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(ABSTRACT)

A variable-speed constant frequency (VSCF) power conversion scheme with a per-
manent magnet synchronous generator (PMSG) is studied in this dissertation. The
scheme consists of a PMSG, diode-rectifier bridge, dc link filter, controlled converter
for conversion to the constant frequency ac utility and transformer. The various sub-
éystems listed above are modeled for steady state analysis and the simulation results
are experimentally verified. All the relevant performance equations are derived for
both the three phase half-wave (THWI) and full-wave (TFWI) controlled converter

options and the harmonics are computed.
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Chapter 1. Introduction

1.1 Introduction

This chapter outlines the literature survey, problem formulation, scope and or-

ganization of the thesis.

1.2 Literature survey

Energy sources operating over a wide speed range are required to produce
constant frequency for transmission and use. Synchronous machines used for power
generation with variable-speed prime movers produce variable voltage variable fre-
quency sources. The output can be processed through power converters such as
cycloconverters or rectifier - dc link - inverter to provide fixed voltage and constant
frequency power supply [1,2]. Induction machines have been investigated for this
purpose in [3,4]. Even though various advantages have been identified for using in-

duction machines, they have the following disadvantages:
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i. Requirement of a constant frequency power supply to provide
magnetization. This may not be available in an island or if the
utility connection has a malfunction.

ii. Large KVAR required from the utility (external source).
iii. Low efficiency and low power factor.
iv. Redesign of rotors to yield large induced emf.

v. Need for slip-rings and hence the enhanced cost of the ma-
chines.

Most of these disadvantages can be overcome with wound rotor synchronous ma-
chines excepting (i) and (v). They too are offset using permanent magnet synchro-

nous generators(PMSG). They have the following unique features:
i. Permanent magnet excitation.
ii. High power factor.
iili. High efficiency.
iv. No slip-rings on the rotor.

v. Compact construction and high power density.

All these features are attractive both for small and large installations. The fact that
PMSG can be designed to provide sinusoidal or trapezoidal emfs and lend them-
selves to design flexibility at the power conversion stage. With high-temperature
superconducting materials becoming a reality in the near future, the study of variable
speed constant frequency (VSCF) power conversion with PM/superconducting syn-
chronous generators is important. Note that the study of PMSG is directly applicable

to the superconducting synchronous generator scheme with hardly any change at alli.
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1.3 Scope of the thesis

This thesis research is concerned with the study of VSCF power conversion with
synchronous generator. The power conversion link invoilves an ac-rectifer, dc-link,
controlled converter and constant frequency source. Steady state modeling of the
entire scheme with half and full-wave controlled converter stages, simulation and
analysis have been completed and experimental correlation is provided from a labo-
ratory prototype constructed exclusively for this thesis. The performance character-
istics of interest include real power, reactive power, power factor, efficiency, control
angle of the converter, dc-link characteristics and harmonics on the machine and

utility sides as a function of the speed of the PMSG.

1.4 Organization of the thesis

This thesis is organized as follows. The steady state modeling and analysis of
the VSCF power conversion with PMSG are presented in chapter 2 along with system
losses and overall efficiency calculations. The harmonics of the voltages and cur-
rents are analyzed in chapter 3 for both the half and full-wave converter cases.
Chapter 4 contains the correlation of the experimental results with the predicted val-

ues. Conclusions are given in chapter 5.
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2. Modeling and analysis of VSCF power conversion

scheme with PMSG

2.1 Introduction

The VSCF power conversion scheme with PMSG is described in this chapter.
The various subsystems such as PMSG and converters are modeled for steady state
operation. Performance characteristics are derived relating the speed of the PMSG,

torque and triggering angle of the controlled converters.

2.2 VSCF power conversion with PMSG

The scheme considered for study in this dissertation is shown in figure 2.1. The
PMSG has sinusoidal induced emfs. The output of the PMSG is rectified through a
three-phase full-wave diode rectifier and is connected to a filter choke. The dc link

output is fed as input into a phase controlled converter supplied from a three-phase
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constant-frequency supply through a transformer. The transformer is optional but in-
cluded at this stage so as to cover a comprehensive study. Depending on the mag-
nitude of induced emf in the PMSG and available fixed frequency line supply, the
transformer need is determined.

The process of power conversion can be summed as follows: the output of the
PMSG is rectified and regenerated through the controlled converter to the fixed fre-

quency ac supply.

2.3 Permanent magnet synchronous generator

The use of permanent magnet material in the rotor provides the excitation for a
synchronous machine eliminating the necessity of a source for excitation and slip
rings on the rotor.

A PM rotor can be adequately represented by a constant field current consisting
of a source of a constant distributed mmf in series with the nonlinear reluctance of
the rotor magnet material. Because of the nonlinear reluctance, the magnetizing
reactance is generally a.nonlinear function of the magnetizing current or the induced
voltage. However, if the machine is operated over a reasonable range of volitage, a
suitable average value of magnetizing reactance can be used for this operating range.
When a PM machine is modeled into an electrcal equivalent circuit, a constant cur-
rent source and the reactance, connected in parallel, can represent the constant
magnetomotive force and the reluctance, respectively, by the duality concept. Com-
pared with that of the normal machine, the excitation of the PM machine is not

adjustible.

2. Modeling and analysis of VSCF power conversion scheme with PMSG 6



A salient-pole machine is a typical synchronous machine, and it has the com-
bined features of the reluctance machine and the wound rotor synchronous machine.
Its equivalent circuit, shown in figure 2.2, includes a current source that represents
the magnetomotive force produced by the rotor field. Applying Thevenin’s theorem,

an alternative equivalent circuit can be obtained, as shown in figure 2.3:

, XaXq . Xdq
Zeq=ixa | [ — X = x5 cotf + Jm]

XgXq + J XgXq cOt B
XqcOt B — jxq

(2.1)
xdxg cotffi — xgxq cot f xdxg cot’f + xgxq
= +
xg cot’f + x3 xg cot’f + x5
=Rgq + jX
where
2 2
XgXq COt B — Xxgxq cot B
eq = (2.2)
2 ot + x2
Xq CO p
xdxg cot’p + xgxq
=-—F > (2.3)
Xg cot’B + x4
Xy=W, L, (2.4)
Xg=W, L, (2.5)

and L, L, f are quadrature d,q axes inductances, the rotor angle, respectively.

