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power quality problems of synchronous machines can
be of the following types due to abnormal operation:

« unbalanced load,

- « torques during faults such as short-circuits (e.g.,

3 balanced three-phase short-circuit, line-to-line

=z short-circuit). out-of-phase synchronization. unbal-

- anced line voltages, reclosing.

= « winding forces during abnormal operation and
faults,

« excessive saturation of iron cores,

« excessive voltage and current harmonics,

« harmonic torques,

« mechanical vibrations and hunting,

» static and dynamic rotor eccentricities,

s bearing currents and shaft fluxes,

« insulation stress due to nonlinear sources (e.g.,
inverters) and loads (e.g.. rectifiers),

« dynamic instability when connected to weak
systems, and

* premature aging of insulation material caused by
cyclicoperating modes as experienced by machines,
for example, in pumped-storage and wind-power

:ﬂ;[f-.fary of .s'ynchmnous machines under load
was developed during the first half of the twenticth

century by Blondel [1], Doherty and Nickle [2, 3],
Park [4, 5], Kilgore [6], Concordia [7], and Lyon (]~

e,

just to name a few of the hundreds of engineers and
ntists who have published in this area of expertise.
se works m ostly balanced steady-state, tran-

L
Fro

sie) ?_'--}.._-'.-_'ﬁ-:_*i}.;;_ti_; of synchronous

machines are analyzed. Most power quality problem
1 /e are neglected in these early publica-

e TR

2 lsaebhWad = R Ty
as listed above
N n - SRy -

llons because power quaﬁly was not an 1ssue during
: last century. However, the asymmetric properties
& A

sf synchronous machines are well known, resulting It
an infinite series of even-current harmonics in e
rotor and an infinite series of odd-current harmor
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CHAPTER

Modeling and Analysis of Synchronous Machines

Eznfllmjm IEQU?I&S Wgeﬁmuniss.eurs and results in

Iylarge machines; that is. the volume per generated
power is large. Examples are the 16 2/3 Hz generator
of the German railroad system [9].

Application of power electronic devices, nonlinear
loads, and distributed generation (DG) due to renew-
able energy sources in interconnected and islanding
power systems causes concerns with respect to the
impact of harmonics and poor power quality on the
performance and stability of synchronous genera-
tors. Although standards generally accept small to
medium-sized distorting loads, for large nonlinear
loads a detailed harmonic flow study is desirable. For
strong power systems, studies do not extend beyond
the substation level, but for weak power systems the
analysis may need to include generators of larger
generating plants. For the analysis of such systems
and for the optimal design of newly developed DG
and isolated systems as well as synchronous motor

drives. accurate harmonic models of synchronous
machines are required. An example for the latter 1s
the connection of wind-farm generators (without
power electronic interface) to a weak power sysicm.

The synchronous machine is an essential compo-
nent of a power system; it allows conversion from
mechanical to electrical energy. It is a device that
works in synchronism with the rest of the electrical
network. Several frames of reference have been used
to model synchronous machine operation. The first
and still the most widely used model is based on the
concept of the dg0-coordinate systemm [4.5]- The syn-
chronous machine has also been fﬂPfﬁs"-'_nth in a0
-oordinates [10] to allow a natural transition between
abe and dg0 coordinates. Detailed models of the
synchronous machine have also been developed for
ha_rmnni{: analysis [1 jI'B‘]- |

All these models, however, cannot _Emtﬁ_i?
de scribe the "mul and staad?r-state u.ﬂbﬂ.lﬂn.@d

: <wnchronous machine unless transient

operation of a synehronots =t A
and ﬁllhtl_'ﬂﬂﬁeﬂt pal‘ameiﬂm aIE mtmduned:

. model in the abe-coordinate system €73

i A-:'il

wrE,
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g,

= R[+d_qi
dt "

Neglecting saturation the flux linkages .
' L

_tiqﬁal_ to the currents: thus Pron,

¥ = Li.
(8

28 i USEC 7 Substitution of Eq. 4-2 into Eq. 4-1 yielg .
synchronous — iine for dW/dt — the differential equatio, iy

en mﬁhﬂﬁm{m

5: harmonic teTms up ‘_ii —yv—RL'Y

However, it 1s required to take into accoyy
;intera¢ﬁ0n between self- and mutual inducmm;_.
the windings residing on the stator and g,
members. Thus. a set of differential equations s,
written in matrix form for the stator and rotg
cuits as '

vabc == RSIabf T p‘{}abr ’ (3
Viag= Rebig PY ug: ¥

where subscripts abc and fdg represent the st
(e.g.. abc components) and rotor (€2, field, d- =
s é—axﬂs components). respectively, and p is th it
.; i ferential operator.

The matrix equation for the flux linkages is

[‘Pabf] = [L][i_ﬂbf } [+
| ‘Pqu Lrag
¥, ¥l =plY. T ¥, 4
| T |*
n ‘Piuﬂ B ‘Pka‘"] -
[Vn v, v, v Vil
5 (+
vtqn] L
. : Iy 4 L,
[‘n p L (¥
» [ R’i:‘-"‘ RN
4 1 Rﬁ Rt' Rf de 1 {_‘,-1“
. - '- . 1[“1@"
wne @ Ldr -: '-+ +d kan are the 1l bel’ t}f damP" v
WalSTe R an kqn are the number 1y, T ol
55 of the d- and g-axes, respectivel
(.1-11’
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L are stator self-inductances, L are stator-rotor
qutual inductances, where Lgg={Lgs|", and L, are
r self-inductances. T indicates the transpose of a

In the : |
p ht..h above equations, only two damper windings
ng the d- and g-axes are assumed and [17];

rolo
matrix. Note that Lss, Lsg, and Lgs consist of time- The entries of Ly, represent — neglecting s
yarying inductances representing the interrelation- tion - constant inductarices, indr:?::;dlzft 5-3:“1'::-
chips between the stator and rotor windings as a rotor position 6. Ly has the form b
¢unction of the rotor position angle 6.
Therefore, the inductance matrix is a function of [Ly L., O 1 0
time due 1O @ which itself is a function of time (e.g., Lis Li_,;, 0 [j - 0 ‘\
g=wl+0- /2. where @, and 6 are rotor angular Lig=| 0 I.J! Ly, Lﬂm Fax
velocity and rotor angle, respectively): Fs R ;} 0 |-
L 0 ) L“;,hl () B
Bi Ly Ly by Ly Ly Ly Ly (3-12b)
R Ly Ly L | I « Considering even harmonics (h) up to the nth
L L, L. L L 7 T T order, Lgs has the form
L. L, L. o DL, 0 L= 0
L= L, L. L. L e s L 0
L. N L. {0 0 L. 0 Lo
L. Lon L Lu B 400 vl 0
Lrie Lee L 0 (0 L 0 L. ]
(4-12a)

- | - i
= Z L, cosh(f+m/6) -L,_ - 2 L, cosh(f+57/6)

h=2

Lo+ Y, L., coshb
h=2

Lis=| —Lsa -3 L, cosh(@+ml6) Ly + 2 Lis cosh(8-21/3) —Ly Y, Ly cosh(@—m/2) |
J y e ‘ h=1

h=2
n n "
=L = E [, cosh(8+ Smi6) —L., — Z L, cosh(8- 2y L% Z L. cosh(f+ 2n!3) J
L < . = (4-12c)
« Considering odd harmonics (h) up to the mth order. Lsx has the form
- |

-i M P he i_ M, cos ho ~i M _cos h8 Z_ M, cos ht - Z M, cos he

A=l

osh(@=2813) =3, M, cosH{B=2K] 3 |.

- -i.\rfh'cc-ﬁhlﬂflﬁ':*l £~"‘f, .

L,=| ¥ M, cosh(8—2m/3) Y M, cosh(8-2x/3)

LY
asl k=1 ~ i j 9 = 11}
- » Dida = 'x o esh(8+2%13) LMo S5 O+ 2E LS
: g 121 13) ._Y M coshlf+ 2R 3) z D, : . -+
M cosh{8+2x/3) M, cosh(@+2F12) ~L :
Z‘ . 2 | . (4-12d)

: ead . —
in a unifie _icH.,,.h(,*‘__ii}+‘l':(:;-lﬂ)l*

Combining Egs. 4-3 to 4-12 results
representation for the electrical part of the synchro- (4-14)

nous machine having the form

-
= _'-:_F Tu(ib

re p is the qumber of poles.

