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. Basic design rules for electrical machines
. Design of Induction Machines

Heat transfer and cooling of electrical machines
Dynamics of electrical machines
Dynamics of DC machines

. Space vector theory

. Dynamics of induction machines
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5. Dynamics of DC machines
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Energy Converters — CAD and System Dynamics

5. Dynamics of DC machines
5.1 Dynamic system equations of separately excited DC machine

5.2 Dynamic response of electrical and mechanical system of separately
excited DC machine

5.3 Dynamics of coupled electric-mechanical system of separately excited
DC machine

5.4 Linearized model of separately excited DC machine for variable flux
5.5 Transfer function of separately excited DC machine
5.6 Dynamic simulation of separately excited DC machine

5.7 Converter operated separately excited DC machine
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5. Dynamics of DC machines
Dynamic system equations of separately excited DC machines

uf : : _ 1
- 1 Machine constant: k,=—-
? mg _ 27 2a _
‘ }if Loaq | Nduced voltage of motion: u; (t) =k, - £, (t)- @(1¢ )
0 Machine torque: Me(t) =Ky i, (1) - D(i5)
m
Ug Main flux per pole: (i)
O, =27-n(t)
y A kqp'if
o | di, (t) ,
Armature circuit: U (t)=R,-1,(t)+L;- +Uj(t) 4L — v,
b (;
Mechanical acceleration: ] .de =mg () —mg(t) 20
dt | Lf‘l =Ny k(o
| N
: di (t) |
Field circuit: U (t)=Rj -is (t)+L; - - % [ >

Non-linear differential equations, even if L; = const.
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5. Dynamics of DC machines
Saturation-dependent field inductance L(i,)
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Main flux per pole: qj(if ) A Kypif
y iron magnetization
oL _ 1
| e o(if)
Air-gap magnetization |
| : : . :
| Linearized field inductance:
a ..
0 > 1 Lf =Nf°k °|f/|f
0 [N I N ¢
Field inductance: L(i;)=N; -@(i;)/i; ~tana Lef, =Nk,

Lf(| f) 4 unsaturated iron

saturated iron
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5. Dynamics of DC machines
No magnetic coupling between armature and field circuit
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* Armature field: Armature self-inductance L_
Main field: Field self-inductance L; .

* Mutual inductance M_ only between
a) commutating armature coils (= short-circuited by brushes) and field coil: M
b) otherwise zero: M_; = 0.

af,com?

U, (1) =iy (t)-R, + L, -di, (t)/dt +u;(t)
\/ \Imai“‘”‘“m coil: Ne [u; (1) =K, - 20, (1) - D(1), D(t) = D(if (1))
Ug(t)=1¢(t)-R¢ +d(Ls(ig)-15)/dt
M

neglected = M_ =0, only L_, L; needed!

af,com

coil I\ /‘  (t)
VY ovoy | | Armature and field circuit decoupled!

brush L, = const.: Unsaturated small armature field!
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5. Dynamics of DC machines

Operation at constant field current I,

us()=U; =R¢ - I

Uy (t) =Ry iy () + Ly - digt(t) +ky 2 (1)@

If flux is kept constant,
then the set of differential equations

do .
J- dtm =K, -ig(t)- @ —m(t) is linear.
e One linear differential equation of second order with constant coefficients:
2. i
d la 1 .dla_l_ 1 i, = 1 .dUa+ 1 g
d’Q, 1 do 1 1 1 11
My — —My = : Uy, ——— M
dt? T, dt Ty Th T, T, K@ T, J
e Electrical time constant of armature: [T, =L, /R, TR
e Mechanical time constant of machine and load: Ty = '_az
(K, @)
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5. Dynamics of DC machines
Features of separately excited DC machine at constant main flux

- Changing of armature current and rotor speed is ruled by armature voltage u,
and is disturbed by load torque m,,
which both are contained in "right side" of system differential equation.

- DC machine at constant main flux @ = const.: LINEAR system:
DC machine may be controlled in an easy way.

- Mechanical time constant T_, ~ 1/@ 2 decreases via the square of increasing flux.
- Machine gets "weaker” (T, T) at:
a) Flux weakening &

b) Increased stator resistance R, which causes voltage drop,
thus reducing internal voltage of motion (= induced voltage) U,

= Mechanical time constant = response to load step: T _ increases !
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5. Dynamics of DC machines 2 ) TECHNscHE
Starting time constant T, of electric machines

L . S DARMSTADT

(@ P S
To_ I oy Jm 27Ny O
J My My o
t
0 M M -
JM-d m_My — Q2,t)=—" [dt=—D.t N
dt IMm ¢y Im 0 T3 Ts0

e Relationship between starting time constant T, and mechanical time constant T
is given with per unit resistance r, and flux ¢

2
I R—¢ D/ D Tin=1J .QmOZJ .UN/(k2CDN):T A2
a U /I N JO M M m
N N M N kz@N IN Iy @N
e Example:
r,=0.05 &= @, : T,,=20T,,, T,=10sT,=0.5s

armstadt, Institut fir Elektrische Energiewandlun ner onverters — stem Dynamics, 5./9 35
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5. Dynamics of DC machines
Starting time constant T, vs. mechanical time constant T
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Qoo
Ot
I‘a — Ra R ¢ @/@N
Un /Iy ZN
TJO:JM.QmOZJM,UN/(kz@N):JM Uy 1 -0y s
MN kZQNIN IN (k2¢N) J 'JO
R, 1 Uy (k@) 1 (@) 1
:JM' a 2' N 2 2:Tm- . :Tm._.¢2
(k@)” Ra In (ky@y) fa \ @ r
T
L £
Starting time to no-load speed n,: Ty =Jpy -—™
N
Starting time to rated speed ny: Ty=Jy- il <Tj,
N
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Energy Converters — CAD and System Dynamics
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Summary:
Dynamic system equations of separately excited DC machine

- Separately excited DC machine treated in this lecture

- Second order differential electro-mechanical equation for armature circuit
- At constant main flux @ = const.: Linear differential equation

- Long mechanical and short electrical time constant T, >>T,

- Do not mix mechanical time constant T,, and starting time constant T !
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Energy Converters — CAD and System Dynamics

5. Dynamics of DC machines
5.1 Dynamic system equations of separately excited DC machine

5.2 Dynamic response of electrical and mechanical system of separately
excited DC machine

5.3 Dynamics of coupled electric-mechanical system of separately excited
DC machine

5.4 Linearized model of separately excited DC machine for variable flux
5.5 Transfer function of separately excited DC machine
5.6 Dynamic simulation of separately excited DC machine

5.7 Converter operated separately excited DC machine
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5. Dynamics of DC machines
Dynamics of mechanical system of DC machine (1)

Qm \ Steady state
Taking T, <<T,, leads to T, > 0: condition
(Om

do | 1 1 1 ’ -

m + '.Qm — . Ua——-ms -QmZ-QmO_kI:;'ia ‘

dt Tm Tm kz@ J 0 > la
0
a) Steady state condition: d./dt =0 :
1 T T
0. :kz_gbua_Tm.mS :Qmo__m.ms mo:l<2_cpua No-load speed
R, . —m. =k @D -i
O =Ono——=1, e e = Ia2 T—mms - s I3
K@ T /J =R, /(k,@)*| K, @
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5. Dynamics of DC machines
Steady-state characteristic in p.u.

