive charging current:

LipR

Xc— X'

Due to X > X the charging current leads the remanent voltage by 90°. As the rated

voltage is a line-to-line value, the phase value of the remanent voltage is determined
according to:

Upr =0.05-Uy /+/3=0.05-3000//3=86.6 V.
Upr _ 86.6

Xe-X  (1.0526-1)-0.8182

Due to the excitation of the electric oscillation system, formed up by L and C, by the

generator remanence voltage with a frequency of 50 Hz, which is close to the
resonance frequency, the charging current is 104.56 % of the rated current and hence

too big. The current amplitude is I, =~/2-2012.2 = 28457 A.

is(t) (t)

0—-—>—
| |ult)
upR(t) B

Fig. 4.2-1: Slngle phase equivalent circuit of the generator and the transmission line, switch S
is closed at ¢ =

=]

I = =20122 A=1.0456- 1

2) Voltage at capacitance C:
XcUpr
Xc—X
U =Xc-1=1.0526-0.8182-20122=17330 V.
U/Uyg =17330/86.6=20
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3)

Exercise 4.2 4.2/3

U~/3/Uy =1733.0-+/3/3000=1.0005
(i=230/3=76.67
UUV3 /Uy gig = 76.67-1733.0-+/3/230000=1.0005

U'=0U =76.67-1733.0=132.87kV

Although the synchronous machine is running unexcited, a voltage higher than the
rated voltage occurs at the open secondary terminals of the power transmission line.
The machine has excited ,,itself* via the iron remanence of the rotor and the capacitive
loading. The voltage amplitude at the open terminals of the transmission line is, with

respect to the generator voltage level, U = V2.17330=24508 V.

Before switching the power transmission line the current is and the voltage u at the
capacitance is zero. Linear integro-differential equation with constant coefficients for
t>0:

dig 1. N
L=+~ |i-dt+Upg -sinat =0

dt Cjy
Differentiating once vyields the linear differential equation of second order with
constant coefficients for t>0:

2. . a)Lj

ﬂ_kl_sz_—pR.COSwt
dt? LC L

As the magnetic energy Lis2 / 2 cannot change abruptly, the current must have shortly

after switching the same value as before switching, so it has to be zero. As the electric

energy Cu?/2 also cannot change abruptly, the voltage u must have shortly after
switching the same value as before switching, so it has to be zero. Hence the initial
conditions result: i;(0) =0,u(0) =0

d?i i
s,h " s,h -0

dt? LC
Approach to solution: i, =C; -sinaut +C, - cosa,t .
in inserted into the homogeneous differential equation, yields the eigen-frequency of
the oscillating system: @, =1/ +/LC .
Particular differential equation:
d? wU

dtzp +@h isp == =

Approach to solution: is , = B - cosat.

Homogeneous differential equation:

- COsawt

Is,p, Inserted into the particular differential equation yields:

U PR

—a)Z-B'cosa)tha)g.B-cosa)t:— - COSat

0?0 5
ol - (a)e2 - a)z)
The solution for the current is the sum of the homogeneous and the particular solution.
Is (t) =i +isp = Cq -Sinaet +C, -cOsw,t + B - cosat
The voltage at the capacity is:

B=-
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Exercise 4.2 4.2/4

U(E) = Up (1) + L-diy / di
u(t) =U g -sinet + L - {@,C; - oSt — 9,C, - Sinewt — B - sinaut }

Matching the initial conditions:
Ii(0)=C; -sin0+C,-cos0+B-cos0=0 = C,=-B

u(0) =U,gsin0+ L - {,C1c080 — ,C,sin0— wBsin0}=0 = C;=0
Analytical solution for the time functions of the phase current and the voltage at the

capacity:
2~
U
iy (1) = ——— - (cosat — coset)
ol - (w5 — o)
U
u(t)=—2#R2~(—a)e2 -Sinat + ww, ~Sina)et)
w5 — @

As the damping was neglected, the transient inrush current, which oscillates with the
eigen-frequency f = we/27, does not decay. Therefore the solution is a superposition of
two signals with almost the same angular frequency (with o = 314.16/s and
we = 322.3/5).

L = X/ew=0.8182/(2750) = 2.6044mH
11 1
wXe  ®-1.0526X  2750-1.0526-0.8182

@, =U\JLC =1/+/2.6044-3.696-10°° =322.3/s, f, = ,/(27) =322.3/(27) =51.3Hz

C= =3.696 mF

For real existing damping, the homogeneous part of the solution, which oscillates with
we, decays with a certain time constant. The particular solution remains as the steady
state solution with the current amplitude

- ) )
o @Yr _ Upr _ YR _seus7a
ol (@ -a?) X-(@laP-1) Xc-X

which was already determined in 1) by the complex AC-current calculation.

The steady state voltage amplitude
- a)ez-Lij B XC-U

oF — w* - Xe-
has already been calculated in 2).

PR _ 24508V
X

Due to the superposition of two undamped signals with the same amplitude, current
amplitudes of double steady state values occur (2-2845.7 =5691.4 A), like shown in

Fig. 4.2-2. Similarly the maximum value of the voltage is (Fig. 4.2-2)

Lj . a)2+a)a)
Upry = —22 (@ + @) _yacoy.

a)é2 - w?
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Exercise 4.2 4.2/5

4)

For the numerical integration, the second order differential equation is written as two
first order differential equations:

w—_l.' =
dt - C IS(t)! U(O) O
M—E. _U\LR. i i =
L u(t) 3 sinwt, 1(0) =0

The following values are used:
w=2r-50/s, Uyg =+/2-86.6 V=1225V,L=2.6044mH, C =3.696 mF

The calculation is performed for 0.4 s. An integration step size 1/10000 of this
duration is used:
=400ms/10000=0.04 ms.

The numerical solution for the phase current and voltage at the secondary terminals of
the power transmission line (with respect to the generator voltage level) are compared
with the analytical solution in Fig. 4.2-2, they are coincident, because the numerical
deviations from the analytical values are smaller than the line width, used for the
graphical representation.

u UpR

<l
<
=

6000 3

= T
RN

-6000
Fig. 4.2-2: Self-excitation of a synchronous machine: Analytical and coincident numerical
undamped solution for the phase current is(¢) and the voltage u(f) at the secondary terminals of
the power transmission (with respect to the generator voltage level) line after connecting the
power transmission line at the time ¢ = 0 to the remanent generator voltage
upr(?) = 122.5 V-sin(awt) (o=314.16/s).

[ar]

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 4.3 4.3/1

Braking during the run-out of a rotating machine

The mechanically braked run-out of a rotating machine with the inertia J is to be calculated,
starting with on the mechanic angular speed (no. The braking mechanic torque Ms has the
following three different dependencies on the mechanic angular speed ©m:

a) Ms(Qm):MsO
b) Ms(-Qm):MsO'(Qm/-Qno)
c) Ms(—Qm):MSO'(-Qm/-Qmo)2

1) Calculate analytically the mechanic angular speed (n(t) as a function of time, starting
with the value ©no, for the three braking torques a), b), ¢). Which one of the three
braking torques gives the strongest braking?

2) Calculate numerically the mechanic angular speed ©mn(t) as a function of time for the
time range 0<t<100s for the following data: J/My,=0.0637 kgm?2/(Nm),

n(t = 0) = 1500/min. Compare the numerical solution with the analytical one obtained
from 1)!
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Exercise 4.3 4.3/2

1) Newton’s equation of motion:

J .%:—Ms(gm(t)), initial condition: £2,,(0) =2

_de(t)__ _t _MsO
a) J EEPTEE Mso, Qm(t)—g( 3

j-dt:—%-uc,

Q.(0)=C=Q, Qm(t)=—MJS°-t+!2mo

02,(M)=0=- “’j}so T+ 200 =T =203/ Mg
The mechanical angular speed decreases linearly with the time and is zero at the time
T == QTTO ° J / MSO'

b) J-

'Qm(t) =0

Q.. (t) 42, (1) Mg
=—M.-(2,(0)/Q2), m S
n 0 (@n(O2r0), =0+ TR

This is a linear differential equation of first order with constant coefficients. Solution
by Laplace-transformation:

Mso MSO

S -Q —0 o+ Q- =0, 2 -(s+ =0,
m mO ‘]’-Qmo m m( J. mO) mO0
O _M.t
O =0 (1) =g e 70 =g
s+ S0
1.0,

The mechanic angular speed decreases exponentially with the time and has decayed to
the value Q,(T)=292, /e after the time constant T =2 -J / Mgy. The zero value

is reached after infinite long time.

2

9 3.9 =—M50'(Qm(t)J 42n() , Mso 2y g
dt Qo dt  JQ%,

This is a non-linear differential equation of first order with constant coefficients. The

solution is possible by separation of variables £, and t:

A9y _ Mso 4 dem__j Mso gt -1 __Mso ;o ¢

Q4 Q% o JQ% Qn I
Determination of the integration constant K via the initial conditions:
Lt MSZO 0+K = K=ot
=T
D .t+ O t+1 —+1
J0O%, O I200 T

The mechanical angular speed decreases inverse proportionally with time and has
decayed to the value Q. (T)=Q,/2 after the time T =€, -J /Mgy The zero

value is reached after infinite long time.
The braking torque a) brakes the most, the braking torque c) brakes the least.
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Exercise 4.3 4.3/3

2) For the numerical integration the first order differential equations for the three cases
a), b), ¢) are written as:

doy(t) _ Mg
=——30 0 (0)=2
a) gt ] m(0) mo
dQ, (t) Mg
b) =M. — 70 (1), 2,(0) =2
) dt J'Qmo m() m() m0
d2u(t) _ Mg
c mi’_—— .05 (1), 2.(0)=0

The following values are used:

J/ Mgy =0.0637 kgm?/(Nm), £2,(0) = 2., = 2z -n(0) = 2z -1500/ 60 = 157.08/s
The calculation is done for 100 s. An integration step size 1/1000 of this duration is
used: At=100s/1000=0.1s.

The numerical solution is compared with the analytical solution in Fig. 4.3-1 and is
coincident, because the numerical deviations from the analytical values are smaller
than the line width, used for the graphical representation.

The characteristic time is T = 2, - ) =157.08-0.0637=10s.
s0
Om
1/s

100+

50

-
— -
—

I ! ] ! ] |
50 60 70 80 90 100

wl+ ¥

Fig. 4.3-1: Mechanic angular speed as a function of time for mechanical braking of a rotating machine
from ¢ = 0 on. Analytical and coincident numerical solution for a) constant braking torque, b) linear with
speed decaying braking torque, ¢) quadratic with speed decaying braking torque. At the characteristic
time 7 = 10 s the speed has decayed for a) to zero, for b) to 1/e = 0.37, and for c) to 0.5 of the initial
value.
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Exercise 4.4 4.4/1

Asynchronous no-load start-up of an induction machine
The electromagnetic torque of a two-pole induction machine (Pn =500 kW, Un=690 V'Y,

fn = 50 Hz, nn = 2982/min) with the inertia J =5.9 kg-m? is described with dependence on
the slip s by Kloss function (see EMA and EMD lecture notes, Chap. 5)

Me(s) 2
M, 8. S °
Sh S

where s, =7.5sy is the corresponding breakdown slip.

1) What simplifications are valid for the use of Kloss’ function? Calculate the breakdown
slip, the breakdown torque and the startup torque!

2) Calculate analytically the mechanical angular speed ©n(t) as a function of time, when
the machine is uncoupled (unloaded) and starts-up from zero speed (flywheel mass
start-up)!

3) Calculate numerically the mechanical angular speed 2 (t) as a function of time for the

time range 0<t<2.0s! Compare the numerical solution with the analytical one,
obtained from 2)!
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1) Simplifications for the use of Kloss’ function:
- Negligence of stator resistance
- Constant rotor resistance = no influence of slip-dependent current displacement
- Constant reactances = no influence of variable saturation of main- and stray
flux, as well as no influence of slip-dependent current displacement on stray flux.

Synchronous speed: ngy, = f / p=>50/1=50/s=3000/min

Synchronous mechanical angular speed:
yn=2m Ngyn=27-50/s=314.16/s

Nsyn—N 30002982

Rated slip: sy = =0.006
Nsyn 3000
Breakdown slip: s, =7.5s) =7.5-0.006=0.045
Rated torque: My = Py 00000 _ 156116 Nm

27y 272982/ 60

Breakdown torque: M, =m-£s_'\'+s_b]= 1601'16.( 1 .75

+ Tj =6111.08 Nm

2 s, sy 2 75
Start-up torque: My (s =1) = 12M2 = 21'6111'08 =548.9 Nm
— 4+ +0.045
s, 1 0.045
2) Flywheel mass start-up: Braking load torque at the shaft Ms = 0.
2990y My g O
dt i+37b -stn
Sy S
dQ, (1)
(;“t =Qgyn-d(l-s)/dt=-0 ,-ds/ dt
ds 2M
_\]_stn.a_ . t; =
S5
S, S

This is a non-linear differential equation of first order with constant coefficients. The
solution is accomplished by separation of variables s and t:

J 10
_myn [ S b | gs—dt | _ﬂ.j S 43 -ds=jdt=t+|<
2M, (s, s 2My, S S
J0 2
ST S s in(s) |=t+ K
2My | 2sy

Determination of the integration constants K via the initial conditions:

JQ, J
t=0: s=1: —— 1. i+sb-ln(1) =0+K=>K=-"0
2Mb ZSb 4Sbe

Iy, -[sz _1

+5,-In(s) |=t
oM, | 25, O ()]

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 4.4 4.4/3

JO
syn | S 1 L —s2-In| 1- LUl [
28be -stn 2 -stn Syn

The analytical solution is a function t(¢€2,,) instead of €2, (t).

3) For the numerical integration the first order differential equation is written as:
2Mysy - (-9, 1 Q.
2] _ 2M2b8bsz = — 2 Sy"z , 2m(0)=0
dt 3.2+ J-\U-2n/2yn)?+5E)
The under 1) determined values are used. The calculation is performed for 2.0 s. An
integration step size At =1.6 ms is used. The numerical solution is compared with the

analytical solution in Fig. 4.4-1. It is coincident, because the numerical deviations
from the analytical values are smaller than the line width, used in the graphical
representation.

A fOm
-stn
- - - - -
1 |
|
1 |
1 I
1 |
0,5 :
1 |
1 |
|
|
1 |
0 T T T T I T T T T I T T T T I T T T T I ;
0 0,5 1,0 1,5 2,0 t
s

Fig. 4.4-1: Normalized analytically and numerically calculated mechanical angular speed as a function
of time for a flywheel mass start-up of a two-pole 500 kW-induction motor on the 50 Hz-grid, when the
Kloss’ formula is used for the M(n)-curve (breakdown torque M, = 6111.08 Nm, breakdown slip s, =
0.045, synchronous angular speed {2y, = 314.16/s)
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D.C. machine as controlled drive

A separately excited, compensated four-pole d.c. machine is speed-controlled operated
with a 4-quadrant-converter.

Machine data: frame size of 132 mm, externally ventilated, 13.8 kW, 220V, 74.5 A, rated
speed 1500/min, maximum speed 5000/min. Motor moment of inertia: 0.22 kgmZ2.
Inductances: armature: 3.3 mH, excitation: 21.0 H.

Resistances: armature: 0.35 Ohm, excitation: 82.1 Ohm.

At 1500/min with an excitation current of 1.8 A, a no-load voltage of 194 V is measured. The
calculated reactance voltage ur amounts to 1.6 V at 1500/min and rated current.

Calculate:

1) the motor efficiency (inclusive excitation losses), the rated torque and the no-load
speed no. The voltage drop at the brush contacts for the no calculation can be
neglected.

2) the electrical and mechanical time constants Ty, Ta, Tao, Tm, if the drive is coupled with
a 0.30 kgm? load moment of inertia. Is the drive oscillating in uncontrolled operation
a) de-coupled b) coupled with load?

3) Indicate the structural diagram of the coupled machine for the design of a controller at
rated operation.

4) Draw the operating characteristics of armature voltage, armature current, main flux

and power output in the entire speed range for converter supply, if a maximum
reactance voltage of 3.5 V is admitted.
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1) Ma Pv__ 13800 =0.842 without excitation losses

TUy-ly 220-745

Uy=U;+R,-Iy= U; =220-0.35-745=194V
n=1500/ min - I =1.8 A
P =Rf-1;2=82.1-1.82 =266 W

n= Py __ 13800 _gog5-820%
Uy-In+P  220-745+266
Py 13800
My = 2y 5. 1500 =87.9Nm
60
Ui = kzdjN '.QmN = kZCDN :% =1.235Vs
Y it
" 60
UN:UOZkZQN.‘QmO f—t Qmoz%:].?Sl S-l
no = 78160 ~1701/min
0 2z =
L, 33107
2) T,=—2= =9.4ms,
R, 035
a) J,, =0.22kgm?, b) Jp.L =0.22+0.30=0.52 kgm?
R a) —0'22'0'235 =50.5ms > 4T,
Tn=r—2s= . not oscillating
(ot )" |y 952:085_1195ms - ar,
1.235

4T, =4-9.4=37.6ms

The drive is in both uncoupled and coupled state not oscillating.

T2l ossgms, To-tim Q. -1781s"
R 821 =—— My
a) uncoupled: T;=4458ms b) coupled: T; :%1978'1:1.055,
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Exercise 5.1 5.1/3
3)
Amg(s)
106,4 - 1,92(s+106,4)
—» ——————-3,53 ’ ’ —
~ s+106,4 + s2+106,4s+892 Afim(s)
Aua(s)
Fig. 5.1-1: Structural diagram of the coupled DC machine for the design of a controller at rated
operation
3
Koy (1235 455, y:i:£:106.4s'1
Ra 0.35 T, 94
3
i: 10 =8.385'1, v o_ 106.4 _892
Tnl 1193 T, 1/8.38
coupled:
! :i:1.92 ! 5
Jmet 052 kgm

4) uR,max :35V at IN

u 3.5 .
Ugn =16V at Iy, Ny  Ug~l-n=>n; =ny-—"* =1500- > =3280/min
’ UR N 1.6
L AU, ke® A p
A A Vs kW
220V="Uy
\
- 200 / _
75 ‘[ 74581y 1,5 15
Kb " Py-13.8KW | P
- ko®N
1.235Vs] /']
50 - | 1,0 +10
- 100 | }
} k2 }
25 \ I | 0,515
\ |
\ | \
\ | \
\ | \
0 —t— ] | e
ny=1500/min ng Nmax n
0 1000 2000 3000 4000 5000 1 /min

Fig. 5.1-2: Operating characteristics of armature voltage, armature current, main flux and power output
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Oscillation behaviour of an uncontrolled d.c. drive

A separately excited, four-pole d.c. machine is speed-controlled operated with a
4-quadrant-converter as high-speed dynamomenter machine for a test-rig.

Machine data: externally ventilated, 35.5 kW, 290V, 145 A, rated speed 3000/min, maximum
speed 9000/min. Machine moment of inertia: 0.31 kgm?, inductance of the armature winding:
1.87 mH, ohmic resistance of the armature winding: 0.051 Ohm.

1) Sketch the circuit of the drive (B6C)A(B6C).

2) Calculate the armature efficiency (= motor efficiency without excitation losses), the
rated torque and the no-load speed no. The voltage drop at the brush contacts for the ng
calculation can be neglected.

3) The machine is coupled with a load moment of inertia of 0.27 kgm?. Is the drive
a) uncoupled b) coupled in the uncontrolled case oscillating? If yes, determine the
natural frequency and damping of the oscillation.