Therefore the total impedance observed on the stator terminal is

2. Modeling and analysis of VSCF power conversion scheme with PMSG 7
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Figure 2.2 Equivalent circuit for salient-pole synchronous machine
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Figure 2.3 Thevenin equivalent of figure 2.2
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Z=R, + Ry + j X 26
=R +jX '

where

R =Ry + Req 2.7)

In the alternative equivalent circuit, the relation between the equivalent emf and the

current source is

E=Z I (2.8)
where /, is a field current. And the induced emf E is

|E] = Aar wf (2.9)

where A,,[V sec./rad.] is the mutual flux linkage between rotor and stator due to the
magnet and w, [rad./sec.] is the rotor speed. Therefore the phase voltage at the

stator terminal is

Vag=E — 1,2 (2.10)

where /, is the PMSG phase current. The power output per phase of the machine in

the steady state is
Ps = Re[lgV,] (2.11)

But, this output with the equivalent resistance loss being subtracted should be the

same as the power which flows through the rectifier.

2. Modeling and analysis of VSCF power conversion scheme with PMSG 10



Ps= 34 |Vagl cos (Lig — LVag)
3V3_, |
dc
V2 n
=3x0.779 lyc |Vygl cos @

Vagl cos @ (2.12)

where I, is the fundamental of the generator phase current during rectification, and

¢ is the phase difference between the fundamental current and the phase voltage.

Neglecting the stator loss, the air gap power is equal to P,, which means that the

torque for steady state operation is given by

T = Pgw, (2.13)

If the torque is constant, the generated power is proportional to the rotor speed.

2.4 Rectifier

The three phase power generated by PMSG is rectified through a three-phase,
full-wave diode bridge rectifier. The advantage of using the diode bridge rectifier is
that it has a line power factor of nearly unity. Its operation in connection with the

PMSG is shown in figure 2.4.

2. Modeling and analysis of VSCF power conversion scheme with PMSG 1
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Figure 2.4 The three phase full-wave bridge rectifier



2.4.1 Overlap angle

The dc voltage at the rectifier dc terminal is given by

2
1 {3
vdc:TL vgdw,t
3 3
3 2n
3 .
== V., sin wtdlr
n .L m (2.14)
3
3
=7 Vem
_ 3\/5- (ng)
T2
where
Vg = Vgm sin ot (2.15)
0, =wt (2.16)

However, the phase inductances in the PMSG prevent the instantaneous transfer of
diode currents. Consequently, there is a commutation period or an overlap angle u
during which the two phases of the PMSG stator are short-circuited through diodes.
Therefore, during the overlap, the load is reduced to zero and only the PMSG equiv-

alent inductance determines the rate of rise of current in the diodes.

For the PMSG equivalent phase inductance, the voltage lost during overlap is

2. Modeling and analysis of VSCF power conversion scheme with PMSG 13



3 {5+
Vor=2[ ® " Lvag = veg)at,

. 2
5
L
=—3—fs % [ sin 6,—sin(6,+-23L)]d6,, (2.17)

Vv,
—— (1—cosp)

w
3"'%\04

But the magnitude of the overlap voltages is

VoL = Xy ' (2.18)

Hence, equating equations (2.17) and (2.18), the overlap angle u is given by

2n X1y,

-1
u=cos [1———]
2 ;Iv’" (2.19)
-1 A lgc
=cos [1—————]
3Vgm

The presence of overlap tends to increase the phase lag of the fundamental current,

which results in the generator power factor being less than unity.

2.4.2 Diode current due to overlap angle

During commutating period u, one of the two conducting diodes’ currents i,
shown in figure 2.5 gradually reduces to zero, while the other current i, gradually
increases to /. If the inductance in the dc link circuit is so large that the load current

l,. remains constant:

2. Modeling and analysis of VSCF power conversion scheme with PMSG 14
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Figure 2.5 Waveforms of the generator:
(a) Phase voltage of the generator;
(b) Line current of the rectifier ac side;
(c) Output Voltage of the Rectifier;
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IdC = i1 + i2 (2.20)

During the overlap, the dc link voltage is the average of the corresponding instanta-
neous PMSG stator phase voltage v,, v,;and v, and then, similarly successive di-

odes take over. Neglecting the resistance of the PMSG equivalent winding

resistance,
diy dip
Veg— L_C-f_t- —V,=Vaq— L—at— -V, (221)
where
X
L= 2.22
o (2.22)
Hence,
diy di,
Veg— Vag = L(_dt— ~ar (2.23)

If the stator terminal voltages v,,and v, are referred to the origin 0o’ , they are ex-

pressed as follows:

Veg = Vi COS(w,t + i,of-) (2.24)

Vag = Vp, cos(wt — —g—) (2.25)

Substituting equations (2.24) and (2.25) into equation (2.23) yields:

2. Modeling and analysis of VSCF power conversion scheme with PMSG 16



But, from equation (2.20), i, and i, have the relation as follows:

diy di,
ot T =0

Combining equations (2.25) and (2.26) results in

di, Vem
gt = oL Sined
Hence,
iy
i2 = j dlz
0
v t
_ Vgm ,
=L A sin w tdt
Vv
] gm —
P L (1 cos wA)

Introducing the following boundary condition

io(t) = lyc
at wit=pu
V,
— gm —
ldC - 2er (1 cos #)

From equations (2.20) and (2.29),

2. Modeling and analysis of VSCF power conversion scheme with PMSG
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Iy =lgc — I

=y — —vg—m-(1 — cos ()
S 2wl
e (2.33)
=/, - —X (1 —
dc 1 — cospu (1 cos wrt)
1 — cosw/t
=/, (1 = ———————

2.4.3 DC link voltage with overlap angle

Considering the overlap effect, the dc link voltage can be obtained. The hatched
area in figure 2.5 is the voltage reduced due to the overlap, which results in the re-
duction of the average dc voltage. The area ABCD , divided by Z | would be the

3
average dc voltage, neglecting thyristor voltage drop.

k3
3|72
Vac = —{J Vag — Vig der

3

S o

V3 v, (2.34)

= ____3\/2- (_vi’"_)
oV

Compared to the overlap voltage drop, other voltage drops are negligible. The net
average dc link voltage can be obtained, therefore, by subtracting the overlap volt-

age drop (the hatched area) from the area ABCD.