R, . 0 R :
— _ a 'I m :1_ a- .I
On =m0 P - Q. -2 8

@ZQN,Qm:Qm()@ia:O:ui :kz@N '.Qm():ua:UN

.

|
a :1_ra.i

Q0 Uy/Iy Iy N
Example:
— Qm
Y= Qo } y=1-r, X Small two-pole PM-excited DC motor:
1 4 r,=0.2
0.8 ‘ Speed at rated current:
0 > x=ta Iy da 1 g5.4-03
0 1 In  “mo In
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5. Dynamics of DC machines
Dynamics of mechanical system of DC machine (2)
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b) Dynamic operation:

Example:
Switching on of DC machine at a) rated flux and b) no-load m = O:

Initial condition: Zero speed (2,,(0) =0. Armature voltage is switched from zero to

rated value U, = U for t > O: Om,
d.Qerl.Qm:l. 1 T 1 . Om U,=Uy
d T, T, K@ ™ o ° —
Solution: |2y (1) = 2o -(1-exp(-t/Ty))|  © 0 m,
m,=0
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5. Dynamics of DC machines
Dynamics of mechanical system of DC machine (3)

ua Qm‘
— e e o — — Qm
0
UN i
> { i : > 1
0 0 Tm

Q1) =02, -(I-exp(-t/T,)) t=0

Dynamic speed response of separately excited DC machine to switching with
armature voltage step, leading to exponential increase of speed !

do Q0 . .U
Me =J - dtm =J- Tmo .exp(-t/T,,) yields armature current i, = =N .exp(-t/T,)
(ms =0) . i t>0
2
me — 1 — JQmO — J ua . 1 . (k2¢) — ua
k2@ a Tm ° k2@ kz@ k2@ JRa Ra .
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5. Dynamics of DC machines

Dynamics of mechanical system of DC machine (4)
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U, us i
—_——— e — — — — - a mg
if
Uy L
Om
— > { Ua
0
_ y
- “Jumping” armature current (due to T, = 0)
and decreasing armature current due to
speeding up of the rotor to no-load speed. UJR i ?Bmatur e current
: N'"*a a
- At (ideal) no-load the armature current
also in motor operation is zero! N >
—T. t
Attention: Starting resistor is necessary:
R U | i (t) = UN  t/Tn
—28 20025 > i=—t=—N_=40-1y Toobig! |?
Uy /Iy R, 0.025 a
TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 17 ..,,m\\\‘
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5. Dynamics of DC machines
Dynamics of electrical system of DC machine (1)

Taking T, << T, leads to T, — «, if electrical system only is investigated

dia+ L. u, k@0, u,-y;

|
d T, ° T,-R, T.-R, L,

J > o0:

dQ.,/dt=0— Q. =const.

a) Steady state condition: d./dt = 0:

u a b4 Steady state condition

i :Ua—ui:Ua—Ui .
a a R, R, uj _
Ug = U; _Ra‘(_ia)
Uy =Uj +15 Ry = Ui = (=13) Ry 0 I——ia
0

Consumer reference system: -i, >0: Generator operation

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 18
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5. Dynamics of DC machines
Dynamics of electrical system of DC machine (2)
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b) Dynamic operation:

Example:

Switching on of DC machine at rated flux, no-load, zero speed: 2 =0

Initial condition: Zero current i,(0)=0

Armature voltage is switched from zero to rated value u, = U fort > 0.
Ua di, 1 . Uy |

T, R, Solution: t>0

a(t) — R—N ( e_t/Ta)

Uy =Ui +1, - Ry =Ky -2 - D +14 - Ry

0 vior. = UVR

TU Darmstadt, Institut fiir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 19 a|R
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder ‘«:lm



&7 TECHNISCHE
(/=) UNIVERSITAT
%0~ DARMSTADT

5. Dynamics of DC machines
Dynamics of electrical system of DC machine (3)

Ua ig Un
—— o ——— — A \/ Ra
Usually too big =
UN 637 starting resistor
° needed
> 1 =t
0 0 Ta
—t/T
A= fl—e VB ) g
a

- Dynamic current response of separately excited DC machine at stand still to
switching with armature voltage step of rated voltage, leading to exponential
increase of armature current.

Armature current and so electromagnetic torque react to armature voltage steps
with the short armature time constant T..

- So separately excited DC machines are dynamic drives.
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Energy Converters — CAD and System Dynamics

Summary:
Dynamic response of electrical and mechanical system of
separately excited DC machine

- Separate solving of electrical and mechanical machine behaviour
- Steady-state solution and step response

- Consumer reference system used

- Steady-state solutions already known from bachelor’s course
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Energy Converters — CAD and System Dynamics

5. Dynamics of DC machines
5.1 Dynamic system equations of separately excited DC machine

5.2 Dynamic response of electrical and mechanical system of separately
excited DC machine

5.3 Dynamics of coupled electric-mechanical system of separately excited
DC machine

5.4 Linearized model of separately excited DC machine for variable flux
5.5 Transfer function of separately excited DC machine
5.6 Dynamic simulation of separately excited DC machine

5.7 Converter operated separately excited DC machine
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5. Dynamics of DC machines
Dynamics of coupled electric-mechanical system (1)

2

d°0, 1 do, 1 o - 1 -lua(t)—i.l-ms(t—l-dms(t)

dt> T, dt T,-T, T, T k,@ T, J J ot
On 1 dy ]

Q. () =C, et 4+ C, - e™!

Characteristic equation for A:
/12+L-/1+ : =0 - A== : + L. l—ﬂ
T, T, T ’ 2T, 2T, T

AT, . [4T
If T, <4T,, then,/l—T—:Zl',/T—r:—l
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5. Dynamics of DC machines
Dynamics of coupled electric-mechanical system (2)

T, > 4T, | A, A, are real values, so transient speed response contains TWO

time constants T,=-1/4,,T, =-1/4,, a short and a long one.

T, =4T, \ A =4, = Ais real value, so transient speed response contains ONE

time constant T =-1/4 (“aperiodic limit”).