4) At 6000/min (field weakening) the oscillating behaviour is to be examined again
similar to 3).
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1)

R

S

T

<t
-

Fig. 5.2-1: Circuit of the 4-quadrant drive (B6C)A(B6C)

Both B6C-bridges are operated only, if the other bridge is switched off! So no
circulating parasitic current will occur. Otherwise additional chokes would be

necessary.
D - Py _ 35500 o0, M Py _ 35500 _ o onm
60
—INRa+UN=Ui:k2¢N’ m = k2¢N=09VS
145.0.051 200V 27 %}—314 165
Qo = Un _290_ 559551 Ny _ 3222 60 _ 3077 /min
kZQDN 0.9 27 -
3)  Jp+J =031+0.27=058kgm’
-3
T, _La 187107 o6 67 ms, 4T, =4-36.67=146.7ms
R, 0.051
R a) —0'31'02'051_195ms 4T,
=2 = . 5(;'90 051 At 3000 /min and full excitation,
(o] g — g -35ms <,
the drive tends to oscillate.
g =2y =i Ta 1 , damping: 5:i
T, \T, 4 2T,
3 3
a) uncoupled: fy=— ! -i‘/ﬁ—l_SMHz o= 10 =13.64s™
27 36.67\ 195 4 2-36.67
3 3
b) coupled: fy= 1 10 /ﬁ—1 3.77 Hz, s=—19 136461
27 36.67\ 365 4 2-36.67
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4)  n=6000/min, l,=ly = Uy=Uj+Rly = U;=2826V
——
290 V 0.051-145
= k2¢N =0.45Vs

a) 0'31'—0'2051:78.1ms < 4T, : tends to oscillate
_ J- Ra _ 045
m 2 .
(ko ) b) %%’2051:146.1% ~ 4T, : a- periodic limit

In uncoupled operation, the drive tends to oscillate:

3 3
fq _ 1 0 /@—E =2.03Hz, 5=—10 136451
2z 3667V 781 4 2-36.67

In coupled operation, no (or an extremely slow) oscillations occur.

The damping ¢ of the vibration is not be influenced by the operating condition (J,®).
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Small DC-motor with permanent magnet excitation and chopper controller

An experimental cross-country vehicle used on Mars mission for surface survey should be
equipped with DC-motors excited by permanent magnets. The motors serve as wheel drives
similar to those in three-axis Mars-vehicle Sojourner. In a pilot survey, a DC-motor will be
used with variable armature voltage generated by a MOSFET-chopper from a 48 V battery.
Pulse frequency of the MOSFET-chopper equals 16 kHz. Operation with variable speed will
be investigated.

Ug,l
transistor i a-7a ‘ Ug
N 2 I
TN TN
| free— I I _ i
T wheeling— Ua ] @
diode Ton 7 ua=Ud
! L -
t
a) b)

Fig. 5.3-1: 1-quadrant operation of DC-chopper: a) Basic circuit scheme, b) armature voltage pulse pattern

Motor specification:

Un =48V, In = 2.1 A, no-load speed ng = 1020/min, Ra = 5.44 Q, L, = 2.34 mH (Voltage
drop across brushes is neglected).

1) What is electrical time constant of the armature in ms and how much is it in relation to
period T of one chopper switching cycle of the battery voltage ?

2) What is the value of rated speed and efficiency of the motor (if considering only ohmic
losses)?

3) How long is duration Ton Of voltage pulse to operate at half of no-load speed? In this
case, what is the speed at rated torque?

4) Due to the switching modulation as depicted in Fig. 5.3-1 b), the armature current
iy (t) =1, + i, (t) comprises an average value 1, =i, and a small ripple of Aia(t).

Calculate this ripple with following approximation for the operating point according to

3)!
ua(t)=La-dlgft)+Ra-ia(t)+Ui=La-%+Ra-(la+Aia(t))+Uiz
di. (t
~L,- dat( )+Ra-la+Ui
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L, 234.10°
1) Ta:—a:%s:o.%ms
R, 5.44
T :
T:i: 1 s=0.0625ms = —a:%=6.88
f, 16000 T 0.0625
U 48
2) U0:Ui:k'n0'@:Ubatt = k-&= ﬁ:tt:m=2.824vs
60
Ny = Ua “lan Ry 48-21-544 4 150561 _ 7772 mint
k-@ 2.824
P, =U, -l =48-21W =100.8W, Py =R, -l =5.44-2.12W = 24W
Pout = Pn — P4 =1008-24W =768W = = Fout :—76'8 =76.2%
P, 1008
3) n0—>n—°<:>Ui—>$:>U—O:M
2 2 2 2
Y — T
Ug = U, :% = U, :%-Ubatt = T, =%:0.0313ms

Rated torque < Rated current (field excited by permanent magnet)

UN
IO P N lan Ra 24-2.1:5.44

- —4.45s" = 267.2min?
k.-® k- 2.824

4) &) 0<t<T,,: U()=Upgr lo=ln, Uj=k-®-r==12576V

dAi, (t) . Uro —R. -1 —U.
Upatt—Ra - In-Ui =L, dal[ g Aig(t) = 2al E N Lt
a
B 48—5.44~2.1—12.576X B 24V
2.34.10°° H 234.10°H
:10256?

Ai (t=T,)=10256-0.0313-10° A=0.32A

b) Ton <t<T: u,(t)=0, I,=1y, Uj=k-&-n*

di, (t
0-R, -1y -U; =L, - 34

t'=t-T,,:0<t'ST -T = T,y =
on Ny Tryp o

= Ai,'(t') = “Ra-In-Ui - —10256?, Ai, (t=T -T,,) =—0.32A

a

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 5.3 5.3/3

ig(t) Ua
A A v A

t

3. ug(t) 50V

Al,—|0,32A
'
of—"1 + | <
| ig(t)

I,=L=21a 25V

1..

0 - L -t

0 62,5 125 M3

Fig. 5.3-2: 1-quadrant operation of DC-chopper: Armature voltage and armature current
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Starting DC Motor Directly from DC Grid

A permanent-magnet excited small DC motor shall be started at a DC voltage U = Un by
closing the switch S at t = 0 (Fig. 5.4-1)! The total rotor inertia is J.

R, L, i S
T B o >

e wn| Ol

Fig. 5.4-1: Equivalent circuit of the PM excited DC machine

1) Give the formula for u;!

2) What are the initial conditions for angular speed ©2n(t) and armature current ia(t)?

3) What basic mathematical property has the stator flux per pole with respect to time?

4) Give the qualitative graph for the armature voltage ua(t) as a time function!

5) Give the differential equations for calculating the armature current is(t) and the angular
speed On(t), if the load torque at the shaft is zero (ms = 0)!

6) Transform the differential equations into Laplace domain and determine the current

I, =L{i,(O} >

7) Calculate the formula i,(t) in the time domain during start up. Use for the calculation the
fact that the DC motor’s time constants Ta=10 ms, Tm = 100 ms hold the relationship Tm > 4T,!3
8) Define the time constants T1 and T2 and calculate them!

9) Calculate the function ©m(t)! Sketch qualitatively the functions ia(t) and £n(t) between
— oo <t < +oo. How do the current ia(t) and £n(t) behave for t — +oo and why? Give the
peak current value!

1) U (t) =k, - 2 (t)- @
2)  2.(0)=0,i,(0)=0

3) @ = const., because it is a permanent magnet excited flux

4)

Ug

UN

] -t
0

Fig. 5.4-2: Armature voltage step: t < 0: Switch S is open; t > 0: Switch S is closed

2 Use the DC motor’s time constants in the expression of I

3 Give the poles of the transfer function of 6). Then, decompose the transfer function of 6) in a sum of 1%
order partial functions and transform them in the time domain!
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Uy (t) =Uy - &(t) £(t) : Heaviside’s step function

5) ua(t) = Ra 'ia(t) + La ’ dlgft) + k2 'Qm(t) @
R R O S NGE PRNCRE
6) J-(sf)m—Qm(O)):kz-@-Ta,Ua:%:Ra-fa+La-(sfa—ia(O))+k2-cD-[§m
_ U _ _ _
3800 =y @ Ty, — =Ry Tat Ly sy +ky @O
§m=k§'$-fa,fa=%- L _ u
°S sk, + Ry +(ky - @) /(s-J) L, - 245 . 1
Ta TaTm
S 1
7 s% + —+ =(s—51)-(s—s
) T (s—s1)-(s—57)
With T, > 4T, we get: s, =— 1, 1 | 4T <0, [sy]> sy

2T, 2T, T

Long time constant: T; =—1/s;, short time constant: T, =-1/s,

ra: U :i-|: A + B :| , = 1 =—B

La-(s—=51)-(s=S) Ly [S—81 s-5; 51782
1 Sttt
ia(t):i-A-[eslt—eszt]:i-—- e 1_eg T2
Ly R l_4Ta
Tm
8) T = 1 =—3 31 =88.7ms
11 | 4T, 10° 10° [ 410
2T, 2T, T, 2-10 2-10 100
T, = L =— 31 =11.27ms
1,1 [ 4T, 100 10° [ 410
2T, 2T, T 210 2-10 100
L k@ U 1 S
9) 2,1 =(kp - @/I) [ip(t)dt="2=— ———ITye 2 -Te " +T,-T,
) J Ry 4T,
1—- @
Tm
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T 4T,
1T
.Qm(t—)oo)=k2_cp.i. -T :k2¢_i_ T :kz@.i. JRa2= U
bR ) 4 I R _ 4Ty J Ry (k@) k@
T T,

For infinte time the armature current decreases to zero, because the speed rises to no- load
speed 2, (t > ) =U/(k,®), soui=Uand ia = 0.

()’ ‘IR / /
i ()= ./ R, .(—r.n e—r..rz)
AT,
1—
'z—;f?
T’I:'V Tm ’ T2A‘“v Ta
n(0)=0 o n(t = w)=ny, =Uy /(27k,D)
a—4b‘
uO=¢— — — — T T T T e, %a1>0)=Uy
: (0) = \Ml .
7,(0) Lal — i, (t—>x)=0
t=0 Time t

Fig. 5.4-3: Armature voltage step: t < 0: Switch S is open; t > 0: Switch S is closed, and armature current and
speed during start-up

Peak current: at time t*:

t t
d| + 1 e T In(T, /T,)
dig(t)/dt=0:—|e " —e T2 [=0= - + 0> tr=—1"2/
dt T, T, 1 1
T2 Tl
oo IN(TL/Ty) _ In887/1127) _ 0o

1 1 1 1

T, T, 001127 0.0887
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Separately excited DC motor, operated at the six-pulse converter bridge B6C

A separetly excited DC machine is operated at the B6C thyristor bridge, which is fed from the
public grid 400V, f=50 Hz. The machine data are Un=460V, In =320 A, rated speed
nn = 625/min, Ra =0.05 Q, La = 1.5 mH. The small voltage drop of 2 V across the brushes
may be neglected due to 2 VV / 460 V = 0.4% <<1. The time function of the field current may
be assumed to be constant due to the big inductance of the field winding. Hence the main flux
per pole @ is constant with the data ko@n = 6.7838 Vs. Calculate for rated motor operation
with controlled armature voltage

1) the necessary control angle « for rated armature voltage,
2)the time function of the armature current for 1/6 of the grid period T/6=1/(6f). Due to

the large inertia of the rotor we assume that the motor speed is ideally constant (n = const.).

1)
The grid frequency is f=w/(27). The grid line-to-line voltage Uuv is leading the
corresponding grid phase voltage Uy by 30°: uUV(t’):U,_,_ cos(at'— 7 /6). The control

angle « leads to conducting thyristors of one bridge branch during the interval
a<at'<a+x/3 of 1/6 of grid period. During that time interval the bridge output voltage

uyy (1) =U, cos(wt’—z16) feeds the armature of the DC machine. By shifting the time

origin at’'—a = «t we consider the voltage uy,, (t) =U |, cos(et —7/6+a) during the time

interval 0<at <7 /3. The average armature voltage is:
713 7l3

udzi jULLcos(a;t—mam)-d(a)t)=§-ULLsin(a;t—;r/6+a) ,
T T
0 0

3 .
Ug=—-U cosa=Ugyycosa.
T

At rated operation the armature voltage is Uy =Uyn =R, - Iy +U; =Ry - Iy + Ko @y 27y,
hence satisfying Uy = (0.05-320+6.7838- 27 -625/60)V =460V =U . For this voltage we

need a control angle according to Uy =+/2-U | -§~c05a .
T

460V:\/§-4OOV-§-COSa,
T

COSa = 460
V2400 (3/7)

=0.8516, o =0.5519rad = 31.62°.

2)

The armature voltage is uyy(t)=U, cos(wt—z/6+a) during the time interval
0 < at < /3. Hence the armature voltage equation is

Uy, cos(wt — 16+ a) = Ryiy (1) + Ldiy () /dt+U; |

which is a first order linear differential equation with constant coefficients

Al Ra i Yl cosut—n/6+a)- Vi |
a LT L,
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Exercise 5.5 5.5/2

The initial condition must fulfill the periodicity of armature current during 1/6 of grid period
1,(0) =i, (7 /(3w)). We assume, that the machine is loaded with rated armature current, so

that this current is always non-zero: i,(0) =i, (7 /(3w)) = 0.

di
a) Solution of the homogenenous differential equation ah +%'ia,h =0 with i, = D.e*t,
a
o . . L, 15-10°
yielding 4 =-R, /L, =-1/T, with the armature time constant T, = R o005 s=30ms.
a :

b) Solution of the particular differential equation

diap R, . ULL s . ) /s U;
= 2., , =——| cos(at) cos(a — =) —sin(at) sin(a — =) |- —
i La(<)(6)()(6)jLa

with i, = A-sinat +B-cosat +C, yielding

w(Acosat — Bsinat)+ % -(Asinat + Bcosat +C) =

a

A

Y (cos(a)t) cos(a — X — sin(at) sin(a — Z)) _Yi
L, 6 6 L,
The unknown coefficients A, B are determined by comparing the above noted expressions
forsinat, cosat and the constant, yielding
Ui
C=-——and

a

sinat: 2. A B :—UA‘sin(a—z) , cosat: “2.B4 g A= DL cos(a-2).
L, L, 6 L, L, 6
The linear equation system for A, B is solved with Cramer’s rule.

o 1T, (A} U, (cos(a—x/6)
1T, -o)\B) L, (-sin(@-=/6))

1T, 1T
= 2 T ey = 2 T = w2 L
UT, -o 1T, -o T2
_ 1 U, |cos@a-x/6) 1T, A:leL_a)-cos(a—zr/6)—sin(a—ﬂIG)/Ta
Det(N) L, |-sinf@-7z/6) - L, PRI
T2
_ 1 U, | e cosla-xl6) B:U,_L'a)-sin(a—ﬁ/6)+cos(a—7r/6)/Ta
Det(N) L, [L/T, -sin(@a-z/6)" L, w24 L
T2

The final solution for the armature current is the sum of homogeneous and particular solution:
iy =iap +igp=D-e""Ta + A-sinat+B-cosat+C .

The unknown constant D is determined via the initial condition:

i,(0)=D-e”T + A-sin0+B-cos0+C=D+B+C

i, (7 /(3w)) =D -e7/C%T) L A.sin(z/3)+B-cos(z/3)+C .
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Exercise 5.5 5.5/3

_ A-sin(z/3)+B-(cos(z/3)-1)

With i, (0) =i, (= /(3w)) we get: D 1 o #/GaTy)

Inserting A and B in D and using the trigonometric relationships

cos(x — %) sin(%) +sin(a — %) cos(%) —sin(a — %) =2 COSaSin(%) ,

sin(a — %) sin(%) —cos(a — %) cos(%) +sin(a — %) = 2sin asin(%) we end up with

_ Uy al,cos(a)—R,sin(a)

Hence the analytically determined solution for the armature current is:
t

. U wl, cosa—R,sina 1. . z
iy (1) = ——— - —2 e © T 4ol sin(at+a— =) +
R2 + (L) 1-e : 6
+Racos(a)t+a—%)}—%.
a

A transient DC component occurs due to the homogenoeus part of the solution, which decays
with the armature time constant Ta. With the induced voltage at rated operation

U; =k, @\ 270 =6.7838- 27 - 625/ 60 = 444V

and the values from 1) the time function of the armature current is given in Fig. 5.5-1 for 1/3
of the grid period. Averaging this function we get very close to the rated value 320 A of 1).

ia A

300 Ta=Ia=320A
250
200
150
100

50

Fig. 5.5-1: Calculated armature current i, of a separately excited DC motor, fed by a B6C-converter at rated
speed ny = 625/min, operating at rated average armature current 320 A and rated average armature voltage
460V. The control angle of the thyristors is & = 31.62°.

Note that the limit, where the armature current gets zero during 1/6 of grid period, is given by
the condition

1,(0) = D-e%Ta + A-sin0+B-cos0+C=D+B+C=0,

U, {a)l_a cos(a) — R, sin(a)

. Vs V4 U,
+aol, sin(e—=)+R cos(a——)} -—L
RZ + (e, )? 1—g a/Gola) 6" ° 6

Ra

=0 .
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Exercise 5.5 5.5/4

It depends on «, on the induced voltage U, the grid voltage and frequency and on the machine
parameters L,, R, . Starting with rated current at constant rated speed and hence constant Ui, a

reduction of the average armature current |, according to
3
Ug=R,-1,+U; =+2-U -~ cosa
T

yields a lower average armature voltage U, so that o has to be increased, until at a certain
angle the condition i, (0) =0 occurs, which is the limit for non-zero current operation. The

corresponding current value for this limit is

3
Lok ~Udo/ Lo =v2 Uy, i

a
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Exercise 5.6 5.6/1

Short-circuit braking of a DC generator

A separately excited DC generator G is driven by an Ossberger water turbine T in a small
hydro power plant at nn and supplies a local DC grid in a rural district.

DC Generator data: U, =460V, ny =645/min, 1, =320A, Jg,1 =8kg-m?,

R, =0.14Q, L, =5mH, efficiency without exciter power: 77 =86%.

La R, ia
— <
S
Lf Rt
[ O (
if ua
-
uf
Y

Fig. 5.6-1: Electrical equivalent circuit of a separately excited DC generator, whose armature winding is short-

1)

2)

3)

4)

5)

6)

circuited at the brushes via the switch S.

When the generator is accidently switched off the DC grid at rated electrical power,
the turbine accelerates the DC generator to the turbine no-load speed. Therefore an
additional flywheel inertia Jr has to be added to reduce the dn/dt. The closing of the
turbine water main valve takes 5 s to put the turbine driving torque at the generator
shaft to Ms = 0. Give the needed Jr, so thata T =5 s the speed is limited to 1.5-nn!

Determine the diameter d and mass m of the flywheel Jr as a steel disc with an axial
length | = d/2 for Je! (s = 7850 kg/m?, J =y - (d 12)% -1 (x12))

For a fast speed down of the turbine-generator set the generator “short-circuit brake” is
used. For that first the turbine water main valve is closed to put the driving torque Ms
= 0 and the generator is switched off the grid: 1. = 0. Due to the small friction torque
the speed n is (nearly) not changed n = nn. Then at t = 0 the DC generator armature
winding is short-circuited via a short-circuit switch S (Fig. 5.6-1), while the separately
excited main flux @ is still active. It induces the armature winding, so that the short-
circuit armature current i, flows. It generates with @ the electrical braking torque Me <
0, which decelerates the turbine-generator unit fast to zero speed. Give the dynamic
equations for ia(t), £2n(t) and the initial conditions ia(0), £2n(0)! Tends the generator-
turbine set to oscillate under dynamical load changes?

Determine ia(t) with the method of homogeneous and particular solution generally
with the conditions of 3). What is its stationary value ia(t — )?

Determine (n(t) from 4) as a general formula! Check, if the “short-circuit brake” puts
the generator-turbine set to stand-still!