From equation (2.17), the hatched area V,, is

2. Modeling and analysis of VSCF power conversion scheme with PMSG 18



3Vgm
2n

Vo= (1 — cosuy) (2.35)

The net average dc voltage is, therefore,

3Vgm
Ve = _.'_21:—(1 + cos )

Vg
T

(2.36)

Xlge

2.5 DC link reactor

The purpose of the dc link filter in this scheme is to provide a sustantially smooth dc
current. Considering only the dominant 6% “harmonic, for a full wave rectifier, the
voltage and current wave forms are as shown in figure 2.6. If the overlap angle is not

considered, the reactance L, can be calculated as in the following :

Al b
Ly—= = J (Vgm Sin ot — Vo)dt
At ),

% : 3
=J (Vgmsin ot — —Vgn)dt
t

(2.37)
1 3
=Voml - Br_(cos Wity — coswyly) — T{(tz = 4)]
vV
= ag:[ cos( sin™" —g—) — cos(m — sin™" —?:') - %—(n ~ 2sin™" %)]

which amounts to

2. Modeling and analysis of VSCF power conversion scheme with PMSG 19



Figure 2.6 Output waveforms in a rectifier
with Critical inductance
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V,
de=-g——2£—(1r - 25in'1%-) X
wrAlge (2.38)
. =13 . —13 3 ., -1 3
[cos(sin” —) —cos(z —sin” —) — —(n — 2 sin -]

If the overlap angle is considered , L, can be obtained by replacing V, as given in

equation (2.36).

3v,
= em — 2sin'2
de = 3 ( = 3X ldC) (7! 2 sin T ) X (2'39)
=1 =13 3 . -1 3
[ cos(sin" —) — cos(n — sin" —) — —(n — 2sin" )]

2.6 Inverter

Inversion mode pertaining to the dc and ac conversion is investigated in this
section. The substantially smooth dc current is input into the constant frequency ac
bus through a phase controlled inverter. Two inverter schemes are investigated; one

is a three-phase half-wave inverter and the other is a three-phase full-wave inverter.

The triggering angle of an inverter is from 90° to 180° . However, the actual control
is limited from 90°to 155° because of the minimum time required for turning off the
SCRs. Both the inverter configurations are investigated with overlap and without

overlap of the current.

The delay angle a is introduced by phase control resulting in the retardation of the

current pulses. The power factor is, therefore, the cosine of the delay angle. The

2. Modeling and analysis of VSCF power conversion scheme with PMSG 21



harmonics in current, however, are not changed due to the phase control because

there is no change in the current waveforms.

2.6.1 Three phase half-wave inverter

The three-phase half-wave thyristor controlled inverter is shown in figure 2.7.
The inversion mode neglecting the overlap due to the transformer equivalent
reactance is shown in figures 2.8 and 2.9. The transfer characteristics can be derived

as in the following:

St
-+
=38 T gin o tdogt (2.40)

L cos a ;o 90°<a<155°

The transfer characteristic of the voltage is shown in figure 2.10. The thyristor current

neglecting the overlap angle may be expressed by a Fourier series:

. 1 le 1 NOpp i (5 .
'dc(t)='3"'dc + -;—CF Z[{ sin n(%+ a) — sin n(—16r—+a)} cos nwgd +
n=1

(2.41)

5 .
{ cos n(—g— + a) — cos n(—en— + a)} sin nwgt]

The fundamental component of the current is

2. Modeling and analysis of VSCF power conversion scheme with PMSG 22
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Figure 2.7 Three phase half-wave inverter
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Figure 2.8 Waveforms of three phase half wave inverter:

(a) Phase voltage of the inverter ;
(b) Line current of the inverter ac side ;
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Figure 2.9 Waveforms of three phase half wave inverter with overlap:
(a) Phase voltage of the inverter;
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Figure 2.10 The inversion characteristics of THWI
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V31,

ige1() = —5—( — sina cos w4t + cos a sin wst)

V3,
¥4

sin(wgt — a)

Hence, the rms value of the fundamental current is

/ V31,
de1 =
RNy

The real power and reactive power can be represented by

Po= ~f3—Vt l4c4 COS @

3
=—V, 4. cOS a
V2

=V ly

3

V2 'z

Qo=

Vt ’dc sina

where P, and Q, are the real and reactive power, respectively.

(2.42)

(2.43)

(2.44)

(2.45)

When the thyristors are triggered, there is an overlap due to the transformer

reactance similar to the PMSG equivalent reactance on the rectifier bridge operation.

For the transformer equivalent reactance X, per phase, the voltage lost due to the

overlap is

2. Modeling and analysis of VSCF power conversion scheme with PMSG
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3 [t

1
Vo= Vet — 'E'(Vct + vp)dwgt

2r ),
6
_ 3 (et"Vim, 2n
6
=3 -1
=2 {cos(Z - u)— 7}
= Xilgc (X = 2nfiLy)

from which the overlap angle g, is

- /
U= —732— —cos 1(—;— + %"7":—&) (2.47)
m

The line current with overlap angle, u, can be expressed by a Fourier series. For

convenience of calculation, the wave form is assumed to be trapezoidal.

a o0
igel) ===+ Y (ancos nb,+ b, sin néy) (2.48)
n=1
where
4
loc 1 7
@, =—-— L cos n(?+a + ) -
n e (2.50)

cos n(-g— + a) + cos n(sTn) — cos n(—%"— +o + pp)]
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b,,=——-—-2i—[sin n(—g-+a+ug -
n i (2.51)
sin n(% + &) + sin n(—5-61) — sin n(—5é-t- +a + py)]

The voltage transfer characteristic can be derived as the following:

— ta+ p 3z +a
V,= 27! J- — (va, + v d wgt + f Ve d wgt

—+az+ut
v R 52 +a
=2 tm[ y i{ sin wgt + sin(w t+2—n)}+ 6 sin w4t d wt]
2n 2 s s 3
V3 % +a (2.52)
Vav J‘ NZY
_ Y9 Vim .3 3
=7 —_— > cos a + —— > cos(a + u#p]
8 B g B
27z —5cosa+—— cos(x + u)]

Considering the overlap angle due to the transformer equivalent reactance, the power
can be calculated using the above results. The real and the reactive power are, re-

spectively,

Po=V,ls

V3 f J3 (2.53)

—— c0s a + —— cos(x + u)]V, l4e

TS E

Qo = V; Idc tan a (2.54)
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2.6.2 Three phase full-wave inverter

A three phase full wave inverter scheme is shown in figure 2.11 and its voltage
and current neglecting the overlap due to the transformer reactance are shown in
figure 2.12.