Ty <4T, [ 4, 4, are complex values A, =-0+ j-wy, 4, =—0— ] @y, SO
transient speed response oscillates with frequency fy; =w,/(27),
which is damped by damping coefficient 6.

a) Q.,(t)=C,-e’'4+C,.eth
2T,

long time constant: T, = , short time constant T, =
1- \ 1- A_t_T"" 1+ [1- L_ll:ra
V I m
T <Tph Ty 2Ty
TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 24 ﬂt‘
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5. Dynamics of DC machines
Long and short time constant T, and T,

<57 TECHNISCHE
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Long time constant: | T; < T,

T -2l 2la _Tm o7 o7
HT <<T, — AT ~ 2\ T, T mTa
1- [1-—-2 2Ta 5[ Ta. 1+-2

T . T, m

Short time constant: [T, > T,

) _ o, My T o[ T
2Ty <<T AT, oT, Ta 20 T
1+ [1-—2 1+/1-="2 l—T m
T T m
~T2/T, ~Ta
:) ] T T j > t
T, T T; T
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5. Dynamics of DC machines ) TECHNISCHE
Dynamics of coupled electric-mechanical system (3)

L . J DARMSTADT

b) 2., (t)=C,-e VT +C,-t- eV | T =2T,

c) O, =A- e™? cos(a)d t)+B- e sm(a)d -t) A, B: integration constants

- Damping coefficient: & :L
2T,

. T T, ¢° .
- Eigen-frequency: f4 = oot 11 \/ a ¢ —l, Period: Ty _ L
2Ty \ T, 4 22T, \T; 1, 4 fy

- Number N, of half periods, until oscillations are damped to 5%:
%

e 02005 > th=3/5 > Ny=—b =/
T3/2 nlay 6

TU Darmstadt, Institut fiir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 26 g PO
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder * :l'm“



5. Dynamics of DC machines
Dynamics of coupled electric-mechanical system (4)

Example:
Separately excited DC machine:
Inertia T, =1 s, electric parameters: T, =50 ms, r; = 0.05, @ =@, .

With T, = Tyo: Mechanical time constant: T, =T; r—az =1-0.05/1% = 50ms
- As T, =50ms <4T, =4-50=200ms, DC machine oscillates:

1 : 1
- frequency f4 = -‘/O o _1_ 2.76 Hz
27-0.05 V0.05 4 =

- angular frequency oy =2xfy =17.3/s,
- oscillation period of Ty =1/ fy =1/2.76 =362 ms.

- Damping coefficient: 6 = L__ 1 =10/s
2T, 2-0.05 —
- After Ny ~ a? = 117(’)3 =1.73 half-periods the oscillation is damped

down to 5% of initial value.

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 27 \ 3
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5. Dynamics of DC machines

Speed response to mechanical load torque step

Data: Ty =1s, T, =50ms, r, =0.05, ¢ =1, step in shaft torque of AM /My =0.5
Result: @y =17.3/s,Tq =363ms, T, =50ms

R m
sz_()mo—kz—;-la Qmo -2.‘5% 5%
On _1_Ra | I_r. .t 1
_i-Ra gy | Cpopta
Transient speed response: Cmo Ua T, In O - M,
0
AQm(t) A1) =2 (t) - 2y M2 My
Om, A
0 100 200 300 400 500 t
} } t i i } t t i } -
IMS
—1%7 _2.5%
_2%..
_3%..
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5. Dynamics of DC machines TN ISEE
Example: Start-up of unloaded, separately excited DC motor gmﬁggg
(m;=0, @ =const., 4T, <T ) (1)
La  Ra g .
— o Tutorial
— ) d%i, 1 di; 1 . I oduy, 11
2. -
Ug dla+i.dla+ 1 i, = 1 du,
dt? T, dt T,-T, T,-R, dt
. ' 2(0)=0=0;(0)=0, i5(0)=0 Ly -i5(0)=Uy(0)—Uj(0) = Ryis(0) = Uy (0)
a

Llizf=s-Ta=ia(0)=s-T,  Lfiz}=5"T,=5:i,(0)=i3(0) =5 - T, —u,(0)/ L,

Uy P U. - -
] S2| S |a+ Ia _ua(%s Ua W Ua:Ua/S
- a TaRa

+
(') -t | Ta Ta'Tm /L/
Szr+s.ra+ I _Ya gy _Us 1 IO D I
: Ta Ta-Tm TaRy : TaRa 52+3/Ta+1/(TaTm) TaRa A—4L \s=4 s—-4
I (1) = o, R NE i"" T e th —e‘”TZ) 4T, <T,: A4, A, are real numbers!
s +5/Ty+1/(Ty - T)=(s—4)-(5— 1)

: U, /R UT, T 1
i (t) = a__a .(e et T N A=y = —1-4T, /T,
a \/1_4Ta T eg.. T, =T,,T,=T, T,

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5. /29
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5. Dynamics of DC machines

Example: Start-up of unloaded, separately excited DC motor
(m,=0, @ =const., 4T, <T )

+'“A TECHNISCHE
UNIVERSITAT
DARMSTADT

Qualitative solution:

- Current rises approximately with T,

U. /R - Speed rises approximately with T
i — a a —t/T —t/T
'2(0)= 7'(6 e ) - Current decreases approximately
- with T
Tm

Ty=T,, To~T

m>*» "2~ 'a

n(0) =0

_—  \L t |—a| n(t —> ) =n, =Uy /(27K, D)
U, (0) = OF— — Ua (t>0) =Uy
P i
0= — I_BJ (o) =0
t=0 Time't

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 30
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Energy Converters — CAD and System Dynamics
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Summary:
Dynamics of coupled electric-mechanical system of
separately excited DC machine

- Mechanical and electrical transients are
a) change of speed and b) change of armature current
- DC machine may oscillate, if mechanical time constant is “short™ < 4T,
- In most cases the big load inertia does not allow any oscillation
- Dynamic current overshoot calculated during motor start-up

TU Darmstadt, Institut fir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 31
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Energy Converters — CAD and System Dynamics

5. Dynamics of DC machines
5.1 Dynamic system equations of separately excited DC machine

5.2 Dynamic response of electrical and mechanical system of separately
excited DC machine

5.3 Dynamics of coupled electric-mechanical system of separately excited
DC machine

5.4 Linearized model of separately excited DC machine for variable flux
5.5 Transfer function of separately excited DC machine
5.6 Dynamic simulation of separately excited DC machine

5.7 Converter operated separately excited DC machine
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5. Dynamics of DC machines
Linearized model for variable flux

Ua () =15 (1) - Ry + Ly - dia ()/dt+Ky - 2 (D -2(1)  @(1) =D(i4 (1))

J-dQ,, (t)/dt =k, -@(t) i, (t)— mq(t)

© " 'Non-linear expressions
Us () =ip(0-Re +d(Ls(ig)-if)/dt Li =N¢ -@(15)/14

 For investigations of small disturbances the equations are linearized !

