4/13/2020

ECE330: Power Circuits & Electromechanics
Lecture 21. Four-quadrant control of
synchronous machines
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Four-quadrant operations

Generator as a

capacitor \7% \

Rotor current limit

P

Stator current
limit

Mech power limit

Today

» Review: Synchronous machines
» Equivalent circuit model

» Four-quadrant control of P & Q
» Examples

Last time: Rotating magnetic field

-b Balanced 3¢ stator currents

_ N

-a \\//-\
+b Rotating field spins at synchronous speed
Drags rotor at same speed

Rotor construction?
Magnetic material ===p Reluctance machine
Permanent magnet === Brushless DC
Electromagnet =P Synchronous machine ,

Recall: Multiple poles

2-pole @ 60 Hz 4-pole @ 60 Hz
3600 rpm 1800 rpm

Syncr(;ronous 2 Synchronous

spee W = —(We frequency

=60 1 [rad/s] m s =120 m [rad/s]

= 1800 rpm =60 [Hz]

Total 3p Power [W]

Torque [Nm] =
Mechanical speed [rad/s]

Physical model

ia(t) -b
+a +C
-C -a
Electro- + b

magnet

dig 70 - .de
ve(t) = LaE + Mg E + Mar(g)lr(t)a

M cos(wt) ldc
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“torque angle”
N

120%)

di, 70 . _de
Ua(t) = LaE-}- M, E_i— Mar(g)lr(t)a

M cos(wt) Idc

XS QL V4o
E=EL

Motor convention

Yo —vr
3 M
=ET +jI°X
T.=3Re{VTI }/wum

Generator convention

7 8
Today Equivalent circuit model
- Yor—vr
X fload YL~ sRe(V T
« Equivalent circuit model J N, V40 ¢ = ORe W
» Four-quadrant control of P & Q E=ELS ) Want Te > 0 as motor
_— Nhich current to use?
Motor convention .
Iload- b) Isrc
T +
X Isr'c Generator.
J VL0  Polarity of torque angle?
@. >0; b) & <0; ¢) 5 =0
Generator convention E — jI_ST'CX + [7
9 10
Polarity of the torque angle Phasor interpretation E = jI,..X
O = rotor-angle — stator-angle jl_f‘rc)? . |E|
< > .
___®<0  5>0 .
¢ ¢ P>0, Q<0
> o v
jIX IE]| ’
P<0, Q<0 P<0, Q>0

Stator drags rotor
Motor

Rotor drags stator
Generator

Underexcited: |E| cosd <V
Inductor-like

Capacitor-like

Overexcited: |[E| cosd >V
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Today

» Four-quadrant control of P & Q
» Examples

Arbitrary control of P & Q — Big picture

Real Power P

Decoupled Reactive Power Q
Real current |y (“direct”)
Imag current I, (“quadrature”)
Coupled
Torque angle &
Excitation voltage |E|
Decoupled

*Mech power input P,
Rotor field current I,

*Qutside scope of ECE 330 "
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Direct and quadrature current

Take real and imag parts

Isrc = Id +qu

direct

r - - !
Generator convention quad  current

Direct current
Aligned with voltage phasor
Proportional to real power

voltage

Complex power (1-p)

VI,.=VIj—jVI,

Controlling dqg current via |E| and &

— +
X Isre
J V40 Q ..............
E =EL§ direct voltage
Generator convention quad  current

Isrr; = Id+.?1q“

Prae = 3V1, Qrae=—-3VI,

3V(Ecosd—V)

“Feeder” circuit law

E=V+jXI.

Complex power (3-p) QT src = X Take real and imag parts
Quadrature current . I Ecosd=V —-1X
Orthogonal to V phasor Prse =3V, Py — 3V Esind ) q
Proportional to reactive power Qe = —3V I, e X Esind =0+ ;X |
15 16
Stability requires |8] < 90° Summary P, Q via d-q current (Decoupled)

Stable

PT,src - 3VILI
Q'f,src = _SVIq

T +
Unstable iX Tore I
D; \XI ,‘..\\\‘/ : VAD ISI'C = Id + JIq
3V Esing ¢ ,;’ \ d-q current via |E|, & (Coupled)
— / \ — — R
Prge = X o1 / \ Generator convention E=V 4+ X1
i 4‘; \‘ Q —_—
- . ] . Pt} ix AEl Ecosd =V —1,X
\ -0 . -
\ s o Esind =0+ I;X
‘\ /,ne direct  voltage |E| via rotor current (Decoupled)
- E = const - I,
ol 1 quad current
17 Phasor diagram Stability requires |8] <90° s
17 18
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Warning: Polarity and sign errors!

Tload
V£0

E=FE4L§

Motor convention

Generator convention

Formula sheet in

3V(Ecosd — V)  previous exams

Today

+ Examples

Qrisre = X ForR,=0: Pp= ﬂ}(Elsin(—ﬁj
P _ 3VEsind :
Tysre 5% 0r = 3X_v§_ 3V;XEur cos(8)
19 20
A three-phase source of voltage 355V (phase-to-neutral
Example 6.5 P 9 (b )

Example 6.5 A three-phase, 60 Hz, six-pole, wye-connected
generator is driven by a turbine that delivers 16910 W to the
friction and windage losses are 500 W. The field current is adj
the voliage E,, proportional to field current on a per phase basis
355 V. The generator supplies a load at 440 V (line-line). |
FElqr, I, and real and reactive power output of the generator. Syns

reactance z, = 51

407 mech. rad/sec Pr = Pmn = (16910-500) W
16410 W

1 Rephrase into a feeder problem

Athree-phase source of voltage 355V (phase-to-neutral)
is serving a single load connected through a feeder with
impedance j5 Q. The load draws 16410 W at an unknown
PF. The voltage across the load is 440 V (line-to-line).
Find &, current phasor, power.

is serving a single load connected through a feeder with
impedance j5 Q. The load draws 16410 W at an unknown
PF. The voltage across the load is 440 V (line-to-line).
Find &, current phasor, power.
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