The voltage at the output of the converter is

r V3 (2.55)

=135V, cos a

The link current as a summation of fundamental and harmonics is

a o0
ige() = -21 + Z(a,, cos nfg + b, sin 6) (2.55)
n=1
where
ay=0. (2.57)
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Figure 2.11 Three phase full-wave inverter
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Figure 2.12 Waveforms of three phase full wave inverter:
(a) Phase voltage of the inverter;
(b) Line current of the inverter ac side ;
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2/ '

ap=—2 %[sin n(isn—+a)—sin n(%+ )] (2.58)
2 '

b, = :c —:T[sin n(—5§"-+ &) — sin n(%+ )] (2.59)

The fundamental component of current i ,(t) is

iger(8) = & sin(wgt — a) (2.60)

The rms value of the fundamental component current, /., is

I 231,
der = — —
Y

(2.61)

In the same way as in the half-wave inverter case, the real and the reactive power

can be given as

P0=\/3_ Vilgeq COS a
_bcosa

= T Vi lye (2.62)
T
=Vilye
and
Qo= Vjlgetana - (2.63)

respectively.
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The overlap angle which affects the available voltage is to be calculated using the
voltage difference during the overlap period is the same as the voltage applied to the

transformer during this time.

=2t U3 )a d 0 (2.64)

tm
o
= X¢ lge

[ COS(% —p) — —;—]

Hence, the overlap angle p, is

o -1 27 Xtlac
Hy=5— cOS [2+ 3V,

] (2.65)

The waveforms of the full-wave inverter with an overlap are shown in figure 2.13. The

inverted dc link voitage is

V2V,
; = ! [ cos a + cos(a + u)] (2.66)
On the other hand, the actual current waveform in the inversion mode with overlap
is not a rectangular waveform anymore. This waveform can similary be represented

by equations (2.29) and (2.33). However, a trapezoidal current waveform is assumed

for the present calculation.
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a o0
i,,c(t)=-?0 + z:(a,7 cos nls+ b, sin néy) (2.67)

n=1
where

%=0. (2.68)
/

n=ﬁ’_ 1 [cos n(-l+a+y)—cos n(l'*‘a)—COS(—s—n——}-a—}-#l).*.
(4 ,_’2#t 6 6 6
COS(‘%E*'G)*'COS n(%—a+u,)+cos n(%‘+a)_ (2.69)
cos n 1:5” + a +u,) + cos n(1;" + a)]

b —_— Idc 1 . Tt . 7[ N 57r

=T [ sin n(-€+a+u)—sm ﬂ(—é'+a)—8ln(—6—+a+'uz) +

n-u,

sin('%n-+a)+sin n(l-6n—+a+ul)+sin n(lsn—+a)+ (2.70)
+ sin n(116n + o +py) — sin n(1;7r + a)]

Using the above /, and V, values, the active and the reactive power are respectively

obtained:
Po = V, IdC (2.71)
Qo = V, ,dC tana (2.72)

The characteristic relationship between the controlled angle and the inverter voltage

is shown in figure 2.14.
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2.7 Losses and overall efficiency

This section cosiders the losses and overall efficiency of the VSCF power con-
version scheme. PM machines have a varying efficiency over the speed range. As
shown in equation (2.2), the machine equivalent resistance observed on the stator
terminal is a function of d, g-axes reactance, which means that the equivalent resist-
ance of the machine is dependent on the machine speed. The equivalent machine
resistance is as seen from equations (2.2). Therefore at higher speed, the machine
has a higher equivalent resistance, which results in a relatively iower overall effi-

ciency at the rated speed.

The diode-rectifier bridge has 6 diodes and each diode has a static resistance. The
static resistance varies widely with the applied voltage and current and has a non-

linear relationship.

The overall efficiency including the device-losses is

__ Output Power

" Generated Power

PO

P. (2.73)
Idc V,

=2
3Ig1Req+PDI+PRE+lchi

n

where /,, is the fundamental component of /,. , 2 R, is the PMSG loss per phase,

P, is the diode-bridge loss and P, is the reactor loss
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Chpter 3. Harmonics

3.1 Introduction

This chapter covers the harmonics generated from ac to dc on the PMSG side
or dc to ac on the controlled converter side. Here, harmonics are defined as voltage
and current that are present in this scheme as integral multiples of 60 Hz or the
generated-voltage frequency. The waveforms of the current (ac side) and the voltage
(dc side) are analyzed on both sides of the rectifier and inverters using a Fourier se-

ries.

3.2 Preliminary on Fourier series

A periodic function can be expressed as a trigonometric series using Fourier

series. If a periodic function f(8) has a period of 27, f(#) can be represented as,
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f(8) = 120_ + z:(a,7 cos nf + b, sin n@)

n=1

where

1 2n
0

T

1 27
a,,=—j f(6) cos n6 do

o

1 2n
b, = ?I f(6) sin nB do
0

Alternatively, f(6) can be written as

f(0) = 120. + Zc,, cos( né + ¢)

n=1

(3.1)

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

3.7

where ¢,, ¢, are the magnitude and phase angle of the n* harmonic, respectively.
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3.3 Harmonics generated by diode-bridge rectifier

The ideal case of the three phase full wave rectifier waveforms are shown in

figure 2.12 (b) and (¢) . Since the waveforms have a period of 2z , equation (3.1) can

be used for the waveform representation.

The line current i(8)) is

if8,) = -520- + Z(a,, cos nf,+ b, sin nf,)

where
0,=wt
ao—o
a,=0
L= kL
n=—a| ® sin nf,dd—| ° sin no,do,
ul Im
6 6 .
lac 1 nr 5nn 7nn 1107
=— -7,-[cos -E-—cos ——6——cos 5 + cos 5 + = ..]
Hence,

231
ig(O,)=———n—£-°-(sin 0,—-%— sin 59,—-;— sin 78,+—11—1- sin 110, + —)

The rms value of the generator line current is

Chpter 3. Harmonics
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(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

41



1 (%2,
lrms = \/—Z—n-." 'Z(Or) der
\/—J Idc de (3.14)
=. / loc

and the rms value of the fundamental component of the line current is

Ve

Irms1 = —n'—ldc (3.15)

Hence, the rms value of the total harmonic current is

2 2

lrmsh = N lrms — lrms1
2 6
= ?—-? lac (3.16)
= 0.242 /4,

Since the voltage waveform on the dc side has a period of i;—, the dc output voltage

can be expressed as

Vac(8,) = %—’- + z(a,, cos 6nf,+ b, sin 6nf,) (3.17)

n=1

If the waveform is referred to the orignh o o’, then

z
TGr'J' 6 Vgm cos 6,d6,

-5 (3.18)

