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Electrical Machine Ill Syllabus

1. Introduction

4. Synchronous-Machine Analyses
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Lecture #4-2

Steady-State Operating Characteristic

1- Synchronous-generator compounding curves (l: versus I, for constant pf.)

The curve showing the field current required to maintain rated terminal voltage as the
constant-power-factor load iIs varied.

2- Synchronous-generator V curves (1, versus I for constant P)

The curve showing the relation between armature current and field current at a constant
terminal voltage and with a constant real power

3- Capability curves (Q-P curve)

They give the maximum reactive-power loadings corresponding to various real power
loadings with operation at rated terminal voltage.
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Steady-State Operating Characteristic-Compounding Curves ‘tecture#-2
(I¢ versus I, for constant pf.)

The curve showing the field current required to maintain rated terminal voltage as the
constant-power-factor load iIs varied.
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Steady-State Operating Characteristic-Compounding Curves ‘tecture#-2
(I¢ versus I, for constant pf.)

The curve showing the field current required to maintain rated terminal voltage as the
constant-power-factor load is varied.
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Steady-State Operating Characteristic-Compounding Curves ‘tecture#-2
(I¢ versus I, for constant pf.)

The curve showing the field current required to maintain rated terminal voltage as the
constant-power-factor load is varied.
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Steady-State Operating Characteristic-Compounding Curves tecture#-2
(I¢ versus I, for constant pf.)

The curve showing the field current required to maintain rated terminal voltage as the
constant-power-factor load iIs varied.
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Steady-State Operating Characteristic-V curves  ‘tecture#4-2
(I, versus I for constant active power)

The curve showing the relation between I, and I; } Per-unit 0.8 pf
_ power output lead 1.0 pf 0.8 pf
at a constant \V, and with constant P. 002505 075 1.0 /’ // l/ag

Armature current

-
Field current
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Steady-State Operating Characteristic-V curves  ‘tecture#4-2
(I, versus I for constant active power)
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Steady-State Operating Characteristic-V curves  ‘tecture#4-2
(I, versus I for constant active power)
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Steady-State Operating Characteristic-V curves  ‘tecture#4-2
(I, versus I for constant active power)

The curve showing the relation between |, and I } Perunit
power output

at a constant \V, and with constant P. 0 0.5
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Steady-State Operating Characteristic-V curves  ‘tecture#4-2
(I, versus I for constant active power)

The curve showing the relation between I, and I; } Per-unit 0.8 pf
_ power output lead 1.0 pf 0.8 pf
at a constant \V, and with constant P. 002505 075 1.0 /’ // l/ag

Armature current

-
Field current
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Lecture #4-2

Exercise 1: The following figure shows the V curve of a synchronous generator for two
power levels: 22.5 kW and 45 kW, with AFNL = 40 and AFSC = 40. What is the minimum
armature current in the V curve corresponding to 22.5 kW?

(a) AFNL (b) 118 A (c) 59 A (d) AFSC

Exercise 2: The following figure shows the VVV curve of a synchronous generator for two
power levels: 22.5 kW and 45 kW, with AFNL = 40 and AFSC = 40. What is the field current
corresponding to the minimum armature current in the VVV curve for 45 kW?

(a) AFNL (b) 118.2 A (c) 56.6 A (d) AFSC \/
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Lecture #4-2

Exercise 3: A synchronous generator is operating at its rated load. With a very small increase
in the field current, the armature current slightly decreases. Which option is correct?

(a) The generator has an inductive role in the network.

(b) Increasing the field current cannot cause a decrease in the armature current.
(c) The generator has a capacitive role in the network.

(d) None of the above.

Exercise 4: Consider a 45 kVA, 220 V generator with AFNL = AFSC = 40. A point on the
compounding curve for unity power factor corresponds to (0, 40). Which of the following
shows another point on this curve?

(a) (118, 86.6)
(b) (59, 86.6)
(c) (118, 56.6)
(d) (59, 56.6)
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Steady-State Operating Characteristic-Capacity curves (Q-P curveyture #4-2

144

3- Capability curves (Q-P curve)

It gives the maximum reactive-power loadings corresponding
to various real power loadings with operation at 0
rated terminal voltage.
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Steady-State Operating Characteristic-Capacity curves (Q-P curveyture #4-2

Ansaldo generator: S=200-MVA , 0.8 power factor lag, SCR=0.47, V=15750 V

point

V,=1<0

____.“Stator Current ;
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Steady-State Operating Characteristic-Capacity curves (Q-P curveyture #4-2

Ansaldo generator: S=200-MVA , 0.8 power factor lag, SCR=0.47, V=15750 V
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Steady-State Operating Characteristic-Capacity curves (Q-P curvejyture#4-2
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Steady-State Operating Characteristic-Capacity curves (Q-P curygyture #-2