Determine the time constants! Give the peak armature current iamax With respect to
rated current lan! Give ia(t), £2n(t) in correct scaling for three long time constants!
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1)

2)

3)

4)

Exercise 5.6 5.6/2

Generator switched off the grid, so braking electromagnetic generator torque Me = 0.
J-dQ, /dt=M;ny—M;=Mgy, J =g +JgiT,
An=(15-1)-ny =0.5-645/60=5.375/s, (Jg+Jg.7) 27 -AnIT = Mgy,
Msn =Men =Po N /(7N - 27 -ny) =Uan - lan /(7w - 27 -Ny)
M,y = (460-320)/(0.86- 277 -645/60) = 2534 Nm,
Mgy T _ 2534.5

F o 2ran 8T 275375

J=Jg+Jg,1 =367+8=375kg-m?

d=2-5 2Je =2-i/ 2-367 =0.99m,
7T Yre - 1850

2 2
m=yFe-dT”~| _7850. 2% ”~¥=2991Kg.

—8=367kg-m?,

O=u,(t)=R, -iy(t)+L; - dlgft) +Ui(t) =R, iy () + Ly - d'gft) +ky - @2 (1),
0 . )
Q,)=27z-n(t), J ~d—m=me(t)—ms(t)=k2 @iy (1), 2,(0)=27-ny, i,(0)=0.
dt -
< =l
U; =U,n + iy - Ry =460+ 320-0.14=5048V,
LI L N Y VAV R W ]
QN 27-(645/60) R, 014
J-R, 375.0.14
Tn= 2 - 2
(k, - @) 7.474
occur, but two time constants Ty, T»!

kch =

=939.8ms, T, >4T, =142.8 ms. No oscillations will

Derivative of electrical equation: R, -

. 2.
dla(t)+La'd Iaz(t)+k2'@' d-Qm(t) :0
t dt dt
Ky, ()1

2. - 2 H H
d 'a(t)+&'dla(t)+(k2'@) -&-ia(t)=0, ig+|i+lL—o

dt? L, dt J-R, L, T, T.T.
iah:C]_‘e/llt'FCz'e/lzt,iap:0,12+i+ 1 2011_4Ta>01
T
a alm m

1,1 4T 1 21 1 21
A T A AL A o
a “a m 1- 1-—2 2 1+ 1--8
Tm Tm
ia:iah+iap1 i3(0)=0=C;+C, =C; =-C;,

0=R, -ia(0)+La-d'a(o)+k2-¢-gm(0)—>i;(0):—k2-@-QmN/La,
=0 QmN
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Exercise 5.6 5.6/3

= 4C; e + 1,Cy 6% il (0)= 4C; + 4Cy =Cy - (4 — )
—Ky @ /Ly —kp @ /Ly UilR

C = = = =1,
Ak 1[4 o,
Ta Tm Tm
i =—lam ~(e_”T1 —e T2 ) Check: i,(0)~e %M —¢T2 =1_1-0.
i, (t —>00) ~e /M _e™/T2 =0_0=0: The stationary current value is zero!
5 Reia®+ L 2k 002,020, B0 = Ry i + Ly i),
Ky -
Q)= N et/ _ot/T2 T, ( et/ —t/Tz)
m 1-4TT,) T T
Q. () = A.(e—t/ﬂ .(1_T_a) _e T2 .(1_T_a)J ,
V1-(4T,/Ty) Ty Ts
Qm(t) _ e—t/Tl ( 1 +1) ~ e—t/Tz ( 1 _l)
[N 2 J1-(4T,IT,) 2 L\ -@T Ty
Check: €2,,(0) = L'y L +1— L +1=2nN
2 | J1-T,/Ty) J1- (4T, /Ty)

_ 1 _ 1
Q (to0)=2 vl ((—m————+) - (—————-1) |=
(=) = ( e @i )J
The stationary speed value is zero, so the turbine-generator has been put to stand-still!

6) T IT,= 2:357 —=90263ms/ 37.17 ms.

_ ATy 1F /1_
9398

Braking time is ca. flve long time constants 5T; ~4.5s, so very short. This needs a
huge current peak iamax for a big braking torque.

—t*/T, —t*/T.
. e 't e 2 . IN(M/T,)
'a(t)_la,th'( Tl — T2 J—O:)t —ﬁ—12366m8,

T, T

Iy (%) _ Tamax _ _(e—t*/Tl T, )= _(e—0.137 =] 327) 0.836,
Ia,th Ia,th
U;/R, 504.8/0.14

| =
M, \/1_ 4-35.7
T 9398

Current peak at t* with i,y =—0.836-1,, =—-32735A =-10.23-1,y. The current

(Fig. 5.6-2a) is negative with respect to the positive direction in Fig. 5.6-1, as it is a
generating current. The Kinetic energy is transformed into heat in Ra. Plot in Fig. 5.6-2
for three long time constants 3T; =3-902.63 ms =2708ms..

=39154A.
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Er*= 123.7 ms
i 37, = 2708

w

PO 0836

-D.g 1 1 1
0 500 1000 1500 2000 2500 3000

a) Time [ms]

1 T T T T T

0.9F \ ]

0.7 _

é 0.6 \ a

) (/0
o
(4]

= 04F R 1
03F S .
02 RN i

0.1 \&\thlhﬁ 7

0 1 1 1 L
0 500 1000 1500 2000 2500 3000

b) Time [ms]

Fig. 5.6-2: a) Armature current during braking. b) Speed of generator-turbine set during braking.

Practical advice:
lamax =-10.23- 1,y is too big. It stresses the generator both mechanically and

thermally too much. Therefore the short-circuit is done with an additional series
resistance Ry to limit current peak to —2- 1,y :

R, =4R, R, >R=R,+R, =5R, =0.7Q, T, »T,/5, T,, —>5T,,.
T,/T, =46918ms/7.14ms, t*=4645ms, U; =504.8V: I, =7233A,
iy () 1ty =i e / 1o =—(6 %% —e 892 ) _0 0886,

iy e =—0.9886.7233=—71508A = -2.23- I, .
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Result: A five times smaller current brakes the set with five times less torque. So the
long time constant T, increases by 4691.8/902.63=5.2 to take for braking ca.

5T, = 23.465~0.39 min, which is a realistic value and still much faster than braking
only by friction, which would take several hours to transform the stored kinetic energy

W =J-(2x- n,\,)2 12=375-(2x - (645/60))2 /2=8554k]=0.238kWh into friction
heat.
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Exercise 5.7 5.7/1

Simplified treatment of short-circuit braking of a DC generator

A separately excited DC generator G is driven by an Ossberger water turbine T in a small
hydro power plant at ny and supplies a local DC grid in a rural district (Fig. 5.6-1).

DC Generator data: U, =460V, ny =645/min, 1, =320A, Jg,1 =8kg-m?,
R, =0.14Q, L, =5mH, efficiency without exciter power: 77 =86%.

An additional flywheel inertia Jg =367 kg-m? is coupled the generator set to limit its
speeding up, if the generator is accidently switched off the DC grid (M. = 0), and the still
operating turbine is speeding via its turbine shaft torque M.

For a fast speed down of the turbine-generator set the generator “short-circuit brake” is used.
For that first the turbine water main valve is closed to put the driving torque Ms = 0, and the
generator is switched off the grid: I. = 0, Me = 0. Due to the small friction torque the speed n
is (nearly) not changed n = nn. Then at t = 0 the DC generator armature winding is short-
circuited via a short-circuit switch S (Fig. 5.6-1), while the separately excited main flux @is
still active. It induces the armature winding, so that the short-circuit armature current i, flows.
It generates with @ the electrical braking torque Me < 0, which decelerates the turbine-
generator unit fast to zero speed.

1) Give the dynamic equations for ia(t), {2n(t) and the initial conditions ia(0), (2n(0)!
Tends the generator-turbine set to oscillate under dynamical load changes?

2) Neglect in the following La and determine Qn(t) and ia(t) with the method of
homogeneous and particular solution generally with the conditions of 3). What is its
stationary value ia(t > 0)?

3) Determine the time constant! Give the peak armature current iamax With respect to rated
current lan!

4) Give the sketch ia(t), £2m(t) in correct scaling for three time constants! Show that the
“short-circuit brake” puts the generator-turbine set to stand-still in roughly three time
constants!

5) Which additional armature series resistance Ry is necessary in the short-circuit to limit
the current peak iamax to 2.5-1av? How much is the braking time increased by Ry?

6) Give the Kinetic energy Wk in the rotating generator-turbine set. Show that it is
dissipated during braking completely as I°R-heat in the resistances Ry + Ra!
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Exercise 5.7 5.7/2

1)

2)

3)

4)

5)

6)

0=0,0=Ry i+ L2 1y =R, {0+ 1, PV 02,0,

Q. (t)=27-n(t), J -dftm =M (t) —my (t) =k, - @i, (t), €2,,(0)=27-ny, iy(0)=0.

<0 =0
U; =U, + gy - Ry =460+320-0.14=5048V,
kg =i 2908 g 474vs 7, =2 000 357,
Qnn  27-(645/60) R, 0.4

T, = IR 3715014 _5398ms, T., > 4T, =142.8 ms . No oscillations will

(k@) 7474
occur, but two time constants Ty, T»!

Neglecting La:
0=R, iy(t)+ky- @ Q2 () =R, iy () + Ky - D2, (t) =iy =K, - DIR,,
9 ke ® o g 49 On
R, dt T,
Q= + s Py =C ™, 2 =0, A=-1UT,, Q=2

3n(0)=C=0y, ()= -e™'™,

J +k, @-

ia(t):_kz'@Rﬂ_e—t/Tm for >0, ia(t):_%,e—t/Tm.
a a
U,TR,

Due to neglecting La, only one time constant occurs, which is the mechanical time
J-R, 375-0.14
= =939.8ms.

(k,-@)2  7.4742
Due to neglecting La the current may jump from O att=0-to —U;/R, att =0+,
which is the peak current: i, (0+) =-U; /R, =-504.8/0.14=-3605.7 A=—-11.27- | 5,
i max =|~11.27- 1| =11.27 - Iy .

constant of 1): T, =

Q. BT) =2 - =005, ~0.
Sketches of ia(t), £2n(t) for three time constants see Fig. 5.7-1.

2.5 1N :|—Ui/(Ra+RV)|:Ui/(Ra+RV),

R, = Ui _ R, = 048 _ 14-0.491Q = Time constant T, _I-Ra*Ry)
2.5 I,y 2.5-320 (k, - @)?
Braking time =~ 3T, ~ R, + R, . Increase of braking time Ra; Ry _ 0.140+1(21.491: 45.

a :

W, =J - (27-ny)?/2=375- (27 - (645/60))? / 2 =855.4 k] = 0.238 KWh ,
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Exercise 5.7 5.7/3
% o 12 -2t/ 2 1 ot |” 2 1+
W, = [(Ry +R,) 12 -dt= [ZL8 " gy = Ui Tm € _ U T
. : Ry +R, 2-(Ry +R,) ‘0 2-(Ry +R,)
Wo = Ui2 .‘J'(Ra'i_Rv)_‘]'Qr%N_
c 2-(R; +R,) (kz.dj)Z 2
ia/fal.max
: v {/Tm
-0.5 4
a) -1.0 -4
b)

Fig. 5.7-1: L, = 0: a) Armature current during braking. b) Speed of generator-turbine set during braking.
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Exercise 6.1 6.1/1

Space vector representation of an induction machine:

An induction machine is supplied by a voltage-source inverter (with DC voltage link) and is
operated with field — oriented control. The machine is running at nominal values, this means,
that the inverter provides nominal voltage and nominal frequency, the machine is loaded with
the rated torque. Due to the high motor frequency, the stator resistance is negligible.

Motor data:

X, =3p.U.; X =295p.u.; Blondel s leakage coefficient o = 0.08.

. CX
rotor time constant: 7, = —=100; cosgy =0.87;

r

nominal frequency 75 Hz, 6-pole machine

1) Calculate and draw the space vector of the stator voltage, of the stator and rotor
current, of the stator and rotor flux for the nominal values in the synchronous
reference frame.

2.) Calculate the torque that is produced by the motor in p.u.. Draw the proper rectangle
area in the space vector diagram, which represents that torque!

3.) What are the values for the slip and the speed of the motor?
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Exercise 6.1 6.1/2
1) In the synchronous reference frame the space vector is not moving in stationary
condition.

Nominal voltage: u, =1p.u.(voltage space vector is assumed to lie on real axis of
reference frame).

Nominal frequency: @, =1

o dy
gs:rs'!s'i'?"i' Ja)slﬁs

d
Stationary: % =0; r,-iy=0 is negligible because of the high frequency; o, =1 =>
T

Us = jaxys = jWs; Ws=—]jUs=—] p.U.
W, =X i+ X0 X =1/ (L-0)xX =4/(1-0.08)-3-2.95 = 2.85p.u.

Rated operation: |i.|=1p.u. with phase angle according to cos
s 2N

iy =lig|-e 71N =1.e7I7N = cospy, - jsingy =0.87~ j0.493

singy =+/—Cospd +1 = 0.493

Hs:us:J(Xs'!s"‘Xh'!r):>(_Jus_xs!s)gzlr

(- j-1-3-(0.87- j0.493))

. 1 .

i ——=-0.916+ j0.168p.u.

I 585 J p

W, =Xy lg+ x',r-i'r =2.85-(0.87-j0.493) + 2.95-(-0.916+ j0.168) =
=-0.223- j0.909p.u.

ws|=1pu.; [i;|=093pu.; |y | =0.986pu.; |uy|=lis| =1p.u
Re
torque area
ug 1s
0,2p.u
-
Im

Fig. 6.1-1: Induction machine: Left: Space vectors at steady state motor operation, Right:
Corresponding torque
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Exercise 6.1 6.1/3

) me=Im(ig-y ) =is, w5 =0.87-1=087p.u.
i, =0.87p.u.

M 3-U -
Note: —eN 21, because Mygp == Mo pi= Mgy
ref N
p
Xso Xrg rr' /s

— e N S
us IXh

—
Pé

Fig. 6.1-2: Induction machine: Equivalent circuit with neglected stator resistance

P. On-M M
o ps = syn "eN _ eN —_eN o Me = Ps
SN 3-Upyn - In M A

oy p

Py =3-Uppp - Iy - COSpy => (RS-|32~0)=> Ps =COSpy =M, =0.87!

2
3) 3-R.- 12 =Py, =5-Py => 3Rr—lr=rr'ir2=s'p6
, S

-
o Tri’ _00295:0.932 00

P 0.87
f =X = 2 X295 g 0o95p0,

r, 7z, 100
Goyn = _ O 15248 _ ) 0

Qsyn 2r 2r

Qyn= 2N _ 2;;-? =157.08s7"; 2, =152.48s"

Y

Rotational speed: n= 1456/ min
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Exercise 6.2 6.2/1

Current feeding of a locked rotor induction machine:

A locked rotor induction machine is fed by a current controlled inverter. At time t = 0 the de-
energized machine is abruptly fed by a stator current space vector i (z)=1s - el? ik=1p.u.

Motor data: (p.u. values, phase values, star-connected stator winding)

Stator resistance: r;=0.04p.u.
Stator inductance: xg=3.0p.u.

Rotor inductance: X, =3.0p.u.
X—'r =60
l’I’

Blondel’s leakage coefficient: o =0.07

Rotor open-circuit time constant: z,=

1) Draw the circuit state of the inverter and the current path through the machine for the
given current space vector.

2.) Calculate the time characteristic of the rotor flux linkage space vector after the current
step and draw the time function of the current. Use the stator reference frame!
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Energy Converters - CAD and System Dynamics
Exercise 6.2 6.2/2
1)
\\\ i Im
Vo 1d
N, ) T Tz iy T
oA 1 2 14 3
A /‘\\ AS(T) U U
\ > '- ( )- = Re
/ 7/ igtr
, \
e T T T
ig/?

e
A

W
b)

A
i, |=—0.5-i

a)
Fig. 6.2-1: a) Space vector decomposition in phase current vectors, b) Current flow at inverter operation
i —Re(gz-i )—Re e 3.
LAV LY =S

is=|is|'ejoo’ iU:Re(is):is’
27
isze(g-is):Re e 3.i;[=-05-i

Transistors T1, T2¢, T3 conducting, T1¢, T2, T3 switched off:
8\ 1 g5
2 2

is = ig: DC-current:
1 =E-id 1—1 -05+ ) —
3 2 2

! “r . ' s '
et dz —Joy (O—Ja)l/_/r)

_s: 3
Stator reference frame is used, because the rotor is locked (@m = 0)

- dy
gs:rs'!s+ dr ) =
s XLy

2)

- -'- 12
V_/S:XS'!S_'_Xh.!I” (/Lr—Xh

X, =+/(1=0)XX, =4/(1—0.07) -3=2.89p.u.
The interest is on the rotor voltage equation to calculate of the rotor flux.
1

!
_ ! -' _r . -I _ ’ -
O=r-ip+—"; i =@ —Xig)—
Xr
’ [
- 1 dy X
— 4 H —1r . - ™
O_rr'(zr_xh'!s)_-"' q » Tr =+
X T I,
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Exercise 6.2 6.2/3
dy’
— +£z//’ :ixh -1 first order differential equation
dr  7,—" 1,

Initial conditions: 7 =0 ; Zr =0

T

Homogeneous solution: y/’rhom(r):(_l-e fr

H H . ' _ i
Particular solution: V' art = X0 s

T

=> C=—%, I’ Zr(r):lﬂr,hom—i_lﬁr,pan =Xy ig|1-e
lis| &
!
Ip.u
] » T=wpt
0

1p.u.

[ | > T
0 60 120 180

Fig. 6.2-2: Phase current (above) and rotor flux (below) at rotor stand still

Note: The nominal current is injected, therefore the machine is magnetised to 289 %
of the nominal flux. A real machine would be high saturated. In this case it is
assumed, that the saturation is independent of the current. A current controlled

machine is normally at locked rotor only current fed to the nominal flux. This means,

current has to be reduced down to: |is = 1 0.33p.u. !
XS
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Exercise 6.3 6.3/1

Squirrel-cage induction motor at voltage source inverter supply (no-load operation)

A squirrel-cage induction motor with stator winding delta connected is operated from voltage
source inverter with block mode (see picture).

L

T

2? 4? 6? Uy,

T

I
1
1
1
1
|
i
|
I
1
[
E—
1

cLL
_—

To

1 1
1 1
| ]
1 1T
1 1
1 1
1 1

1!t 2'3 a4t 5! 6!

Fig. 6.3-1: Left: Schematic sketch of the inverter and stator winding, right: Inverter output line-to-line voltage

Motor rated data:

Pn =110 kW, Uy =400 V, In =212 A, cosen = 0.85, fn =50 Hz, 2p = 4
Stator inductance per phase: Ls = 29.13 mH, stator resistance can be neglected (Rs = 0).

Inverter data: DC link voltage Uq = 565 V, output frequency 50 Hz

1)

2)

3)

4)

5)

Calculate per unit value (p.u.) the DC link voltage uy=Uy/Us (Uret: reference

voltage) and the stator inductance xs. Determine in p.u. the time interval m at 50 Hz
and 100 Hz output frequency!

Calculate and draw the position of the stator voltage space vector us for the six time
intervals per period at 50 Hz and determine the absolute value of the complex vector.
Note: Calculate us only for the time interval 1, 2 and 3. Determine us for the time
interval 4, 5 and 6 from symmetry of the voltage waveform.

Determine the equations of stator voltage us and flux linkage ws in stator fixed co-
ordinate system for the space vector representation.

The motor is operated at no-load. Calculate the time function of stator phase current in
steady state condition for the time intervals 1, 2 and 3. For the determination of the
time interval 4, 5 and 6 use the symmetry of voltage waveform.

Note: The current cannot change as abruptly as the voltage does.