(4-13) whe

wlation 4 9 Mechanical Equations of

Synchro_nnus Machine

the S Yo R E
el order differential equations: @
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FIGURE 4.3 Short-circuit field and force (measured in N/
m, see Section 4.2.14) distribution of four-pole synchronous
generator. The arrows indicate the direction and yalue
(length of arrow) of the winding forces developed due to
balanced steady-state, three-phase short-circuit.
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4.2.2.1 Consumer (Motor) Referep, Modeli es

e
Fram, e 165

Uy + Vx — 4 Vk -
= O

Figure 4.14a depicts the equivalepy, Cireyiy
rotor synchronous machine based on th f

B "-5'-.-_-.-.-'-&':

mJ”IH reterence SEITEnt system, Fig,, .. 4

rates the corresponding phasor diagy,, fo
di '133-'.";_::"4 ';E?}#"F‘-g‘4‘14‘:P¢rtainst0u"drW“‘ | Ea

ﬂ-ﬁiﬁl ﬁha.t. the polarity of . V;Ezcjtw ¢

»d bv + and — s1. 85§

o 3 }I} j‘hé Lﬁ:g::;i }:i’ﬁ]l as by arroyy “.hﬂ:: |

the nead | IdES with the 4 Sign o (a) ’

the II_'I ;:.-:::'—"'JJ' . - w ey -
,1 _r _-* _:I___‘ i m ' Wlth t.he SIEH. SUCh it anﬂ“ I

ion makes it easier to draw

—

e

I'-‘I;t"'“t
@
nn<*

Q‘.’.‘l

:
= u Jh. ) L
- 4.2.2.2 Generator Reference Frape

. I i - . Fo .
Figure 4 %ﬁ‘?mﬁtﬁ the equivalent Circuit of 4 round |
otor _'-.':f'i‘-:':'_;.'-_-'f'ﬁ':via s machi )
Syn( ‘%E’-“’ Fnachme t?ased on the genernaty: |
. Nt system. Figure 4.15p ¢ ilustrye |
he corresponding phasor diagram for OVerexcite] | based oi
ind underexcited operation, Iespectively, | refere:

e L e e
¥ ¥ 2MEa ™M =
LLCHLT CdlIc

.- = B
e l.

- 4.2.2.3 similarities between Synchronoys oher
o | am N o = . i h h . -
e : 'ﬂ!@lﬂﬂﬁﬂ-}ﬂ!d‘ Pulse-Width- Modulated (PWH) 1gher mput voltage V, than specified by Eq. 4-26 s

i . o e L} required, whereas for leading(underexcited, absorb-
BN | Current-Controlled, Voltage-Source Inverters Ing reactive power from the grid) displacement

*' Inverters are electronic devices transforming volt-

e

. power factor a smaller input voltage V, is sufficient.
2es and currents from a DC source to an equivalent  For example, although for unity displacement factor W
\C source. Figure 4.16a illustrates the actual circuit  V.uiypr =400 V is acceptable, a much higher input g
of an inverter, where the input voltage is a DC  voltage, e.g., Vi iging ,y =600V is required for dis- &

J

YO lage

Oltz A}ﬂﬁdthe output voltage is an AC voltage placement factors larger than cos ¢=038 lagging

VM IUis assumed that the PWM switching is loss-  (overexcited) [29, 30] at V,,,,=139 V.

{'E’E!"! _';a 4.16b the DC voltage (V,/2) is trans- | 1
‘ormed to the ACside and represented by the phasor 8
\Val2), ‘J makes the equivalent circuit of Fig.  4.2.2.4 Phasor Diagram of a Salient-Pole

4.16b simila
e B = .-.-I-_ .

lar to that of a round-rotor synchronous ~ Synchronous Machine
: Jiﬁ- as. d MEd ln Fig. 4.15a. The relation The d- and g-equivalent circuits and the associated

; ;H* ﬁr""m f mental) output voltage [Visal OF phasor diagram of a (balanced) salient-pole synchro-
|~ fverter and the input voltage V,/2 (transformed  pous machine are given in Fig. 4.17a,b.c. Note there
0 1e ACside) is g ven [28] by is no zero-sequence equivalent circuit, which becomes
' important for unbalanced operation (e.g., asymmet-
rical short-circuits) of synchronous machines only.

(4-26)  Figure 4.17c represents the phasor diagram without
cross-coupling between the d- and g-axes due to

. saturation. The relation between voltages, currents,

L'is the modulation index of the (sinusoi-  and reactances is given by the phasor diagram of Fig.

liS re ”uu:} _: T ‘to hold for opera-  4.18including cross-coupling c:ff d-_ and g-axes param-
“idunity displacement (fundamental power)  eters [20, 23]. This Soas-RaUpling 18 dus (o saturation
), 30]. In these references it is shown  of the machine and will be neglected in subsequent

(Overexcited, delivering reactive  sections.

id displac ement power factor a much According to [7] the following relations are valid:

1 I:III.I
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FIGURE 4.18 Phasor diagram of salient-pole synchronous
machine with cross-coupling of d- and g-axes [19. 20].

m may be written in terms of the terminal

voltage V.:
_ %%*%‘3;#"451“5?Xq(Ea;'Valws"s), (4-31)
ol X, X,* R,
S
e :Xi[ﬁlsmtﬂ' R.,(Ea:wulc“”&  (432)
e quq-"'R;
aﬂd?‘-"ﬂ If '|"',‘ T
. wn: |

- ive, (4-33)

4.2.3 Applica tion Example 4.1: Steady-State
o lient-Pole (Round-Rotor)

| . ----P [ ] If;\ e
i 1 - 0f ;__?JTI l-l

|

-

hronous Machine
RSRIRB | ! . ient-
hree-phase (m = 3), four-pole (p =4) nonsalient

Parameters X, =

167

Zpuand R, =0.05 pu. Itis operated
Ul;age) Vo=1pu at an overexcited
t based on the generator refere .
nee
system, where the current flows out of the machine)

displacement power factor of cos =08 lagging. and
]:ei‘-phase current |/ =1 pu. The base (rated phase)
AES ATE |Viked = Viewe =24 KV, L s = T = 14 k

(‘3Eging curren

A, and the base ;
impedance | -
Vi e = 1714 Q. - e
L. Draw the per-phase equivalent circuit of this
machine,

What is the total rated apparent INput power
S (expressed in MVA)?

- What is the total rated real input power P
(expressed in MW)?
Draw a per-phase phasor diagram with the
voltage scale of 1.0pu=3 inches, and the
current scale of 1.0 pu=2.35 inches.
. From this phasor diagram determine the per-
phase induced voltage lE_,',,[ and the torque
angle 4.
Calculate the rated speed (in rpm) of this
machine at f=60 Hz.
Calculate the angular velocity @ (in rad/s).
8. Calculate the total (approximate) shaft power
Pi«=3(E, -V, sin 8)/Xs.
9. Find the shaft torque Tu. (in Nm).
10. Determine the total ohmic loss of the motor
Pos= 3 R.ulan-
11. Repeat the above analysis for cos@=038
underexcited (leading current based on gen-

erator notation) displacement power factor
and |/ =0.3 pu.

n

4.2.4 Application Example 4.2: Calculation
of the Synchronous Reactance X; of a
Cylindrical-Rotor (Round-Rotor, Nonsalient-
Pole) Synchronous Machine

A p=2 pole, f=60 Hz synchronous machine (gen-
erator. alternator, motor) is rated S, =16 MVA at
a lagging (generating reference system) displace-
ment power factor cos @= (.8, a line-to-line terminal
voltage of V., = 13800V, and a (one-sided) air-gap
length of g= 00127 m, The stator has 48 slots
and has a three-phase double-layer, 60 phase-?clt
winding with 48 armature coils having a shuﬁ' pitch
of 2/3. Each coll consists of one turn Ne = 1. S_lxteen
stator coils are connected 1n seri:s, that is, the
number of series turns per phase of the :qtator (sf) are
N ghase = 16 (see Fig. E4.2.1). The maximum mr—gaP
Aux density at 0o load (stator current L passe =0) 18
B..x=1T.

ey S

(RO RGE ATSERR AR sAr



d) Determine the stator flux gy,

" tﬂ the area (area,) of one pole.

'E:L.»A the field (/) current 7,
load.

'__..;;,;-I_g;;v‘:'-g--*; the synchronous (s) rege

EJ_T#'H

h) Find the base impedance Zy,.. expressed iy
g Sanig e E
1) Express the S}ﬂi’lChl’GHOUS reactance Y

) Comp
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4.2,5 Application Example 4.3: dg0 Modeling
‘Sallent-Pole Synchronous Machine

Engineers are most concerned aboul the torques
Leneral g’ﬂt&b,ytha machine under abnormal operating
conditions such as
’ 71"“:5'-1 hree-phase short-cireuit,

ine-to-line short-circuit,
 line-fo-neutral short-circuit,
: Liymhromz ation,

R T o T
- AYHCNHro
. L R .

izing and damping torques,

] .