Ansaldo generator: S=200-INVA Ffactoklag, SCR=0.47, V=15750 V
he permissible operatifig " Rotor Current
region . y
bythelhnhaf/f :
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____.”"Stator Current .
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Steady-State Operating Characteristic-Capacity curves (Q-P curvejyture#4-2

Ansaldo generator: S=2 A, 0.8 power factordag, SCR=0.47, V=15750 V
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Steady-State Operating Characterlstlc -Capacity curves (Q-P curveyture #-2
Ansaldo generator: S=2 A, 0.8 power actorlag, SCR=0.47, V=15750 V
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Steady-State Operating Characteristic-Capacity curves (Q-P curvegtre#2

Ansaldo generator: S=2 A, 0.8 power factordag, SCR=0.47, V=15750 V
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Steady-State Operating Characteristic-Capacity CUrves (Q-P curveyre#2

Capability Curve for aldo
Q
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Steady-State Operating Characteristic-Capacity curves (Q-P curveytre#-
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Steady-State Operating Characteristic-Capacity curves (Q-P curveyture #4-2
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Steady -State Operating Characteristic-Capacity curves (Q-P curvégture #5-2

oo
Field heating limit
l Machine rating
ilr":'E""ll‘ .
X&
] >
P
Vi,
W2 Armature
—_—d 4 heating limit
Unacceptable —xf=—
Linutation on
2711 )
ceee power angle(d)

27
Dr. Ali Karimpour July 2024



Steady-State Operating Characteristic-Capacity curves (Q-P curygyture #-2
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Steady-State Operating Characteristic-Capacity curves (Q-P curygyture #-2
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Steady-State Operating Characteristic-Capacity curves (Q-P curvejyture#4-2

Let
S=165-MVA , V=13-kV, 50-Hz, three-phase, 0.8 power factor lag, x, = 0.95 Q,

stator resistance negligible.
The generator Is operating at rated terminal voltage and its rated load. So:

13000
Vo = ==

Eqr = Vo + Ryl + jxsl, = 7506 < 0 + 0.95 < 90(7328 < —37)

~ 165000000

< —cos 1(0.8) =7328< —-37, x. =150,
V313000 >

=7506<0, I,
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Steady-State Operating Characteristic-Capacity curves (Q-P curygyture #-2
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)ecture #e

Steady-State Operating Characteristic-Capacity curves (Q-P curve

Field heating limit
'_ Machine rating
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Armature
heating limit
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jecture f#t6

Steady-State Operating Characteristic-Capacity curves (Q-P curve

Field heating limit
) Machine rating
Vahaf
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Vafa -.-
Armature
heating limit
Vi
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jecture #e

Steady-State Operating Characteristic-Capacity curves (Q-P curve
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jecture #e

Steady-State Operating Characteristic-Capacity curves (Q-P curve
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Steady-State Operating Characteristic-Capacity curves (Q-P curve)

Exercise 5: Consider a 200 MVA, 15750 V three-phase Ansaldo generator with negligible armature resistance and
a synchronous reactance of 2.64 ohms per phase, connected to an infinite bus with a rated voltage. The generator
operates at its rated load with a power factor of 0.8 lagging.

Draw Figures 1 through 5 as follows:

a) Figure 1 - 0n the P-Q plane, shade the area where the generator current is less than or equal to the rated
value in blue. (Note that in this case, we are talking about the generator, and consider neither the power angle
(delta) limitation nor the permissible field current.)

b) Figure 2 - Overlay Figure 2 on Figure 1. On the P-Q plane, shade the area where the field current is less than or
equal to the rated value in red. (Note that in this case, we are talking about the generator, and consider neither the
power angle (delta) limitation nor the permissible armature current.)

c) Figure 3 - Overlay Figure 3 on Figure 2. On the P-Q plane, shade the area where the power angle is less than
or equal to 90 degrees in green. (Note that in this case, we are talking about the generator, and consider neither
the permissible field current nor the permissible armature current.) R

200

d) Figure 4 - Overlay Figure 4 on Figure 2. On the P-Q plane, shade the area where the power
angle is less than or equal to 80 degrees in green. (Note that in this case, we are talking about '
the generator, and consider neither the permissible field current nor the permissible armature
current.)

P(kW)

1 . 1:60 200
e) Figure 5 - On the P-Q plane, shade the area where the power angle is less than or equal to 80 j
degrees, and both armature and field currents are within permissible limits. This curve is known as JEEEeess -
the load ability curve.
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1. Introduction

4. Synchronous-Machine Analyses
« Synchronous-Machine Inductances; Equivalent Circuits
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Open- and Short-Circuit Characteristics Lecture #4-2

PODII‘I
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1
|
' P
. | out
T'"dw"': =J§vr I; cosé
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losses Constant ? p _ p
outpu out
Variable ? = — >
Constant ? Pinput Pin + TfIf
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Open- and Short-Circuit Characteristics

Lecture #4-2

Field current I,

Terminal voltage V.