Draw to scale (in p.u. and in Sl-units) the time function of the phase voltage ua and the
phase current ia ! Determine the phase angle between the Fourier fundamental of
current and voltage time function.
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Exercise 6.3 6.3/2
1) Ugr =v2-Uppp; deltaconnection: Uy pp =Uy =400V =U o =565V
Inph = In/V3=212/3=122.4V
b= Vs _ 565 _,
Uet 2400 °
U
7y =Neh _ 400 5500
Inpn 1224
-3
yo Ok 27502013007 )0
Z 3.27
T=wy-t:at f=50Hz = T:E:i:ZOms: rO:coNlzz'”'—so'lzZ
f 50 6 506 3
at f=100Hz = T=2=— —10ms: ry=apy - =272201_7
f 100 6 100-6 6
2 i1 3 i1 3
2 Ug==-(U;+a-U,+a°-u.), a=e 3 =—Z4j = a’=e 3 =—=_j2=
) =s 3 (a ¢'YpTE< c) a 2 12 a 2 2
time interval |1 2 3 4 5 6
ua Ud Ud 0 'Ud 'Ud O
Uh 'Ud O Ud Ud 0 'Ud
Uc 0 ‘Ud ‘Ud 0 Ud Ud
o . 2 2 1 V3, 2 3 3
timeinterval1(inp.u): U, =—-Uy-1-a)==-Uy-Q+=—j—)==-Uy-(=— ] —
—(p)_513d(_)3d(212)3d(2J2)
2 V31, 2 _iage
= U (== jiZ)=—""u4-e J
= ( 5 12) =
. . 2 2y 2 1 V3, 2 3 3
timeinterval 2 (inp.u.) : U, =—-Uy-(1—-a%)==-Ug-Q+=+]J—)==-Uy - (=+ ] —
time intenval 2 (inpu) : Uy =3 -tg-(L-8%) = 5-Ug -+ D+ ) =5 g G+ %)
2 Y31 i30°
=— Uy (—+]—)=——-U4 - ©
3 U (2 J2) Ne

time interval 3(inp.u.) :

|

oo 2
=e1120 L

timeinterval 4 (inp.u.): u

s4

TU Darmstadt

2
=§-ud-(—1+§)=—951

2 2
5375 Uar(@-2) =3 Ug-a-(-a) =a-uy
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Exercise 6.3 6.3/3

timeinterval 5 (inp.u.) :

|

2 2
s5:§'ud'(_1+§ ):_932

timeinterval 6 (in p.u) : Ug, == -Ug-(-a+a%) =—Ug,
2 2
Absolute value of the vector ug: |uy|=—=-uy =—==1.155 p.u
3 ° 3
T1Im
g, 1p.u. = 2.5¢cm
i
u Sf 60° g s2
¥30° i
'= ; e
30°

Fig. 6.3-2: Stator voltage space vectors at the different inverter switching states

d
3) !s:rs'is'i_ ZS
dr

_ H i
Vo= X is

4) No-load: i', =0, ry=0(neglected), ug=Xx % = i :ijgs dr
T Xs

phase current i, = Re {i |

u .
__Sl T+ !81(0)
XS

timeinterval 1: ig,(r) = [uy (7) - d7 = =L [d7 =
Xs X

H H . ' 1 ' ' 932 P
timeinterval 2: ig,(z') =— [ug,(r')-d7' = =27 +i, (0)
Xs Xs

timecounting: 7' =7 -1

The current cannot change abruptly: iy (7 = %) =g, (7' =0)
I, (7) : real part of i
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Exercise 6.3 6.3/4

timeinterval 1: i, (7) = Re {951}.Xi+ Re {iy,(0)}=
S

= U .Xi+ Ky; Ug=Re{ugy} K, =Re{iy,(0)}

S
'

timeinterval 2: i,,(7) = Re {gsz}~i+ Re {iSZ(O)}: Ug - K,;
Xs Xs

ug =Re {ug, } K, =Re{ig,(0)}
timeinterval 3: i,,(r) =Re {gsg}-i—”+ Re {isg(O)}z K;; Re {gs3}=0, K; =Re {is3(0)}

S

timecounting: 7" =7 -75=7-2-79

Assume : ‘ 3)
K, =
antisymmetric continuation
Stepl | Step sep3 | Ngep4 Step5/  Step6
~o
K, \\
~
: JI > T
SN T’ I I T "
0 B 2_7T n 4_n @ 2n
3 3 3 3

Fig. 6.3-3: Stator phase current at inverter operation, calculated with simplifying assumptions

The currents start from zero and have a dc offset. The DC offset decays with time due
to losses in the resistances!

. T 7 1
K, =Req{ i =—)r=Uqy-——
2 {-51(7 3)} d 3 %
.., T 7 1
K3 :RE{!SZ(T :E)}:Zudg_xs

Steady state condition: The currents are alternating quantities as the voltages, therefore
the CORRECTION of Kj is so, that i,(z) becomes alternating current = Average

value of i, =0.

= K, =-Kz=-u4-

1 k=0
XS
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Exercise 6.3 6.3/5
5)
U, 4 i, 1p.u. = 25cm
bul| bul
u,(v)
1.0 . a 7 1 7 1
i I, =u, - ——=1.—-—=0.37p.u.
a(T) = a d 3 Xs 3 28 p
054 |us=1p.u. i,(7)
/——'I'——'\
- a ~
-~ I, ~
: /’l'// \\I'\\ 5 Tt
0,// T er T 4—TE \\\ 2
-0 5‘: 3 3 3 M
-1.0+

Fig. 6.3-4: Stator phase current and phase voltage at inverter operation. The current is calculated with
simplifying assumptions

Line-to-line voltage = phase voltage because of delta connection.

Because of the symmetry of u,(z) and i,(z) concerning the quarterly periods the
position of the fundamental-frequency is simply determinable.

Fig. 6.3-5: Time signal and corresponding fundamental of (left) stator phase voltage, (right) stator
phase current at inverter operation, the latter calculated with simplifying assumptions

= Phase angle ¢ between Ua(gy (7) and faqy (7) is 90° inductive (since rs was
neglected).
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Exercise 6.4 6.4/1

Stator space vector of an induction machine with removed rotor:

The three-phase stator winding of an induction motor is tested during manufacturing with
removed rotor for winding tests. The stator winding is connected in star to the three-phase
voltage sinusoidal source U, V, W with connected star point to the neutral N, but the
connection W is broken (Fig. 6.4-1). Hence an asymmetric feeding with a zero sequence
system occurs. Due to the removed rotor the zero sequence phase impedance Xo is roughly the
same value as the stator phase impedance xs with symmetric feeding (intact connection W).
For that special case xs = Xo the two remaining phases U and V can be treated with
independent voltage equations, as parts of the flux linkages cancel. The feeding phase
voltages from the grid are:

Usy(z) =u-cos(msr), Usy(r)=Uu- cos(a)s(r - 2?”)) .

The stator resistance is neglected. Due to the removed rotor (air gap = half stator bore
diameter) the impedance xs is rather small, containing only the stator stray flux and the small
stator bore field: xs = 0.2 p.u.

1) Give the independent voltage equation per phase and calculate the phase currents iy
and iv in p.u. at rated frequency ws = 1. Give the value u for phase current to be rated
current iy = 1.

2) Calculate the current in the neutral connection in and the zero-sequence current io.

3) Calculate the current space vector is(z). Use the formula sin x = (e/* - e7)/(2)).

4) Calculate the voltage space vector us(7)!

5) Check, if the phase voltage uu(7), derived from the space vector, is identical with the
originally applied function uy(z)=u-cos(mz)! Do not forget to consider the zero

sequence system!
6) Calculate the, by the stator bore field induced phase voltage uw(z) from us(z).

7) Draw to scale the trajectory of us(z) (e.g. 0.2 p.u. =1 cm) foru =1 p.u.

U v wN
L
L
\ ASM
\/
A L
IV

Fig. 6.4-1: Electric stator winding circuit with connected neutral and broken W connection
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1)

2)

3)

4)

5)

Exercise 6.4 6.4/2

: dysu(r) _dysy(e)
us,U(T)= Is s u (r) + 5.0 = 5.l
dr dr

Independent flux linkages: wqy =Xlsy  Wsyv =X *ls v
s u(7) =1/ X% 'Ius,udTZ(U I'%5)-sinz, ig\,(z) = (u/ X5)-sin(z — 27 / 3)
U=Xs-lsy=02-1=0.2

d VsV (7)
dr

Us v (7) =

iy =5y +isy = U/ X)-(sinz +sin(z — 27/ 3))=
=(u/ x)-(sinz +sinz-cos(2z / 3) —cosz -sin(2z / 3)) =

—(u/x)-(a/2)-sinc— (31 2)-cos)=(u/ x)- 2—12+2—32~sin(r+a)

tan o =—(/3/2) /(11 2) = —/3 = a =arctan(—/3) = -7 /3
in(2) =/ x)-(sin(z -z /3))

The amplitude of the neutral current is rated current in = 0.2/0.2 = 1p.u.
Zero-sequence current: ig = (is y +is v +igw) /3= (is y +is\) / 3=liN(7) /3.

The neutral current per phase is one third of the neutral current io = 0.33 p.u.

i(z) = (2/3)-(iy +a-iy) = (2u/ 3x) - (sinz + )27/ 3 .sin(z — 2/ 3))

(r)= ou (et _g7it (2513 plt=2713) _ o~i(r-2713) B
Is T)—_' —F+€ . - —
3Xs 2j 2]
_ ejr_e_jr.(“ej.zm/s) _ ej,+e_j’_ej.g,,/3
3 JX 2 3- X 2

. u ... el 2u (i, elm .
U. = di/dr=22. e]z’_ __ej~27r/3 _c. ejz'___ej~27z'/3
Us=Xs-0ls /a7 3 (J J > >

If a zero-sequence system occurs, its values must always be added to the phase

voltages and currents, because the space vector theory does not include zero-sequence

effects: U |y (z) = Refug (2) }+ g

Ug =Xg -dig / dz = X -diy / dz=(X;/ 3)-diy /dz =

1d(sin(z-x/3))
3 dr

. —-jr B
Refu, ()} =Re{ 2| gJe _ & gi2e3 :&.(COST_MJ
3 2 3 2

=% (U’ X) =(u/3)-(cos(z -z /3))

_Mj+(u/3)-(cos(r—ﬂ/3))=

Us u(7) = Re{!s(f)}+ Up = Z?U'(COST
2u
:?-c057+(u/3)-0037:u -COST

The calculation delivers correctly the feeding voltage.
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6)

7)

Exercise 6.4 6.4/3

Us w (7) = Refa- ug () }+ug

20 ( orisje jeris €07 jaxis
Re{a-u (r)}=Re{ | el?7 /37 _¢] ——-e] =
- 3 2

. —j(z—4x13) B
R{%[ wm)_eT]}:%u.[cosmzﬂ/s)_M]

Usw (7) = Re{@'!s(f)}Jf Uo

cos(r—4;r/3)j

=2?u-(cos(r+27r/3)— +(u/3)-(cos(z—x13))=

:%~cos(r—47z/3)+%~(cos(r—7z/3)):(_)
The total induced voltage in phase W is zero.

The voltage space vector is a superposition of two vector components, which rotate on
circles with different radius and opposite rotation direction, yielding a resultant ellipse.

u (i, el u (g, el
QS:_U. eJT_e_.eJZ7T/3 :_u. eJT+e_.e jml3
3 2 3 2

a) Positive sequence component: Uq 4(7) = %u el”

b) Negative sequence component: U ,(z) = % g 1T . g7 7/3

At 7 =0 the angle between the two vector components is 60° (Fig. 6.4-2). At 7= -7/6
and 7= 5x/6 both vector components are aligned with identical direction and give the
resultant:

gs(—ﬁ/6)=2?u-(e_j”/6+0.5~e‘j”/6)=u~e_j”/6 or uy(57/6)=u-el>*'® This
defines the major half axes of the ellipse (length u), being inclined by 30° to the

abscissa. At 7= 27/6 and 7 = 84/6 both vector components are aligned with opposite
direction and give the resultant:

us (271 6) :2—;-(ej‘2”/6 +0.5-e‘j'4’”6): (u/3)-ei?7/6 or

u;(8z/6)=(u/ 3)-ej'8’”6, which defines the minor half axes of the ellipse with the
length u/3. They are positioned in a right angle to the major half axes.
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Exercise 6.4 6.4/4

Im A

2/3

1/3

173 &z/3 — Re

u(7=0)

Fig. 6.4-2: The space vector trajectory of the voltage space vector at broken phase W and connected
neutral is an ellipse.

TU Darmstadt Institute of Electrical Energy Conversion



Energy Converters - CAD and System Dynamics Collection of exercises

Exercise 6.5 6.5/1

Stator current space vector of an asymmetrically fed AC machine:

A three phase induction machine with star-connected winding is operated in the test field of
the manufacturer with removed rotor to measure the stator losses only. Due to the removed
rotor the impedance per phase is only xs = 0.2 p.u. The symmetrical feeding grid voltage
system is given as (u=0.2 p.u., s =1 p.u.):

Ug(7) =u-cos(e7), Us(z)=uU -COS(ws(r —2?”)), ur(r)=u -Co{a)s(z' —4?”))

Due to a failure the phase connection W of the induction machine breaks (Fig. 6.5-1).

1) Calculate the feeding voltage between terminals U and V.

2) How big is the zero sequence current system?

3) Calculate the phase currents iy, iv and space vector is(z) in p.u. after the failure.
4) Calculate the phase voltages uu, uv and space vector us(z) in p.u. after the failure.

5) Draw a vector diagram of is(z) and of us(z) to scale (e.g. 0.1 p.u. =1 cm).

T
URl Usl u
S

R

«—

—

A
Y

Fig. 6.5-1: Electric circuit with broken W connection
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Exercise 6.5 6.5/2

1)  uyy =Ug —Us=u-(cost—cos(r—2xz/3))=
=u-(cosz —cos(r —27/3))=u-(cosz —cosz - cos(2z/3) —sinz -sin(27/3)) =
—u-((312)-cost— (v3/2) sinz)=u+/(3/2)2 + (3/2)? - cos(r + )
tana = (+/3/2)/(3/2) =1//3 = o = arctan(L/~/3) = 7 /6
uUV(r):u-\/§~cos(r+7r/6)

The feeding voltage between U and V is the line-to-line voltage, which is by /3
bigger than the feeding phase voltage and by 30° leading to the phase voltage ur.

2) iw=0,iu=-1v, ig =(iy +iy +iy)/3=0
No zero-sequence system occurs!
is=(2/3)-(iy +a-iy) =(2/3)-iy-1-2)
The current space vector does not rotate, but is pulsating with a fixed orientation.
U, =X -dig /dr=(2/3)-%-(1-a)-diy /dz
Also the voltage space vector does not rotate, but is pulsating with the same fixed
orientation as the current space vector.
uy = Re{us}=Re{(2/3)-x,-(diy /dz)-(1-a)}=(2/3)-x - (diy /d7)-(3/2) =
=X - (diy / d7)
Uy =Refa® U, |=Re{2/3)- x, - (di, / dr)- (a2 —a®) |=

=Re{(2/3)-xs-(diu/dr)-(gz—l)}:—(2/3)-xs-(diU/dr)-(3/2)=—uu
The phase voltages uu, uyv are not shifted by 120° like the feeding ur, us, but are

opposite.
uU—uV:uUV:u-\/§-cos(r+7r/6):2uu:2xs-diU/dr
iU(r)=1/(2xs)-juuvdr:@-sin(r+7r/6), iv(r):—@-sin(r+n/6)
2Xs 2Xs
’U:i‘\,:@:‘@'o'zzo.%e,
2%, 2:02 =——
. u-1-a) . 1-a .
i.(r)= ==.sin(c+z/6)=—=-sin(c+x/6
(1) =" S+l §)=" = sin(e +716)
. i ul-al u
Amplitude of current space vector: |i|=|—-—|=—=1p.u.
p p ig] | P
VJ3u VJ3u

Uy :Xs‘(diU/dT)ZXS-Z-COS(T+7Z/6):T-Cos(r+7z/6):—uv

3) Amplitude of uy and uv: (\/5/2) -u=0.866-0.2=0.173

u,(z)=(2/3)- % -(1—@)-%[\2/——2]~sin(r+7z/6)j:%~(1—g)~cos(r+7z/ 6)
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Exercise 6.5 6.5/3
Amplitude of voltage space vector: |gs| = -% =u=0.2p.u.
4) Iy =—iy =-0.866p.u. is(r)=§-(iu(r)+g-iv(r)+g2-iW(r)); Q.z—%+j-§

is(r):%(o.SGG-sin(rwz/6)—(—%+j-?)-0.866'sin(r+ﬂ/6)+OJ:

=(0.866— j-0.5)-sin(z + x / 6)

gs(r):g-(%-cos(rwr/6)—(—%+j-?)-%-cos(rwzmho}:

=(0.173-j-0.1)-cos(r + / 6)
The voltage and current space vector orientation is inclined at an angle of -30° to the

abscissa.
A |m
is(z = 87/6)
...
R
Re
is(z= 713)
a)
A |m
Us(7 = 57/6)
...
R
Re
. QS(T: '7216)
b)

Fig. 6.5-2: a) Current space vector (amplitude: 1 p.u.), b) Voltage space vector (Amplitude: 0.2)
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Exercise 6.6 6.6/1

Zero sequence system of voltage source inverter-output voltage

GR I, 1 WR
-
ABA @H@ v U
grid | Uy C 7! -

L ——M) “ iE
AA A ﬂ}@:

Fig. 6.6-1: Voltage-source inverter with diode rectifier (GR), DC link with capacitor C and filter choke L,
transistor converter (WR). A three-phase AC motor with star-connected stator winding is fed by the inverter line-
to-line voltage U..

1)

2)

3)

4)

Show, that a three-phase symmetrical voltage system has no zero-sequence phase and
line-to-line system!

Sketch to scale the line-to-line and the line-to-phase voltage time function U.(t) and
Us(t) per period T at a start-connected three-phase stator winding, when being fed by a
voltage source inverter (Fig. 6.6-1) with the DC link voltage Ugq at block commutation
(six-step commutation). Assume an ideally constant DC link voltage Ugq = const. (C is
assumed to be infinitely big).

Give the Fourier series of the three phase voltages! Comment the result!

Determine the zero-sequence of the line and phase voltage Uso(t), Uro(t) and of the
terminal-to-ground potential ¢Lo(t) per period! Give the graphs!
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Exercise 6.6 6.6/2

1) Three-phase symmetrical voltage system (either phase or line voltage system):
Uy (t)=U -cosat, Uy, (t) =U -cos(wt — (27/3)), Uy (t) =U -cos(wt — (47 /3)).
Ug(t) =U () +Uy, (t) +Uyy(t))/3, abbreviation: ot =¢,

A 2r . . 2 dr . . Arx
UU+UV+UW:U-(c055+c035-cos?+smg-sm?+co&e-cos—+smg-sm—,

-1/2 J3/2 -1/2 —J31/2
Uy +Uy +Uy =U -((1—%—% -cosa+(§—§)-sin5)=0. This is true for the phase

and the line voltage system!

2) U o®=ou®-0no®), Up3t) =gt —as®), Us i) =¢) —onu®):

El terminal potential ¢ T

Infinitely fast switching Pu
T |
assumed

tmlf
=Y

\J

Y

~Y

B

i

Fig. 6.6-2: Six-step operation of voltage source inverter: El. terminal potential oL and line-to-line
inverter output voltage U..