Linear (not ;'-'}"_, urat 'n.ﬂqpandent) reactances are
asSumed and amortisseur (damper) windings are
Heglected except for some out-of-phase synchronizi-
ton results and for reclosing events. Most machines

ty weak damper windings and, therefore, (1

Hnon 15 1u ,‘,’i”{ﬁ}.
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FIGURE £4.2.3 Rotor mmf F, of two-pole, three-phase synchronous machine.
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JIGURE E4.4.1 Decompositi isseur winding of a two-pole gene 40}, In this graph only six damper wind-
FIGURE E4.4.1 Decomposition of amortisseur winding of a two-pole generator | | ¢ | :
ings are shown; three in the d-axis and three in the g-axis. Figures E4.4.2 to E4.44 and E4.4.11 to E44.13 provide details
about the location of the 16 damper bars within the rotor slots.

4.2.6 Application Example 4.4: Calculation of
the Amortisseur (Damper Winding) Bar Losses
of a Synchronous Machine during Balanced
Three-Phase Short-Circuit, Line-to-Line Short-
Clrcuit, Out-of-Phase Synchronization, and
Unbalanced Load Based on the Natural abc

Reference System [40]

For the analysis of subtransient phenomena, a Simu-
lation of the damper-winding system of alternators
is of utmost importance. (‘nncurd'fn (7] ex‘punded EIw
usual d- and ¢- axes decomposition by mtrox{iuc.}ng
more than two (e.g, d and g) damper wmdmg
systems, In this application c-xan?ph? thclumohrl‘;sse-u;
is approximated by 16 damper windings it l.htI;l - an :
g-axes as shown in Fig. E44.1, thal s, 18 .ffmpsé
windings in the d-axis aml_B dflﬂlpﬂf windings in tnd
g-axis. Damper bars reside in the rotor slots a

\bedded in the solid rotor pole zone.

some bars are em in lex
To simplify this analysis it is assumed that the rotor
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4.2.8 Application Example 4.6: Caley

|
of Synchronous Reactances X, ang X, fﬂ:}ln

Measured Data Based on Phasor Diﬂgra

Synchronous reactances are defined for B
frequency. Subjecting the voltage
Fourier series yields the following data.
to-neutral terminal voltage V,, phase Curren |
instead of the induced voltage E the no. load Vol

- -

LR I L] -
=!||-1r=~-4 ~
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dﬂ!‘lg nizl
and currep, -
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,'r +l#4r.-n!|q-
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FIGURE E4.5.2 Measured line-to-neutral V,, volug
wave shape of permanent-magnet generator at

ﬂeai,gned.far wind-power application [44].
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" Ppermanent-magnet generator at no load desiz
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Vizstuno-oad = E can be used for a permanent- -magnet
machine if saturation is not dominant. The displace-
ment power factor angle ¢ and the torque angle §
can be determined from an oscilloscope recording
and from a stroboscope, respectively, The ohmic
resistance R can be measured as a function of the
machine temperature. The relationship between
these quantities is given by the phasor diagram of

From the above phasor diagram one can derive
the following relations for the synchronous reac-

tances X, and X

TABLE E4.5.3 Harmonic Spectrum of Fig. E4.5.3
———— —_— — — —

Harmonic Harmonic
Harmonic magnitude Harmonic magnitude
order (%) order (%)
1 100 7 3
2 1 8 0
3 0 9 0
4 1 10 0
5 1 Il 6
6 0 12 0

\

TABLE E4.5.4 Harmonic Spectrum of Fig. E4.5.4

Harmonic Harmonic
Harmonic magnitude Harmonic magnitude
order (%) order (%)
1 100 7 3
2 1 8 0
3 1 9 0
& 0 10 0
D 1 11 6
6 0 12 0
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V - =
Xq ik Yi1-n)SIN0 + Rf“_,,, SINAcos/ + Rf”_m cosdsin/

I, coslcosd - [, sinlsiné
(E4.6-1)

Xd' = _E_\_' ({=n) 00‘55 = R{“__MC{}S(S ~ i}
!”_MC{'}S(QUD ~[—8)

(E4.62)

An application of these relations i given in [44].

4.2.9 Application Example 4.7: Design of a
Low-Speed 20 kw Permanent-Magnet
Generator for a Wind- Power Plant

A P=20kW, V,, =337V permanent-magnet
geéncrator has the cross sections of Figs. E4.7.1
and E4.72. The number of poles is p=12 and
its rated speed 1S n,., =n.=60 rpm, where ng is
the synchronous speed. The B-H characteristic of
the neodymium-iron-boron (NdFeB) permanent-
magnet material is shown in Fig. E4.7.3.

FIGURE E4.5.4 Measured line-to-line V, ;, voltage wave
shape of permanent-magnet generator at rated load
designed for wind-power application [44].
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e LN i | , . Figure E4.7.2 Magnificd cross section of area enclosed by path C of a pole pitch of permanent-magnet machine (see F 3
ﬂ ) FIGURE E4.7.1 Cross section of one period (1wo pole pitches) of permanent-magnet machine with no-load field EAZL) "SEETmaCibe: (ec L o
= H 3
b rl s ' el e .
;l . #) Calculate the frequ 'm'..ari of the stator voltages 4;-2.'_1_.0' Application Example 4.8: Design of ¢ s
X and currents, 10 kW Wind-Power Plant Based on Bl T] |
) Apply Ampere's law to path C (shown in Figs. Synchronous Machine _ X
ssun JMWMW Design a wind-power plant (Fig. E4.8.1) feedi 14 ] %
f el S s, Lot wanstormer = 10 KW into the distribution sysies Ly = “
A __,_..,.ﬁ!f_"ﬂlii at a line-to-line voltage of V. p yen= 12475V Hwa 0 .
RO _ ﬂiﬂﬁﬂm yblrmv.ml ranstormer- 1he wind-power plant const | haRdymilinT-iron-poron P L »
nagnet (m) length /,, a of a ¥ - A three-phase (ideal) transformer connectet | o :

SR g between three-phase PWM inverter and pove | :0.6

e wm‘ system, where the Y is the primary and A ¥ (i | :
SERemms - secondary of the ideal transformer (Fig. B4R | i
, "u.'ﬂl' m m %Billput voltage of the PWM inverter (se¢ Chaptet o
BBk coml line 1, Fig. EL5.1) is V=600V, where the m-.:rdrcf (~He) ; ’
J " _L_‘“ ﬁ BEnipnt AC current fiovene al__um[?m;}. ' 1000 900 800 700 600 500 -400 -300 -200 00 H[kAm]
Rty L pracement power factor cos (pzl to the prl i Flilllt - _ ol | | * | -
vend "URE £4.7.3 B_-H,, characteristic of neodymium-iron-boron (NdFeB) permanent-magnet matenal

""" - (¥) of the Y~A transformer, and th iﬂ' ;
" "= 1l Fas el | = . . _:1] -
A . . A Pm ﬂn"m‘hnﬂ ?Oltagﬁ 15 V{, L jovertel 2

- _: ..L -. L | -.jlhz' r;.ﬂf_“ m - . l ﬂg
Sl 0 s - HMPM rectifier (see Chaplel © d

maximum energy effictency of a wind turbmne as a
is to be designed for the rated wind veloc-
an altitude of 1600 m and a coel-

ency) ¢, =0.3.