Input Mechanical Power
(Core losses+Friction)

Va.oc A Ezlf

Air-gap line

Open-circuit loss

P, = ﬂ ;%

Friction losses
and

windage

losses

Open-circuit voltage
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Open- and Short-Circuit Characteristics Lecture #4-2

Example 1: The following data are taken from the open-circuit test of a 45-kVA, three-
phase,Y-connected, 220-V(line-to-line), six-pole,60-Hz synchronous generator.
Field current, A 0 1.10 2.20 2.84 3.5

Terminal Voltage(L-L), V 0 101 202 220 230

Input Mechanical power(W) 450 480 345 1000 1100

The generator connected to rated voltage and deliver 45 kW. The rotor current in this situation
IS 3 A and rotor resistance iIs 124 Q and generator efficiency this situation is 92%.
In this situation:

a- What is the value of Friction and windage losses?
b- What is the value of core losses?

c- What is the sum of stray load losses and armature load losses?
Solution a) 450 W b) 1000-450=550 W

€) Plosces=45000/0.92-45000=3913 Py, +P¢, 10 =3913-550-450-124*372=1797 W
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Lecture #4-2

Open- and Short-Circuit Characteristics

Field current I,

' (A—

Stator Current I,

Input Mechanical Power
(Short-circuit load losses+
Friction)

A
/

a,sc

SCC

IS it linear??!!

Par
Pr Eaf
E I
Ralo 13- jXarla
jxalla
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Open- and Short-Circuit Characteristics

Lecture #4-2

Field current I,

Stator Current I,

Input Power . .
(Short-circuit load losses+
Friction)
A
Ia,sc
oo
E
scc 2
B
=
?
=
=
w2
»
O I

Short-circuit load loss

Stray load loss Raerr =

' o

Armature current

Short-Circuit
Load Loss

Short cicuit load losses

312
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Open- and Short-Circuit Characteristics Lecture #4-2

Example 2 : The following data are taken from the open-short-circuit tests of a 45-kVA, three-
phase,Y-connected, 220-V(line-to-line), six-pole,60-Hz synchronous generator.

Field current, A 0 1.10 2.20 2.84 3.5

Terminal Voltage(L-L), V 0 101 202 220 230
Input Mechanical power(W) 450 480 345 1000 1100
Field current, A 0 2.20 2.84

Armature current, A 0 118 152
Input Mechanical power(W) 450 2250 3430

The generator connected to rated voltage and deliver its rated power at unity power factor. The rotor
current in this situation is 3 A and rotor resistance is 124 Q. Derive the generator efficiency in this
situation and Ry

Solution: Pfriction and windage:450 W Pcore:1000'450:550 W Pstray+custator:2250'450:1800 W

45000 1800/3

p
=124*32= Sp LY X 100 = %92 _ o0/
curotor— 1243 =1LI6 W = 5= = % 42006450 + 550 + 1800 + 1116 P92 Raerr = —1g2

Dr. Ali Karimpour July 2024
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d,0C

Open- and Short-Circuit Characteristics

Lecture #4-2

A

4 Eat‘

a.rated

Air-gap line

O

p A AFNL (Amperes Field No Load),
occ fase
AFNL,,
““““ scc AFSC (Amperes Field Short Circuit)
______ I, cated X.. = Va(air gap) 0
7 ' V31, (coresponding to V)
______ al
| . Va,rated
T
|
: | ¥ 1 AFSC »
| = -
: | > Ial/la,rated AFNL per it
|
| | _ AFNL 1
~~ AFNL AFSC [¢ SCR = AFSC X = SCR DU
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Dr. Ali Karimpour July 2024



Example 3: The following data are taken from the open- and short-circuit characteristics 4 #4-2
45-kVA, three-phase,Y-connected, 220-V(line-to-line), six-pole, 60-Hz synchronous machine.
From the open-circuit characteristic:

Field current=2.84A Line-to-line voltage=220V
and from the air-gap line:

Field current=2.20A Line-to-line voltage=202V
From the short-circuit characteristic:

Air-gap line

- Vaoc A P A
Field current, A 220 2.84 | oee Hase
Armature current, A 118 152 2
Compute the unsaturated value of the synchronous ; .
reactance and its saturated value at rated voltage, 202V v/ -
both in ohms per phase and in per unitz. |
V., (air ga / e
Xeu = al g. P) e V3 = 0.988 Q) : 118
’ I,(coresponding to V,) 118 |
- 202 |
IV, (air ga / 1 >
Xsu (a7 9P) = 220 = 0.918 pu o 22 2.84 Iy

B I, (coresponding toV,) 1
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Example 3: The following data are taken from the open- and short-circuit characteristicsfuse #4-2
45-kVA, three-phase,Y-connected, 220-V(line-to-line), six-pole, 60-Hz synchronous machine.