Each phase voltage can be given as a Fourier-Series: U51(t):ZU| -cos(l - wt) .
I=1
w=2r-f=27/T. Due to the abscissa-symmetric line-to-line voltages also the phase
voltages must be abscissa-symmetric, hence no even ordinal numbers | occur! The
line-to-line voltages are shifted acc. to Fig. 6.6-2 by T/3 (resp. 2n/3), so also the phase
voltages are shifted by 2x/3. For that case according to 1) we get, that each Fourier
harmonic system adds up to zero: Ug;(t) +Ug, (t) +Ugg, (t) =0, if ordinal numbers

are not divisible by 3.
Ordinal numbers I* divisible by 3 would lead to identical (in-phase) voltages:

Usyp(t) =Ups-cos@*-at), Ugye(t) =Up - cos( *-at — (1 *-277/3)) =U g (1) ,

Ugg (1) =U,* -cos(l *-at —(1*-47/3)) =Ugy «(t). They would cause identical
harmonic currents lgy |«(t) = Igp «(t) = Is3=(t), which cannot flow due to the start-
point Kirchhoff's node law, Igy«(t)+1gp=(t) + lggx(t) =3l = (1) =0= I |» =0.
So no voltage harmonics with ordinal numbers I* divisible by 3 occur.
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Exercise 6.6 6.6/3

Result: Ugy (t) +Usp(t) +Usa(t) = D Ugy () +Usp; (1) +Usq () =0.
1=15,7,...
Calculation of phase voltages: (Fig. 6.6-3):

Ugi —Ugp =U3 1 2,Ugp —Ugz=U 5 |3, Ug +Ug, +Ug3=0:

U U0+t o 3 U _ U o 3+Ui3 g U U3 1tV
s1= 3 y Uso = 3 y Ugg = 3
Uy» A
L1z Upj-12
U
0 d -
ULZ’:‘
Uio_13
" T
t
USI
Usy 2
0 e
‘f-}.-"-‘ =

Fig. 6.6-3: Six-step operation of voltage source inverter: Line-to-line and phase voltages at star-
connection of stator winding Uy, Us.

3) Using abscissa- symmetry and using cos-series as even function:

) 4 zl2 4 U zl6 zl2
Ugy, = ju51(g) cos(l-&)-de=—- —d ( j 2.cos(l-£)-de+ j cos(l-£)-de),
T
7l6
" 8 Ud |7Z' |
Ugjy=— -—-Sin—- cos— |=1357,..
S 3 6 T
" 8 Uy
For I*=3n, n=123,...: Us1|*=— —=-sinnz-cos(nz/2)=0,

sowe get | =[1+6g|=1571113.. g=0+L1+2,..: Ug, :E-T-sin—.
Vi

U= > 2a S22 ooq mty= S0, -cost- at),
1=1,5,7,. 7 1=1,5,7,..

Uso(t)= Y U;-cos(l-at—(1-2713)), Uga(t)= D .U, -cos(l-at—(1-47/3)),
1=15,7,.. 1=1,5,7,..

Comment: The Fourier series proves that no harmonics with ordinal numbers,
divisible by 3, occur.

4) Acc. To 2): Ugg(t) =(Ug +Usg, +Ug3)/3=0,
PLot) =(pL1 () + oo () +93(1)/3=2Uy /620, U o(t) =¢o(t) —@ o) =0=
Up®=Up o®+YUp 3t)+U341(1)/3=0.
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See Fig. 6.6-4!

U2 (t)/3=(p1(t) -2 (1)) /3

U 13(t)/3=(p(t) —p3()/3; +

Uiz 11 ()/3=(p3(t) -1 (1))/3

Upo(t) = o) — o) =0

The whole winding systems varies its electrical potential to ground with 3f. This

causes via the winding insulation capacity Cwg from the slot copper to the grounded
stator iron stack a capacitive ground current flow iy (t) =C,,, -dgy o /dtas a disturbing

common-mode current. It flows via the PE grounding connector from the stator iron
stack and metallic housing to the earth and back via the PE connector of the inverter
housing to the ground connection of the DC link.

L T ]
~ ™
Pl Ug
2 -
It
PL2
> Pro 776
o U,/6 -
PL3 — 0
- -Ugo—, . t
a) b) T

Fig. 6.6-4. Six-step operation of voltage source inverter: a) Terminal-to-ground el. potentials for the
three phase terminals 1, 2, 3 and b) its zero-sequence system.
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Exercise 6.7 6.7/1

Voltage space vector at voltage-source inverter block-commutation

1)

2)

3)

4)

5)

U1 A
L Upg-12

0 1Us

~Y

[
-
-V

U3 p

Fig. 6.7-1: Block-commutation (Six-step operation) of a voltage source inverter: Line-to-line and phase
voltages at star-connection of stator winding U, Us. The maximum voltage Us; is shifted with respect
to the maximum of U1 by T/12 lagging.

Use the line-to-line inverter output voltage UL at block-commutation of Exercise 6.7
(Fig. 6.7-1) to give the voltage space vector u. in per unit of the rated phase voltage!

Use the phase inverter output voltage Us at block-commutation of Exercise 6.7 (Fig.
6.7-1) to give the voltage space vector us in per unit of the rated phase voltage!

Give the Fourier series of the three phase voltages! Comment the result!

Determine the zero-sequence of the line and phase voltage Uso(t), Uro(t) and of the
terminal-to-ground potential ¢Lo(t) per period! Give the graphs!

Give the graph of the phase voltage space vector us(t) in p.u. per period!
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Exercise 6.7 6.7/2
1) Line-to-line output inverter voltage according to Fig. 6.7-1:

A B C D E F
Osth IstsI Istsl Igtsz—T 2—Tstsi igt<T
6 6 3 3 2 2 3 3 6 6
ULl:Ud Ud 0 —Ud _Ud O
ULZZ_Ud O Ud Ud O _Ud
ULSZO _Ud _Ud O Ud Ud

Phase voltage fundamental amplitude | = 1 according to Exercise 6.6:
AS“:l:g.U_d.sinl_ﬂ- :E.Ud.sinzzg.ud.
’ | 24 7
2 1 2
HL(t)Zg' % UM +a-Upt)+a®-Us),
s1,1=1
T 2/3 b P 1 .43
0<t<—:u ()= Uy -a-Uy)==-1-a)==-01-(-=+]-—)),
6_LA() 2UOI/7[((1_ol):,’(_)B((ZJZ))
r 3 .3, o« 1 T 2 _izle T __izl6
u D=".("—-j- ) ="(1—-j-—)=2".".¢ 1z ="_.¢p 1z ’
T . T 2/3 2 ~ o T 1 .43
—<t<—:u )= Uy -a"-Uy)==-1-a)==-1-(——=-]-—)),
6 3_LB() 2Ud/7f(d a”-Uy) 3( a) 3( (2 J 2))
z 3 .3, o« 1 T 2 _izle T _irzl6
u D=—(—+1- —)=—1+]- —)=— —- 17 :_.eJ”

For each time interval A, B, C, D, E, F one voltage space vector exists with the p.u.

value |g,_| = % =1.81, which jumps due to the infinite fast voltage switching with the

angle ©/3 in counter-clockwise direction (Fig. 6.7-2). The p.u.-value is roughly by
\/§(z1.81) bigger than the phase voltage nominal peak value.

Im4 Im#4

Ui c

ULD

ULES,

9 i 0

Fig. 6.7-2: Six-step operation of voltage source inverter: a) Line-to-line p.u. voltage space vector (length
1.81 p.u.), b) Phase p.u. voltage space vector (length 1.047 p.u.)

2 U =2~ (Usy)+a-Usy () +a2 Ugs(t)),

s1,1=1
Phase output inverter voltage according to Fig. 6.7-1:
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Exercise 6.7 6.7/3
A B C D E F
OStSI IStSI IStSI IStSZ— E<t££ iStST

6 6 3 3 2 2 3 3 6
US].:Ud/3 2Ud/3 Ud/3 _Ud/3 _2Ud/3 _Ud/3
Ugo, =—2U4/3 | —-Uy/3 Uy/3 2U,4/3 Uy/3 -Uqy/3
US3=Ud/3 _Ud/B —2Ud/3 —Ud/3 Ud/3 2Ud/3
T 2/3 Ud 2Ud 2 Ud T 2
0<t<—:ugal(t)= (—-a——+a"-—)=—-(1-2a+a"),
g Usall) 2ud/;z(3 a—y e g)=g e
Va 23 1 .3, 7,3 33, =«
Usa () =2 (1+1- - 22— . ) =2 - - 22 =21 j-/3),
Usa () =75 ( )=y Gl ) = A= 13)
% —jzI3 _ 7 _—jxl3
Uea () ==-2-e7 170 =2 71705,
Uga (t) 5 3
Igtgl QSB():Z—/g.2U_d_g.u_d_§2.U_d)zz.(z_g_gz)zz’
6 3 U4/ 3 3 3 9 3
For each time interval A, B, C, D, E, F one phase voltage space vector exists with the
p.u. value |Hs | = % =1.047, which jumps due to the infinite fast voltage switching with

the angle =/3 in counter-clockwise direction (Fig. 6.7-2). The phase voltage value is
exactly by /3 smaller than the line voltage. It is lagging with =/6 in space, as its time
signal is lagging also with 7/6 resp. T/12 acc. to Fig. 6.7-1.
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Exercise 7.1 7.1/1

Turn-off of a 3-phase induction machine

A 3-phase induction motor is running at no-load in steady state, connected to a 50 Hz grid.

Motor data: xs = Xr = 2.6 p.u., Xn = 2.5 p.u., X=X =X =2.6p.U,, X, =2.5p.u. rotor open-
circuit time constantz, = x; / r; =100. The stator resistance is neglected. At time 7 = 0, the
motor will be disconnected from the grid. Determine time characteristic of decaying stator
voltage of phase U, which is induced by decaying rotor flux. You can solve this task by

following calculation steps which are given below. Speed of the motor can be assumed
constant during the electrical transient process.

Note: We can see practical use of this example on switching major drives in power plant (e. g.
coolant pumps) to an emergency power supply during a power failure. In case of successful
switching (i. e. decaying voltage is still sufficient high), no dangerous high current will be
occurring. Generally, high current could occur during a restart of a de-energized motor (6
until 7 times of rated current!).

1) In rotating-field oriented reference frame, you should determine per-unit equation of
rotor flux linkage after the disconnection of the motor from the grid.

2) Solve this 1% order differential equation. Initial condition: Magnetic energy of main
flux can not change suddenly before the turn-off.

3) Using the rotor flux linkage, calculate space vector of stator voltage.

4) Calculate the phase voltage uy by transforming the space vector of the stator voltage
into stator-oriented reference frame, assuming that rotation angle & between stator-
oriented and rotating-field oriented reference frame equals zero at time 7= 0. Assume,
that at 7= 0, terminal voltage gains its maximum value.

5) Draw time characteristic of decaying phase voltage uu.
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Exercise 7.1 7.1/2

e . r/ 1
Specifications: X, = x; = 2.6 p.u., Xp = 2.5p.U., =
P s =oop " P X, 100

1) Reference frame is oriented to rotating-field: w;y, = e (per unit!)

’

Equation of rotor: 0=/ i+ d_r
T

!

+ (s —on) v,

Noload: s=0, won=a, — @&5—wy,=0

After disconnection from the grid: i, =0

S

Rotor flux linkage: ' =xp-ig+X -1 =x; -1, after disconnection from the grid

= Equation of the rotor flux linkage:t >0 = 7=, -t>0:
W, v . —— -
—L+ L.y’ =0 1% order differential equation
dr x —F

2) Initial condition:

Main flux linkage BEFORE the turn-off:

Motor operation at no load: is #0, I''=0 = w_ =X ig+Xp T =Xl
Equation of stator voltage: 7 <0:

Ueg=T - +dl£50+' : Y50y
=50 s 1ls0 T J\E(Y)Z Y0 = Yo~ i = %5150
~0 —— 1

Sy =Xy i+ X by =% g
Directly AFTER the turn-off: 7=0: y' =x;-is(z =0)=y'
‘/L'r ZQSO'J-XTZ
Solution of the differential equation:
-z

Xt L
y' (r)=y' (c=0)-e™", 7, ==L rotor open-circuit time constant
rr
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Exercise 7.1 7.1/3

3) Equation of stator voltage: 7>0, ry=0, ws=1

Tr
2
X
h -=1-0
Xg * Xy
4)  uy(r)-el? =u(0), 5:(0&9”50’ S5=0
Rotating-field  Stator field =1

reference frame reference frame
()=-il-0)uy-| T4 jle ™ eF
gs T)=—JUl—-0O 'gso' —+]|:€ -e
r

T

uy(z)=Reu(r)}=Re gso~(1—a)-[1+ j -ij'e_ff -(cosz + jsinz)¢, 1 0011
7 T

_v
=Re {Ug-(1-0c)-e 7 -(cost+ jsinz)},
Uso=Usg = 7 =0:u(0) : maximum value

T
uy(r)=ug-(1—0c)-e T -cost
2.5

5) oy -t=7: lperiod=7=27=6.28, azl—ﬁ:I—G:O.QZ

At 7 = 0, amplitude of stator voltage jumps from 100 % down to 92 %, as stator
current is zero, thus stator leakage flux is zero, too.
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7.1/4

Exercise 7.1
UlU(‘f)‘
1 _
0,92 1-a
ML
m‘\
0,91 : ~N T —
| ~ —_
I ~ -
| ~
0 HH e |
20m _- 40m
T ~ I
// - l
0,51 //;/’
120
,L»J"Tr=1002318,3ms

—0,92

2m=20ms=1/50Hz

Fig. 7.1-1: Decaying stator phase voltage in phase U after separating the induction machine at no-load
operation from the grid

Practical use of the result:

By taking the time function via storage oscilloscope of the decaying stator voltage,

- the leakage coefficient o and
- the rotor open-circuit time constant z

may be determined from experiment.
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Exercise 7.2 7.2/1

Sudden short circuit of an induction machine

A 3-phase induction motor is running at no-load connected to a 60 Hz grid.

Motor specification: Un =460 V Y, 60 Hz, rated current 22 A, no-load current 9 A, Blondel’s

leakage coefficient o= 0.07. Measurement of resistance between two stator terminals results
in 0.4 Q (rotor open-circuit time constant 7, = x; /r; =70).

Calculate

1) the rated impedance and per-unit value of the stator resistance.

2) the primary reactance Xs, its per-unit value xs and corresponding inductance Ls.

3) the space vector of stator and rotor flux linkage in rotating-field oriented reference
frame. Assume that xs = X'y !

4) A short-circuit occurs at the terminals suddenly. How big is the maximum value of the

sudden short circuit current in the worst case, when neglecting any damping of
current? The short circuit current decays to the steady state value. What is the value of
this steady state level? With which typical time constant does associated short-circuit
alternating torque decay and to which steady state value? How much time is needed
approximately to reach this steady state value?
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Exercise 7.2 7.2/2

1)

w
Fig. 7.2-1: Star-connected stator winding

U 460V
Zy =——= =1207Q, 2R, =R,y =R, =0.2Q,
NT By V3-22A =R =R
&:rs: 0.2 =0.0166p.u.
Zy 12.07
2) Reference frame is oriented to rotating-field: e, =1

Space vector is fixed in steady-state operation [diz j in rotating-field reference

frame.
: . dy
Equation of stator voltage: ug =1rg-ig + d;s +jos W,
. z
- o - LY—l
Ye=X s+ Xy 1= Xs - lg =0
(Noload: i,=0)

u
_ . . . Uus .
!s_rs'!s+JXs'!s:>i__rs+JXs
=s0

2 2
[&] = rs2 + xs2 =X = \/(Oiéll] —0.0166% = 2.44p.u., II—O =igp= % =0.41p.u.

lso

N

X=X -Zy =2.44-12.0702=2950, L = Xs _ 295 \i_783mH

2n-fyy  2m-60
3) Qs=rs'iso+jws'ﬂs1 v, =Xl » o =1, u, =1p.u. (realaxis||gs)
Is + J%s =S r+Jxs 00166+1244

ro_ H ' _ Xh uS

y' =Xy b X =Xy 'so—m,

Xy =/1—0) %X =v1-0-x =2.35p.u.

g

. 2.35:(0.0166- j2.44)
Y T 0.01662 + 2.442

=0.0066— j0.96 p.u.
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Exercise 7.2 7.2/3
4) Peak current of sudden short-circuit:
Worst-case at short-circuit during zero crossing of voltage: I = &_(3_1)\/5, N
X, \o
I = i-(i—l]-«/i- I, =16.0-1, =351.6 A: This current decays to zero!
* 244 10.07 N N o -

S 1 X
Short-circuit time constant: z, = ~ 7% - for the torque.
]7/2-56 +]7/Trcs rS + rl‘
The sudden short-circuit torque decays with Tsc to the final value zero.
_3Tsc

The final value is attained after approximately 3 Ts, due to e Tse = is =0.05. The
e

torque of the short-circuit has already decayed to 5 % of the peak value after 26.3 ms

(0.05-351.6 —17.6 A, 176 457, |N].
22.2

T,=les 9% o 007244 =878ms,  3-T,=26.3ms
oy (r+1)-o, (0.0166+0.035)2760

X_§=7o:> I’ =§=%=0.035p.u.
I, . 10
Xr
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Exercise 7.3 7.3/1

Starting of an induction machine:

A wedge bar cage induction machine with the following nameplate data is given:

Frame size 250 mm, 55 kW, 220V/380V, A/Y, 178 A/103 A, 50 Hz, 1455/min, cose = 0.885,
continuous duty, Thermal Class B, mounting IM B3

From the catalogue additional details are given: starting current 4.4-times, starting torque
1.55-times, break down torque 1.94-times, inertia 0.9 kgm?, machine mass 440 kg

From the calculation sheet of the manufacturer there are the addition data available:

Break down slip 13.3 %, at 75° according to Thermal Class B, stator resistance Rs = 0.06 €2,
rotor resistance R’y = 0.0643 ), stator reactance Xs= 8.8 Q,

rotor reactance X’r=9.03 Q, leakage coefficient o = 0.067 .

Calculate:

1) the nominal torque, breakdown torque, starting torque in Nm, starting current at A- and
Y- connection and the motor efficiency,

2.) the nominal impedance and the motor equivalent circuit parameters for rated slip in
per unit (p.u.). Calculate also in p.u.: the nominal torque, the nominal voltage (peak
value), the nominal current (peak value), the nominal frequency, the nominal apparent
power, the nominal power,

3.) the start-up time constant in seconds and in p.u.
4.) The motor is starting with no load. Is the static break down torque reached? If not,

please calculate the maximum occurring torque. In a second test the machine starts up
with no load at half of the nominal voltage. Is static break down torque reached?
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Exercise 7.3 7.3/2
P 55000
1. My=—™N = =361Nm
60

M, =1.94My, =700Nm; M, =1.55M, =560Nm

lyy =4.4-103=453A; |, =4.4-178=783A

- Py _ 55000 _o167%
J3-Uy-ly-cosp +/3-380-103-0.885
U

2y zy=-Nen 222054360

Iypn 103

r=te = 008 500800 LA Y YY)
Zy  2.136 Zy  2.136

XS:£:£=4_12p,u,; X;:ﬁ 9.03 ——— =4.23p.u.
Zy 2136 Zy 2136

X, = /(L= 0)XX, =+/(1—0.067)-4.12-4.23 = 4.032p.u.

my = My _ 361 === —0.836p.u.; M = SN =‘/§'380'103:431.6Nm
M 4316 Dy 27 -50
P 2
Check: my, = %5071 _ 0885-0.9167 _ gqc . 5\ = 1500-1455 _ .
1-sy 1-0.03 1500
Unph V2 12 f
Uy =—=——~==1pu.; Iy =——===1pu.; —=1p.u.;
y UN,ph'\/E P " |N'\/E fn
SN
apparent power s, = 3 =1p.u.
E'UN,ph \/E IN,ph \/E
PN = il _ %000 81p.u.

g-UN,ph-ﬁ-lN,ph-ﬁ J/3-380-103
Check: pp =cosg-7=0.885-0.9167=0.81p.u.
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Exercise 7.3 7.3/3
oy 2750
3) T,=J-P -09.—2 -03285: 71 =y -T; =27-50-0.328=103
) T M o 4316 BTN =R

4.) Pfaff-Jordan parameter P:

2

[0)

P= _Sé .TJ.rr'-Sb=>
Us X

a) oy =wy; Us =Uy =1

2
_(1. 412} 103.0.03.0.133= 043
1 4.032

M M
according to the P-Curve —2%1 — £ (P) is: — 2% _g 785
b,stat M b,stat

My, gyn =0.785-700=550Nm The static break down torque is not reached (“fast”
start-up)! The maximum torque that occurs is the dynamic break-down torque My, 4.