—— Y

) | Bmﬂﬁ‘zma the leakage reactance Xiuue = |

-l "~,|h one self-commuted PWMHUPMH,-, 3 ﬁuil 10% of the synchronous reactance gUidc;jllnc— |
switch (1 ﬁ is fed by a three-phase 51-'""'_1_“;., ,“ mnmmnm flux density By, =0.7 T, iron- 1‘!3" ol 1'=_1U m/s dl. i
f olta= ~ r'-“l_-:"::';-'i-"'-' Tactor kﬂ=0.95, stator winding factor ficient of performance (actua ency)
| j. e that all components (transformer,

generator The i s ta-ling v |
N The input I;mf: i _480V° =08, rotor winding f k, =08, and torque
e hree-phase rectifier 1 Vi, wciba =" OETR R mren . . ing factor k, =08, an q
o Design the mechanical g¢4 bet e - @=30%) 50 that a wind turbine can operale
urbine and W{ (with p =2 po% e =30 Tpm. Lastly, the wind turbine - using ~ excepl
e Z_'_..__.".'._T_','_._ M kmeH'm IS EBmous :Iaﬂﬂh {]:Uﬁ"'-"i':.
)rpm, utilization factor C = 1.3 b

| :.qu-}T-

You may assum 1
rectifier, generator, mechanical gear)

inverter, 2 '
e have each an efficiency of

the wind turbin
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' . farmer oufpy
| e given rans Wers
a) Based on 1he 8 W compute the output PO
=10k and wind

Jp._-nrl _IrEms TR r. gen eralor, gf-'-ﬂf .

of inverter, rectific
ne.
b) ::U;b::c circutieoc}f nigwﬁi
ation ratio (vyl.
o e
c) :1’;: ijnfhinp(h?w -shi'ft between g

g | determiné the frans-
fthe Y -4 transformer,
side) and A

nd

€y
VI. L. svenet -

d) What is the phase shift be
[ 9

e) G::i;usoidai PWM to determme

of Fig. E15.1 of Chapter 1 the n i

current l.me Which is in phase with Vix sver-

= 138.57 V. that s, a (umty) displeeemem power

?acmr gos @= 1 at an inverter switching frea.:iuency

of £, =7.2 kHz You may assume R = 30 mi2,

Xone =019,  Ripere = 10mEL, and  Xgverser

=377 0 at f=60Hz

tween Jp ysen and

for the circuil
verter outpul

f) For the cireuit of Fig. E12
duty cycle of 6=50%, compute T.h”.
of the rectifier [ ...

g) Design the synchronous ge€neratg
given data provided it operate Rl -
ment power factor. 1y di;

h) Design the mechanical gear

i) Determine the radius of the wind |

U lor |

ine
for the given conditions, Urbine |
4.2.11 Synchronous Machines Suppiy
Load Ying
Nonlinear Loads

Frequently synchronous machine« OF perme.
magnet machines are used together iy, ||
converters, that s, either rectifiers ,¢ a !.HQ L |
or inverters feeding the machine. The question
how much current distortion can pe Der o
grder to prevent noise and vibrations gz,

heating? It 1s recommended to limit the

Miteg
L” ;‘l\--l. :

013l har

Wind ¥
Turbine

Raﬂﬂﬁef Vﬂc = G‘DOV

PWM - ]
Inverter ransformer =

FIGURE E4.8.1 Block diagram of wind-power plant.
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monic current distnrlime ‘uf the phase current t.
rHD,$5-20% as specified by
[EEE‘Z"—I‘J (see Chapter 1). Thc 5% Limit is
laree machines and 1_he 20% limit
n“;chines. The calculation of the synchronc

<=nt, and subtransient reactances based
I\ 5 &

enables them to avoid any mechanical
the wind-power train. The AC output 1s rectified

Hydrogenerators are another example where
m;mber of poles are used.

4.2.12 Switched-Reluctance Machine

Switched-reluctance machines [52-55] haye
advantage of simplicity: such machines consist of

a
salient pole (solid) rotor member without any
winding and the stator member carries concentrated

coils that are excited by a solid-state converter. The
only disadvantages of such machines are the encoder
required to sense the speed of the rotor and the
acoustic noise emanating form the salient-pole rotor.
The windage losses of such machines can be consid-
erable. Figure 4.19a.b.c.d illustrates how the held of
a switched-reluctance machine changes as a function

of the rotor position.

4.2.13 Some Design Guidelines for
Synchronous Machines

[n order for rotating machines to work properly and
not 1o cause power quality problems. limits for
maximum fux and current densities must be met so
that neither excessive saturation nor heating occurs.
These limits are somewhat different for induction
(see Chapter 3) and synchronous machines.

feCommendation
fUl’ "L’::'r}'
IS for smal
JUS, tran-

0N numer;-
-4l field calculations is addressed in 150]. Synchre T
Ct - .

machines up to 5 MW are used in Variable-speed
drives for wind-power plants. Enercon [51] uses Syn-
chronous generators with a large pole number- this
gear within

and
an inverter supplies the wind power to the grid.

a larpe

the
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Table g
€ 4.1 lists rcCommended maxi
€S within

Machines

11 .
the Stator and rotor of

4.2.13.2 Recommended Current

Densities
F[i.!hh_- 42 1;

SIS reCcommended current
"”](_i I'HT_{'*F
Machines, 7 hese

"‘-‘"'J'-j"“ﬂ_‘:: met h'

densities wit hin

the s
tator windings of

synchronous
current densities depend on the
ds applied.
4.2.13.3 Relation
Terminal y

The relationship between iInduced v

min; tage i
Inaj voltage is for motor operation aPProxi-
mately £, /v '

phase! ¥ phaee = U595 and for g€nerator operation
E’:.-- li ;"_-___ = I"_iﬁ.

between Induced E. ise and
shase VOItages

Jitage and ter-

4.2.13.4 Iron-Core Stacking Factor and
Copper-Fill Factor

ke iron-core stacking factor depends on the lamina-
tion [_h!{:kntk‘ﬁfi _,_'\n ‘ippﬂjxlmdlt "-'-'J.IUL' I-L-lr Most
Commonly used designs is k,, = 0.95,

I'he copper-fill factor depends on the winding
CTOSS section (e.o

8., round, square) and the wire diam-
€ler. An approximate value for i

Nnost commonly used
designs is k_, = 0.70.

4.2.14 Winding Forces during Normal
Operation and Faults

In power apparatus magnetic forces are often large
enough to cause unwanted noise or disabling damage.
For instance, in [56] the problem of stator bar vibra-
tions causing mechanical wear in hydrogenerators is
addressed. Useful methods for reducing the vibra-
tions, which are caused by magnetic forces, are Sug-

gested. Along with the suggestions a force calculation

TABLE 4.1 Guidelines for Maximum Flux Densities (Measured in Teslas) in Synchronous Machines
-—-_l——_-—___

Stator teeth. Stator teeth,

Sohd rotor

Sohd rotor Sohd rotor Sohd rotor

Mator Maximuim middle of teeth, near teeth, not back iron back iron,
back iron value tooth height Solid rotor winding near winding forged iron cast ron
I-1.4 1.6-1.8 1.35-1.55 1218 <24 1L4-1.6 1-1.4 0.7
_ﬁ-_h : E

TABLE 4.2 Guidelines for Current Densities (Measured in A 'mm-) in Windings of Synchronous Machines

Without forced With forced air cooling

dir Cooling

Hydrogeén or indirect

1 = I ¥ , o
water cooling Direct water cooling

(e.g., ventilator)

4-8 816

g T PR ¥ F

-

Lo =L I RF



NS

./"-"\\

i

Al

o —

2N
(b)

g o i
L)
"1 1

F’d
ST

i /17 47
e A -

1

|
=
|

&

g

14 '--' J
Y - e

or {4) rotor position #1 (0 mechanical degrees), 101
AT | .F.;1."'.‘ T j( |_.-I'E..-[’]l1‘ ‘ ,...-l.ﬁ : '[ipn #4 (3!] mechﬂnﬂ,
*“ i _‘E o

rolor pmnmn '
a] degree

|
|
|

1
til
1

modeling and Analysis of Synchronous Machines

fnrn‘llllﬂ Pmpused in 1931 1s gilven. The surface inte-
oral method recumn1cn§ecl in this section is an
impfﬂ"’cmﬂm overlsuch tc':trmulas Since it uses mag-
qetic field cﬂlcula'lu;m, which accounts for magnetic
caturation of the iron cores.

4.2.14.1 Theoretical Basis

geveral approaches may be taken to arrive at the
expressions Necessary for the surface integral force
caleulations. Using a stress of Maxwell and energy
considerations, Stratton [57] formally derives this
expression for the total force on a nonferromagnetic

body:

F = [[uH(H 7)- %Hlﬁ]aa. (4-35)
51
In Eq. 4-35 §; is an arbitrary surface surrounding
the body. Equivalent expressions are given by Car-
penter [58]. He begins by assuming that “any distri-
bution of poles or currents, or both, which, when put
in place of a piece of magnetized iron, reproduces
the magnetic-field condition at all points outside the
iron, must experience the same total mechanical
force as a part which it replaces.” One special distri-
bution consists of poles and currents existing on a
surface surrounding the body of interest. The force
on the body is thus modeled by the force densities
F,= uH.H,, (4-36a)
1

K
2

W (H: = H?), (4-36b)

in the tangential and normal directions, respectively.
Surface integrals of these densities then give the total
force on the object.

A third treatment of the subject is made by
Reichert [59]. He speaks of a quantity p, the surface
stress. Integration of stress,

(4-37)

E‘sﬁiﬂ'fﬁ'igﬁ'ﬂ the total force on the body. This force
chlllati‘on IS equivalent to Stratton’s and Carpen-
lers. However, Reichert goes on to adapt the stress
0 numerical methods.