From the open-circuit characteristic:

Field current=2.84A Line-to-line voltage=220V

and from the air-gap line:

Field current=2.20A Line-to-line voltage=202V

From the short-circuit characteristic:

a,0C

Field current, A 2.20 2.84
Armature current, A 118 152 V, e
Compute the unsaturated value of the synchronous
reactance and its saturated value at rated voltage, 202V
both in ohms per phase and in per unit.
v 220/\/_
X, = -%rated _ 3~ 0.836 0
> I,4 152
AFNL 2.84 1
SCR=—— =——=1.291 X.=——=0.775pu
AFSC ~ 22 oL A= 5eR P

Air-gap line
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Example 4: Consider a synchronous condenser connected to a power system bus which can be
represented by a Thevenin-equivalent voltage Veq(13.75 kV) and series reactance Xeg(0.02
p.u.). The synchronous condenser is rated at 75 MVA, 13.8 kV with a synchronous reactance
of 0.95 per unit and AFNL =830 A. Calculate the generator field current required to raise the
generator terminal voltage, and thus the local system voltage, to 13.8kV and the reactive
power supplied under that operating condition.

I

| 13.75 P g
Va = Veq +JXeqla Veq = g = 0.9964 pu £ z O
. _1<0-099%64<0_
a = 70.02 -

Eqr =1<0+0.95(—j0.181) = 1.172 < 0 pu

[ =1.172 % 830 =973 A Q = 0.181 pu =13.6 MVAR



Exercise 6: A 25-MVA, 11.5 kV synchronous machine is operating as a synchronous
condenser, as discussed in Appendix D (section D.4.1). The generator

short-circuit ratio i1s 1.68 and the field current at rated voltage, no load is

420 A. Assume the generator to be connected directly to an 11.5 kV source.

at

What is the saturated synchronous reactance of the generator in per unit
and 1n ohms per phase?

The generator field current is adjusted to 150 A.

b.

Draw a phasor diagram, indicating the terminal voltage, internal voltage,
and armature current.

Calculate the armature current magnitude (per unit and amperes) and its
relative phase angle with respect to the terminal voltage.

Under these conditions, does the synchronous condenser appear inductive
or capacitive to the 11.5 kV system?

Repeat parts (b) through (d) for a field current of 700 A.
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Effects of Salient Poles; Introduction to Direct and Quadrature-Axis Theory tecture #4-2

Is the armature reaction different in salient-pole and cylindrical-pole machines?

Armature Armature
mmf

Armature

Armature
mmf



Effects of Salient Poles; Introduction to Direct and Quadrature-Axis Theory tecture #4-2

Is the armature reaction different in salient-pole and cylindrical-pole machines?

Armature Armature

mmit

Armature

Armature

mmit

xs‘? 51
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Effects of Salient Poles; Introduction to Direct and Quadrature-Axis Theory Lecture #4-2

Is the direct axis reactance different from quadrature axis reactance?

Armature mmf
Xqg=Xg=2Xx57?77

Xq=Xg=Xg

But really: x ; > x

52
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Effects of Salient Poles; Introduction to Direct and Quadrature-Axis Theory -ecture #4-2

Equivalent Circuit of Cylindrical-Salient-pole Synchronous Machine

JXar JXal  Rg o . Motor Configuration:
+
EafC’v) _ IET ViV, = Ralg + jxsly + Eqp

Vo = Ralg + jxgly + jxgly + Eqf

210 AT—MWN—> 4 Generator Configuration:

I
E C.-.D+ E Ty .
“f r ¢ Eaqr = Vo + Ryl +jxsl,

|

Eaf — Va + Rala + jded + j.)DC;.qli Igim?)%urJulyZOM



Lecture #4-2

Electrical Machine Ill Syllabus

1. Introduction

4. Synchronous-Machine Analyses
« Synchronous-Machine Inductances; Equivalent Circuits
« Steady-State Power-Angle Characteristic
« Steady-State Operating Characteristic
« Open- and Short-Circuit Characteristics
« Effects of Salient Poles; Introduction to Direct and Quadrature-Axis Theory
« Steady-State Power-Angle Characteristic of Salient-Pole Machines
* Permanent Magnet Synchronous Machine
« Transient Behavior of Synchronous Machine. or Al Karimpour July 2024



Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2

Generator Configuration: Eqr = Vo + Rolg +jxgly + jxgl,
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Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2

Generator Configuration: Eqr =Vo+Roly + jxgly +jxql,

Eaqr =Va+Roly + jxgly +jxgly + (Gxg — jxg)lga

Eqr =Va+Rolg +jxgly + (jxg — jxg)lg

Eor = E'+ (jxq — jx,)lg Eos
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Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2

Generator Configuration: Eqr =Va+Roly + jxgly + jxql,

Eor = Vo +Rolg + jxgly + jxgl,; + (jxg4 —jxq)ld f €
. . . . on O T

Eqr =Va+Rolg +jxgly + (xg — jxg)lg wﬁ‘?ﬁ‘i—qf”

