508 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 18, NO. 4, DECEMBER 2003

Evaluation of the Effects of Rotor Harmonics in a
Doubly-Fed Induction Generator With Harmonic
Induced Speed Ripple

Yong Liao, Li Ran Member, IEEEGhanim A. Putrus, and Kenneth S. Smithember, IEEE

Abstract—This paper is concerned with the low-frequency har- system busbar
monics which originate from the rotor inverter of a doubly-fed in-
duction generator (DFIG). By including the mechanical speed re-
sponse, it expands the transformer approach previously taken to .
analyze the harmonic transfer in the machine. A numerical method Ig
is proposed to calculate the stator current sidebands, which can

be used to predict the voltage fluctuation at the system busbar. It prime mover A
is shown that the pulsating torque associated with the rotor har- 4Q converter A
monics can induce speed ripple depending on the inertia, causing 9
a significant change in the stator current spectrum. Experiment l
and simulation verify the analysis and the proposed calculation
method. i—
Index Terms—boubly-fed induction generator, harmonics, mod- T
ulation, pulsating torque, spectrum. [ ®

Fig. 1. System configuration.

I. INTRODUCTION o )
of the machine is small at low slip frequency, such effects can

A DOUBLY-FED induction generator (DFIG) is based Omhe very detrimental in practice. With a direct ac-ac cyclocon-
a wound rotor induction machine. The three-phase rotgg ter, low-frequency harmonics can be produced as a result of
windings are supplied with a voltage of controllable amplitudg,e modulation process between the input and output frequen-
and frequency using a static power electronic converter. Conggsg [4], [5]. It will be shown in this paper that such low-fre-
quently, the speed can be varied while the operating frequenfyency harmonics can also exist in a PWM inverter having a
on the stator side remains constant. Depending on the requiﬁ% switching frequency. In wind power systems, pulsating
speed range, the rotor converter rating is usually small compaggtye and flicker have already occurred caused by a fluctuating
to the machine rating. Therefore, a DFIG is ideal for applicgpyt due to wind speed variation [6]. The effects caused by the
tions such as wind, pumped storage, and micro-hydro powgfor side harmonics as discussed in this study will further add
plants which inherently favor variable speed operation [1], [2}y the scenario.
Itis also attractive to other dispersed generation schemes whergrevious researchers have considered the transfer of har-
the fuel efficiency can be improved if the diesel engine or 9@gonics from the rotor to the stator side of the machine,
turbine is allowed to run at variable speed according to the Iogghich was assumed to follow the transformer principle [i.e.,
level [3]. . _ ~ magnetomotive force (mmf) balance] on both sides [7]-[9].
There is increasing concern about the rotor side harmonicsyife standard equivalent circuit of an induction machine was
doubly-fed induction generators. The converter provides a fufdified to calculate the stator current and voltage harmonics,
damental voltage at the slip frequency, and for the reasonsyiy frequency modulation was handled by considering the slip.
be explained later, the associated low-frequency harmonics ¢gRas heen shown previously that the mechanical behavior will
cause a pulsating air-gap torque and voltage fluctuation on iect electrically in a cage induction machine [10]. Using

system busbar. Since the impedance viewed from the rotor siflgse results, this study will further the analysis by including the
mechanical speed response in the model. Inclusion of the speed
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tions in the system, a model of the machine should be estathereP is the number of poles of the machine. The speed ripple
lished to relate the rotor and stator voltages and currents as wall then be reflected in the impedance matrix, further affecting
as the air-gap torque and the rotor speed. In a steady-state, éaetharmonic content of the current and torque.

variable consists of a series of Fourier components at different

frequencies. The flux linkage equation is [11]
MST II:S
Ly | [ir

stand for the stator and rotor windings,
respectively; each side includes three phases, and amplitudes

V]
i

Subscripts $” and “r

— LS
N MT‘S

1)

I1l. EXTRA HARMONIC EXCITATION DUE TO SPEED RIPPLE

It is initially assumed that the speed signal contains only one
ripple component. A general case can be considered using su-
perposition. The electrical speed is given by

Wrotor = Wo + Ay Sin(wrt + ap — 77) (7)

of the rotor side quantities are referred to the stator side. Note

that quantities on both sides are expressed in their own frequ

wherew, is the average speed, the amplitude, ana,. the fre-

cies. The inductance matrices are defined as follows where fi#eNCy of the speed ripplee andA, are bothinrad/s. The rotor
mutual elements between the stator and rotor windings depé{gctncal angle is calculated as fo_IIows including a linear term
on the rotor electrical anglé M is the mutual inductance co-due to the average speed and a disturbance term corresponding

efficient (i.e., 3/2 of the magnetizing inductance in the norm& the speed ripple:

equivalent circuit).L;, and L,,. are the leakage inductances of
the stator and rotor windings.