Required characteristics of the above integration

ol

y Which are clarified by Reichert, turn out {0
¥ M’ihle application of the method. The

-

D5k -
o] |

“8sary cha

o

acteristics are
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Surface must be in air:
AN exception m
Creating an arti
the artificial a

ay be made to the above rule by
ficial air pap. This may be done if
e nl;agap dm.,s not cause a significant
NAL] gnetic field: and

Surface may be any

that fully encloses th '
and follows the i R

above rules.

Especially note that only
acting on the body is give
Information can be obtain
bution of

the total force or torque

n by the integration. No
ed about the actual distri-
the force within the body. Figure 4.20
shows forces calculated with the above mc.-:blhud.

4.3 HARMONIC MODELING OF A
SYNCHRONOUS MACHINE

Detailed nonlinear models of a synchronous machine
in the frequency domain have been developed for
harmonic analysis [11-13]. These models. however.
cannot accurately describe the transient and steady-
state unbalanced operation of a synchronous machine
under nonsinusoidal voltage and current conditions.
A machine model in phase (abc) coordinates can
naturally reproduce these abnormal operation condi-
tions because it is based on a realistic representation
that can take into account the explicit time-varying
nature of the stator and the mutual stator-rotor
inductances, as well as the spatial (space) harmonic
effects. Harmonic modeling of synchronous machines
1S complicated by the following factors:

e Frequency-Conversion Process. Synchronous
machines may experience a negative-sequence
current 1n their armature (stator), e.g.,
unbalanced three-phase conditions. This current

may induce a second-order harmonic of this nega-

under

tive-sequence armature current in the rotor. The
rotor harmonic in turn may induce a third-order
harmonic of this negative-sequence current in the
armature (mirror action), and so on. This fre-
quency conversion causes the machine itself to
internally generate harmonics, and therefore com-
plicates the machine’s reaction to external har-
monics imposed by power sources.

« Saturation Effects. Saturation affectsthe machine's
operating point. Saturation effects interact with
the frequency-CONVersion process and cause a
cross-coupling between the d- and g-axes [23].

« Machine Load Flow (or System) Constrainis.
Synchronous machine harmonic models are incor-
p:aralt-:d into harmonic load flow programs and

must satisfy constraints imposed by the load flow

program.
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ez Sl er of harmonics b A
| his the ord - v and A!- -‘“ X, nents [62‘ Figlll"& 122
iﬁ""‘ tive-. negative-, and zero-sequence reac- circuit and Fig. 4 b s

o< of the machine at fundamental frequency,  circunt for the positi

“ detail the circuits for

s may be included by adding a resistor, as
in Fig. 421. This model of a synchronous
hine is used in harmonic (halanced) power flow

43.1.1 pefinition of Positive-, Negative-, and
Zero-Sequence Impedances/Reactances

~metrical components [10] rely on positive-, neg-
'|‘_ra" and zero-sequence impedances. Figure 422
; i' a summary for the definition of these compo-

4 Tepresents the three-phase

hows the per-phase equivalent
Ve sequence. Figures 422¢d
the negative components, and

nX,

FIGU R E 4.21 Harmonic equivalent circuit of synchronous
machine based on negative-sequence impedance.
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:Eqs 4-41 and 4-42 it can be noted iy
ditional harmonic voltage term has the oppa
phase sequence than that of the applied currex
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,;iﬂhe applied current of order =7k
e sequence, then the addmon..l har-
m;)onent has the order 5 with;
Rﬂ}lﬁﬂﬁﬂ This 1s the usual situate
1 system. If. however, the appi
Tent of or nt'—s jl 7 has negative-phase sequ..d_k
hen the additic mi harmonic voltage componen: i
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=J'~¢.‘=' m voltage set will umbebalar:a |

The quantities with a bar (V) are the current com-

ponents with the frequency (k= 2)@. The phase

1ce of these components is the opposite of that

of the applied voltage with frequency hew. Using the
results of the prior section, the a-phase voltage is

B+ L

--l.ﬂlﬁJ( )¢W}1hﬂ”+élh]+tﬁj(h+2}

¢ __Lf
'W(LJ-'Z 1 )expf[(h$ 2y F2a+ i, )

r *»

L
+i,j(h ﬂ)m( : 5 s )“Pﬂ(h TFon+ L3

Li—L,
-&r,l;hm[ 5 Jexpﬂhan-za —Zi)
(4-44)
For an applied voltage

V.=V, exp jha. (4-45)
Comparing Egs. 4-44 and 4-45 results in

B I~ [L;—L)) )
v*;ghm(—-—z—i]-i- 'u!hfﬂ[ > J (4-46)

’ - £ F F

ﬁﬁz-*#fz
ﬂ:m(hﬂ)ﬁ’( "; ")“:(”ﬂ""t dflg }

1 L =a+ i, (4-47)
=l'--' by
Wmm may be rearranged to give
. . 2L5L,
I- Nl d
|~ e = : [4—48)
' Vo= Jhedy [L;+ L;]

aring Eqs.4-42 and 4-48, one notes that the
"‘."-;'.Ef;w ctance at the applied frequency 1S
ihb Yﬂltag& and current-source-fed

=
el

€S are apphed at both frequen-

Fed by a Combination of Har-
omic Vi mmm When a syn-
;..;?:-_ 0RO "',"“.-' .3 ,ﬁ subjected to a harmonic voltage
ance at 2quenc hm,harmamc-currentwm-
Jman.:l at the associated fre-
' . The upper sign applies to the

d the Ic Eﬁi}&' ﬁm to the negative-phase

. m—,

rrent flow at the associated frequency

2,7,
o S A
X Vy+V, v, C‘D

FIGURE  4.23 Sysier

. I8 general case _
representation. balanced

occurs because the machine is a time-varying electri-

cal system. In a similar manner, a synchronous
machine fed by harmonic currents at frequency ho
develops a voltage across its terminal at both the
applied and the associated irequency (h = 2)a. Con-
sequently the machine cannot be modeled by imped-
ances defined by a single harmonic frequency [60].

In the general case, a2 machine will be subjected to
applied voltages v, and ¥, via system impedances z,
and Z, as shown in Fig. 4.23.

Now a linearized Thevenin model can be employed
for the system (left-hand side of Fig. 423). The
applied harmonic voltages v; and v, are assumed to
have opposite phase sequences: one s of positive
and the other of negative sequence. This is the condi-
tion that would apply if the distorting load responsi-
ble for the harmonic disturbance drew balanced
currents. Consequently, a single-phase model may
be used. Voltage equations for the general case are
obtained by applying a voltage mesh equation at
both frequencies h® and (h =2)@ The voltage
components applying across the machine are those
given by Eq. 444 in response 1o the currents given
by Eq. 4-43. Voltage equations suggest the equiva-

lent circuit shown in Fig. 424. The interaction
between the two sides of the circuit is represented
by a mutual inductance. which 1s a simplification.
This mutual inductance 1S nonreciprocal. and the fre-
quency difference between the two sides is ignored.
This model may be used to calculate barmomc

nt flow.
C“flf; results presented here show that a synchro-
nous machine cannot be modeled by one impedance
(Fig. 421) if voltage SOUICES have voltage compo-
nents with several frequencies. In the case where one
harmonic voltage source is large and the other small
then v, = 0, and the apparent machine impedance to

current flow is lingar and time-varying:

S LI Y
e (hﬂ)hm"(-———*” ,L"]
jho(li+ Ly) | 2 1 (449

Zy= 5 &

-

O .

wAT,

TRTR TN A ST -

(RO,
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I{h}

FIGURE 4.25 Synchronous machine equivalent circuits wi
sequence, (¢) zero sequence.

iun‘I
I'|

e cquivalentcircuit oF synchronous machine BERE Ok transient inductances [0), Iy(h~2) 1,(h)
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of synchronous machine in a symmerical reference frame.

harmonic current components and their correspond-
ing admittances in Eq. 4-50 is because these admit-
tances are (ransformed by the dg() equations, The
reference frame of the dg0 components is attached
to the rotor, while the reference frame of symmetri-
cal components remains stationary in space.

This mathematical model of a synchronous
machine (Fig. 4.25) can be used in harmonic load
flow studies to investigate the impact of a machine’s
asymmetry and nonlinearity. Moreover, decoupled
equivalent circuits of different sequences and har-
monics can be incorporated separately with the cor-
responding power network models.

4.3.3.1 Application Example 4.10: Harmonic
Modeling of a 24-Bus Power System with
Asymmetry in Transmission Lines

The 24-bus sample system shown in Fig. E4.10.1 1s
used in this example [61]. Parameters of the system
and generators are pravided in [61, 64]. Simulation
results will be compared for the simple harmonic
model (Fig. 4.21, Eq. 4-38) and the model with har-
monic parameters (Fig. 4.24, Eq. 4-30).