Eaf =E"+ Uxg _jxq)ld *
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Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2

Example 5: The reactances of a salient-pole synchronous generator are 1.00 and
0.60 per unit. Neglect the armature resistance. Compute the generator voltage
regulation when the generator delivers its rated kVA at 0.8 lagging power factor

and rated terminal voltage.
E'=Vo+jxgly =14j0.6%x1<—37 =144 < 19.4

Eqf = E'+ (jxa — jXq)14

I,; = 1.sin(37 + 19.4) = 0.83

Eqr =(1.44+0.83%(1-0.6))<19.4

E.r =1772<19.4 R =71%

v -7 58
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Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2

Motor Configuration: Vo = Eqf + Rolg + jxqly +jx4l,
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Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2

Motor Configuration: Vo = Eqf + Rolg + jxglg +jxql,

Vo = Eqf + Roly + jxgly + jxgl, + Uxg — jxg)ly

Iq Ry, Ear =E" —(xq—Jjxg)la

—JjXalg

L
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Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2

Eqf

Power-Angle Characteristics of Cylindrical Machines

Let R,=0 Il

P = Re[V,I}]

_ p
P=V,I,cosp A
P=1V,I %s
- a aCOS(px_ Generator
S —180°  —90°
| | — >
VE | 0 90° 180° 9
Motor
ataf .
P = f sino
Xs
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Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2

Power-Angle Characteristics of Salient-Pole Machines

E[lf
Let R,=0

P = Re|V,1,]

ly=—jlyg <8+1,<6 yoe
P =Re[(—jVy <6 +V, <8)(jlg < =6 +1, < —8)]

P — VdId + VZ]Iq

Va
Xq
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Steady-State Power-Angle Characteristic of Salient-Pole Machines Lecture #4-2
Power-Angle Characteristics of Salient-Pole Machines

AP Resultant = P
P =Valg + Vgl
sind
Vg =V,sind A
Eogr =V
Xd
> 4
180°
E, -V VZ Xo—
P = afaSin5+a(d q)
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Lecture #4-2

Example 6: A 2000-hp, 2300-V, three-phase, Y-connected, 30-pole, 60-Hz
synchronous motor has a synchronous reactance of x.=1.95 Q/phase and
AFNL=370 A. Neglecting all losses, compute its excitation current if it is supplied
with electric power directly from an infinite bus at rated voltage and frequency and
if 1ts field excitation 1s held constant at that value which would result in unity-

power-factor operation at rated load.

2000 x 746
7?7 = <0=3745<0A

V3 * 2300

Vo = Eqf +1alg + jxsl, I,
V, =?7=1328<0
Eoqr = Vo —Jjxsly =1328<0—-195<90%3745<0 = 1515 < —28.8

[ =7 = 1515370 =422 A
f o - 1328 B Dr. Ali Karimpour July 2024



Lecture #4-2
Example 7: In the previous Example let it is a salient-pole machine with

reactances Xy = 1.95 Q /phase and x,=1.40 Q /phase. Repeat the calculation.

Eaf = Vo — Ralg — jxalg _jquq Eaf =V _jqua _j(xd_xq)ld
a Va

Eqr = E' — j(xqg—xq)l4

>

E'=1328<0—-14<90%374.5<0 —jxglg

E' = 1427 < -21.5

af
af_(1427+(195—14)374ssm(215))< _215 = ‘ @

Compare with preV|ous examPIe
[ =7 — 370 =418 A
f 1328 Dr. Ali Karimpour July 2024



Lecture #4-2

Example 8: The 2000-hp, 2300-V synchronous motor with reactances x4 = 1.95 Q
/phase and x,=1.40 € /phase. Neglecting all losses, compute the maximum
mechanical power in kilowatts which this motor can deliver if it is supplied with
electric power directly from an infinite bus at rated voltage and frequency and 1f

a) Its field excitation is held constant at that value which would result in unity-
power-factor operation at rated load.

b) The field is not supplied.
c) Draw phasor diagram for condition b and discuss.

2000 = 746

E,r =1502v3 =1131pu. x4 = 1.95 2007~ = 085pu. X = 0.395p.u.
2 _ 2
P = EarVa sind + Va (Xa—%q) sin28 = 1*01.'51531 sind + 2(0%5;())'(22595) sin28 = 2.056siné + 0.357sin26)

X4 2XqXg
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Lecture #4-2

a)
opP B
P = 2.056sind + 0.357sin28 55 = 2.056c0s8 + 0.714c0s28 = 0 0 =—73.2
Pnax = —2.166 p.u.= —=3.23 Mw = —4332 hp Is it possible ... 271!
b)
p— LatVa sy YiXa—Xa) oo P =—0357p.u.=—0532 Mw = —714 hyp
X4 2X4X,
' ' 2711
Is it possible ...??!! V. (1328)
C)
??
. | =481 A | =670 A
I, = 825 A Much bigger than rated current!! d 4

Q axis S
direction(Ey) o ai KarimngrJuly 2024



Lecture #4-2
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Permanent Magnet Synchronous Machines

Lecture #4-2

Magnetic axis Magl?ctlc axis
of rotor

of rotor

0,, = wt + 6, ; = ol + 0

Magnetic axis Magnetic axis

of phase a of phase a

Permanent- magnet rotor

Small permanent-magnet motors are found in many applications:

disk drives and fans, fuel pumps, wipers, and power windows, doors and seats, etc.