0 = wot + Ar cos(wy,t + ). (8)

r

Lis+M - % - % As the disturbance term is relatively small, the following ap-
Li=| - L,+MmM X (2) proximations are justifiable:
L - Y LM
[Li.+M =4 -4 cos [& cos(w,t + ao)] ~1 9)
Le=| =%  Lpy+M % ®) :’“ 4
L -5 -4 Lp+M | sin [—T cos(wyt + ao)] ~ — cos(w,t + ap). (10)
M@r :MZ; Wy Wy
Y cos f cos (0+2) cos (0—2F) Using these approximations, it can be shown that the imme-
== cos (—2F) cos 6 cos (1+2F) | (4) diate effect of the speed ripple is to cause the following incre-

cos (9~|— 2{) cos (9— Q—T)

5 cosf ment to the impedance matrix which depends on the rotor angle:

In a steady-state condition without any speed ripgle= AZ = AZ1+ AZy+ A5+ AZ, (11)
(1 — s)wt, wheres is the slip andv is the synchronous elec-
trical frequency. The fundamental components of the stator antiere
rotor currents are at frequenciesand sw, respectively. It can MA 0 c
be shown that the product 81, and:,. gives terms at the stator AZy = " (wo + w,) [ T wotwr } (12)
. . . 3w C 0
frequency while the product d¥7,., andi, will produce terms " wotwr
at the rotor or slip frequency. Denoting the winding voltages AZy = MA, (wo — wy) [ TO Cwo—wr} (13)
u = [ul wI]T, currentsi = [iT sT]7, L as the total inductance Wr Clo—cr 0
matrix, andR as the resistance matrix, the voltage balance equa- AZ. — % 0 Dyt (14)
tion of the machine can be derived as 57 30, DI .. 0 p
MA, o
u:Ri+%(Li):(R+pL+Lp)i:Zi (5) AZ4:W|:DT0 D% ’}p (15)
, r wo —Wr

whereZ = R + pL + Lp is the total “impedance matrix” of where the elements in submatrig@s, +..., Cuy—w, s Dy +w, s

the machine, andis the “d/dt” derivative operator. In deriving andD,,, ., , are at frequency, +w, orwp —w; as the subscript
(5), it was noticed that the inductance mattixdepends on the indicates. These elements are expanded in Appendix A which
rotor angle and, hence, is time-variant. Therefdielt(Li) = also outlines the derivation process. Due to the increment of the
dL/dt-i+L-di/dt = pL-i+ L-pi. According to (5), harmonics impedance matrix\ Z, both the voltage and current vectors of
in the rotor supply voltage will cause harmonic currents on bothe machine will have an incremertu and Ai, respectively.

the stator and rotor sides of the machine. Due to the interactiokscording to (5)

between the mmfs established by the stator and rotor currents,
harmonics exist in the machine torque which will lead to speed
ripple. With the self-inductances of the windings being constant

in a round rotor machine, the air-gap torque can be calculated
as below based on the “coenergy” principle [11] Aswu = Zi, the incremental voltage, current, and impedance are

oM interrelated as follows:
7, =LLir [ 0 T} :
€ AOM,. 0 ?
06

u+ Au=(Z + AZ)(i + Ad)

=Zi+ AZi+ ZAi+ AZA. (16)

=57 ©) Au= AZi+ ZAi + AZAi. (17)
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(50 Hz), sw = 3.28 rad/s (1 Hz), andy,. = 37.7 rad/s (6 Hz).
A negative frequency indicates negative phase sequence.

The above analysis is based on a linearized model of the ma-
chine. Therefore, the principle of superposition can be used to
deal with a general situation with multiple speed ripple compo-
nents at different frequencies. This is described in the Appendix.