2
-1
b) oy =y =1; Ug=uy/2=05 => Po.4{(3 } ~172

M
—M =09, M, o, U2 => M

b,stat

=157.5Nm

b,dyn

Due to the lower voltage the start up is slower, so the dynamic breakdown torque is
close to the static breakdown torque.
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Exercise 8.1 8.1/1

Sudden short-circuit of an hydro-electric synchronous salient pole generator

The machine has following specifications:

20 poles, 32.2 MVA, 11 kV, cose = 0.9, bore diameter = 3.8 m, Xan = 3.42 Q,
Xgh = 0.6 Xah, Xso = 0.52 Q, Xtc =0.484 O, Xps = 1.73 Q, Xgos = 0.56 QQ, Rs = 15.2 mQ,
Rf=0.002 Q, Rp =0.31 3, Ro=0.08 Q.

The reactances and resistances are already converted to the stator side at 50 Hz and 75°C
(Thermal Class B).

Note: Above rotor values are already converted with the respective transformation ratio to the
stator side. The "true", measurable value of the ohmic resistance of the field winding is for
example Rf=0.23 Q. For this reason the converted values of the field winding are smaller
than those of the damper winding, because the transformation ratio “’stator- to- field” is very
small (0 ~ Ns/Nf, Nf is large, since all 20 poles are connected in series: Ns = 96,
Nt = 20 x 55 =1100).

Calculate

1) rated current, rated impedance and per-unit value of above resistances and
reactances.

2) the reactances: direct-axis X,, quadrature-axis X,, transient X, direct-axis

q’
subtransient Xg and quadrature-axis subtransient X in per-unit value. Is the

machine “subtransient symmetrical”?

3) the time constants: open-circuit field T, , direct-axis open-circuit damper T,
quadrature-  axis open-circuit damper Ty, armature time constant T, transient T

and subtransient time constants Ty .

4) The worst case of sudden short-circuit at the generator terminals shall be calculated!
Use the formula indicated in the lecture notes for the calculation of the sudden
short-circuit current in phase U in case, when the short circuit happens at zero
voltage. How much smaller/bigger is the value compared to the simplified relation
i;C:o.s-Z‘waN ?

Xd
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Exercise 8.1 8.1/2
D Sy _32200_, 000
T BUy Bl ——
, _ Uy _ 11000 ...
Ny V31691 ——
Xy =dn _342 591 04 NOTRAL L ~0.6-0.91=0.55 p.u
"7, 376 _ " 06 e T
X, 052 0.484
Xde = Xq = = =——=0.138 p.u,, X —=0.129 p.u.
do = %0 = e =7 TR oo P MeTTpog T IocY PU
1.73 0.56
Do =376~ 240 PUy - Xgo =525 =015 Pu
rS:& 152 1073 =0.004 p.u., It :0002—000053 p.u.
Zy 3.76 — 376 ——
0.31 0.08

b, =——=0.082 p.u., o =——=0.021 p.u.
D376 —— P leTgggT T PU

2) Xg =Xdh + X5 =0.91 + 0.138=1.048 p.u., X4 =Xgh + X;c =0.55 + 0.138=0.688 p.u.

' Xdh * Xfs —0138 + 0.91-0.129

Xq = X6 + . =0.25 p.u.
4SO T i+ e 09140129 —— P&
Xl = X + *dh * Xfs * XDo _
Xdh * Xfs + Xdh - Xps + X5 " XDo
0138 + 0.91.0.129-0.46 0.229 pu.
0.91-(0.129+0.46) +0.129-0.46 ————
X) = Xsg LS Qe 438, 995°015 o0 0y
Xgh + XQo 0.55+0.15 ———

X =112-x3: = xg#x3: subtransient asymmetrically, but asymmetry is small !

X _ Xgh+ Xt _ 0.91+0.129

3 TooTi = o - ~1960.4
Vo TiTho= e T =T 0.00053
T =1 10604 =6.245
2-7-50
- _Xp _ Xgh+Xps _ 0.91+0.46 ~167, Tp= 16.7 — 0.0535
o o 0.082 2.7-50
% _xQ th+XQ5 0.55+0.15=33.3 T._ 33.3 —0.1065
I I 0.021 ' Q9 2.2.50 ——
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The damper time constants are clearly shorter than the field time constant (factor:
100!). This only makes the definition of a transient reactance x; meaningful. It

describes that condition, where the damper-currents are already decayed after e.g. a
“load step”, whereas the induced current in the field winding flows nearly unchanged.

2‘ Xﬂ . XI!

Lofa oL 2N 1 20220025 1 g, o 604 o0

on o Xg+x, t  0.229+0.256 0.004 2750
Ty=T0 X _ 02 9604 46765 Tj=—2070 1495

on xg | 1.048 2. 750 ==
Ty= T =X oo X0 — oy 75 =0.42.167 =70

N Xg o)

2
o = X ~1- 0.91 =042
(th + Xfc)(th + XD(S) (091+ 0129)(091+ 046)

=022 00 64 = T7-—8% _ 00204

0.25 2750

4) Sudden short-circuit current: short-circuit at the generator terminals :

i, =08 % 1691=16709A =9.9-fold

Sudden short-circuit at voltage zero: y, =0, maximum current occurs at ey -t =7 !
Sudden short-circuit after no-load with rate no-load voltage: u, =1.

T a

iy(z)=iy(7)=-uqy %J{i—ij-e d J{iﬂ— 1} e d -cos(z +0)+

d Xg  Xq X§ X

+U 1 i”+i" -cos(0)+1- iﬂ—i -cos(2r +0) |- 7 =
2 (Xg X 2 | xg Xq
1 1 1) e (1 1)
1.048 (0.25 1.048 0.229 0.25

T
e T ARTY
2 10.229 0.256 2 (0.229 0.256

=[0.954+3.025+ 0.225] + 4.145=8.349
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Exercise 8.1 8.1/4

iy(7)= JEISC| =8.349, iy, =+/2-1691.8.349=118-1y =19967A
"IN

The accurate peak value is higher by around 19 %, since the DC-component decays
slower than was assumed in simplified equation.

The theoretical maximum value without decay of the DC-component:
c o242 242

Ty N T 0229

11691=12.35- 1

!

:

I

-
o &z T BT t=T

Fig. 8.1-1: Short circuit phase current with neglected damping for the worst case (short circuit at zero
voltage crossing)
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Sudden short-circuit of a cylindrical-rotor generator (Turbine generator)

A two-pole turbine generator in a steam power station with the data: 400 MVA, 21 kV, Y,
60 Hz, cosp=0.75, x4 =2.2p.U., Xqg~Xd, Xj =X; = 0.17p.u.,, x5 = 0.28p.u., Ty =0.2s,

Tqg =11s, T, = 0.3s
suffers a sudden terminal short-circuit, after having been operated at rated conditions.

At rated operation the internal voltage Un - induced by air gap flux - is 1.1-fold rated voltage.
This voltage feeds on the short-circuit.

1) How big is the sudden short-circuit current in phase U
a) in case the short-circuit happens at voltage maximum,
b) in case the short-circuit happens at voltage zero ?

2) Calculate and draw the time function of short-circuit torque neglecting damping.
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S 400000

ly=—N_ — =10997A

NTBUy JB21

3

M et = Sn :400003?6%)% =1061kNm, uy=1.1p.u.
Q.
syn 2.1

60
1a) Sudden short-circuit at voltage maximum: y, =%, maximum current arises at ¢ :% :

A

1

: 1
i ‘ SC
- I
lse :
! l
] I
| +
i i
! 2m !
£ = J B !
O 2 n wt:‘r T:T ! ' | b’
o 2 T RT pt=7
- . _
a) without danunng,yg—-g b) without damping, y9=0

Fig. 8.2-1: Short circuit phase current with neglected damping a) for best case: Short circuit at
maximum voltage, b) for worst case: Short circuit at zero voltage crossing

ml2
iy (Z)=-ug 1 i,—i oy i”—i, e d |.cosC+2)+
2 Xqg d X4 Xq  Xg 2 2
—a
+Ug 1 ”+i" cos(z)+1 i"—i” cos@Z+%yle2 =
2 d Xq 2 2 Xy q 2
11 1y -EZo oy E2
=11 —+| |- AT 4| —— = |.e 4 14+0+0=6.4p.u.
22 1028 22 0.17 0.28
T 1 1 [ !
cos(7)=0, —-—=0, rg=2-7-fy-Ty=2-7-60-1.1=4147,
2 d Xq
74=2-7-60-0.2=75.4
L -2 fy.T, 1131,
Gy

lye =6.4-4/2 - 1y =6.4-4/2.10997 = 99559- A
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1b) Sudden short-circuit at voltage zero: y, =0, maximum current arises at z =

iy (7)=-1.1- 4147

1
2.2

(62522
+|——-— 1€
028 22
-(L-ZJ-COS(0)+0
0.17

=1.1-[0.455+ 3.093+ 2.2166+5.72]=12.63p.u.

(L _L).
0.17 0.28

—7T

.el13.1

1

| 2

+1.1-

i =12.63-/2 - 1y =12.63-+/2 -10997 = 196491A
2

2) My =——0 sin(z) +
Xq

Short-circuit torque:

1717
Mse =

017
Mg, = 7.1:1061= 7552 kNm

=7.1p.u.

T
e o4 } -cos(r +0) +

1{;_%}%@
2 | xg Xq

T= 1 =16.67 ms
60

A %
8+ p.u.
7.1-fold = 7552 kNm
4l
M, 20.77pu. (= 259
0 \ : .
0 8. 16.67
41
81

Fig. 8.2-2: Short circuit torque with neglected damping

My = P = 322880 =812Nm 2 0.765p.u.
270NN 9. 7290 098
60
=098 Py=+/3-Uy-Ily-Ccospy =400-0.75=300 MW

TU Darmstadt
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Exercise 8.3 8.3/1

Steady state short-circuit of a wind generator

A small permanent magnet wind generator (xa = Xq) with damping cage for asynchronous
starting, shows by rotation with half of rated speed at his terminals an open-circuit voltage,
which amounts 50 % of the rated voltage at nominal speed. After the short-circuit of the stator
windings for the same constant speed a steady state short-circuit current of 3 p.u. is flowing.
The stator resistance is 0.07 p.u.

1)

2)

3)

4)

How big is the p.u.- value of stator reactance Xq ?

How big is the steady-state short-circuit current, when the rotating speed is increased
to the rated value?

How big is the steady-state short-circuit current, when the rotating speed is decreased
to 10 % of rated value? Sketch the variation of the steady-state short circuit current for
different stator frequency!

How big is in the peak short-circuit current for 2) at sudden short-circuit at zero
voltage. Neglect damping and assume Xps = XQo = 0.09 p.u. and xss = 0.1 p.u..
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1) Synchronous reference frame
PM rotor main reactance in d- and g-axis are identical: Xg, =X, =Xgn,  Xg =Xt =X
o dy o
1) gszrs-gs+d;s+ jo -y stator winding
i Z

) 0=r-i' + (;//—Tr + (@ — o )-w'_: damper cage

3) v =X g+ X, -i_'r+%f : stator flux linkage

. No load: @ = @y, =% , Steady state operation di =0
T

I =0= (1) u;=0+0+jas-y =jao -y,
(2) lﬁszgf
(3) O=r-i, +0+0=1', =0; the damper current is zero.

Uy = ja)sz/if D Usp=0.5p.u. =05y =y =1p.u.
. Short circuit: steady state, w, =@y, =1/2, d /dz =0.

1) O=rlgge+ oy,

(2 0=r-I',+0+0 = ', =0; the damper current is zero.
@)y =Xl +0+y,

Substituting (3) in (1):

0=rg 'is,sc"' Jax - Xg 'is,sc"' jo Vs

- josy . asy
lssc = : == lssc = 28—f22 N ——p.u'
I+ jogXq IS + @EXg
2 2
| e Ly (950 oo L _osspu
i oc o 3 0.5
1-1.0

2)

Is sc = > > =3.216p.u. The steady state short-circuit current is slightly
J0.072 +(1-0.303)

increased by 7.2% compared with 1) (3.216/3=1.072).

Note: For high frequencies (e - %4 >>1,) the short circuit current is independent of
speed.
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Exercise 8.3 8.3/3
Is ¢ Ds Vi _ Yt _ constant.
' W5 - Xy Xg
0.1-1.0

3) @y =0.1: iggc = =1.31p.u.

1/0.07% +(0.1-0.303)2

For low frequencies (w; - X4 <<T;) the influence of r, is dominant. In the limit case
as — 0 the current igq — 0.

lssc

p-u. A

> s

0 0,1 0,5 1,0 p-u.

Fig. 8.3-1: Short circuit current for different stator frequency

4) The subtransient reactance is, due to the missing of the rotor field winding, easy to
calculate:

Xsg XDa
Y TY T TYTY T
ER ]
Xq —» Xh

Fig. 8.3-2: Equivalent circuit per phase for calculating the stator subtransient inductance resp. reactance.

Xp = X — X% =0.303—-0.1=0.203p.u.
” XnXDo _ g1, 0.203-0.09

Xy = Xe- + =01+————=0.162p.u.
4 e xo, 0.203+0.09 P
iASC:&LJO' For a)szl: Ug = @ - Y5 =1.1=1p.u.
X4
i;c = OZT\/GEZ1:17.4 p.u., then 17.4 times the rated current.
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Synchronous servomotor for a machine tool drive (Brushless DC motor)

A permanent magnet excited synchronous motor is operated from voltage source inverter.
Rotor position is measured by an encoder and controls phase angle of stator voltage (field
oriented control = brushless DC drive). No damper cage is needed in the rotor.

rotor iron magnet bandage

housing stator iron

Fig. 8.4-1: Axial section of a permanent magnet synchronous machine without damper cage

Given: xq¢ = 0.35 p.u., rs = 0, back EMF up = 0.71 p.u. at nominal speed.

1) Indicate the dynamic set of equations of the machine.

2) Draw the space vector diagram for stationary operation in rotor reference frame for
rated speed. With which angular position relative to g-axis the stator current space

vector has to be operated, so that the machine develops maximum torque?

3) Indicate for the results of 2) the space vector diagram for rated current and speed in
rotor reference frame. How big is the amplitude of the stator voltage space vector?

4) How big is the maximum torque for field-oriented control operation in accordance
with 2) for rated speed, if the inverter maximum voltage Umax is rated voltage Un?
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1) Equations system: No damper and no excitation winding —ip =0, iq =0, i =g

permanent magnetic flux corresponds with constant equivalent current ig,.
It remains:

. dyy
Ug =FKig +—2%—
d = Isld dr m¥q

_ . dyyg
q —I’slq +d—T+a)ml//d

u

T a)m——it// +igyg —m
J dr d¥q ™ 'q¥d L
Wq = Xdlg + ¥t

Vg =Xglq =Xalg (% =%)
(ws = Xgp, - g : €quivalent excitation current)

2) Steady state operation = d/dz =0, rated speed: @, =1 =0, Uy =—yg, Uq =g,

W4 =Xglg + W5, Wq =Xdlg-

Im A q

iy

|
|
Hfld Ve Re

Fig. 8.4-2: Space vector diagram for steady state operation
For example: iy <0, iy >0, Y =Wg+ Jvg, Us = ja)m:,/_/s!

Adjustment of notation according to electrically excited synchronous machine:
Uy = —@OmXglg, Ug = OqXglg + @,
d mXqlg q mAdld mVs
u
p

Torque:

Mg = —igyq +iqa = —lgXqly +igXalg +igys =

= Xg(igiq +igig )+ iqwt = iqws
is =iy . A pure g-current must be impressed, in order that at x4 = X, for given current
the maximum torque is obtained. The d-current does not generate any torque.

3) s =1 =1.0p.u., oy =1, uy=0.71p.u., Xyig =0.35p.u.

Ug = (xgis)? + U2 =+/(0.35-1)2 +0.72% =0.79p.u.
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Xdlg

—» d,Re

Fig. 8.4-3: Space vector diagram for steady state q-current operation

2 2
2 2 Us —Up |12 -0.712

2 . . _ s
4)  Ug=1pu.=ud —ug =(xgis) =is = - . 2p.u. =lig| =g
Mg =gyt =2y = 2(inws ): The maximum torque is two times bigger than the rated
%r_J
MeN
torque.
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L ocked Rotor Synchronous Drive

A 6-pole permanent magnet synchronous machine without damper cage, which is controlled
by a rotor position encoder, is fed by a converter in field oriented operation. In locked rotor
operation the machine is supplied from two phases of the converter with a voltage space

vector ug = U, -eJ?%”

e

T1 T2 T3

u Uy
Ud upyy —UP //U

Lc uwu | %V
™ W
uyw —»
Rt

Uy
Fig. 8.5-1: The electric circuit of the inverter with the star connected stator winding

e,

Motor parameters: stator winding star connection, rs = 0.05 p.u., x¢ = 0.3 p.u., rated voltage
231 V, rated current: 10 A (r.m.s.), rated speed 3000/min. The six-pole rotor has surface
mounted permanent magnets, so the direct and the quadrature axis inductance are identical:
X4 =X

q-

1) Which transistors must conduct in Fig. 8.5-1 to get the wanted position of the stator
voltage space vector? Describe the corresponding current flow!

2) Compute and draw for 1) the time function of current in the phase W (in Ampere), if
the current was zero at the beginning. Since d- and g-axis are identical and the
machine is not rotating (no rotation voltage is induced by the permanent magnets), you
can use the asynchronous machine system of equations without secondary (no damper)
e. g. in synchronous reference frame. The dc link voltage is Ug = 489 V. Is this point
of operation admissible for the drive system?

3) Give the six switching states of the inverter and the corresponding positions of the
stator voltage space vector for voltage six step operation.
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1)

2)

The voltage space vector may be given depending on the line-to-line voltages:
2 2

U :g(uu +a-Uy +§2 'Uw)zg(—uwu +5_1'va)

This expression is derived as follows:

2( 2
Ug =§ Uy ta-Uy+a -Uy

Ozé(uw+§-uw+g2-uw)

and uUW =_UWU
2
Ug == Uy —Uy +a- Uy —ty)
Uuw Uyw

For ug = usejlzoo =Uuga according to Fig.8.5-2 the transistors T2, T1” and T3’ must be
conducting; the others must block. The per-unit DC link voltage is u =U /(\/EUN).

, : 2
Hence we have u,,, =uand u,,, =0, which results in u;=—u-a. The current flows

with 100% positive in phase V and with 50% negative in phase U and W: iy = —%,

Vv

-

<

}iu

=

yiw

(o]

Fig. 8.5-2: Conduction scheme for u, = usej1200 =usa

We first calculate the stator current space vector for stand still: o, =0. Note that we
have Xs =Xg = Xq.w¢ IS constant.

Stator flux linkage equation:y_ = Xsis +y/,

Stator voltage space vector equation: Ug = Kig +dy_/dz+ jagy =i +Xxdig/dz

Linear 1st order differential equation:

di . . e
Xg d—s +rig=us=(2/3)-u-a Initial condition: i (r =0)=0
T
Homogeneous solution: i, (r)=Ce ™" (z, = );—d : Stator winding time constant)
S
Particular solution: ig, =i, = (273)-u-a (stationary DC current)
rS

Satisfying the initial condition leads to: C =—i,

00
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The stator current space vector is(r)=isoo(1-e"/ ’S) excites the stator magnetic field

in direction of the stator voltage space vector (V axis!). The phase current W is given
as iy ()= Re(a-is(z)):

Arx
iw(7)= Re[@@(yrﬂ(l—e"/fS )],which is with a° —e' 3, Re(g2)=—0.5:
S

iw(7)= —3%(1—e‘f/f5) in per unit
S

iy (t)= _C:JTRdS : (1— e t/Ts ) in physical units.