A growing application of larger permanent-magnet machines Iis:

hybrid-electric vehicles and in generators for large wind turbines.
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] Lecture #4-2
Permanent Magnet Synchronous Machines

Advantages and disadvantages of PM-SM

 Actual cost of the permanent-magnetic materials themselves.
« The characteristics of permanent-magnets are temperature dependent.

« Unlike a wound-rotor synchronous machine, the rotor excitation in a permanent-magnet
machine 1s fixed.

« Permanent-magnet ac motors must be operated from variable-frequency motor drives.

* No Slip rings.
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] Lecture #4-2
Permanent Magnet Synchronous Machines

The great majority of radial-air-gap permanent-magnet synchronous motors
and generators tend to fall into two general classes:

Retaining
Rln 'A
\g g N

1- Surface-permanent-magnet ac machine.

2- Interior-permanent-magnet ac machine.
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] Lecture #4-2
Permanent Magnet Synchronous Machines

1- Surface-permanent-magnet ac machine.
Non Magnetic

The design of a retaining ring is thus a compromise; b &
* Thicker ring increases Mechanical
integrity of the rotor

 Thinner ring increases the effectiveness
of the magnetic circuit.

Open-circuit flux distribution.
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] Lecture #4-2
Permanent Magnet Synchronous Machines

Example 9: A four-pole, three-phase, surface-permanent-magnet motor has a
synchronous inductance of 0.50 mH and a line-line generated voltage of 3.31
\//Hz. For the purposes of this example, the armature resistance will be
neglected.

It is designed for nominal 1800 r/min operation but with over-speed capability
to 2400 r/min at reduced power output.

The motor can be operated up to a maximum terminal voltage of 208 V, line-line
and a maximum terminal current of 185 A.

In order to insure that the flux density in the motor remains within acceptable
limits, the drive has a V/Hz limit whose function is to insure that the motor

terminal voltage does not exceed the rated V/Hz of the motor (in this case, the
rated V/Hz is equal to 208 V/60 Hz=3.47 V line-line per Hz).
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] Lecture #4-2
Permanent Magnet Synchronous Machines

a) With the drive supplying a terminal current of 185 A, calculate the maximum
power and torque which the motor can supply at a speed of 1800 r/min.
Calculate the d- and g-axis currents under this operating condition. Verify that

under this operating condition, the motor terminal voltage will not exceed 208
V, line-line.

n = 1800 rpm f=B£=6OHZ

2 60
Egm =331%60=1986V(L—L) I,=1I,1;=0,

V, = 119.8 L-n=207 L-L drive V/Hz limit will not be activat

Poax = V3Eg, * la = V3 % 198.6 * 185 = 63.6 kW

Dr. Ali Karimpour July 2024



] Lecture #4-2
Permanent Magnet Synchronous Machines

b) If the motor is operated at speed of 2400 r/min, calculate the maximum
output power and torque which can be supplied by the motor assuming that the
drive control limits the motor terminal voltage to its maximum value of 208 V
line-line and its terminal current to 185 A. Also calculate the d- and g-axis
components of the armature current under this operating condition.

n = 2400 rpm f=§%=80HZ

Egm = 331%80 = 2648 V(L — L) K= I;t=0,

V, =159 L-n=276 L-L  drive limit the voltage t0 208 VV

So,
E,., =2648V(L—L) V, =208 L-L

Dr. Ali Karimpour July 2024



] Lecture #4-2
Permanent Magnet Synchronous Machines

So,
E, =2648V(L—L1)=1529L—N V,=208(L—L)=1201L—N
Va
x.I, = 2 % * 80 * 0.0005 * 185 = 46.5 V la |
Ma
v Vf + Ea::m B (X5111)2 _ o =
§ = —cos” ( VB ) = —14.0 Eqf
=t S 187 Bam S0 a0 o5 I, =115, I;=—145
“T x5 < 90 B | 7T AT
P =+V3E,y, * 1, = V3 %264.8 x 115 = 52.9 kW
p
P:3(led+Vqu) T=a=211Nm

P = \/§ValaCOS @ Dr. Ali Karimpour July 2024



] Lecture #4-2
Permanent Magnet Synchronous Machines

2- Interior-permanent-magnet ac machine.