4 \
! N N\ IV. HARMONIC CALCULATION METHOD
roter harmgnic stator haymonic . L ]
cufrent: Sso c:?i;rent; &-6sw Although time-domain simulation can be performed, an ana-
J

Iytical method for calculating the harmonics will provide more
insight into the mechanism giving rise to the electromechanical
interaction. Itis also more convenient due to the fact that the har-

VU _} S monic components on the stator and rotor sides will drift on the
rot\m;funda\rﬁenm] _____ 7 ya spectrum during variable speed operation. Based on the above
currenk s e analysis, this section describes a frequency domain method that

~ -

B

interrelates the stator and rotor side harmonics, air-gap torque,

and speed ripple.
Given current components on the stator and rotor sides,
I sin(wit + ¢1) and Iysin(wst 4+ ¢2), the corresponding
TABLE | component in the torque can be calculated as [11]
HARMONIC FREQUENCIESWITH THE EFFECT OFSPEED RIPPLE

Fig. 2. Balance of mmf associated with stator and rotor currents.

3PM

Reference of Stator Rotor AT, = 9 I 17 sin [(‘UO —wy + "-’Q)t — 1+ ‘102] (18)
observation

Modulation _ _ . . e

mechanism | 0 Or? SO, SO =0, In calculating the torque harmonics, itis first assumed that the

0 +0,,0-20,, S0+, , 50 -20,, rotor speed is constant. The above can be modified by substi-

© +20,,... S0 +20,, ... tutingwot with a Fourier series and applying a Taylor series ex-
Numerical | 50 Hz, 44 He, 1 Hz, -5 He, pansion to the resultant expression. However, this is usually un-
example 56 Hz, 38 Hz, 7Hz, -11 Hz, h dded h . I
(Hz) 62Hz,... 13Hz, ... necessary as the added harmonic torque components are small.

Furthermore, it is usually the torque component due to the in-

teraction between a harmonic current on one side with the fun-
Equation (17) shows the mechanism which determines td@mental magnetizing current that is of major concern.

harmonics observed on the two sides of the DFIG [12]. To il- The speed ripple corresponding to a harmonic torque com-

lustrate the mechanism, a comparison is made between cagggent, sayl}, sin(w,t + ¢, ), can be derived according to the

with and without speed ripple. Suppose the rotor supply cofgtor dynamic equation and the result is

tains only a fifth harmonic current which is of negative phase

sequence. Without speed ripple, the corresponding mmf rotates,  _ Th sin <wht + o — tan! Jwn
backward at six times of the slip frequency with respect to the (Jwn)? + D? D
stator fundamental. In order to balance the mmf, the stator cur- (19)

rent will contain a component of positive phase sequence andaere./ is the rotor moment of inertia and the damping ratio.
frequencyw — 6sw [13]. This case of interaction is depicted inThe torque produced by the prime mover would also change
Fig. 2. with the speed variation. When the torque-speed relationship of
In this case, torque ripple will be caused at the sixth harmorifee prime mover is linearized, such an effect can be represented
frequency of the rotor fundamental. As the rotor speed vari@®llectively in D. Equation (19) can be expanded to include the
the frequency of the current induced on the stator side m@@ft torsional dynamics, should it be necessary [14].
change. A series of new modulation terms at various frequen-Using the above, a procedure to calculate the harmonics in-
cies will be produced. Increment of the impedance matrix is iluding the electromechanical interaction in the system can be
volved in this interactive process. According to (17), the rotétutlined as follows.
current at frequencyw will modulate with terms iMAZ at fre- 1) Assuming that there is no speed ripple, calculate the fun-
guenciesvy + w, to give excitation voltages on the stator side at damental and harmonics in the stator and rotor current.
frequencies+sw+tw, (i.e.,wtw,). Stator current and voltage The supply conditions on the two sides of the machine are
components as sidebands of the fundamental are caused. Thus, given. So is the input power/torque of the prime mover.
a component at frequenay+ 6sw is also present in addition to The calculation can be performed using either the steady-
the one at frequenay — 6sw. Similarly, the fundamental stator state machine equations or the equivalent circuit [7].
current will also modulate with\ 7 to excite harmonics on the 2) Calculate the pulsating torque and corresponding speed
rotor side. The other two terms in (17) will cause extra compo-  ripple.
nents. Table | shows the generation of the sideband frequencie8) For each ripple component in the speed signal, calcu-
due to the speed ripple. It is assumed that 314.159 rad/s late the increment of the impedance matrix according to
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(11)—(15). The “d/dt” operator is symbolically retained in
the calculation. Fig. 4. Measured stator current and rotor speed.