V2.

n g

=l

(o]
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z
a,,=%J6 Vgm cos 0, cos 6n8,do,
k2
BCE
W2 v
- g- 2 . _ KA 2 . T
T L1 =g, i (1 —6n) 5 + Tron sin (14 6n) 6]
_ 6\/2—Vg (-1)"
T 1-36n?
b,=0.
The dc output voltage is then,
V2 v = (=)
vdc(O,)=—Tg—[1 + ZZ —(—-—)—5- cos 6n6,]
=1 1—36n

Hence, the dc average voltage, V, , is

)

2
T Vg

Vac =

(3.19)

(3.20)

(3.21)

(3.22)

Consequently, a three-phase full-wave rectifier principally generates the order of

6n+1 harmonic currents on ac side, and the order of 6n harmonic voitages on the

dc link side, where n is an integer.

The orders of harmonics mentioned above are for the ideal converter but, the actual

conversion mode produces all orders of harmonics which are caused by the unbal-

anced ac source, the overlap angle, non-ideal switching devices, non-ideal switching

characteristics, etc.
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If a symmetrical machine, balanced ac sinusoidal source voltage and ideal switching
devices are assumed, the overlap angle mainly affects the harmonics of the ideal
conversion. Consequently, it is important to analyze the harmonics with the overlap
angle being considered. |In this analysis, the overlap angle is assumed to be less
than 60° and the current waveform is assumed to be trapezoidal for simplicity. The
waveforms of the current and voltage are shown in figure 2.5 with the hatched area

being considered.

The line current is

a o0
i8,) =7°+ Z(a,, cos né,+ b, sin nb,) (3.23)
n=1
where
ag = 0. (3.24)
a,=0. (3.25)

If the current waveform is referred to the origin o o’, then
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=—[J. 0,—a) sin n6,db, +

a
J lgc sin n6,.d6, + J ——(0 d) sin n6,.do,]
b c

2l4e

-;1,- [ cos nb—cos nc+ —"‘l—(a cos na — bcos nb +c cos nc — d cos nd)

T
1 o , , : (3.26)
+ n—( sin nb —sin na + sin nd — sin nc)]
2ge 1 5nn 1, 7 nr
= 7 L cos n(—+u)—cos 5 +T{? cos == -
L1 S5nn 57
(?-l—u) cos n(6+u)+ 5 °0S ¢ (6 + u) cos n( +u)} +
. T .. nm . L Snn
nu{sm n(6 +u) — sin 5 + sin n(5?+,u) sin 5 1]
That is,
, S sin n@,
lop= , bt (3.27)

n=1

If the voltage is expressed in a similar way to that of the ideal case, the dc output

voltage is

ag
Vdc=? Z(a,, cos nf,+ b, sin nb,) (3.28)
n=1

If the voltage waveform is referred to the origin o o’, then,
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z Vom [~ & +#
ao=%[J6 Vgm cOs e,de,-%"- ° cos 0,—cos(e,+%) dé,]

- -z
6 8

6v2 v,

L+ sin(E 4+ )+ sin (B — w)]

(3.29)

6 _g— _%""‘ Vam n
ap=—1 Vgm cos 8, cos 6n0,df, — ——2—-{ cos 8, — cos (6,+—3-)} cos 6n6,do,]

z -
6 6
3va2v
= 9r_2_ 3 sin (1—6n)-"%—- sin (1=6n) (& — ) — L&
- "1—6n‘3$m (1 6n)6 > sin ((1 6n)(6 u) )+ is
Losin (1—6mZ—Zy+sin (1—6n) (Z—pn) + (990
2 6 3 6
2 . 7 1 n 7
0t em {3 sin(1+ 6n) =2 sin ((1+6n)(6 m) 3) +
1 . 7 7 . 7
— z_T 1 I _
2 sin((1 + 6n) 5 3)+sm( -I-Gn)(6 w}]
And
avav =
vdc=_n—9- {-;—-—sin (,u-—g—)+z a, cos 6n6,} (3.31)
n=1
Hence, the average dc voltage is:
Va2V,
- grl v e gin (& in (& —
Vae =—= [2+2{sm(6+1u)+sm(6 w}] (3.32)
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3.4 Harmonics generated by inverters

In this section, the harmonics generated by the controlled converter in the in-
version mode are analyzed. Its variation with respect to the triggering angle is

quantified.

3.4.1 Three-phase half-wave inverter

The voltage and the current waveforms of the three-phase half-wave inverter,

neglecting the overlap angle, are shown in figure 2.8. The conduction angle for the

SCR is -235- . Accordingly, the current can be expressed as in equation (3.1).
a o0
i(t)y= ——20— + Z( a, cos nbg+ b, sin nby) (3.33)
n=1
where
0 = wyt (3.34)

(3.35)
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Sz
1186
ap=-— l4c cos nBg db
%+a

(3.36)
lac 1 0. 5 ,
=%-,T[sm n(—€—+ a) — sin n(—g-+ a)]
1 [T
b, =?J.1r l4c sin nBdf
5 (3.37)
= -,d—ci[ — cos ,,(.Q’L + &) + cos n(Z + a)]
T on 6 6

Hence, the rms value of the line current and its fundamental component are, respec-

tively:
1 21:_
Irms = ‘/EJ- ’2(03) dbs
Y [ 0 (3.38)
- d
NI
1 /
lrmst = '73 312 + b12
2 (3.39)
- /31,
- 2 T dc

— _{ﬂ:_ 1 2nmn (3.40)
N 3

indicating that the magnitude of the harmonics is independent of «.
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As for its voltage output it can be expressed as

a o0
vi(0, =—-20—+Z(a,, cos nlg+ b, sin nb,) (3.41)
n=1
where
51:
ay = —2 "I sin 6, d8
2ndx . V3
3 ® (3.42)
= W2 V, cos a
3
5#
5 t*V,
a,.,=%1r -J—tﬂ-s:ne cos 3n 6, df
F-Hx 3
VoV, 1 3 s (3.43)
=751 {—cos (1- n)( +a)+ cos (1— n)(—+a)} +

=TT, cos (1+3f7)( +a)+cos (1+3n)(—+a)}]

_3__ vtm
" —g— +a \/5-

Vo v (3.44)
= tr 1 fsin (1= 30 (& +a) — sin (1 - 3n) (&
21: = {sin (1-3n)( 5 +a) — sin (1 3n)(6 +a)} +

{sin (1+3n) (—éi+a) —sin (1+ 3n) (%4— a)}]

b,= sin 65 sin 3n 85 do,

1+3

In the final form, the inverter output voltage is
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vi(0,) = i V, cos o+ Z(an cos 3nfs+ b, sin 3ndy) (3.45)

n=1

Hence, the average dc value of the voltage V, is

a2

V/ = —2—”— Vt Cos « (3.46)

The waveforms of voltage and current of a half wave inverter with overlap angle
. are shown in figure 2.9. The current has a period of 2r and its waveform is as-

sumed to be trapezoidal as mentioned before.