Two cases are investigated, that is, harmonics
caused by the asymmetry of transmission lines (or
loads) and by nonlinear SV devices (see Applica-
tion Example 4.11). Harmonic admittances ol syn-
chronous machines are computed and compared in
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185
To model these effects and also to maintain an
cquwﬂlent-mrcml representation, a three-phase har- Vol = [V, Vit Vi)' (4-51b)

monic Norton equivalent circuit (Fig. 4.27) is devel. E)=(E

i ~ T
oped with the following equations [12]: “Es ok,

,l'm'] = “nf—-u ["!Lh I:,f-1']r
[Ikm(h)] - [Y(h)]([V,,(h)] = [V.u(h)] - [E(h.)]) + [!',,;(h)_]_
(4-51a)

a=exp(=j2mn/3)

where 4 is the harmonic
427, nonlinear effects ar
current source ({7,
effects Stemming f

(Eu] =0, if h#1

[I.l‘.rm] — []km—u !J.-muh ;lm-; ],
[Vil=1Vie Vis Vi)'

order. In the model of Fig.
crepresented by a harmonic
(h)]) that includes the harmonic

rom Irequency conversion ([/(A)
and those from saturation ([L,(h)]): S

[Lu(h)] = LI(h)] + [Is(h)). (4-52)

TABLE E4. 11.1 Harmonic Current Injections of SVC
ﬁ
Positive-sequence

voltage magnitude

This harmonic model reduces to the conventional.
balanced three-phase equivalent circuit of a synchro-
nous machine if [7,,(h)] is zero and [Y(h)] is com-

Negative-sequence
voltage magnitude

u
h (0) (pu) puted according to reference [65]. Since [, (h)] is a
04 =
5 1 0.9440 x 10 Known current source (determined from the machine
7 0. nx 2 load-flow conditions), the model is linear and decou-
? : s pled from a harmonic point of view. Therefore. it can
ALOO X § -
1 w " be solved with network equations in a way similar to
13 0.2581 x 10°2 0 " .
UL R et — - the traditional machine model.

IAEI-E E"- 11.2 SimUIﬂtiUn Results for the 24-Bus S}'ﬁ!t‘m (Flg E.‘-L_Il_LI |} Hﬂ]'Tnl:Ini_l: Vuj[ugﬂ h‘[agn“udeg at Some Buses

Positive-sequence voltage magnitude (pu) Negative-sequence voltage mag:tude (pu)
h Bus 1 Bus 12 Bus 14 Bus 1 Bus 12 Bus 14
5 0] () 0 0.151 x 107° 0,238 x 107" 0.302 x 107
7 0.156 x 10 0.312x 10 0.317 x 10™ 0 (0 0
9 () 0 0 () () 1]
11 0 0 0 0,194 x 10" 0216 x 107 0,334 x 10
13 0.101 x 10~ 0330 x 107 0.136 x 10 0 0 0

TABLE E4.11.3 Simulation Results for the 24-Bus System (Fig. E4.10.1): Negative-Sequence Fifth Harmonic Voltages at

Different Buses _ _
B — ——=F - ——— : :
Nﬁg_nﬁvsésgguenge Sth harmonic voltage magnitude (pu) Negative-sequence 5th harmonic voltage magnitude (pu)
Simple model New model Simﬁe model Ne:v mmla{el
Bus number (Fig. 4.21) (Fig. 4.25) Bus number (Fig. 4.21) (Fig. 4.25)
1 ' 3 14 0.302 x 107 0,302 x 10
1 0.161 % 10" 0.151 x 10 | _.
: . : 3 15 0.247 x 107 0.246 x 10~
2 0.161 x 10 0.151 x 10 : - _ i
) 3 0.151 % 107 16 0292 x 107 0.296 x 10"
4 0'16_1 b . o d 1‘-1‘-‘ {7 0.279 % 10 0279 % 107
o 0.184 x 10 (.184 x 10 | :
6 0,185 % 107 0,179 x 100 , 19 Ui .m_- U};:-':i‘; :: ]11-11
7 L 0 0179 x 107 20 0.224 x 10 (.22 )
4 g«ﬁ: x 11[] ‘ u‘m x 10" 21 0.200 x 10~ 0.208 x 10
T e - \ i - - A
9. ) 0.257 x 10 22 Qartos LENERE
'.m; 20 10_1 e 2 0.233 x 107 0241 X107
Wy o 208 x 10 ' L i 24 0,194 x 107 0201 x 107
. il L il Ui: x :E* 15 0.119 % 10" 0.119 % 107
. 0,229 x 10 (1.235 X -
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'4.3.4.1 Synchronous Machine Harmonic g

Based on dq0 Coordinates

To -iﬁ_corp_orate the synchronous machine m

~ (Fig. 427) in a general purpose harmonic aniy:

program, reasonable assumptions and simplificste

iccording to the general guidelines indicated inr!
erences [66] and [67] are made. Under these assuy

T ﬁMJthﬂ following dq0 transformation is used
~ transfer the machine quantities from abc coordinils

into rotating dq0 coordinates [12];

'[VJ Vg l»".:.r]]r=[F']'I[vu Vy L-'JT, (4]
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natrix [P]" can be simplified as

[P]" = [D]e” + [D]e"™ + [D,), (4-60)

Because the dqO transformation is an orthogonal
lranSEUrmationi it follows that

[P] = ([P]")]r = [D]‘rei"' + [D] e 4 |D,)". (4-61)

where superseripts 7. €, and H represent transpose.
conjugate, and conjugate transpose, respectively.
Using these equations for the dq0 transformation
and the generator reference convention, a synchro-
nous machine is represented in the dg0 coordinates

as

d
["par’t'] = ‘“[R][jpark] v Eiquk] " [F”‘Ppaﬁ. J :

[ purt ] = [ L]k ] (4-62)

where

Woand =[va Ve Vo vp v vp vl
[ipark] = [‘r}’ iq' fﬂ' If 'Eg if ) ! Q]T.

[R]=[FH Fe Yo Iy Iy Ip rQ]r

[0 - 0 0 0 0 0
w 0 0 0 0 0 0
0 0 0 0 0 0 0
[F]=[0C O O 0 0 0 0},
' QeSO 0°0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
o S e O M, 0]
0 Lq 0 0 Mm: 0 M!*-’U
0 0 Lo O 0 0 0
[L] =1 Mdf 0 (0 Lﬂ- 0 M m 0 I
| 0 M @ U 0 Lxx 0 My
M, 0 0 M o U Lop O
0 ng 0 0 M, 0 Ly

In these equations, subscripts f and D represent the
| field and damping windings of the d-axis, and sub-
seripts g and @ indicate the field and damper wind-
ngs of the g-axis. |
Substituting Eq. 4-62 into Eq. 4-61 and defining
~ thedifferential operator p= 5? :
. iy ﬂ“ ' |
Dl =R i - (L i)+ (AL i

= (=[Rl=plI1aT i o] = [Z(0)) [k
B R 1 D o~ 2Pl

T.vherc [Z(p)] = =[R] = p(L)
IMpedance matrix.
sie

Sents a linear time-iny
Writlen in the frequenc
hw, as follows:

DC), the f, g,

therefore, Eq. 4-64 can be rewritten as

187

=[F][L] is the operation

The rotor angular veloc

Ity () is constant duri
ady-state Operation: ws

therefore, Eq. 4-63 repre-
arant system and can be
y domain for each harmonic

Vi) = [Z0|hua(h)).  (4-64)

For the harmonic quantities h # 0 (e.g,. excluding

D, and Q windings are short-circuited:

F‘lj”‘" - : _1"Idﬂ
Ve Zythy iz, |4,
W : I
= !';
() f'
g
0 Z,,(h) Z(h) Iy
()
ALY L (] i _I{J_
(4-65)

Solving for the dq0 currents as a function of the
dq0 voltages, we have [12]:

Ligol)] = [Z11(h) = Z,5(h) Zy 7 (h) Z(h )7 [Vigalh)]
= [V ][V ago(R)];
(4-66)

where

[Yio(h)] = [Z1(h) = Za(h)Zz(h) 2 (R)]
L=l 1, L)
Vi) =[Ve Vi VI

Equation 4-66 (consisting of a simple admittance
matrix relating the dg0 components) defines the har-
monic machine model in the dq0 coordinates.

For the DC components (e.g., h=0), the voltage
of the f-winding is no longer zero. Applying similar
procedures, the results will be similar to Eq. 4-66,
except that there is an equivalent DC voltage source
(which is a function of the DC excitation voltage vy)

in series with the [ Y] matrx.