Open-circuit flux distribution.

Design challenge —

(\-/'
=X
&
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] Lecture #4-2
Permanent Magnet Synchronous Machines

2- Interior-permanent-magnet ac machine.

Armature mmf
n d-axis

The net result is that(interior PM):

Larger reluctance to direct-axis flux

Armature mmf
than to quadrature-axis flux

In g-axis

So, the quadrature axis inductance
is larger than that of the direct axis.

Rotor Steel
S N
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] Lecture #4-2
Permanent Magnet Synchronous Machines

2- Interior-permanent-magnet ac machine.

N
N\
\‘\--\. ‘b
N O
NS
N
\\\_7-[
S
v
-
'
\
'

=2y,
—

Open-circuit flux distribution Quadrature-axis flux distribution



] Lecture #4-2
Permanent Magnet Synchronous Machines

Example 10: Consider a four-pole, three-phase, interior-permanent-magnet
motor which is supplied by the same drive as example 1.

Consider a motor with L=0.50 mH and L,=2.30 mH.

This motor has a line-line generated voltage of 3.31 V/Hz and it can be operated
up to a maximum terminal voltage of 208 V, line-line and a maximum terminal
current of 185 A.

a) Find the maximum output power and torque which the motor can achieve at
a speed of 1800 r/min with the terminal voltage and current limited of their
maximum values.

b) Fnd the corresponding direct- and quadrature-axis currents.

Dr. Ali Karimpour July 2024



] Lecture #4-2
Permanent Magnet Synchronous Machines

(Eumva ‘ V?(Xd_xq) . )
P =— sin d + sin 24
X, 2X X,
208 60
Vp="7=1201<0  Eum=331*xz=1147<-§ [, =185<¢

xg = 0.0005 % 2rf = 0.188 Q xg = 0.0023 * 2nf = 0.867 ()

120cosé = 114 — 185 * 0.188sin(¢ + 0) :

120siné = 185 * 0.867cos(¢ + ) > N

sin(p +6) =0.8474 [; =157A

cos(p+6)=0531 [, =984 N
0 =45 P =649kwWw T =344N.m < i
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Lecture #4-2

Electrical Machine Ill Syllabus

1. Introduction

4. Synchronous-Machine Analyses
« Synchronous-Machine Inductances; Equivalent Circuits
« Steady-State Power-Angle Characteristic
« Steady-State Operating Characteristic
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* Permanent Magnet Synchronous Machine
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Transient Behavior of Synchronous Machines

Short circuit in the windings

Causes of Transient Conditions —

in a Synchronous Generator Disconnection or connection of a

large electrical load

, L Failure in the windings
Causes of Transient Conditions in a
Synchronous Motor B

Disconnection or connection of a
large mechanical load




Transient Behavior of Synchronous Machines

Comparing an RL circuit with synchronous machine

™
™
N

Ny
NN
ey
S

Transient Period

=
W “hh

/

""""Wlﬂlﬂmmum

Steady-state Period |

N\

AR

a) Short circuit of an RL circuit with

zero initial conditions
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Transient Behavior of Synchronous Machines

Comparing an RL circuit with synchronous machine

Sub-transient

'\ / Period

il

Transient Period

Steady-state P<”Od

b) Short circuit of a no-

load generator

The main
reason for
difference with
RL circuilt IS
variation of
Inductances
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Transient Behavior of Synchronous Machines

Different time periods in transient conditions

4 Current
._‘_" \ I| | "T“h--.,,,___
| T -d L. \‘ ‘. M-
el \ VTV -AALL s
~ \ | \ \ / | o
_L_- . :-?I -_-.-q.l--_4-_»;—-i--ﬂ-—§--'. ;__.. —
Fault appears — Time
Healthy Subtransient Transient Parmanant
state slate state state

-

Current and the envelope of current amplitude

in transient states

(in log scale)

A

Sub-transient

Period Transient
Period Steady-state

\ / Period

~
~
~

>

Time(sec)

Rate of decrease in current amplitude on a logarithmic

scale for each period
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Transient Behavior of Synchronous Machines

Envelope of the phase current amplitude after a fault
t t .
I, =U"=1)e T+ ' —Ig)e T + I Envelope equation
|

(in log scale

III

Sub-transient
Period Transient

I O Period

Time(sec)

Rate of decrease of current amplitude on a
logarithmic scale per period



Transient Behavior of Synchronous Machines

Equivalent Circuit of a Salient-Pole Synchronous Generator During Different Time
Periods Under No-Load Short-Circuit Conditions

In a machine with salient poles, the reactance X, transforms into X, X', and X;".

Xy X, |, X,
I la I d _'a
+ + +
DK Ok O
a) Subtransient state b) Transient state c) Steady state

t t
. 2Egf0 1 1, "7 1 1, T _t
la == cos(wt + 6y) + \/§Eaf0 (Xc’i - Xd)e docos(wt + 6,y) + \/EEafO(X_C’i’ — X—C,l)e docos(wt + 6y)+ldcoe —

a

Reason for using X, in the equivalent circuit and analysis of the d-axis equivalent circuit under transient conditions?