The current i(f,) can be expressed as

o0
a
i(8s) = —;— + Z(an cos nbs+ b, sin nby) (3.47)
n=1
where
2
0 =7 lac (3.48)

Chpter 3. Harmonics 50



b c d
a,= Idc[j 711—(93 —a) cos nfs+ j cos nb —J 717(05 —d) cos nfs]d0,
a b [~

/
=%T1( cos nb — cos na+ cos nc — cos nd)
n“u,
=Id—°—1—-[cos n(—"—+a+u,)—cos n(= + a) + cos n(—51+a)—
T2, 6 6 6

cos n(éel + a4+ u)]

b c d
b,,=/dc[j ‘;17(93“3) sin né, + J sin nf, — j -‘1—'(65—d) sin n0,Jdf,
a b [

/
=—%——21—( sin nb — sin na + sin nc — sin nd)
n°u,
/
=—1°—-1—-[sin n(—”—+a+u,)—sin n(—75-+a) + sin n(5—"+a)—
T2, 6 6 6

sin n(sTn + o+ uy]

That is,
o0
it = —13-Idc + Z(a,, cos nbs+ b, sin nby)
n=1
Similarly the inverter output voltage is
o0
ag .
vi{f) = -t Z(an cos nbg + b, sin nby)
n=1
where
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3 _[Pvatv ¢
ao=?[J‘ iLé_ﬁ+jvat]dgs
b

T 5n 7
—+a)+cos (—+a)+cos (—+a+u)—
6 6 6 ‘ (3.53)

cos (—55-+a+p,)—2 cos (sTn+a)]

3«/—v

[cos (o + pp) + cos ]

b + c
a,= 2 —Vﬂ-zi+J. Var ] cos 3n0,db,
a
V3 V,,
=% [j { sin 85+ sin(f; +——) cos 3nf +f 2 sin 64 cos 3n6] db,
‘/G—Vt 1 1 V3
= T ( T _N3 - gL
an L1_3, (5 cos 1- 3n)(6+a) 5 sin (1 3n)(6+a)+
3
5 COS (1 C*ln)(6 + o+ py) + (3.54)
%sin (1—3n)(l+a+u,)—2 cos (1—3n)(—2t-+a)}+
V3
1+3 {—cos (1+3n)(—+a)-——2— sin (1+3n)( +a) +
%cos (1+3n)(——+a+ J+;/—2-3_—sm (1+3n)( + o+ pp)

-2 cos (1+ 3n)( + a)}]
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bvy+v c
b,,=-??[J —‘?E—ﬂ+f v, ] sin 3n6,d0,

«/—V,m [J' { sin 8+ sin( +—) sin 3n6, +J' 2 sin 0 sin 3n6,] do,

\/;v‘[1 13 f—%sin (1—3n)(%+a)+i23_— cos (1—3n)(—g-+a)—

?;—_m (1—3n)(——+a+u¢)-— (3.55)
——Cos (1—3n)(——+a+u,)+2 sin (1—3n)(—+a)}+

1+3 {—sm (1+3n) (= +a)—-‘-/-;3— cos (1+3n)(—g-+a)+

%sin (1+3n)(—1r—+a+ut)+i23——cos (1+3n)(—g-+a+ug

—2 sin (1+ 3n) (— + a)}]

Therefore, the voltage v,(8,) in its final form is

avav, —
vi(l,) = 2 L{ cos(a + py) + cos a} + Z(a,, cos nfs+ b, sin ndy) (3.56)
n=1
Hence, the average value of voltage V, is
3\/—
| = { cos(a + u,) + cos a} (3.57)
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3.4.2 Three-phase full-wave inverter

The voltage and current waveforms of the three-phase full-wave inverter with a

delay angle a , are shown in figure 2.12 in which the overlap angles are neglected.

The conduction angle is —257?- . Accordingly, the current can be expressed as

a (o
i(8g) = —50— + Z( a, cos nfs+ b, sin nd,)

n=1

2[5+
ap=-— l4c cos nbg do
—g— +a

2ae 1 . 5 Lo
=—x 7 Lsin n(——6—+a)—sm n(—6-+ a)]

- +a
b,,=%j & "1y sin nb, do,

1 57 T
= 7 L—cos n(T+a)+cos n(?+a)]

Therefore, the inverter current i(6,) is

00

i,(Gs)=Z(a,, cos nfs+ b, sin néy)

n=1
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The voltage waveform has 6 pulses and has a period of % Hence it can be written

as
a o0
v{ly) = —50— + Z( a, cos nf+ b, sin nby) (3.63)
n=1
where

+a
8 = —%—J': Vi sin (6, + %—) db,

(3.64)

n T
?-H!
3‘/2_\/: 1 \/3_ T 1 T
= I- — j— — -1 — —_—
= "1—6n{ 5 cos (1 6n)(2+a)+25|n (1 6n)(2+a)+

— COS (1 - 6)‘1) (%-}- a) _% sin (1 _ Gn) (_767_ + a)} (365)

1 V3

T 1 . 14
1+6n{_ > cos(1+6n)(2+a)+2sm (1+6n)(2+a)

V3 7
- cos (1+ 6n) (—6-

+a)+—;- sin (1+ 6n) (2 + a))]
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V3.

2

{ sin (1—6n)(12r-+a)+—;-cos (1—6n)(—72r—+a)—

—— cos (1—6n) (—g—-{- a) — 1 sin (1 —6n) (_‘g_ + a)} (3.66)

2
V3

2

1
1+6n{

\/3— . T 1 7
—— sin (1+6n) (-g- +a) +—2- cos (1+6n) (F_'- o)}]

sin(1 +6n) (- + ) - - cos (1+6n) (Z-+)

Therefore, the voltage v/(0,) is expressed in its final form as

2 v,
n

cos a + Z(a,, cos 6n 65+ b, sin 6n6) (3.67)

n=1

Vl(es) =

The waveforms of the voltage and current in a three-phase full-wave inversion mode

with an overlap angle u, are shown in figure 2.14.