- Small transient deviations Au,(t), Al (t), AQ_(t), Am (1), Ad(t), Ai(l), Augt)
from the steady state operation U, 1, 2 M, @, I, U;!
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5. Dynamics of DC machines
Linearized model variables
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 For investigations of small disturbances the equations are linearized !
« Small transient deviations:

u,(t) = U, + Au(t)

i ()= 1+ Ai(t) - Small transient deviations

from steady state operation:
Q) =02, +AQ. (1) e.g.. Auy(t)from U,
M0 =M, + Amy(1) - "Small”: Per unit deviation < 10%: [Au,(t)/U,4|<<1
A = @ +AA a1
udt) = U+ Aut)
i{t) = 1.+ AiJt)

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 34 \ Y
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder ‘«uﬂ\\‘\



5. Dynamics of DC machines ) TECHNISCHE
Linearized differential equations at variable flux

| S DARMSTADT

- Neglect product of small deviations in voltage equation:
Ui(t) =Ky - (2, +42,(1) - (P +A4D(1)) =k, - 2, - D-(1+ A“Qm(t))-(ﬂ Ac;(t))

1+ 22O, APO), | AO©)  ADD) Ay (©) AD(t) 1AM | Ad)
Q. @ Q. @ Q. @ Q. @

1.21=(1+0.1)-(1+0.1)=1+0.1+0.1+0.1-0.1=14+0.1+0.1+0.01 = 1+ 0.1+ 0.1 =1.20

- Result for induced voltage u;(t) and torque m_(t) :

Ui(t) = k2 °.Qm '@‘sz A.Qm(t)d)-sz '.Qm A@(t) :Ui +Aui’Qm (t)-I—AUi’@(t)

My () =Ky - (1, + diy (1) (@ + ADH)) = Ky - 1, - D+ Ky - iy (1) P +Ky - |, - AD(T)

%

-

vﬁr
‘«tlm\‘\

Me:kz'la @

Ll
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5. Dynamics of DC machines
Linearized dynamic equations (1)
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A) LINEAR differential equations, neglecting products of A4 :
: dil, + 4i
U, +4du, ~R,-(I, +4iy)+L,- (1, a)+

U, +K, - 4Q, - D +Ky - Q- AD

dt \
d(Qm+AQm)zMe+k2-Aia-gb+k AD — M, — Am

J - 5
dt ° a4
o o [
: I
U4+ Auy ~ R, (14 + i) + Ly - M+ Ky - AQy - D+ Ky Dy - AD
daqa,, : g Stationary equilibrium
0.2 Ny{+kz.Aua.@+k2.|a.Acp—y<—Ams ar el
. ddiy (t)

Au,(t) ~ R, - Ai, (1) + L, - + Ky AR () D +Ky - Q2 - AD(T)

J- d““(j:*(t) ~ Ky - Aig(t) - D +ky - 1, - AD(t) — A (1)
;lrJoE)%rr.rrjlsr’:gfth;rgﬁfig:-fﬁ-rCI-Ellt_\arl:;rli-Z(:;eBliEnndeer?iewandlung | Energy Converters — CAD & System Dynamics, 5./ 36 > m\,&"%
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Linearized dynamic equations (2)
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NON-LINEAR field circuit: @(t)=®(i; (1))

. do(t)
d(@(l¢)+AD(t
\ dAD(t)
dt
AD
b\(\‘FAUf—Rf\—FRf Alf Nf d d(t)
- AD(t
Auf:Rf'A|f+Nf.d ()
dt
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5. Dynamics of DC machines
Linearized dynamic equations (3)

B) LINEAR differential equations of deviations :

Au, (1) = R, - Aiy () + Ly - dA;a}[(t) +Ky - AQ (1) D+ Ky - Q- AD(T)
3. d“{j{n(t) Ky - i () D+Ky - 1, - AD(E) — A, (t)
dAD(1)

AUszf°Aif+Nf° di

"Small signal theory”:

Linear differential equation system is only valid within the limits of deviation from
steady state operation of about +/- 10 ... 20 %.

Constant parameters of differential equations depend on steady state values.
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5. Dynamics of DC machines /) TECHNISCHE
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Linearized dynamic equations (4)
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C)_n case of linear systems NO linearization is necessary:
”’Large signal theory”!

Example:
Separately excited DC machines with constant flux operation !

AD(t)=0=>d =const. = 1; =1; =const. < 4i; =0

Au, (1) =R, - i, (1) + L, - 288D a0 1)@

dt
J-dA“(i”(t)=k2-Aia(t)-cD—AmS(t) Au; =R¢ - Adig =0
u,(t)=R, -ij(t)+ L, digt(t) +ky -2 (1)@
J-d[z”;(t)zkz-ia(t)-di—ms(t) uf =U; =R -if =R -1 ¢ |

Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder
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Energy Converters — CAD and System Dynamics

Summary:
Linearized model of separately excited DC machine for variable flux

- Method of linearization of non-linear equations shown

- Linearization only possible for small disturbances (,perturbation method")

- Perturbation method leads to small signal theory

- Separately excited DC machine at constant main flux linear also for large signals

‘st
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Energy Converters — CAD and System Dynamics

5. Dynamics of DC machines
5.1 Dynamic system equations of separately excited DC machine

5.2 Dynamic response of electrical and mechanical system of separately
excited DC machine

5.3 Dynamics of coupled electric-mechanical system of separately excited
DC machine

5.4 Linearized model of separately excited DC machine for variable flux
5.5 Transfer function of separately excited DC machine
5.6 Dynamic simulation of separately excited DC machine

5.7 Converter operated separately excited DC machine
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5. Dynamics of DC machines
Separately excited DC machine: Transfer function (1)
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- Here: Constant flux operation (@ = const.) = linear system !