4.3.4.2 Synchronous Machine Harmonic Model
Based on abc Coordinates

To interconnect the sy

and currents must be converted

nchronous machine model of

Eq. 4-66 with the rest of the system, the dgl vollages
‘ to the corresponding
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& Negative-sequence voltage [D] [Vase(h)]
- harmonic currents of order (4 +2) anq ),

R e
-- i':}’fl-"%ﬁ'g " %}?ﬁvﬁﬁquence voltage [D [“[Vasc(h)) generys
oo oo hamonic currents of order (h-2) anq),

~ * Zero-sequence voltage [D, ][V

- Ir['h_'l .
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ily the harmonic current of the same order,
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4.3 ygafion of Synchronous Machine

*Tﬂh‘b Currents [1,(h)]

LaE pharmry
N} :I.__! f o e

The current source [7,(h)] of the synchronos

O - '
e ha 1onic model (Fig. 4.27) consists of 1t

will be computed separately.

Injected Harmonic Current Due to Freq
' e ", = .-I. l. l',}l. I_-__:Tc:_-:-. 1 _I . T e 8 e ... .
“onversion [I{h)]. As mentioned before. Eq * 0

1
¥
i
L
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ndicates that there are three particular ' |
. . yrrents

yecldl §

nic voltages that can generate harmonic ¢
€ same order. Assuming that the voltagﬂ. '
nciudes all harm njn-cﬂmpﬂncms' the b
ages that result in curren® “.“m
J can be grouped and 4657

rm as [12]
- . 4 _': i “i_l" | -

|=[D™¥,(h - 1)DC + D" Vuull* g

_ y conversion Note

abe(h)] enerale |

:
= {‘L ~are three particular harmonic Voltages

.'_Eﬂ[}:due*tathe frequency-converiol |
(#)] due to the saturation effect ¢
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(Y(h)] ='[ﬂr1;d¢a(h =D+ D"y, (h+1)D
- + D", Y y,.(W)D,),
(4-72)

)] = [P"Y gyl + DDV, (h 4 2))
+[D"Y yyulh = )D)[V,,.(h - 2)],

(4-73)

then Eq. 4-71 can be rewritten as

[l W)) = (Y] Vin (W) + (). (4-74)

T Bpuguon defines the machine mode] shown in
Fig. 4.27, where

SCNera | o [Idbt(h)] = [Ikm(k)]

e VW)= V)] - (Vi)

» [Y(h)] correlates harmonic voltages to harmonic
currents of the same order.

5 f,(h)] describes the harmonic coupling due to
frequency-conversion effects. This current vector
is generated from the conversion of voltages of
different harmonic orders.

Following a similar approach, the equivalent DC
| voltage source of the dg0-machine model at har-
| monic order 4 = 0 becomes a set of positive-sequence
| fundamental frequency voltage sources in abc coor-
dfﬁafeg As explained earlier, the values of these
VO t_”ag&sfitfg determined in conjunction with load-
~ fow constraints,

I__F_ﬁrm, matrix operations are sufficient to
| the admittance matrix [Y(h)] and the
€quivalent current source [/{4)] needed for the har-
monic machine model:

-

* Compute [Y(h)] according to Eq. 4-72 whenever

the machine admittance matrix needs to be added

- .'“\’i.ﬂr*ﬁ. Wk‘igﬂmﬂtancé matrix in the frequency
, Sean process; and

-ompute [/(h)] according to Eq. 4-73 where

tains the machine voltages obtained

5 'r,' bel ‘&"J‘H F .!{1;.’_411 |
R G =

ML i S . .
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Heration,
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R rEas o .
o ed Harmonic Currents Due to Saturation

11

KU als
AYHenT,

~ 2HHIOnous machine has a significant impact on the

operation and the corresponding operat-
ML 168). Other saturation factors (e.g., Cross-
&3 n d- and g-axes) are assumed to be

tnd i'l-'"ifi-'i?i-‘-'}'-fl-_‘-'.’%:e- considered in the model of
i !

hine model (Eq, 4.66).

[lf‘fff”(h)] = [yd n(h )"qun(h)] + [Iﬁ'q#-.i(h)]‘ (4'75)

lerminal Voltages,

through » process of
With

vectpr Lians(h)] s obtained
subiterations [12].

. Psall:iration effects included in dq0 coordi-
» Fark’s transformation can now be applied to

obtain {he machine's model in abc coordinates, The
Processing of the first part of Eq. 4-75 has been

€xplained in the Previous section. The second part
(e.g., Uao(h)]) will be discussed next.

Using Park (ransformation matrix (Eq. 4-61), the

df;(}-harmonic currents of order 4 appear in abe coor-
dinates as

lse-s (0] =Real [PN2(1,,,  ()]ei™|
= Reallﬁ[DTej[mlrm_'_ leejthrl}md
+D,e" |1, (h)])
(4-76)

It can be seen that the dq0 currents [, ,(h)] also
introduce three separate harmonic components of
order (h—1), h, and (h+1) in the abe coordinates.
Assuming that [14505(h)] includes harmonics of all
orders, the particular dg0 harmonics that produce
harmonic currents of the same order in abe coordi-
nates can be grouped together in phasor form as

[1‘(}])] — [D]r[[dc}w:(h . In Ly ID]H[I:J'I;E'"J (h R 1)]
+ [Dﬂ}[qun-.l(h]}'
(4-77)

This is the current that is needed to represent the
effects of saturation in abe coordinates.

The above equation defines the final machine
model used for harmonic load-flow studies. The
approach of computing [/.(h)] can be summarized as

follows:

o Compute the saturation current [/yo-,(2)] using
the subiteration process deseribed in reference

[12] or any other desired approach; and
« Compute [Z,(h)] according to Eq. 4-77 for all har-

monics of interest.

Total Injected Harmonic Current [l.{h)]. The com-
plete machine model with both the frequency-con-
version and saturation effects included can now be

described by

(Lsc(m)] = [YU[ Vi l)] + (M) + [L(R)].  (4-78)
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Harmonic truncation®

' i O
0.0655 + 10,3066 :
0.0859 + 0.216 MBS eniiude  Angle  Magaing —_"=3
856 + 0 \ 10.2164 r V. 1103 i e € Angle Magnitude Angle Magnitude
NP'=935% Vi 1.025 ~1215 0.0131 = 0.0002 148.4 0
;#ﬁ’l mude]mg plus the third harmonic. 5, Vi 1.022 1202 0.0131 ~36.5 0.0002 238 0
, L3 i""-“! | I, 0.027 1673 []r[nzq ~1315 0.0002 -90.2 0
I 0.027 727 00235 “1:; 5 0.0002 995 5
3 I 0.027 473 0.0225 3 j 0.0002 140.4 0
No.2 V. 1.080 13 T o 0.0002 204 0
NP = 12.41% Vi 1.041 ~121.6 0.0313 _13-0 VU 157.2 0
Vv, 1.030 120.3 0.0315 1483 hide 224 0
L. 0.025 155.2 0.0704 ~1513 0.0010 -82.7 0
Lin 0.025 -84.7 0.0696 ki 3.[:;-1 6 94 8 0
1 0.025 35.2 0.0696 400 n':}n-:: 145.2 0
- 0

machine madel corresponds to

NP: mtlo ﬂf the negative- 1o positive-sequence current at fundamenta) frequency.

s | TABLE E4.14.1 Third Harmonic Currents in Grounded Y- =
&w ﬂiﬁmﬂmcs are not incly ded. e b _ and A-Connected Synchronous Generators (12]
) Propog; | Phase A Phase B

;_Ig-_;u ggn only be fully evaluated with ham
r . The combination of the load: flow |

. L .. 1L, = .
n-.: .mu.t n mth harmonic solutions is therelu and for the frequency-conversion-induced equivalent
the best ¢ _”, roach in such situations; and - current source [(h). Significant harmonics are

- Agreen irmtween simulation and exact resuls observed even for cases when the machines are oper-
" 1""'*"”"?{(- _- e ’Fﬂhdlw of the synchronous machi: | -ﬂtﬂ'd.mthim an acceptable range of imbalance. The
ha rmor H C eﬂel (F1g 4,27). 3 aﬂﬁ%&:ﬂthm harmonics could easily be magnified

it @ﬁﬁﬁ [resonance takes place. Note that the har-
IC 1 =_- litudes decrease quickly for higher orders.
J) Power Quality of Its of Tables E4.12.1 and E4.13.1, it may
" ded that only 3rd and 5th harmonics need

ﬁmu tobei
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dy: -.--'“”-”r 4L m ‘machines and unbalanm
| "f..'._jg;.l- is considered (Fig. E4. 13,1 wille
( urrent l urce )Thclnﬂdsareadju

|'1|| £

the imped; ; Phase C
O . Minition: PEdange P Magnitude Angle Magnitude Angle Voo
“Ha Pl | W e X 0.0148 88.3 0.0130 : — —
N e In u{v Eﬂl‘ﬂrﬂl case of unbalanced machine U]}t]'a = A 0.0091 R1.7 n‘m;.r] S LS Rt
. -'n HOT tﬂzﬁ machine’s negative- -Sequence | mp&dam L Y-g 0.0090 483 [;ui‘:}s i ot X0
o | : X ' ) 2SS =117 L
Lfr ither the one from the V- definition nor (i | ' A 0.0055 41.6 A i

: : (.0068 ~76.0
”'j 'ﬂmm tl‘,le I-definition. The correct magy | = | S Ll

In the A connection, they do not cancel completely.
The reason is

T'he third harmonic generated by the frequency-
conversion process in a synchronous machine is
of negative sequence and not of zero sequence,
and therefore cannot be eliminated by a A
connection.