4) With the supply voltage on the stator and rotor sides main-
tained constant, the increment of the current can be deter- ; ; ; y T T
mined. It(Ai) can be derived from (17) witthu = 0. i |i| fundamental: 1.065A
Thatis,Ai = —(Z +AZ)"'AZi ~ —Z~'AZi. This is P SR SO SN N 3 ORUOUE UOROO: S
equivalent to a modulation relationshif\i ~ —AZi. ‘ :
The effect of the originalAu was accounted earlier in
step (1). In practice, the calculation far is performed in
the frequency domain. For a given speed ripple, frequen-
cies of the elements inZ and the correspondingy: are
also known. Therefore, under the symmetrical condition,
the amplitude and phase angle of the incremental current
can be directly calculated based on the modulation rela-
tionship without the need to compute the inverse of the
impedance matrix which may include the system network 0 B e et
impedance. In the frequency domain, tlgdt” operator frequency {Hz)
(p) in AZ is translated asjw” when it is applied to the
fundamental stator current. The derivative operator in -

impedance matri¥ is similarly considered.

5) Modify the currents; the results are usually close to tH’é’ltagr? drop lf]_assfomated W'tz theh _fur?damental Zurrelnt ralt_her
accurate solution. If they need to be more accurate, tﬂ@”t € switching requency. ta g rot_or Speed or [ow slip,
tla)(? fundamental voltage in the rotor circuit is generally low in

procedure can be iterated. Experience shows that one . - -
two iterations are often sufficient. gmphtude and the rotor windings presentalpwmp_edance to_the
inverter [7]. The low-order harmonics associated with the device
voltage drop will cause both a large harmonic current and pul-
sating torque. It is possible to compensate the effect of the de-
The configuration of the laboratory test system is similar teice voltage drop by modifying the switching strategy, but this
that shown in Fig. 1. The prime mover is a cage induction motbeas not yet been achieved in most commercial inverters without
powered by a voltage source of constant amplitude and fiasrrent feedback and complicated calibration tests.
quency. The rotor windings of the doubly-fed induction gen- With the inverter fundamental frequency set to 1 Hz and the
erator are supplied from a PWM inverter. Both machines adeubly-fed induction generator running with an average power
of four-pole design and the inverter whose output determines200 W, the speed and stator current of the generator are shown
the speed and reactive power operates in the constant volt/HamtEig. 4. Both signals contain ripple at 6 Hz. This is because
mode. The system is rated at 250 VA and the machine pararttee rotor supply voltage contains fifth and seventh harmonics of
ters are detailed in the Appendix. Due to the low power ratinthe fundamental. The beating effect of the stator current, par-
the inertia is relatively large; some practical systems would eteularly its reactive component, will cause voltage fluctuation.
perience more speed ripple than what is to be reported in tigportion of the current spectrum is shown in Fig. 5. In ad-
paper. dition to the fundamental at 50 Hz, two distinctive sidebands
Fig. 3 shows how the rotor PWM inverter, which has a higare present at 506 Hz, respectively. Such sidebands are di-
switching frequency of 1 kHz, can also produce low-frequenagctly linked to the flicker effect as the current flows through
harmonics in its output voltage. A train of pulses of differerthe system impedance [15]. Other sideband components are also
widths synthesizes the desired fundamental voltage. With cobserved.
rents being delivered into the wound rotor windings from the in- Fig. 6 shows the rotor phase-phase voltage and phase current.
verter, voltage distortion is introduced due to the voltage drop dhe voltage waveform consists of many very narrow pulses in
the switching devices within the inverter. Fig. 3 shows that ttra@rder to obtain the required low fundamental voltage. This was

o
-
o

amplitude (A)

(=)
-
H
1
H
'

............................

5. Spectrum of stator current.

V. EXPERIMENTAL VALIDATION
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Fig. 6. Measured rotor supply voltage and current. de 01 02 03 04 05 08 07 08 o0¢ 1
time {s}
TABLE 1l
COMPARISON BETWEEN MEASUREMENT AND CALCULATION Fig. 7. Stator current reconstructed from calculation.
Current | Measurement Calculation with | Calculation without 80 , , .
(rms) speed ripple speed ripple z ; H H 44Hz u ¢ : ¢
50Hz | 1.065A L110A 1110 A B B0 — oo R S TR
40z | 0192A 0.237 A 0.365 A = R T ]
56 Hz 0.190 A 0.199 A 0.188A E : H ;
38Hz | 0.052A 0.036 A 0.0A L v L
62 Hz 0.050 A 0.027 A 0.0A