- Initial conditions set to zero:
A (0)=0, Aiy(0)=0, A2, (0)=0, AD(0)=0, AM (0) =0, Ai; (0)=0

- Laplace transform: {dA' (t)} s-Ai_(s)—Ai (0)=s-Ai_(s)| and so on ....

dt

@=const.: [Al,(s)=R,-Al,(S)+5-L,-Al,(s)+Ky - AQ (S)- D
J-5-A0Q2.(5) =k, - A, (5)- @ — AN (S)

= S+ 1 K, _ _
AQ.(s) = / = { r_. é -Aua(s)—Ams(s)} y=1/T,
2 +y-s+ ST7 Fa
m
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5. Dynamics of DC machines
Separately excited DC machine: Transfer function (2)

= S+ 1 K, _ =
AQ.(s) = 4 T Si - é .Aua(s)—Ams(s)} y=1/T, =25
S*+y-5+2 V Ta
m

am (s)

v 04 kod B 1 S+ 7y v
Aug(s > : p » AQ (S
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5. Dynamics of DC machines
Characteristic polynomial of 2"d order differential equation

P(8)=0=5"+7-5+-=(5-5)(s-5,)

m
Im
A @ »,Roots“: If T < 4T, : Complex:
S : — - — -
Ty ——- +jwg Sjp =41, =—0% ]y
~
4 o
-5 =-0 -+ L > Re
2 0‘\/ Wy
e : tana =——= Ny
S T 7 ~J¥d
TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 44 m\?
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5. Dynamics of DC machines
Roots characteristic polynomial of 2" order in s-plane

Im (s)

S . —d _
_l’f‘:__ +jwg tan o 5 N
7 af>
-5 =—61 £ = Re
5 ¥—— —jwa

- Real part of roots in the left half plane (Re(s,), Re(s,) <0): Stable operation.

- If imaginary part of roots is zero (Im(s,) = Im(s,) = 0): No oscillations occur.

- Real part of roots Re(s,), Re(s,) small: Time constants are very long.

- Pairs of conjugate complex roots s, s,: Sine & cosine function as transients.
- Imaginary part of root is far off origin (Im(s,) >> 1): Oscillation frequency is high.

- Tangent of angle a = number N of half periods of transient oscillation,
till damped to 5% of initial value.

R/ Tt
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5. Dynamics of DC machines
Example: Speed response to mechanical load torque step (1)

- Constant armature voltage, load step after no-load operation:
u,(t)=U, =const.; Au,(t) =0 Load torque step:|Am(t) = AM; - &(t)

A
e(t) 0, t<O0 AM
‘ gt)y=4 "~ LiAm, (1) = —"3
. ® {1, p {am ()} ==
|
Aém(S%= S+ ,1{ y .kz@.o_mvls}:_ s+y  AM,
52+;/-s+LJ s+7 Ry S sz+;/-s+l J-s
T, _

* Decomposition in single terms for inverse Laplace transform: fort >0

domain: (5+8)°+w] S S°+awi \S (s+8)Y°+wj 2004 (s+6)° +w]
2 2
_s. -0 St .
Time domain: Tm-| 1—¢€ 5t-cos(cod -t)+wd—-e 5t-sm(wd 1)
25-a)d

J
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5. Dynamics of DC machines
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Side calculations for inverse Laplace transform DARMSTADT
S+y 1 S+20 1 A Bs+C 5 5 5
N > =t 5 A-((S+0) +wy)+Bs”+Cs=s+20
S +yeS+ Y S (S+5) + @y S S (S+5) + Wy
m A+B=0 A=25/(5%+ o)
s°(A+B)+5(A-25+C)+ A8, +wj)=5+256 — < A20+C=1 B=-25/(6%+w])

A-(8%+0d)=25) C=1-(25Y (5 +})

(s+0)  +wj S &+

s+26 1 25 1+—s+(w§—352)/(25)
s (s+0)* + o]

= —— +
(s+0) +awi S 6% +awf \S (s+6) +aw] 20-04 (s+6)*+a]

/)

_20 [1 e cos(a)d t)+

s+26 1 26 (1 s+6 &= o j

\ Inverse Laplace transform

wf =5 st
D470 67 sin(wy 1)
52+a)§

‘st
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5. Dynamics of DC machines
Side calculations for more elegant formula description

2 2
20 1—e°t. cos(ay -t)—wd J -sin(ay - 1)
20w

52 +0)§ q
5:L,wd:5. ﬂ_h 225 2 T 2 - 4'1|' :ﬂa =T
2T4 T 0" +wy 52152, (M_lj g l+—2-1 -2
m Tm
2 _ 52 m
cosayt — “ -sinoyt = K-cosayt —L-sinawyt =M -cos(ayt —w)
5-a)d (02 _52
M -cos(ogt =) =M coswytcosy + M sinaytsiny - K=Mcosy =1, L =—M siny = 20'5
.a)d
wF —5° ’
M2 (cos®y +sin’y)=M? =K?+ 2 5> M =VK? + % = [1+| =4
25(0d
2, 2 2 2
AT, /T, —1
M = ——J(20wy)* +(@F — 6%)* = PRSI R AP YAt VR
25 Wy 25(0(:] 25C()d
M= 0-4Tg /My _ 1 cosy =1/M = wyT,, = v =arccos(wy Ty)
2ay g T )
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5. Dynamics of DC machines

Example: Speed response to mechanical load torque step (2)
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 =arccos(wg Ty )

t
Result: A.Qm(t):—AMS-Tm- 1- : e Ta -cos(awgt —w)
@4 T
= t =

AQ AM¢ T o7 T

m(t):_ S %. 1— 1 e 2T4 .cos(wgt —y) m

mo MN ¢ &g T

a) Data:

R J2 1 I

‘J-Qmo _¢2 IVIN 'J-Qmo _¢2MN

Ty =1s,T, =50ms, ry =0.05, ¢ =1, step in shaft torque of AM /My =0.5

b) Result with data values:

wy =17.3/s, Ty =363ms, T, =50ms, w =arccos(17.3-0.05) =0.526 .

Transient speed response:
(t in seconds)

AQn (1)
QmO

~0.5-0.05-(1—

1

0.865

t
e 20.05.¢05(17.3-1—0.526))

211y
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5. Dynamics of DC machines
Example: Speed response to mechanical load torque step (3)

t
A2m®) _ _5.0.05-(1-—L— e 20.05 .c05(17.3-1 ~0.526))

o 0.865 O,

-2.5% -5%
Qm 0] \Yoﬁo
AQm (1) 0 > . — M,
Om, A M2 My
0 100 200 300 400 500 t
i i i i i i i i i i i gl
0 ms
—1% ~2.5%
— 2%..
—_ 3%..
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Energy Converters — CAD and System Dynamics

Summary:
Transfer function of separately excited DC machine

- (Linearized) differential equation is ,transfer function” in LAPLACE domain
- Step response calculated via transfer function
- Denominator of transfer function is characteristic polynomial of diff. equation
- Zeros (= “roots”) of characteristic polynomial are ,poles” of the system
in the s-plane
- Negative inverse of ,poles” = time constants or natural frequencies of the system
- Positive time constants for stable operation needed
- Hence poles must lie in the negative s-half-plane
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Energy Converters — CAD and System Dynamics