4.3.4.7 Application Example 4.15: Effect
of Saturation on Power Quality of
Synchronous Machines

In the model of Fig. 427, the saturation curve 18
approximated in a piecewise-linear manner between
the data points (MMF.4) = (0.9.0.9),(1.5,1.2)(2.7.2.8).
Table E4.15.1 lists the harmonic profiles of the
machine with and without saturation. There are
large differences between the cases with and without
saturation (the last column of Table E4.15.1). The
differences in the phase angles are even more notice-

able. These results suggest that

Saturation can have an important influence on
harmonic power-flow analysis.
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= ﬂ_ir Bap eccentricity, and
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With the static

. AIr-gap eccentrici b o
the minimum ra ity, the position of

and the center f:: I::H‘:lrif: 2:?5:‘1 y l'ﬁx#d g
the same. Static eccentricity e . “, G olrfe
SLALor cores ¢ - iy can be caused b'.'rr oval
g €S Or by the incorrect relative mounting of
stator and rotor. In case of dynamic air-pap ¢ o
tricity, the center of rotatic ot Ll
SV K O atmrﬂ; ;_md lhal‘ of the rotor
: same and the minimum air gap rotates
with the rotor. Therefore, d e PR
both time and space de cn‘d ‘F"&gm, eccentricity 18
Ity can be caused bypmig;:?l' yfl iy f:ccen'tnp
mechanical resonance at '-t' Iglnm{'m,ﬂf bearings,
e Ak By o critical speeds, a bent rotor
LE earings [69],
ariables. All machine inductances
“”‘Plflyt‘:d for the simulation are expressed in their
Fourier series based on the MWFA. Two different
cases, namely, a noneccentric and an eccentric rotor
case, for this analysis are investigated. In the first
case, It 18 assumed that dynamic air-gap eccentricity
I8 not present, and in the second one 50% dynamic
air-gap eccentrieity is introduced to investigate the
effect of the eccentric rotor on stator-current signa-
tures. To analyze the stator-current signatures of
these two cases, FFT (fast Fourier transform) of the
current signals are performed for all cases. The stator
currents show the existence of the 5th (300 Hz),
7th (420 Hz), 11th (660 Hz), 13th (780 Hz), 17th
(1020 Hz), and 19th (1140 Hz) harmonics even when
the rotor is not eccentric, Implementing 50% eccen-
tricity will cause the stator and rotor current induced
harmonics to increase when compared to those
generated without rotor eccentricity as is listed 1n
Table 4.3.

The stator current harmonics exist because the
interaction of the magnetic fields caused by both the
stator and rotor windings will produce harmonic
fluxes that move relative to the stator and they
induce corresponding current harmonics in the sta-
tionary stator windings. These harmonic fluxes in the
air gap will increase as the rotor dynamic eccenlricit-y
nereases, and consequently the current harmonic
content increases L0o. The 3rd harmonic and its mul-
tiples are assumed not to exist in the stator windings
because it is a three-phase system with no neutral

TABLE 4.3 Relative Percentage of Stator Harmonics Due Lo

50% Dynamic Eccentricity
17th 19th

5th 7th [1th 13th
2 4%  209%  284%  4nl% 36.9%

28% 124% PR e
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4.5 PROBLEMS
problem 4.1: Steady-State Analysis of a
Hunsl"‘“t"’m (Round-Rotor) Synchronous

machine Using Phasor Diagrams

Anonsalient.-polc synchronous machine has the fol-
jowing data: Xs=(X4=X,)=18pu, R,=001 pu,
= 1.0 puand V.= 1.0 pu.

5) Sketch the gquivalent circuit using the consumer

reference system.
b) Draw the phasor diagram (to scale) based on the

consumer reference system for a lagging (under-
excited)  displacement  power factor of
cos—(p=0.90.

¢) Sketch the equivalent circuit based on the genera-
tor reference system.

d) Draw the phasor diagram (to scale) employing
the generator reference system for a lagging
(overexcited) displacement power factor of
cos @ =0.90.

Problem 4.2: Steady-State Analysis of a
Salient-Pole Synchronous Machine Using
Phasor Diagram [7]

A salient-pole synchronous machine has the follow-
ing data: X,=18pu, X,=15pu, R,=001pu,
- Lye=1.0pu, V. y=1.0 pu.

a) Sketch the equivalent circuit based on the con-
sumer reference system.

b) Draw the phasor diagram (to scale) using the
consumer reference system for a lagging
(underexcited) displacement power factor of

- eon=070.

¢) Ske '“f';;-;t__hgﬁg_uivalﬁnt circuit based on the genera-

tor reference system.
d) Draw the phasor diagram (to scale) employing
ﬂﬁfgenmwr reference system for a lagging
- (overexcited) displacement power factor of

ém 4.3: Phasor Diagram of a

ehronous Generator With Two Displaced

ylator i]” ‘:-,.: --  re
SREEaRfiinRe 180]

¥ichronous machines with two by 30° displaced
[‘”‘”u 'Hﬂ:;h:_, 3 | dhlg #1 and winding #2) are used

1'- impro ":-;:':"E';"i'ﬁm‘—"a ge?’{;urrent wave s_hapes so that
“I€ Output voltages of a generator become MOT®
BINUEOIAAl Thie 2o ottt oo o -

150idal. This s similar to the employment of 12

ectifiers versus 6-pulse rectifiers. To accont-

=
5
i

-
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Plish this, stator winding #1 feeds a Y-
::ransfurmer and stator winding #2
Fi:)nnf:cled lrapsfurmer as 1llustrated in Fig. P43.1
turrbd S =1200 MVA. Ver=24kV, f=60Hz p =é
unil{;generatur the machine parameters are in per
¥ _pzu:(]xdz 105 Xild = UE‘O, X,I, = U951 Xl'?.q =().73,
fa= &0, Kk, =05, k=0638. r=R =
rr=R,=0,0007. T
» Dra'fv the phasor diagram (to scale) for rated
peration and a displacement power factor of

Cos @ =0.8 lagging (overexcited. generator reference
system ).

Y connected
supplies a A-Y

Problem 4.4: Balanced Three-Phase Short-
Circuit Currents of a Synchronous Machine
Neglecting Influence of Amortisseur

A three-phase synchronous generator is initially

unlu_aded and hasarated excitationsothat E,= 1.0 pu. :
At time 1=0,a three-phase short-circuit is applied. '{
The machine parameters are ~
L:

direct (d) axis: X;,=12pu, X;=1.1 pu, X,,=1.0 pu, J
R,=0.005 pu, R,=0.0011 pu: 4

U.

quadrature (g) axis: X, =0.8 pu, X,,=0.6 pu, E
R,=0.005 pu. :'-j.

&

a) Plot the first-half cycle of the torque 15t it r
. due to the three-phase short-circuit neglect- ¢
ing damping and assuming that there IS no %
amortisseur. A

b) Plot the torque 7pnae sorareum 45 @ function of the J
time angle @= . -

¢) At which angle @y (measured in degrees) occurs A

the maximum torque 7T, (measured n per

unit)?

Problem 4.5: Torque T, and Induced Voltage
e, During the First-Half Cycle of a Line

(Line b)-to-Line (Line ¢) Short-Circuit of a
Synchronous Machine Neglecting Influence of

Amortisseur

a) For the machine
culate and plot the
first half-cycle when phase
circuited, and determine at which angle @

arees) the maximum torque

parameters of Problem 4.4 cal-
line-to-line torque 7 for the
s b and c are short-

(measured in de
(measured in per unit) OeCurs.
b) Plot the induced open-circuit voltage of phase a,

that 1s, €, (measured in per unit) as a function of