done because the dc link voltage of the commercial drive used %
for the laboratory tests was set at 325 V, which was relatively
high compared to the required fundamental voltage on the ac 20 2% 3 3 40 45 80
side. The dc link voltage could not be further lowered without : :
causing converter tripping on undervoltage protection. Analysis
shows that the rms value of the voltage per-phase at 1 Hz, 5 Hz,
and 7Hzare 10.25V, 1.74 V,and 1.16 V, respectively. Using the
measured rotor voltage harmonics and assuming that the mains
supply on the stator side is strong, the calculated stator current
harmonics (with iteration when considering speed ripple) arg. 8. Sensitivity to moment of inertia.
compared with the measurement in Table Il which shows good

agreement when the speed ripple is considered. In the calcyigs Appendix. The four-pole machine has a typical moment of
tion, the torque-speed characteristic of the prime mover is repfgertia of 11kg.m.2 Depending on the type of the prime mover,

sented using that of the induction motor with a constant supRfye total shaft will certainly have a larger inertia. Regarding the
voltage [13]. Table Il also shows that the calculation accurag¥fects of speed ripple, this section will analyze the effects of the
is indeed very much dependent on the inclusion of the spe@@ment of inertia and the operating point of the system. With

ripple. An error greater than 30% can be caused for the majppetter understanding of the interaction, possible solutions and
sidebands if the speed ripple is not included. In this case, gesign considerations will be discussed.

noring speed ripple gives a pessimistic prediction.

Fig. 7 shows the reconstructed stator current waveform from) Case 1: Effect of Moment of Inertia
_the ca_lculated harmon_|c conten_t ofthe curre_nt, with an_d WIthOUtThe stator side voltage is 400 V, 50 Hz. The fundamental
including the speed ripple during calculation. The dlfferenc‘?

. . . ) ltage on the rotor side is at 1 Hz in a rotation direction so
is not only the level of the beating effect in the current S|gnﬂE

dh the level of th it fluctuation d di at the average rotor speed is 1470 r/min (i.e., below the syn-
(and, ence, the ‘evel of tne voltage fiuctuation depending @l g speed). The referred amplitude of the per-phase funda
the system impedance) but also how quickly the amplitude

th £ d . h beati | ental voltage is 6.73 V(rms). The generator delivers 450-kW
€ current Increases or decreases In each beating cycle. ?power to the mains system. Without harmonics, the gener-

signaiure calculateq with the sp_eed ripple included i_s similar é?or would operate at unity power factor. The fifth and seventh
what was recorded In the experiment (the top trace in Fig. 4)harmonics in the rotor supply voltage are 0.254 and 0.174 V, re-
spectively, as referred to the stator side.
Fig. 8 shows the stator current components at 44 and 56 Hz as
In order to further illustrate the phenomenon, comparatiadfected by the shaft inertia. The percentage speed ripple with
calculations are performed on a DFIG system rated at 450 kW¥spect to the average speed is also plotted. For a small pumped
The equivalent circuit parameters of the machine are givenstorage unit at such a power rating, the total moment of inertia

speed ripple
¥

...................... [
1

e

bl
I

% peak-peak ripple

=
bt
N
23

1
30 35 40 45 50
momant of inertia (kg‘.mz}

VI. CASE STUDIES AND DISCUSSION
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&

VII. CONCLUSION

444z current conponent

o
=3

This paper analyzes the effects of the low-frequency har-
monics on the rotor side of a DFIG. With a PWM inverter
supplying the rotor, low-frequency harmonics can be caused
by the device voltage drop. It is shown that these harmonics
are transferred to the stator side and at the same time will
cause speed ripple depending on the inertia and the operating
condition of the machine. The speed ripple will modify the
amplitudes of the sidebands around the fundamental of the
stator current and introduce a series of new components. An
analytical method is proposed to evaluate the current spectrum,
which can be used to predict the associated voltage fluctuation

amplitude (A)
oy
N

9
=]
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amplitude (A)
o
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40 Y] 3 - n 25 at the system busbar. Experimental tests are performed to

povsr {¥¥ <10 verify the analysis and the calculation method. The tests and

numerical case studies show that, for small and medium size

Fig. 9. Effect of operating point. systems, it is often necessary to consider the effect of speed

ripple. Harmonics could be eliminated at the rotor side by

modifying the switching strategy of the inverter or using
would be in the range from 28s.m” to 30kg.m?. With wind  external compensation.
power generation, the typical value would be aroundgn?
after the original mass of the wind turbine is referred to the gen- APPENDIX A
erator side according to the square of the gearbox ratio [16]. In
either situation, the rotor speed is subject to some ripple which  perpaTION AND EXPANSION OF Cyy ., Clo o
considerably affects the current signature. Speed ripple can also Desg 4oy AND Doy s
occur as a result of torsional vibration particularly when the

shaft is long, even if the total moment of inertia is large. With an incremental rotor electrical angle, the inductance ma-

trix L can be linearized using a first-order Taylor expansion

Ls Msr _ 0 AMS’I‘
L= [M L, ] = Lo+ [AMTS 0 ] (20)