5. Dynamics of DC machines
5.1 Dynamic system equations of separately excited DC machine

5.2 Dynamic response of electrical and mechanical system of separately
excited DC machine

5.3 Dynamics of coupled electric-mechanical system of separately excited
DC machine

5.4 Linearized model of separately excited DC machine for variable flux
5.5 Transfer function of separately excited DC machine
5.6 Dynamic simulation of separately excited DC machine

5.7 Converter operated separately excited DC machine
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5. Dynamics of DC machines
Input for dynamic simulations

La Ra

1a
Il II =1 e}
Lg R¢
uj
1¢ Ug
v
-
uf
\
&)

0
- General model calculation possible via numerical integration

[N

- Here: Only: a) Linearized non-linear magnetization characteristic
Jflux vs. field current” @ =k, iy >y =N - @=L iy => L =Ny -k,
b) Separately excited machine

c) Constant flux operation
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5. Dynamics of DC machines
First order differential equations for RUNGE-KUTTA method,

here for @ = const. (1)

e ;;r;‘ TECHNISCHE
'_ UNIVERSITAT
0 - DARMSTADT

Ua(t) — Ra . |a(t)+ I—a . d'a(t) + ui (t) — dia(t) _ ua(t) . Ra ) ia(t) . k2¢ 'Qm(t)

dt L, L, L,
d dQ k ()] t
S me ) -my (1) > S a<t)——”

- Initial conditions: 1,(0), £2.,(0)
- The functions u_(t), m(t) must be given fort>0!

- In case of varying flux @ add the third differential equation: @(i; (1))

- do(t) do(t) us(t) Ry-1¢(D) .
Ur® =Ry i ()+N; - L Ul AU D>,
dt dt N N,
- The function u,(t) must be given fort>0! Initial conditioni s (0), @(i+ (0))
TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5. / 54 \ j:‘é
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5. Dynamics of DC machines Tutorial
First order differential equations for RUNGE-KUTTA method,

here for @ = const. (2)

57} TECHNISCHE
UG UNIVERSITAT
“Wr— DARMSTADT

Example:
Separately excited DC machine: Motor data,
Motor fed from ideal DC voltage (“stiff battery” = zero internal resistance):

Uy =460V, Py =142 kW, ny = 625/min
Iy =320 A, l¢y =6.5A,Jy =7 kg-m?
R,=0.05Q, L, =15mH, R; =25Q,L; =64 H

Load inertia: (i): 8 kgm? Total inertia: J =15 kgm?=J
(ii): 143 kgm? Total inertia: J = 150 kgm?

Two cases investigated:

a) Load step with rated torque at no-load speed, rated armature voltage
and rated flux

b) Armature voltage step of 20% rated voltage at rated motor operation
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5. Dynamics of DC machines

Steady state characteristics of the DC motor at U,

Tutorial

P\ 142000

= =2169.6Nm
27-ny 27 (625/60)

Rated torque: My =

Induced voltage at rated speed and torque: U; =U\
Ui

— 1y - Ry =460 —320-0.05 = 444V
444

8Vs

Motor constant and flux per pole: k,®y =

P\ 142000

— =6.7
Qo 27 (625/60)

Motor efficiency: 7=

No-load speed at rated armature voltage and main flux: ny =

n 1647.9/min
625/min

1/min  »

Load step by 100%

0

Uy Iy +R¢13  460-320+25-

— =95.78%

Uy  460-60

= =647.9/min
2w KDy 27-6.78

Case a)
Load step with rated torque at no-load
speed, rated armature voltage and flux

> M/My,
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5. Dynamics of DC machines Tutorial
Steady state characteristics of the DC motor at 1.2U,

Induced voltage at rated torque: U; =1.2-Uy - Iy -R; =552-320-0.05=536V

Motor speed at constant flux/pole: 2, = Yi —>n= 536 60 =755/ min

K, @y 6.78 2r

12Uy 552-60

27 ko @y 27678

No-load speed at 120% armature voltage & main flux: ng

n
l/min |
777.9/min 130/min .
<12 c / T Y 755/min
647.9/min
Voltage step by 20% -
/625/m1n
Case b)
Armature voltage step of 20% rated
voltage at rated motor operation
1
0 > M/My
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5. Dynamics of DC machines Tutorial
Calculation of time constants

L

T Ly _ 00015 0 roobt 64 s
R,  0.05 Ry 25

T, = Ra'JNz — 0'05';5 =0.0163s (i) at Iy = 15 kg'm?
K, @y ) 6.78

T = Ra ! 5= 0'05'1250 =0.163s (i) at J = 150 kgm?
K, @y ) 6.78

(i): T, =16.3ms

¢ ! T , > t

0 Ty =30ms (ii): T, =163ms
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5. Dynamics of DC machines
Variation of total inertia: (i) J = 15 kgm?, (ii) J = 150 kgm?

(i) Total inertia 15 kgm®:
T, =16.3ms < 4T, =120ms: damped oscillations occur:

Damping coefficient: 6 = L__ 1| =16.67/s.

2T, 2-0.03
Natural frequency: f, = : Ta 1__ 1 \/ 0.03 —1:6.69Hz

2T\ T, 4 27-0.03V0.0163 4
Period of oscillation is T, = L1 =149.5ms

fy 6.69
wy 27-6.69 . e o

After Ny = = e e = 2.5 half periods the oscillation is reduced down to 5%.
;gog)%rmfggéh;gﬁfig:-fﬁ-rCI-Ellt_\arl:’:jr;an:r;eBliEnndeer?iewandlung | Energy Converters — CAD & System Dynamics, 5./ 59 *‘%



5. Dynamics of DC machines

Tutorial

Variation of total inertia: (i) 15 kgm?, (ii) 150 kgm?

<57 TECHNISCHE
S 6/ UNIVERSITAT
20 - DARMSTADT

(ii) Total inertia increased by factor 10: 150 kgm?

T, =163ms > 4T, =120 ms: no oscillations occur:

long time constant: T, = =123.3ms,
4T 4-30
1—— l—-——
163
short time constant T, = 230 =39.6ms
4T \/ 4-30
1+ 1——
163
T, =39ms
* 1 ! T >
0 1, =30ms T, =123ms T, = 163ms
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5. Dynamics of DC machines

a) Load step with rated torque at no-load speed,

rated armature voltage and flux

Tutorial

Damping completed after 2.5 half

At low total

-

——

me(J =15 kg - m?)