Calculating the electrical stator winding time constant via the rated frequency:

Ny —3000min* =505 = = f,=3-50 =150Hz (p=3)

p

0 =27y =21-150=94255 T, =+, =~ .93 _g37mg
wy, ° 9425 0.05

R =r-(Uy/ ly)=0.05-(231/10) =1.155Q

iy (t)=—489/(3-1.155)- (1—e—“6-37m3)= —141.1-(1—e—“6-37"5)A

“iw g
A
200 +
1410A+ — — — — — T——————-
7
100 + / -
/ ‘lw(t)
/ I
Z |
Y
Iyv2=14a |
t
0+ — | s
01 5 Ts 10 15

Fig.8.5-3: Current in phase W at rotor stand still and voltage feeding according to Fig. 8.5-2

The current in phase W is 50% of the phase current V and negative. The resulting
stationary DC current in phase V may be calculated due to n = 0 (back EMF is zero!)
also simply according to Fig. 8.5-2 via the phase resistances (phase U and W in
parallel, in series with phase V):

I o =g =Uq /(1.5Rs ) =489/(1.5-1.155) = 282.2A.

ISoo

=141.1A.

liw.|=

The phase current is 28.2-times the rated current, which is much too high. The inverter
over-current protection must switch off the machine.
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3) The sequence of conducting transistors (three at a time interval T/6) for six-step
operation according to Fig. 8.5-4a is given in Table 8.2-1.
Table 8.5-1: On-state transistors in Fig. 8.2-1 for six-step operation according to Fig. 8.2-4a
Time 1 2 3 4 5 6
interval
On-state T1 T1 Tl T Tl T1
On-state T2 T2 T2 T2 T2 T2
On-state T3 T3 T3 T3 T3 T3
A Im
uyy A
2m/3 Uq
B Wnt
0 I /3 2m N
Ug
uyw
@ 60°
Li' o P - Re
Us
Ug

y  CIOIRIBIGIGIE

b)

Fig. 8.5-4: a) Voltage six step operation diagram of the three line-to-line voltages, b) Voltage space
vector diagram for the six-step operation

With the on-states of the transistors according to Table 8.2-1 for the six time intervals
1 ... 6 per period T (duration of each interval T/6) the three line-to-line voltage time
functions are derived: e.g. for time interval 3 see Fig. 8.5-2. With these time functions

. 2 .
of uwu and uyw with the formula u, = 5(— Uy + &- Uy ) the six stator voltage space

vectors are calculated in physical units in Fig. 8.5-4b, for example in time interval 2:

2 2 2
Ug :g —Ulvg+§'iwl :gud(l+§)’ |L_Js|:§Ud

TU Darmstadt
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Power synchronous drive for a cooling compressor

An electrically excited 17 MW synchronous motor used for a cooling compressor in an
petrochemical factory is supplied by a current-source inverter.

Motor parameters:

Pn =17 MW, nn = 4850/min; 2p = 2

Un=7,2KkV,Y; In= 1435 A; (fundamental voltage and current, r.m.s.-value);

The inverter DC-link current is I4 = 1850 A

The time function of the phase currents in stator winding and the phase voltages are shown in
Fig. 8.6-1 and Fig. 8.6-2 respectively.

4 I | \

iU(t)T Iq | | |
0 — b ——— - +

) T ; T T j

4 | ! \

iv(t)T | | |
0f ——+——— ———t

T T : T ;

T | | —

iy (t) | | |
of  b—m— —

|

7 |

T

WSIETEE

Fig. 8.6-1: Phase currents time function in the phases: U, V, W

T T
2
Fig. 8.6-2: Phase voltage time function in phases: U, V, W
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Answer the following questions:

1)

2)

3)

4)

5)

How big is the time period T and the frequency of i(t) and u(t) for rated operation ?

With which power factor of fundamental voltage and current cose is the motor
operated (Sketch fundamental of u(t), i(t) according to Fig. 8.6-1 and 8.6-2) ?

Calculate the current space vector in physical units (A) and as p.u.—values for
la = 1850 A for the following instants (time t):

ayt=T/12 and b)t=T/4.
Draw the current space vector i(T/12), i(T/4) of 3), using scale: 200 A/cm, in the cross-
section plane of the machine in complex reference frame (Fig. 8.6-3). How big is the

angle between the two vectors?

How long does the position of the current space vector remain unchanged?

200A/cm

» Re

Fig. 8.6-3: Chart 1 for the space vector diagram
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1) 2-p=2=fy=p-ng=fy=1-ny =1-%)=80,83H2
T =i=i=12,37m3
f, 8083
2) Power factor cose is defined by phase shift angle ¢ only between sinusoidal time

3)

functions with the same frequency.

= The motor phase voltage is sinusoidal (Fig. 8.6-2).

= The motor current fundamental harmonic (Fig. 8.6-4: ordinal number k = 1) has the
same frequency as the motor voltage.

iy(t) &

.
/ \ iykx=1(t): fundamental current

%/?I\\ e
4 2 \ / t

current is zero S

at% - same as Uy(t)

Fig. 8.6-4: Block-shaped phase current and its fundamental

= @p= 0°, cosep =1 . The motor is operated with unity power factor.

.21
e 3

i0-2fu®+aivO+a®in®)  a

a) t=T /12 iU :O,iv :_Id’iW:+|d

. 2 i o i 2(1; .3, 1y .3
!(I'/12)=§(O+eJ2 3. (=1g)+el? /3-Id):§[5d—17ld—?d—j7ldJ=

.2 .2 )
=—]—I1,=—]—-1850A =—|-2136A
NG _en

Normalisation with +/2 -1, =+/2-1435A: i(T/12)= 2136

iS22 i.1,05p.u
Vo 1435~ 122U

b) t=T1/4: iU :+Id’iV :_Id’iW =0

.21
i(T/4>—§{ld+<—ld)-e’3+o}_§(|d+§.d_ ,@.djz

=1y - j%ld =(1850— j-1068) A
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4)

5)

Note: The absolute value [i(T/4)=+1850" +1068" =2136A is identical with the
absolute value [i(T /12).

Conclusion: The current space vector is changing the direction, but not its absolute
value (length of vector) (Fig. 8.6-5).

1850— j-1068 . .
SO e (0.912— j-0.526)p.u. =i(T / 4
V21435 ( J Jpu.=i(T/4)

Absolute value: [i(T / 4] =+/0.9122 + 0.526? =1.05p.u.

Normalisation:

Im 4

1850A

) > Re

I
1
1
1
ny =200 60° :
i
1
1
1
1

—j1068A f - r
i(X)=1850A- j1068A

i})=-j2136a y

Fig. 8.6-5: Stator current space vector at a) t = T/12, b) t = T/4. The angle between the two space vectors
is 60°.

For a time interval of %:%: 2.06 ms the direction of the current space vector

remains unchanged, then it “jumps” 60" in anti-clockwise direction (Fig. 8.6-6).

Note: During one time period, the current space vector i has 6 different positions.
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Exercise 8.6 8.6/5
Im
T 2T
T <t<Z
%sts% %Sté%
B Re
60°
lcrer i)
l<t<l
6 =t=3
T
l(ﬁ)
T
o<t< L

Fig. 8.6-6: The stator current space vectors for the six states during one fundamental cycle T
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Exercise 8.7 8.7/1

Sudden short circuit of a marine generator

On a cruise ship with electric propulsion the power supply is provided by 3 diesel-powered
on-board generators with 32 MV A each. Data of each of the synchronous generators:

Un = 105 kV Y, Sy = 32 MVA, cosgn = 0.8, overexcited, fn = 50 Hz, reactances:
Xd = 1.1 p.u., x3=0.18p.u.. The stator resistance is neglected.

1)

2)

3)

4)

5)

One of the generators, which was operating at no-load (“stand-by"), suffers from a
sudden terminal short circuit after a system failure. The short circuit happens during
the zero-crossing of phase V. How big is the peak value of the sudden short circuit
current in phase V, if a decay rate of the dc-component of 0.8 is assumed?

How big is the amplitude of the steady-state short circuit current, after all transient
currents have vanished, if this current is not switched off immediately by a power
switch?

The generator needs to be sent back to the manufacturer to be repaired. After
successful recovery, the generator shall be asynchronously started in the manufacturer
test bay via the damper cage. How big is the stator current per phase assuming a direct
connection of the machine to the grid in the worst case?

To limit the asynchronous starting current according to 3) a series inductor shall be
dimensioned. How big must this inductance be to reduce the starting current to 70 %?

Which further advantages are obtained by using a starting-transformer, which feeds
with its secondary winding the stator winding, with a transfer ratio i = 2? Calculate
the AC starting current on grid and secondary side, if the primary and secondary
leakage reactances are xis = X 26 = 0.03 p.u. and the rated primary voltage is 10.5 kV,
and the rated transformer power is 6.5 MVA!
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Exercise 8.7 8.7/2

1) Rated current: Iy =Sy /(~/3U ) =32000/(+/3-10.5) =1670A
C o202y g 2V2:1760

XY ' 0.18
IAk,V =22119A = 12.6-times the rated current

-0.8=22119A

2) Short circuit after no-load operation at rated voltage: Short-circuited voltage = no-load
voltage = back EMF: Uso = Up = Unpn. Limiting impedance = synchronous reactance
Xg. Stator resistance neglected!

Zy =Uppn/ In = 10500/ v/3) /1670=3.44Q, Xj=x]-Zy =0.18-344=0.62Q
V2-U,  2-(10500/43)
X 3.78

Amplitude of the steady-state short circuit current: I, =2268A = 1.29-times rated
current.

=2268A

Xq=Xq-Zn=1.1-3.44=3.78Q, fk =

3) Starting of the synchronous machine via its rotor cage = T-equivalent circuit! Starting
current = slip is unity!

ls RS jXSU jXr;. Rr-,/S
o—s—1_ L I
Ug Xn Al
Im

[

Fig. 8.7-1: T-equivalent circuit per phase for the field fundamental of a synchronous machine without
consideration of short-circuited excitation winding. Rotor quantities are damper cage quantities
(subscript “r” is “D” for d-axis)

The excitation winding is short-circuited to avoid secondary induced high over-
voltages during asynchronous start up! The induced AC current in the short-circuited
excitation winding contributes to the asynchronous starting torque, giving instead of
Fig. 8.7-1 a three-winding transformer Fig. 8.7-2!

Rg Xso Xfe XbDo Xso
—{ 1 —
X X5 X
. N
=2 [«
Rf Rp

Fig. 8.7-2: T-equivalent circuit per phase for the three-winding transformer (stator winding, rotor cage
and field winding) at slip s = 1: a) with resistances, b) without resistances

According to Fig. 8.7-2 the stator reactance at starting (s = 1) is xq in the d-axis, and
Xq in the g-axis. Hence the average value is active: x(s=1)=(xj+xq)/ 2.
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Exercise 8.7 8.7/3

As x3~Xq, We take X;(s=1)=xj. For calculating the starting current, when

switching the stator winding to the grid, it is done like for the induction machine
in CAD textbook, Chapter 7 (Fig. 8.7-3). The maximum starting current occurs in the
worst case of zero crossing of the phase voltage! With x (s=1)=xj the

worst-case starting current is with damping due to the resistances (damping factor
0.8 like in case of short-circuit)

e :%-0.8:@-0.8:%-0.8: 22119A
d Xd :
iy 4 iy A

a) b)

Fig. 8.7-3: Phase current in phase U after switching a sinus voltage u to the stator winding of an induction
machine, damping neglected: a) Switching on at zero crossing of U phase voltage, b) Switching on at maximum
U phase voltage. For a synchronous machine the same equivalent circuit may be taken with xs(s = 1) = xg instead

of Xs(s = 1) = oX..

The worst-case starting current amplitude occurs, when connecting the phase to the
grid during voltage zero-crossing: I, =22119A. It is identical in value with the
sudden short-circuit current of 1).

4) Additional series inductor impedance xp increases the stator winding reactance per
phase ats =1: x(S=1)=Xj+Xp-
Condition for designing the size of xp: fs =0.7-22119=15483A.
%
Xq + Xp
Lp =Xp/ w5 =Xp-Zy /! w5 =0.077-3.44/ (27 -50) =8.45mH
A series inductor Lp = 8.54 mH limits the peak starting current to 15.5 kA.

1
=07, xp =(—-1)-x5 =0.077p.u.,
D (0.7 ) X4 p

5) A starting transformer does not only act as a series impedance, but via the transfer
ratio it is also reducing the starting current 12 = 11U due to a smaller secondary voltage
Uz = U4/l < Uy, which feeds the stator winding (Fig. 8.7-4). The transformer series
impedance is mainly its total leakage reactance.
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Exercise 8.7 8.7/4

Fig. 8.7-4: Transformer equivalent circuit per phase with infinite big magnetizing reactance
(= neglected magnetizing current).

The grid-side AC starting current (without the DC link component) is calculated with
neglected resistances.

Transformer rated voltages: U,y =10.5kV, U,y =10.5kV/ii =5.25kV
Rated transformer primary current: Iy = Syt /(/3U IN) = 6500/ (+/3-10.5) =357 A

Rated transformer impedance: Z; =Uqy pn / 11y = (10500/ /3)/357=16.96Q

Transformer leakage reactance: X;; =0.03-16.96Q2=0.509Q = X5
Starting AC current at the primary transformer winding:

o U, B U, B
L Xy 402 (Ko + XY Xyg + g +02- X
10500/ +/3 _1735A

©0.509+0.509+22 -0.62
The starting current is 4.85-times the rated primary transformer current!

For comparison: AC starting current without transformer:

_ Uy _10800/V3 _ o0y

CX: 0.62

Iy

Due to the step-down transformer (50% secondary starting voltage) and the
transformer leakage reactance the line-side starting current is reduced by a factor
9778/1735 = 5.6!
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Exercise 8.8 8.8/1

Synchronous generators for power plant
Following salient-pole synchronous generators have been offered by a manufacturer to be
installed at a hydro power plant in Matala in Angola:

Sn = 17.8 MVA (rated apparent power) Un = 10.5kV Y (rated line-to-line voltage)
2p=28 fn =50 Hz
n=96.6 %

Mechanical input power of the FRANCIS turbine unit Pm = 14.8 MW.

Following calculated values have been provided to the planning consortium by the
manufacturer:

Xd = 5.4 Q (synchronous reactance)

Rs = 0.33 Q (winding resistance per phase at 20°C)

X4 =1.3Q (subtransient reactance of the direct axis)

1) How big are the rated current and the rated power factor of the generators?

2) Calculate the rated impedance of the generators!

3) How big is the worst-case amplitude of the short circuit current, if a three pole sudden
short circuit occurs? Generators were running prior to short circuit at no-load rated

voltage! Describe the worst-case conditions!

4) How much higher are the current forces during short circuit in the generator as well as
in the switch-gear compared to rated operation?

5) How much higher is the sudden short circuit alternating torque amplitude compared to
static pull-out torque?
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1)

2)

3)

4)

5)

Exercise 8.8 8.8/2

6
= Sw 178-10° , o204

~J3.Uy  4/3-10500

Po 7 _14.8-0966 _ o .
N 178 ——

X :
Cosg = —Se , generator operation: P, =P, -7 = cosp =
N

Zy :Uﬂ, Y-connection of the windings:
SN
Un . 10500 6.19

lov = 1y, Uy = =N - 7 10500
SN NSN3 N~ /3.9787 ——

@

Worst-case for sudden short circuit:

- sudden shortcircuit occurs at zero-crossing of voltage= full DC component occurs.
- short circuit direct at terminals: no additional resistance for current decay, no
additional reactance for current limitation

Machine is running at no-load, rated voltage: Us =U,,.
If no decay of DC component considered, we get:

M oY _ 5. 5. 10900 ) 131896
X NEE T

Remark: I =13.5- 1!

The forces between two conductors are proportional to 1 - I, in this case 12,
A N 2 2

i = J_k = (ﬂ} =90.8!

SR J2.9787) ——

The current forces at sudden short circuit compared to the current forces at rated
operation are higher by a factor of 90.8!

<
_
~

X4 :2.5
X

w

—=8.
1.

I|.\|)
C ‘wC

ko]
w

<
o3
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Exercise 8.9 8.9/1

Steady state operation and transient stability of a synchronous motor

A 2-pole 20 MW synchronous motor with cylindrical rotor is used for a pipe-line compressor
drive. The main motor data are Xss = 0.1, Xdh = Xgh = 1.5, Xtc = 0.15. The stator winding
resistance is neglected rs = 0.

1) Give the p.u. steady state voltage (uq, Ug), flux linkage (w4, wq) and torque (ms) equations as
a special case of the general dynamic equation in the d-g-reference frame.

2) The motor is operated at rated torque ms = 1 and rated speed wm= 1, with i = 1.5 at under-
voltage us = 0.9 and uq > 0. Determine ug, Ug, Ig, iq ! IS the motor current exceeding the
rated value is = 1?

3) Give the phasor diagram, scale 0.1 p.u. = 0.5 cm for phase voltage, phase current, the back
EMF xqn-ir and the self-induced voltage Xq4-is. Introduce a complex coordinate system (Re-
axis = d-axis, Im-axis = g-axis) and give the correct complex phasors in the diagram. Show
the load angle ¢ and phase angle ¢ in the diagram. Discuss the result.

4) Give the power equation pe(9) at transient condition as a formula in p.u.!

5) Determine x’¢ and u’p and give the graph pe(:9) for motor operation in the load angle range
—n <3< 0! Determine the values pe(:9) for 9=-n, -3n/4, -51/8, -n/2, -n/4, and 0.

6) How big is the transient motor overload capability (= transient pull-out power) in p.u. and
in terms of the electrical real power! You can do this either graphically or analytically!

1) Steady state: d./dz=0:

Ug =Ts-ig — oy -Yyq Ug =I5 -Iq + O vy
Wa = Xd -ig + Xgnl ¢ Wq =Xq "l
0=iq-wqy —lg -yq—ms

2) Xg =Xq =Xdh + X6 =16, 1, =0

Ug =—@nXq lgq, Ug = @n - Xglg + @ - Xgnl¢

mg 1
Xgriy 1.5-15
Ug =—@nXq -iqg =—1:1.6-0.44=-0.711

Ug = +yJuZ —ud = +,/0.97 - (-0.712)? = +0.55
The negative sign yields a too big load angle > 90°, so that the operation is not stable.
Ug — @ - Xgnls  0.55-1-15-15

o X4 116

i, = i3 +i2 =1.06% +0.442 =1.15>1

=0.44

mg :iq Wy _id 'l//q :deiqif :>iq =

iy = =-1.063

The motor stator phase current exceeds the rated value.
3) See Fig. 8.9-1.

Uup, . u2(1 1).
4 P, oy =-Me | —Lsing——5| = — = Isin(29
) e,dyn S ( X('j 2 (X' X ( )
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Exercise 8.9 8.9/2

Mp=§ Kb e

| Abp = KalhoAg =45 45225 poa

| { /;?'3:’4;1?‘ . . 2ot (19* J

[ = b=t de Y oo

| {

| A
CTi<0 | Mq<0 0 & ﬁé

Fig. 8.9-1: Steady state phasor diagram for motor operation: The load angle is negative (motor operation). The

phase angle is leading (negative phase angle): The motor is over-excited.