Th t of inertiais set at 2 Th diti fth where L is the original inductance matrix without the angle
e momentofinertia is setat &.m". The condition of the di§turbance. The original rotor angle is calculated as wyt.

stator and rotor supply circuits is the same as in Case 1. Figl qs noted thatL,c consists of the self and mutual inductances

shows the major sidebands of the stator current at 44 andé he stator windings. Similarlyl,.c consists of the self and

Hz as affected by the real power produced by the generatorhﬁ;j%}ual inductances of the rotor windings. All elementsin

strongt_dependde_tr?cy |s_|(|)bsﬁervte?H T.h'f IS bt_ecaltj)sei the chaﬂggn L, are constant for the round rotor machine. Therefore, their
operating conaition will airect the interaction between a Nafy ..o mants are zero. The mutual inductances between stator and

monic .current and the fundamental magnet|z'|ng cu.rrent Wh'?gtor windings are dependent on the rotor angle as shown in (4).
gives rise to a pulsating torque. As the operating point Chang'ﬁ'eir incrementsA M., andA M., are expanded below
the damping effect of the generator to the speed ripple will also s e

change. The variation as shown in Fig. 9 will not appear withowt 7 A /7 — — 2M

B. Case 2: Effect of Operating Point

speed ripple since the harmonic impedance viewed from either -3 ) o ) o
side of the machine would otherwise remain constant disre- Sm(‘*’ot)z sin (wot+%)  sin (Wot_z?)

. 1 ™ 1 : ™
garding the power level. x | sin (wot — 2?) Sm(wot)2 sin (wot+ %)

In the case studies, the assumed harmonics in the rotor supply sin (wot+2F)  sin (wot—%F) sin(wot)

voltage are justifiable. A practical system can work in different Ay

2. o . — t . 21
conditions. However, it is shown that the speed ripple can be % Wy cos(wyt+ao) (1)

involved in and will affect the transfer of the low-frequency The sine functions in (21) are due to the derivatives of the
harmonics from the rotor to the stator sides. In addition to theator-rotor mutual inductances (4) with respect to the rotor elec-
effect shown earlier in the experiment, the case studies inflical anglef(= wyt), while A, /w, cos(w,t + ap) is the incre-

cate that calculations ignoring the speed ripple may also pigental rotor angle given by (8). Each element in (21) is derived

duce too optimistic results. The original cause for the concegy applying the following first-order Taylor expansion to the
is the low-frequency harmonics on the rotor side. Therefore, ¢grresponding element in (4)

solve this problem, they should be eliminated in the rotor supply

voltage. This can be achieved either by modifying the switching cos(6 + AG) = cos 6 + d(cosf) A
strategy of the rotor supply inverter or using an active filter to — cosf — sin%e AD 22)

reduce or eliminate the low-frequency rotor harmonics. Itis dif-
ficult to deal with the harmonics on the stator side since the cur-When components at different frequencies exist in the speed
rent sidebands are close to the fundamental on the spectrunripple, the incremental rotor angle can be expanded to include
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multiple terms and the analysis can be carried out in a similar APPENDIX C
way based on the superposition principle. Each element in the
final resultant 3x 3 matrix of (21) is a product of sine and cosine 450-kW MACHINE PARAMETERS

functions, which can be expanded using a trigonometric identity. Ratings: 450 KW, 0.9 power factor, 400 V, 50 Hz:

For instance, the first element (row 1, column 1) is Stator resistance: 1.18Q:

Rotor resistance: 2.8.(;
Magnetizing inductance: 2.93 mH;
Moment of inertia: 11.Gg.m?.

2M4, sin(wot) cos(w,t + ) MA,
- in(w wrt +ag) = —
o 0 0 30,

MA,
x sin [(wo + wr )t + ag] — sin [(wo — wr)t — o] . (23)
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