T, =149.5ms

inertia DC
machine is
oscillating

7 2169.6 Nm

\

™ 2
Mme(J =150kg-m”)

3ms

\At bi_g total
inertia no

oscillation
occurs

IMe Mg
Nm | Nm
|

3000 cycles

| My
2000
1000

0
0

T |
0,6 0,8 1

,0

—
t
S
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5. Dynamics of DC machines

Tutorial 7, TECHNISCHE
a) Load step with rated torque at no-load speed, gmﬁggg
rated armature voltage and flux
ig A n
A min—1
At low total
700 inertia DC
n(J =150 kg-m?) 605 /mi Sl
600 647.9/min?t min machine is
~ > oscillating
500 — n{J=15kg-m”) /
400 - ig(J=15kg-m? :
320 A At bl_g total
300 - inertia no
200 — | oscillation
ia(d =150 kg-m?) occurs
100 Armature current is
0 | prolportlonal t(|) torque m, e
0 0,2 0,4 0,6 1,0 t
s
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5. Dynamics of DC machines

b) Armature voltage step of 20% rated voltage gmﬁggg
at rated motor operation
AU n Big inertia
Ka Va — J =150 kgm?
mnin No oscillations
1750 A
1600 - Big armature current
- = big torque: to
1200 — accelerate inertia to
i igher speed,
s~ demanded b igher
| min | Ua /
460 V . T B52V =1.2x460V
400 la 320 A
{320 A Ty =163ms
0 T | T | —»
0 0,2 0,4 0,6 0,8 1,0
s

‘st
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5. Dynamics of DC machines

b) Armature voltage step of 20% rated voltage
at rated motor operation

Tutorial

15 A Uy n
A V. min~1
1200 - ?\1 80 A
Damping completed
800 | ~after 2.5 half cycles n 255/min
625/min
i} Ta _ssov
460 v Ty =149.5ms ,
400 - 1a 320
350 A 13204
0 | | T T —>
0 0,2 0,4 0,6 0,8 1,0
s

Small inertia
J =15 kgm?
Oscillation occurs

——— Smaller peak

armature current
(1180 A <1750 A)

= smaller peak torque:
to accelerate the
lower inertia to higher
speed

Oscillation occurs
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7y TECHNISCHE
Energy Converters — CAD and System Dynamics UNIVERSITAT
Summary:
Dynamic simulation of separately excited DC machine
- Linear differential equation is solved numerically via RUNGE-KUTTA
- Parameter variation: Big vs. small inertia = without / with oscillations
Usually: Load inertia big, so no oscillations occur!
- Step response to torque as disturbing signal
- Step response to armature voltage as commanding signal
- Further example in the text book with variable series resistor
;Eog)%rmfggéh;gﬁfig:-fﬁ-rCI-EIKrl:;rirzca:r;eBliEnndeer?iewandlung | Energy Converters — CAD & System Dynamics, 5. /65 > m“\v‘?



Energy Converters — CAD and System Dynamics

5. Dynamics of DC machines
5.1 Dynamic system equations of separately excited DC machine

5.2 Dynamic response of electrical and mechanical system of separately
excited DC machine

5.3 Dynamics of coupled electric-mechanical system of separately excited
DC machine

5.4 Linearized model of separately excited DC machine for variable flux
5.5 Transfer function of separately excited DC machine
5.6 Dynamic simulation of separately excited DC machine

5.7 Converter operated separately excited DC machine
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5. Dynamics of DC machines
Converter-operated separately excited DC machine

7, TECHNISCHE
7=\ UNIVERSITAT
%9/ DARMSTADT

- : 3
Rectified voltage from the grid: U, (a)=Uy4, cosa Ugo=—"UL N2
T
L1 U (az=0)=U
u a
| L1 | ((a=0)=Uy,
L3 a=M -0, o=2d
|
ugate(t) M M
—> ™~ ~
a 124 124
S <
< <
Uq.,u
—_—
) |
. 0 _’T 16 T=1/f ¢
B: bridge Six-pulse ripple
6: 6-pulse I
C: controlled f Thyristor control: U, > 0, U, < 0 possible
B6C bridge rectified voltage .
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UNIVERSITAT
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5. Dynamics of DC machines
Armature current with six-pulse ripple due to B6C converter

Calculation example in “Collection of Exercises”
Measured armature

: ia(it)llé‘l‘é th A" current

.'E'" T e v e e '"Egl
._"\.E TN e Y :Elr - DC motor 40 kW
. S ' ~ =124 A

Separately excited

Fed by B6C armature
thyristor bridge

---Sixrpulseiripple Six-pulse ripple = 6x50

obe e mi el D =300 He
A e e e : ' Y Armature inductance is
. . T 20 ms D f= 1IT 50 Hz § '; small: L, ~N_ 2~ 72,
0 S—— ———+—» soi_ripple is big!
0 TI2= /10 ms T= 20ms© ;
TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 68 - vg
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75 TECHNISCHE
H&/=\ UNIVERSITAT
%9’ DARMSTADT

5. Dynamics of DC machines
B2H-converter (cheap solution)

(@) ugrid(t)

ugate(t)
o D' D: diode
D| T: thyristor
T D
a; Due to diodes:
H, DI_ DI_# only U; > 0 possible
T D
L, & R; B: bridge
2: 2-pulse
_ H: half-controlled

S

u(t)
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5. Dynamics of DC machines
Field current: Two-pulse ripple due to B2H-converter

Measured field current
DC motor 40 kW

Separately excited

; : Field current fed by
¥ - S S RN S TR Sl B B2H thyristor bridge
u D j : ,: : ; ' ; ; § ‘ - .
AT B I . oy Two-pulse ripple =
R & [ £ i 2x50 = 100 Hz

o R,
( )ZOUJFF{T? 1

g
i =

%0
0 TI2=40ms T=20ms

Field inductance is big:
L, ~ N2, so i-ripple is
small!

Measured field voltage

TU Darmstadt, Institut fiir Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 70 g PO
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UNIVERSITAT
DARMSTADT

5. Dynamics of DC machines

Armature & compole field ~ 1,

Stator field ~ i,
increased saturation

-
«
<
<

Ot =N pole "1 = B X

0, .
aN ~|8—>BSW

Bow 20y B‘SW@ (small) six-pulse field current ripple

@w\Q Oy
oke

y O ©

I,- and i-excited magnetic fields

add = increased yoke flux
density = increased saturation

P

<
P
<

03
Due to the magnetic common path in the yoke a change of the armature current i, causes

a change of yoke iron permeability .. Hence also the stator field B; changes and induces
a voltages in the field coil, which causes a (small) six-pulse ripple of field current i, ﬂ

7,
‘o
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5. Dynamics of DC machines
Different configurations of controlled rectifier bridges
for armature and field circuit of separately excited DC machines