As shown in figure 2.13 (b) the current waveform has a period of 2x. It can be
written as
a = :
TCA) =—2°—+ Z( a, cos nbg+ b, sin nby) (3.68)
n=1
where
a;,=0 (3.69)
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LY c d
an=?tj -ﬁf—(f?s—a)+j Idc_.‘. %(es—d)"'
a b c

4 g Ly
j T‘Z-f-(es —6) — J lge — J %:(Os—h)] cos nb, db,
e f g

lge 1 (cos nb—cos na—cos nd+cos nc+cos nf—cos ne—

T p2u, =COS nh+cos ng) 3.70)
’dc 1 Fi4 B Sr
= nzut{cos n(?+a+u)—cos n(—6-+oc)——cos n(T+a+uo+

cos(—sét— + o) — cos n(—7é-t-+ o + py) + cos n(7—67r- +a) —

117 11n
6 6

cos n( + a + puy) + cos n( + a)}

b, = [ leeyp “r— [ocip. —ay +
n=Tx ut(s—a)'*' bdc"' c-ﬁt—( s—d)
a

f g ny
j L (9y—e) j o — j 22 (6,~h)] cos n, db,
e f g

l4c 1 (sin nb—sin na —sin nd + sin nc + sin nf—sin ne —

T nPy, sin nh + sin ng) (3.71)
!

=£—1—-{sin n(Z+ o + p) — sin n(Z+ a) — sin n(—5-l+a+#z)+
T ny, 6 6 6

sin(s—en-+ a) — sin n(-%t-+ a + py) + sin ,,(lé'.+ a) +

11n 11n

sin n( ; + a + py) — sin n( 5 + a)}
Threrfore the current i(8,) is
i{6) =Z(an cos nfs+ b, sin nby) (3.72)

n=1

Since the voltage waveform has a period of ZTn , the voitage can be expressed as
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vi(8,) = —820— + Z( a, cos nls+ b, sin nfy) (3.73)

n=1
where
3= — J'.— —= { sin(0 +-—)+sm(0 +—-)+
—+a
J Vim sin(0s + )] df, (3.74)
3«/?
= 2an {cos a+cos (a+ up}

a,,=%[j6 i "" —— { sin(6; +—-)+sm(0 +—)}+

T b

nla °’l

+o T
J Vim sin(fs + —6-)] cos 6n6, df,

-g'+a+#g

Vim - 11 n V3 7
= [1-6n‘2 snn(1—6n)(6+uo+ > cos(1 6n)(6+oc)

—2— sin(1 — 6n) (% +a)— V3 cos(1 — 6n) (—;— + a) + (3.75)

sin(1 — 6n) (—’2t—+ a) +—-\/§—; cos(1 — 6n) (—765-+ a+pu)} +

1 1 . T \/3_ n
1+6n{2 sun(1+6n)(6+pg+ > cos(1+6n)(6+a)

% sin(1 + 6n) (.16‘_ +a)— V3 cos(1 + 6n) (—72t— +a)+

V3

sin(1 + 6n) (—72t- +a) + = cos(1 4 6n) (—g- +a+ py}l
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- tetm V.
b,,=%[ 8 -—tm—{sm(ﬂ +—)+sm(6 +—)}+

2t : v
Vim sin(fs + —6—)] sin 6nfg db

V3.

1__ 1 - z —
[1—6n‘2 cos(1 6n)(6+u[)

-g- sin(1~6n) (£ +«) + V3 sin(1 —6n) (£ +o)- (3.76)

sin(1 — 6n) (—’bf— + o) —

cos(1 —6n) (-E-+ ) —-—\/g— sin(1 — 6n) (%+ a+ u)} +

1_*_Gn{——cos(1+6n)( +ut)+%-sm(1+6n)( +a) +
3 sin(1 + 6n) (-§-+a)—\/§ sin(1 +6n) (- + a) +

2
V3

— cos(1+ 6n) (% + a) +—2—- sin(1 + 6n) (-g— + o + py}]

Therefore, the voltage v(0,) is

3J—

L{cos a+cos (x+ u)} + Z(a,, cos 6n 85+ b, sin 6n 8y) (3.77)

n=1

v{0s) =

Hence, the average value of voltage V, is

32 v

V,= —én—' {cos a+cos (a+ up)} (3.78)
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Figures 3.1, 3.2, 3.3 and 3.4 show the magnitudes of the voltage harmonics of a 6
pulse phase-controlled converter with respect to the triggering angle with some

overlap-angles.

The figures show that the triggering angle and the overlap angle influence the mag-
nitudes of the voltage harmonics. Compared to the voitage harmonics, the magni-
tudes of the current harmonics are independent of the triggering angle as shown in

equation (3.40).
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Figure 3.1 Triggering angle vs harmonics’ magnitude (overiap =0. deg)
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Figure 3.2 Triggering angle vs harmonics’ magnitude (overlap=_5. deg)
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Figure 3.3 Triggering angle vs harmonics’ magnitude (overlap = 15. deg)
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Figure 3.4 Triggering angle vs harmonics’ magnitude (overlap = 30. deg)
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Chapter 4. Experimental correlation of VSCF power
conversion scheme with PMSG-Half wave inverter
case

4.1 Introduction

This section consists of the experimental correlation of the performance predic-
tion of the VSCF power conversion scheme with PMSG. Only half-wave inverter case
is considered for comparison. The experimental set-up is described and salient per-

formance characteristics are obtained.

4.2 Experimental set-up

The experimental set-up with half-wave inverter is shown in figure 4.1. The
variable speed prime mover is a permanent magnet dc brush motor. Its speed is
varied by controlling the ac input voltages to the bridge rectifier with an auto trans-
former.

The output voltages of the PMSG are rectified and fed to a dc link filter which in turn
is connected to the half-wave phase controlled converter. The input to the converter

from its ac side is through a three phase transformer.
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Figure 4.1 Experimental set-up of VSCF power conversion scheme
with the half-wave inverter
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An analog control circuit has been designed and built to convert the control signal
v. to an equivalent triggering angle a . This control circuit is shown in figure 4.2.
Even though the triggering angle can be changed from 0°0180°, this application re-
quires the operation from 90°t0155° . The upper limit of 155° is to give sufficient time

for the SCRs to turn-off and recover their forward blocking capability.