D _ I:)e,dyn
B mUny Iy
2
U} (Us
1 UNUN - UN 1 1 -
=— . Uy Iy Sing— Uyly - - — sin(29
Pe,dyn Uyly X} NN NN X} X, (29)
Uy /1y Uy/ly Uy/ly
sUp ng us (1 n(29)
=——".5ing+—>| ————[si
Pe.dyn X4 2 \xy Xy
Xqh X )
5) XY = X +&:o_1+w:0,236
th+XfO' 1.65 -

According to Fig. 8.9-2: uj =ug —Xgig =0.55+0.236-1.063=0.8

q
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Exercise 8.9 8.9/3
A4

I—jp’ iXq'Lsd
Xqlsq 3 \(>
9 */S/
ot/ "
lsi / al »d
A Jlsq

Fig. 8.9-2: Cylindrical rotor synchronous machine: Typical phasor diagram per phase in physical units in rotor
reference frame during transient state, stator resistance neglected (R, = 0):

Alternative calculation: X; = X, + Xgp, =0.15+1.5=1.65
Vi = thid + X5 if =15. (—1063) +1.65-1.5=0.8805
w5 = oy =1:Up =(Xgn /Xt ) -w¢ =(1.5/1.65)-0.8805=0.8

uu’ ) 2 2
sUp _09-08 500 Us (1 1) 097 (L_i}ms
Xy  0.236 0236 16

Pe,dyn = —3.05-sin3+1.46-sin(29) see Fig. 8.8-3!

9

-

-3n/4

-57/8

-nt/2

-ntl4 0

Peayn(9)

0

3.62

3.85

3.05

0.7

6)  A=305B=146, pgqy,=—A-sing+B-sin(29)

A gyn /49 = 0 =5 COS(9; 4yn) = % + [

A

8B

2 9
j +2 =1015 ~0493

The  value

must be less than or equal to unity because of the cosine function! =

G =1119.5°, for motor operation: 3, g4y, =—-119.5°

p,dyn

Dynamic pull-out power:
Pe,p.dyn = —A-SING, gyn + B -SIN(23, 4yn) =3.92 p.u. This value may be also derives

from the graph of Fig. 8.9-3.
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Exercise 8.9 8.9/4

--..._+,_,--"’
— ik

Fig. 8.9-3: Sketch of the transient power capability of the cylindrical rotor synchronous machine at motor
operation (R, = 0)
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Exercise 8.10 8.10/1

Mechanical natural frequency for small speed deviations

1) Give for a permanent magnet excited cylindrical pole synchronous machine without
damper cage the dynamical equations in p. u. for stator current per phase and speed in the
rotor reference frame and specialize them for steady state operation at a given three-phase
stator voltage system a constant staor angular frequency ao. Neglect any damping!

2) Specifiy the steady-state condition for stator voltage and current for a) mechanical no-load
and b) electrical no-load condition!

3) Linearize the voltage and mechanical differential equation for a given no-load steady-state
condition!

4) Consider a small load torque disturbance Ams. Which of the two stator current components
will change slightly? Determine the corresponding voltage components!

5) Solve the mechanical linearized equation for a small step Am in load torque for the initial
conditions A4iq(0) = 0, Aig(0) = 0, 4wm(0) = 0!

6) Show that the occurring undamped angular eigenfrequency wam of speed in physical units
is identical with the undamped rotor oscillation frequency of a synchronous cylindrical
rotor machine at constant voltage and excitation, given in Chapter 7.7 as

[p-lc
Qd,m: %

7) Give the time function of the stator current in the d-g-reference frame at this undamped
oscillation and make a sketch of iq(z) together with ms(z), Awm(z)!
8) Give the time function of the stator current per phase U isu(7) at this undamped oscillation.

1) Rotor reference frame d-q:
Ug =TI -lg +%—a}m Wqr Uqg=Ts ~iq +dﬂ+a)m W,
dr dr
Permanent magnet rotor: i/t =/, =CONSt. = y4 = Xglg +¥,, Wq =Xqlg:

R | i, |
Ug =I5 -1 + X4 E—a)m-quq, Uq :rs'lq +Xq5+a)m-xdld +C()m'l//p,

do, . . . L : .
7] ~?=|q Wy —ly 'l//q —mg =|q - Xglg +|q Wi —ly 'quq —mg
Cylindrical rotor: Xy = X, neglected damping: rs = 0.
u xdiOI Xglg, U xdiq+ Xqlg +
= —_— — D y = e D * 0 l// s
d d dr m “d'q q d dr m “d'd m p
do, .
Ty - =lg Wy —Mg.
J dr q p s

Steady state: d./dz=0: 0=liy -y —Msg = @y =CONSt. = Wy = s,

Ugo = —®mo * Xdlgo» Ugqo = @mo Xdldo + @mo " ¥p -

2) No-load: a) Mechanical: myg =0= iqo =0, Ugp =0, Ugo = @ “Xqldo + ®@mo W
b) Electrical: igg =0= 149 =0,iq0 =0: Ugp =0, Ugo =®mo ¥ p-

3) Ug =Uggp + AUy = Augg, Ug =Ugo + AUy, @y =@mg + Aoy,
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Exercise 8.10 8.10/2

id :ido +Aid :Aid , iq =iq0 +Aiq =Aiq, Mg = Mgq +Ams :Ams,
dAi di

(31) Aud = Xd —Td—(a)mo +Aa)m)- XdAiC] ~ Xd ?—a)mo . XdAiq,
di, _
qu +Auq = X4 W+(a)m0 +Aa)m)~xd 'Ald +(60m0 +A6()m)'l//p,
di, _
(32) Auq = X¢ ?-i-a)mo Xy 'Ald +A60m 'l//p,
da .
(33): 7y - dC:m = dig -y — Amg

4) From (3.3): A load torque disturbance will cause a current 4i, and a change in speed

Awy, , Whereas diy =0.
d4i : .
Ay = Xg ——% = @pg - Xg diq =@ - Xg dig.
dr
d4i, _ d4i,
Alg =Xg ——+ Opg - Xq Ay + Aoy W, =Xy d—+Aa)m W, =0.
T T

The voltage us must change slightly, whereas uq may be kept constant.

d?Aw, d4i dAm Ao, dAm
5 33 . m = q . — S P m . 2 _ S ’
) ( ) " de dr Vo dr Xd (l/jp) dr
Torque step with Heavisidess step function &(z):
dams o -5 0.

Amg(7) =0, 7 <0; Amg(7) = Am, 7 > 0:

2 2
(3.3): Ty d dACZOm + Aoy, ﬁ =0, Aoy, = A'Sin(wd,mr) +B ~COS(a)d’mT) '

T

T Xg
W
a)glm = 2( , A0y (0)=B =0, 4wy (0) = wy mA-cos(@wy m -0) = &g n - A,
J " Ad
Awy, (1) = Aoy (0) -Sin(@y m7), 7=0+:7, % = Aig (0+) -y, — Amg (0+)

d,m

dAw,, (0 - i
, 20O g (0) = —am, Ao (0) = —— 2™ sin(wy ).
dr T3 " 0d m ,

> . A
0 U4 U A A L
6) wgm= am _ ud: » Wp == : =Ap7Up=wNyjp’Xd:Aa)N—Ad’

. [2 2 Q/p Yy
No-load: Udo :O, uqo = Wmo l//p :US = Udo +qu :uqo = WOmo lﬂp = =
Q)N/p UN

. g. U 2703
Operation at rated frequency: €2, =y , Ug = —> = — P Ty = foN ,
Uy Uy 3p°-Uply
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Exercise 8.10 8.10/3

Q= oy - US_UP_3p2'LjNIAN.UN/IAN _[YsYp  3p
’m ~ ~ H
Uy Uy 2] a)ﬁ oy Ly Xg 2]y

3U.U M-
Pull-out torque at rs=0: M g = ———", Q4 \ = Mpo- P
-stnxd J
Me =-sing.

Synchronous steady-state torque in dependence of load angle 4 v
p,0

. : dM
Magnetic spring constant c4 = d—; =—M o -c0sg, atno-load: 3=0, cg =—M 9.

M . Cal-
At no-load: 24 , =\/ p§ P =\/| sl-P in concordance with Chapter 7.7.

Am
1) Xg —— =—Aoy -y, i =——p-IAwm-dr=—ﬁ-—2 -CoS(wy m7) + K,
¢ Xd Xd 7, 'wd,m
X4 T304 m X4 T .[//p Wp

Jig (1) = 21— cos(@g 7)), Aig (1) =0, diggr(z) = |- dig (c)

Y
F 3
my(7)
Am
h 4 >
0 T
0 T
2-Amly ,--
Am /vy, --
0 T

Fig. 8.10-1: Sketch of load torque step, speed and g-current variation due to natural rotor oscillation frequency
®4m at no-load and R; =0
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Exercise 8.10 8.10/4

. . . Am . . i
8) !s(r) = J'Alq(r) = j-l//—-(l—COS(a)dymT)), !s(s) :!s(r) 'e”/’ V=0nT+ Y0,
p

. g Am .

sy = Re{ls(s) }: _l//_ “(L—cos(@g m7)) - Sin(@n7 + 7p) -
p

As @y ~50Hz>> w4, ~1...2 Hz, the stator phase current pulsates with 50 Hz within the

. . Am . - .
envelope of amplitude, given by — - (1-cos(wy 7)), showing the rotor oscillation also in

Yo
the “breathing” stator current amplitude.
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Energy Converters - CAD and System Dynamics
Typical questions for exam preparation

1. The induction machine

1.1 Name typical utilisation factors according to ESSON for dc, synchronous and induction
machines. Why do large machines have the highest utilisation factors?

1.2 Which electrical quantities determine the thermal utilisation of electrical machines? Why?

1.3 How do current loading A and magnetic air-gap flux density B determine the overload
behaviour of rotating field machines?

1.4 How does the number of turns per phase of a rotating field winding determine the air-gap
flux density?

1.5 Assume that the hysteresis and eddy-current losses in the iron core of a rotating field
machine are too high. How can they be reduced by changing the number of turns at a
fixed voltage supply?

1.6 How do the parameters of the equivalent circuit change with the number of turns? Assume
that the starting current of an induction machine is 15 % too high. How can it be reduced
by changing the number of turns at a fixed voltage supply?

1.7 Assume the starting torque to be by 20 % too small. How can it be increased?

1.8 Explain the basic approach of designing magnetic circuits with saturated iron.

1.9 What is Carter's coefficient?

1.10 Explain the method of calculating the ampere-turns for magnetising the teeth and yokes
of rotating field machines.

1.11 How does the stray flux of a slot conductor look like? Which components of the total
stray flux do you know?

1.12 Describe the losses occurring during energy conversion in induction motors? Give
formulas!

1.13 What are "surface” and "pulsation” losses? Describe their generation in case of an
induction machine under no load conditions.

1.14 According to the standards, how big must the overload capability of a line-fed induction
motor be at least? What is the minimum allowed torque in the M(n) characteristic? Why
are parameters like these standardised?

1.15 How big should the starting current be at most?

1.16 Give formulas for the "specific thrust"! How is it related to Esson's utilisation factor?
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1.17 With what mathematical power (x") do the stack length, the electric loading A and the
flux density increase with increasing output power?

1.18 Why do we have additional losses inside the slot conductors of the stator winding? How
can they be reduced?

1.19 Which conductor height should not be exceeded at 50 Hz in order to limit the additional
losses due to current displacement to reasonably small values?

1.20 A typical value of breakdown strength of air is 40 kVV/cm. Compared to this value, what
is the breakdown strength of modern insulating materials which are nowadays used in
electrical machines?

1.21 Why is the rated voltage of electrical machines currently limited to about 30 kV, whereas
transformers can be built with rated voltages of up to 750 kV and more?

1.22 Define the "locked-rotor voltage” of slip-ring induction machines! How can it be
measured directly? How can the transformation ratio be derived from this measurement?

1.23 In which parts of the iron core are hysteresis and eddy-current losses mainly located?

1.24 Explain the specific losses in electric steel sheets? How can they be determined
experimentally?

1.25 How do we choose the air gap of an induction motor? Should it be rather big or rather
small? Give an explanation!

1.26 Describe the influence of open slots on the magnetic air-gap flux density! Why do we
use open slots?

1.27 What is the "equivalent length" of the iron stack?

1.28 Assume the magnetising current to be too big! How can it be reduced for a given stator
voltage supply?

1.29 How does the pole number, at a given bore diameter, influence the magnetising
inductance?

1.30 How does saturation influence the magnetising inductance?

1.31 Explain the "current” and "voltage transformation ratio"” of a squirrel cage and a slipring
induction motor.

1.32 How big is the increase of ohmic resistance of a 5 cm high copper deep-bar at 50 Hz and
slip s = 1? How big is it when the machine is supplied by a 60 Hz grid? How does an
aluminium rotor behave compared to a copper rotor (aluminium conductivity smaller by a
ratio of 34/57 compared to copper)?

1.33 How can iron losses and additional stray load losses be included in the equivalent circuit

diagram?
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2. Cooling of electrical machines

2.1 Give an overview of typical cooling systems for rotating electric machines.

2.2 What is the Thermal Class of insulation systems? Give some examples. Where are these
classes defined?

2.3What is "Montsinger's rule"?

2.4 Outline an equivalent scheme of heat sources and heat flow inside an induction motor.

2.5 Which physical principles are responsible for heat transport in electrical machines? What
are "hot spots"?

2.6 Describe the thermal time constant of a homogeneous body. Discuss the influences of the
body parameters on this time constant and the special case of "adiabatic” heating.

2.7 Where and how are "duty types" of electrical machines defined? Give some examples.

2.8 Why can the thermal utilisation of an electrical machine be increased in case of a short-

term or intermittent periodic duty?

3. The converter-fed dc machine

3.1 Which equations describe the dynamic behaviour of a separately exited dc machine?

3.2 Name the time constants of a separately excited dc machine. Which ones are short, which
ones are long?

3.3 Which transient phenomenon is described by the mechanical time constant, which one is
described by the electrical time constant?

3.4 How is the mechanical time constant influenced by field weakening?

3.5 Explain the correlation between starting time constant and mechanical time constant.
What is the starting time constant?

3.6 When is a dc drive capable of oscillating? Which parameters have an influence on the
tendency to oscillate? Which two kinds of energy storage determine the oscillation of a
dc drive?

3.7 How does the oscillation frequency change in case of field weakening?

3.8 Of which order is the control transfer function of a dc drive?

3.9 Sketch and discuss the operating limit characteristics of a converter-fed dc drive,
depending on speed!

3.10 Sketch the converter circuit of a four-quadrant dc drive! Explain the generation of
circulating current in converter-fed dc drives! Discuss advantages/disadvantages of this

kind of drive operation.
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3.11 Which are the effects of the converter supply on the operating behaviour of the dc
machine?

3.12 Specify the dynamic characteristics of controlled dc drives in terms of rise time, time
constants, and dynamic performance.

3.13 Explain the generation of circulating parasitic currents in anti parallel dc converters.

4. Dynamics of line-operated induction machines

4.1 What is a space vector? Give both a descriptive explanation and an exact mathematical
definition of a space vector.

4.2 Are field space harmonics caused by a) the distribution of coils in slots, b) limited number
of phase belts and c) due to slot openings included in the definition of space vectors?

4.3 How does a zero sequence current system influence the performance of electrical
machines? How do positive phase-sequence and negative phase-sequence systems
determine motor operation?

4.4 Does the space vector definition include the positive, negative and zero sequence current
systems?

4.5 Explain graphically the transformation of phase currents into current space vector and vice
versa.

4.6 Give the definition of flux linkage space vectors of main and leakage flux!

4.7 Describe the method of calculation with per-unit quantities! Name advantages and
disadvantages! Give the definition of the reference impedance Zn!

4.8 Are the reference voltage for calculating with p.u. values and the rated voltage of a
rotating field machine identical? Give an example!

4.9 Which reference frames of induction machines are used with space vector calculation?
Why do we use different reference frames?

4.10 Give an explanation of electromagnetic torque generation using space vectors.

4.11 How many and which equations do we need to completely describe the dynamic
behaviour of an induction machine using a) complex space vectors, b) o« and f-
components of space vectors?

4.12 Where do we include the effect of space harmonics in the space vector calculation
theory?

4.13 Explain the starting of a mains-connected induction motor at voltage zero-crossing and

maximum voltage.
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4.14 Mains-connected induction motor in steady state conditions: Describe the locus of the
moving current space vector, voltage space vector and flux linkage space vector
performed in the stator reference frame!

4.15 Which effects can be distinguished at a "quick™ start-up of an induction machine,
compared to the steady state M(n)-characteristic? What is the "dynamic" breakdown
torque?

4.16 Describe the influence a dc component of the starting current on the torque?

4.17 Give a descriptive explanation of the induction machine as an oscillating system.

4.18 Discuss the time function of the sudden short-circuit current of an induction machine
with respect to the instant, when the sudden short circuit occurs.

5. Dynamics of inverter-fed induction machines

5.1 Discuss time constants, damping and natural frequencies of an induction motor with
variable voltage/frequency operation. Why are these values only valid for small deviations
from the considered points of operation?

5.2 Inverter supply of an induction machine with open-loop variable U/f operation: Describe
the dynamic performance at low frequencies!

5.3 How does a big stator series resistor influence the dynamic performance of an induction
machine with open-loop variable U/f operation?

5.4 Explain the basic principle of field oriented control. Why does this control strategy allow
good dynamic performance of an induction machine?

5.5 For field oriented control we need to know the spatial location of the field axis of the flux
space vector. Why? How can it be determined?

5.6 Which kinds of inverters are used with variable speed induction machines? Discuss

advantages/disadvantages!

6. Dynamics of line-operated synchronous machines

6.1 Which reference frame is commonly used for the mathematical description of
synchronous machines? Why?

6.2 Why is the complex space vector equations decomposed into its d- and g-components?

6.3 How many and which equations do we need to describe the dynamic behaviour of
synchronous machines? How many main equations do we have?

6.4 Explain Park's transformation!
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6.5 Discuss the transient and sub-transient reactance of d- and g-axis and give a physically
descriptive explanation.

6.6 What is a “reactance operator” ? In which way is it used?

6.7 Explain the damper no-load and the damper short-circuit time constant!

6.8 Give an overview on different time constants of a synchronous machine and show their
interrelation.

6.9 Explain the influence of the sub-transient reactance on the magnitude of the sudden short-
circuit current of a synchronous machine!

6.10 Why can it happen, that the sudden short-circuit current does not have any zero crossings
during the first oscillation periods?

6.11 Discuss the current components of the sudden short-circuit current! What is the influence
of the instant of time of the short circuit on the magnitude of the peak current with respect
to the phase angle of the stator voltage?

6.12 How does the transient torque occurring during a sudden short-circuit look like? May
this torque be dangerous for the operation of electrical machines?

6.13 For rapidly changing currents (loads) at constant speed the synchronous machine is
described as 3 winding transformer in the d-axis and as a 2 winding transformer in the g-
axis, additionally to the rotary voltage induction.

6.14 Why can this transformer effect be omitted during steady-state synchronous operation,
where currents are changing sinusoidal with synchronous frequency?

6.15 Which windings are “involved” in the 3-, which are involved in the 2-winding
transformer? Draw equivalent circuits for these transformer configurations!

6.16 Explain the terms “transient” and “sub-transient” reactance using the d-axis transformer
equivalent representation of the synchronous machine? Give typical per unit values!

6.17 Why does the g-axis only have a sub-transient, but no transient reactance? Determine the
sub-transient reactance of the g-axis from the 2-winding equivalent transformer!

6.18 Name typical orders of magnitude of the different reactances of synchronous machines in
p.u.-values! Which reactances are the smallest and why?

6.19 Give an approximate formula for the calculation of the magnitude of the sudden short-
circuit current of synchronous machines with damper cage! Is the sudden short-circuit
current larger than the steady-state short circuit current? If so, why and by typically which
value?

6.20 When has the sudden short-circuit to happen - with respect to the terminal voltage - to

cause the maximum current amplitude? When does it need to happen to cause the
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minimum current amplitude? Why is it inevitable in case of three-phase machines that at

least one phase will suffer from (nearly) maximum short circuit current amplitude?

TU Darmstadt Institute of Electrical Energy Conversion