7 TECHNISCHE
UNIVERSITAT
DARMSTADT

Armature B6C: One six-pulse, voltage controlled thyristor bridge,
U,<>0,1,>0 6 thyristors. Voltage and current ripple: 6f = 300 Hz.
n<>0,M >0, but often only:

One quadrant operation: n>0,M >0

Armature (B6C)A(B6C): Two anti-parallel six-pulse, voltage controlled
U,<>0,1,<>0 thyristor bridges, 12 thyristors
Voltage and current ripple: 6f = 300 Hz
Four quadrants operation: n<>0,M <> 0

Field B2H: One two-pulse, voltage controlled thyristor-diode bridge,
U;>0,1;>0,0>0 2 thyristors, 2 diodes
Voltage and current ripple: 2f = 100 Hz
B2C: One two-pulse, voltage controlled thyristor bridge,
4 thyristors
| >0, @ >
Ur <>0.1¢ 20, 0 Voltage and current ripple: 2f = 100 Hz
Field B6C: One six-pulse, voltage controlled thyristor bridge,
Uf <>0,1¢>0,& >0 ||6 thyristors
Voltage and current ripple: 6f = 300 Hz
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5. Dynamics of DC machines
Four-quadrant operation

p Ua,n 1, >0,0>0
2nd quadrant 1t quadrant
Generator Motor
operation operation
0 > Ia? M e
Motor Generator
operation operation
3rd quadrant 4t quadrant

TU Darmstadt, Institut fur Elektrische Energiewandlung | Energy Converters — CAD & System Dynamics, 5./ 73
Prof. Dr.-Ing. habil. Dr. h.c. Andreas Binder

R/ Tt

*0
=
%



5. Dynamics of DC machines TECHNISCHE
. . UNIVERSITAT
Parallel B6C bridge operation DARMSTADT
1] A
UR Ug Ut i
iy . For
N
R‘ S| T :\T[S\;W;Hl U,, cos gy
b A
- Two anti-
—u AL\ £ IV )< —, |-
H parallel bridges WRI A LS P 4| Vg cos g
47{1 operate with a
GR I the same 0 WR > | ot
| average output < "
O— ‘| voltage in 180°
parallel. 0 > ot
UWR
Lo 9 Uy, cosagr =-U,, cosayg
1w »— COSUlgr = —COS g = Oyr =180°— g
—p >
Result: With the condition ¢,z =180°—as; both bridges deliver the same average
voltage and can therefore operate in parallel on the DC machine.
Rl sl T

R/ Tt
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5. Dynamics of DC machines
(B6C)A(B6C)-bridge operation

uRl s u| : If both anti-parallel bridges are on at the same time,
l l l a parasitic circular current i, flows via both bridges.
A . anti
UeR A: anti-parallel
N > -
Additional !
“uwe| Y
chokes L are i
limiting i

Ug=UcrTUWrR AUT N[N IN N

ig
Rl S| T — >t 1
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g7 TECHNISCHE
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5. Dynamics of DC machines
Exact calculation of parasitic circular current i

A T/6
U, (t) ~ sin(at)
UR=UgR™T UyR UK* N N l\’/ > i OT. <T/6
N N NN —
i / I (t) ~ cos(at)
NN\ »

u,(t)=L,-di, /dt=-U, -sin(at)/sin(wT ) —T, <t<T,

Uk

| - iK(t=-Tx)=0 C= T
ol -sin(oTy) (cos(at)—C) ik ( K) cos(wT,)

i (1) =[uy (1) dt/ Ly =

i () = U, cos(at)—cos(aTy) P i (t=0)= U I-cos(aly)
“ L sin(wT ) © oL,  sin(wl,)

RTINS

For small values T, the parabolic approximation of i, is derived! ﬂ
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5. Dynamics of DC machines
Parabolic approximation of small parasitic circular current i,

v
(o

_ Ug 1-cos(aoTyk)

|
“Tol  sin(wTy)

v
—~+

v

T/6

For small values of o : 2Tk <<T /6= 0Ty <<1

_ Uy l-cos(@Ty) Uy 1-(—(aTg)*/2) UyTe |~ _UkTk
ol sin(oTy) ol oTy 2Ly 21,

Ik

‘st
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5. Dynamics of DC machines
Voltage limits of converter-operated DC machines

&7 TECHNISCHE
(5//\ UNIVERSITAT
%9’ DARMSTADT

Three-phase AC 400 V grid, B6C-bridge:
maximum voltage: U (o =0)=U 4, cos0 = Udo—i UL A2 =2.400-/2 =540V
T T

V3

rated voltage: U, (a =30°) =U, -cos30° =540 -5 " 460 V

voltage margin for voltage control: AU, =540V -460V =80V
So thyristor bridge is operated between 30°<a <150°

Example:

Three- phase AC 400 V grid, usual rated and maximum voltageS'

I\/IaX|mum volta e Rated volta e
540 V 460 V 1 quadrant
operatlon
(B6C)A(B6C) 540 V 400 V 4 quadrant
operation
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5. Dynamics of DC machines
Limits of converter-fed DC machine operation

TECHNISCHE

=\ UNIVERSITAT

DARMSTADT

Flux controlled DC machine (Field weakening): @4
Limits: Maximum armature current i, and voltage u,

Flux controlled DC machine (Field weakening): @4
Limits: Maximum armature voltage u, and maximum
reactance voltage of commutation Ug yax =12V

O o O =
0 N ng Nmax 1 0 Iy Dg Nmax 1
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5. Dynamics of DC machines
Typical response times of converter-fed DC machines

P ACTUAL VALUE ~ -
< SETPOINT VALUE Te =L /R >>T, =L, /Ry

0 -t Fast DC machine reaction via change
Tan of i,, NOT via change of i/!

Time for reversal of armature current.

| a) (B6C)A(B6C) || b) (B6C)A(B6C) || c) Mechanical switch I

| Both bridges always active || Only one bridge active || Polarity changer |

|| < 0.5 ms | 5..10 ms | 50 ... 1500 ms |

The larger numbers correspond with larger drives of several hundreds of kW up to MW range.

Time for reversal of field current.

| az SB6C2ASB6C2 || bz Mechanical switch I
| 05..2s || 1...25s |

The larger numbers correspond with larger drives of several hundreds
of KW up to MW range.
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Energy Converters — CAD and System Dynamics

Summary:
Converter operated separately excited DC machine

- Thyristor converter operation of DC machine is a dynamic operation

- Armature current time signal may be calculated analytically
(see: Collection of Exercises)

- Anti-parallel thyristor rectifier for reversed torque

- Circulating parasitic current between the two thyristor bridges possible

- Limiting operation curves for variable speed DC machine

- Typical dynamic response times of controlled DC machines rise with increased
machine size

- Fast control via change of armature current due to T, << T;
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