4.3 Experimental resuits

The predicted and experimental rectified voltage of the PMSG is shown in figure
4.3. The details of the PMSG is given in Appendix-1. The generator is driven at 757
rem and has an overlap angle of 19° . The close correlation between the predicted
and experimental waveforms and their magnitudes is evident from figure 4.3. The
slight dissimilarity in the rectified voitage is due to the asymmetry of the induced
emfs in the phasewindings of the PMSG. The output dc voltage of the controlled
converter is shown in figure 4.4. The predicted and experimental waveforms are
practically identical. This corresponds to a triggering angle of 127° .
The SCR current and phase voltage is shown in figure 4.5. The dc link current, /,
and the dc voltage of the inverter, V, are shown in figure 4.6. Note that the dc link
current has a high ripple current as the dc link filter is not sufficient to filter the 3¢
harmonic generated by the inverter and the 6* harmonic generated from the PMSG

side rectification.
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Legend in appendix-2.
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A

Figure 4.2 Control circuit of VSCF power conversion scheme
with the half-wave inverter
(a) Analog control circuit
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Figure 4.2 Control circuit of VSCF power conversion scheme
with the half-wave inverter
(b) Pulse generator circuit
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Figure 4.3 The predicted and experimental waveforms of the rectified
PMSG voltage (757 rpm, overlap =19 deg., 4A, Resistive load)
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Figure 4.4 The predicted and experimental inverted output voitage
waveforms of the THWI at a = 127° , N=1280 rpm
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Figure 4.5 The current in the SCR and phase voltage of the supply at
a=127°, N=1280 rpm (100 V/div., 5 ms/div.)
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Figure 4.6 The waveforms of /,.and V, for THWI at a = 124° , N=1280 rpm
(5 A/div. 50 V/div. 5 ms/div)
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4.4 Comparison of performance characteristics

Triggering angle, a vs speed of the PMSG at 100 % and 75 % of rated dc link
current are shown in figures 4.7 and 4.8, respectively. There is a close correlation
between the theoretical and experimental resuits. Figures 4.9 and 4.10 show the ac-
tive power vs speed of the PMSG at 100 % and 75 % of rated dc link currents, re-
spectively. This power corresponds to the power sent to the constant frequency ac
supply. The prediction is extremely close to the experimental vaiues as shown. Such
close correlation is also seen in the reactive power, drawn from the constant fre-
quency ac supply, as shown in figures 4.11 and 4.12 for 100 % and 75 % of rated dc
link current, respectively. The correlation of the power factor is shown in figures 4.13
and ’4.14.

The overall efficiency is defined as the ratio of the power transferred to the ac con-
stant frequency supply to the output of air gap power of the PMSG. The overall effi-
ciency vs speed for 100 % and 75 % of rated dc link currents are shown in figures
4.15 and 4.16, respectively. The discrepancy between the predicted and measured
results is due to the difficulty of accounting for losses in the power devices. It is also
compounded by the fact that harmonic losses have not been rigorously considered
in this thesis. The high efficiencies at part load and at low speeds are in favor of the
VSCF power conversion scheme as is seen from the simulation and experimental

results.
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Figure 4.7 Triggering angle vs speed characteristics at 100 % /,
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Figure 4.10 Active power vs speed characteristics at 75 % /,,
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Figure 4.13 Power factor vs speed characteristics at 100 % /,,
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5. CONCLUSION

5.1 Introduction

This chapter contains the conclusions on the study of VSCF power conversion
scheme with PMSG related to its steady state operation. Recommendations for future

study on this topic are made.

5.2 Conclusions

Based on the modeling, simulation, steady state analysis and experimental ver-
ification of the VSCF power conversion scheme with PMSG, the following conclusions

are made:

i. A step-by-step procedure for modeling, simulation and analysis
of the steady state performance of the VSCF power conversion
scheme with PMSG has been formulated.

ii. Close correlation between the predicted and experimental re-
sults has been achieved in the power conversion scheme with
the half-wave controlled converter.

iii. At part loads and at very low speeds, the efficiency of the power
conversion scheme is very high.

iv. By substituting a PM rotor for wound rotor in the synchronous
generator, two things have been achieved. They are:
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1) A seperate dc supply for field excitation has been
eliminated.

2) Need to control this field excitation is also re-
moved.

v. The loss of external field current control has not affected the
control and operation of the power conversion scheme.

vi. The proposed scheme is the simplest as it includes the control
of only one variable, i.e. , triggering angle to the controlled con-
verter to control the performance of the power conversion
scheme.

5.3 Recommendations for future study

The following recommendations are made for future study:

i. Experimental verification of the power conversion scheme with
the full-wave controlled converter.

ii. Transient analysis of the power conversion scheme.

iii. Comparison of VSCF power conversion schemes with wound
rotor synchronous and induction generators.
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Appendix-1.

1. PMSG parameters

R, = 1.4 ohm. Stator resistance

r~
Q
]

5.6 mH Stator d-axis inductance
L, = 5.8 mH Stator g-axis inductance

= 6 Number of poles

>

» = 0.1546 V /(rad/sec) Mutual flux linkage

= 0.00038818 Nm/(rad/sec) Damping constant

< @

= 0.00176 Kg — m* Moment of inertia

2. Legend for the SCR-control circuit

C Comparator
| Integrator

N And gate

Appendix-1.
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555 Pulse Generator
A, A-Phase firing circuit
B, B-Phase firing circuit
C, C-Phase firing circuit
V,, A-Phase voltage
V,, B-Phase voltage

V., C-Phase voltage
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Appendix-2.

1. List of symbols

I, Generator line current

;1 The fundamental component of the generator line current
l, DC link current

l« Reference current to control

I,  PMDC Input current

Vi VagVey PMSG phase voltage

VaVu Ve 1ransformer phase voltage

v, Transformer line to line voltage

V., DC voltage of the rectifier

V, Inverted voltage of the controlled converter
vV, PMDC input voltage

V. SCR control voitage

L, Link filter inductance

Appendix-2.
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R,. Link filter resistance

L,L, Quadrature d,q axes inductance

o« SCR triggering angle

u Overlap angle due to the PMSG equivalent reactance
u, Overlap angle due to the transformer

o, PMSG angular speed

f,  Frequency of the ac supply
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