Example 11: A 200-MVA , 15.75-kV, 50-Hz, three-phase synchronous generatc:+4-2
has a synchronous reactance of x, = 2.64 Q/phase, and negligible stator
resistance. (Ansaldo In Shirvan).

The generator Is connected to nominal voltage and operating at no load condition.

a) Calculate the magnitude and phase angle of the line-to- neutral generated
voltage E, ¢, and corresponding phasor diagram.

b) Calculate the steady state three phase short circuit current in rated condition.

Solution: Bar = 1P
200 - g
Q)  Xg=264o5=212pu  Eup =V +jxsly=1<0 v = 1pu
. Eqf d 1 pu
b) I, = .af = 0.47 pu :
s Jrsla

Compare with short circuit in transformer.
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- - - L #4-2
Transient Behavior of Synchronous Machines ecture

Phase-a

Armature and field currents following curent | o 0 A MUAMAANAAAAAAAAA AL
T T
a sudden short circuit on an initially

unloaded synchronous machine. Phase-b

current

dc component

Phase-c
current dc component

OAMMAMMM
VTV

- WANWM/\\
I,O

AAAARARAA
VUVVVVVVVVT Time

-—
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)[d — _Ldid + Laflf

Ao = —Lgi,

A = = Lagia + Lysiy
Ao = —Loio

Va = —Rqlq + DAq

Vp = —Rglp + pAp

Ve = ~Rglc + pAc

1
S _
|©0 5

Vg = _Raid + p}ld — (1)/161

Vg = —Ryig + Ay + why

Vo = —Rgip + pAy

" cos@  cos(B0 —120°)  cos(6 +120°) 1y
¢ | _2[—sind —sin(6 —120°) —sin(6 + 120°)
3

1

2

Axis of
phase b

Quadrature

Lecture #4-2

Sa
1 >
R
? Direct
o Axis of

Main
field
winding

—_ = -4 - - —

—C

Stator
Field winding

collar

Damper

|
bars | Axis of
phase ¢
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Lecture #4-2

Ad = _Ldid + Laflf Vg = _Raid + plld — (l)}lq
Aq = —Lgig Vg = —Rgig + pAy + wiy
Ap = =5 Lasla + Lyfiy vp = Rpis + phs

Ao = —Lolp Vo = —Rgip + pAg

A three phase short circuit in the no-load steady-state condition

3Ly

. 3 .
At first instances: Apt = —=Lggige + Lesipe = 0 iry = it
2 2L¢s

3Lo | 3L%; N
Aar = —Lgige + Lagiee = —Lgige + 7 lgr = —(Lg — o7 )ldt Agt = —Lg ig;
ff ff

312

Ly < Ly

Ly'=1Lg—
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. - - L #4-2
Transient Behavior of Synchronous Machines ecture

2
L= L, ok L, <L
d — ~d d d
t Direct
' axis
A:is 01;)
phase
L ! < Ld’ uadrature
d Q axis _ b [ él ) ) -
Main = — Stator
field | =
winding |
: Stator
Field 5757 —a winding
collar b '
Damper |
bars | Axis of
phase ¢
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Transient Behavior of Synchronous Machines ecture #4-2

\/ZE 1 _t t
i cos(a)t + 6,) + \/_Eafo( )e Tacos(wt + 0y) + \/EEafO(X X )e a cos(wt + 0,)
d d d
l
\h Subtransient
iod
| \/ e Transient

¥ \\n\ period Steady-state
T3¢ period

- “:‘Tpx’ﬁ TR
ANy

Short-circuit current
o
T
I
|
I
|
|
|
|
‘\:‘i""‘
I

;g""“'u Actual
"/;’ Extrapolation of envelope
/\{ Extrapolation of steady value
/ transient envelope

f
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Transient Behavior of Synchronous Machines

Lecture #4-2

TABLE 8-1
TYPICAL VALUES OF MACHINE CONSTANTST

Salient-pole

Generators motors
Machine Solid- Salient- Synchronous Low- High-
constant rotor pole condensers speed speed
X, 1.9 1.7 .4 1.5 1.4
X 0.25 0.30 0.50 0.40 0.35
X7 0.20 0.18 0.30 0.25 0.20
X, 1.85 1.0 1.3 1.0 1.0
X,'I 0.50 1.0 1.3 1.0 1.0
X 4 0.20 0.25 0.35 0.30 0.25
1Y 0.55 0.50 1.5 0.35 0.50
Ty 0.02 0.02 0.03 0.01 0.01
v 0.17 0.05 0.25 0.04 0.04

TReactances are per unit values based on the machine rating; time constants are in seconds.
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