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The doubly-excited machine can be used as a variable-

speed generator or as a variable-speed-drive motor. In

this thesis the focus is on the aspects associated with

generating electric power (real and reactive) from erratic

energy resources such as water or wind. In such cases,

the power input to the prime mover will vary; so will the

speed of turbine at which maximum efficiency could occur.

One fundamental theory to be proved in this thesis is that

by applying a doubly-excited generator in a variable-speed

generating system it would be possible to electrically

control and adjust the turbine speed to maintain maximum

efficiency operation of the total system.



A mathematical model of the machine is presented from

which the single-phase equivalent diagrams, the active and

reactive power generation and distribution, and the

steady-state characteristics are obtained. Detailed

experimental work on the verification of a graphical

method for revealing the essential steady-state characte-

ristics of the machine for the purpose of determining the

desirable target modes of operation of the generator is

presented. Next, zero-speed synchronization with a utili-

ty grid and the excitation requirements of the doubly-

excited machine for maximum efficiency operation of tur-

bine are investigated. Finally, the maximum efficiency

operation of a variable-speed generating system utilizing

a doubly-excited machine is presented. All of these are

verified by experiments in a laboratory system set-up.

The test results indicate that the application of a

doubly-excited machine in a variable-speed generating

system appears quite promising in terms of improved effi-

ciency and potential for reactive power generation.
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THE DOUBLY-EXCITED-MACHINE AND ITS

UTILIZATION IN VARIABLE-SPEED GENERATING SYSTEM

I. INTRODUCTION

A rotating machine with poly-phase excitation on both

rotor and stator is referred to in this thesis as a

"Doubly-Excited Electro-Mechanical Energy Converter"

(DEEMEC). The DEEMEC can be considered as a generaliza-

tion of the synchronous machine and induction machine,

because the DEEMEC is capable of providing the operating

modes of these machines as special cases. In its steady-

state operation, the stator and the rotor magnetic fields

must rotate at the same speed and hence, for identical

phase sequences on both the rotor and the stator, the sum

of the angular speed of machine shaft (in electrical

rad/s ) and the rotor excitation angular frequency (rad/s)

must be equal to the stator voltage angular frequency

(rad/s).

The stator windings of the DEEMEC in the generator

mode are usually connected to an " infinite bus "

(constant frequency and amplitude utility grid). By

varying the rotor excitation frequency between the grid

frequency and zero, the DEEMEC can be synchronized from

zero mechanical speed to synchronous speed.
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The possibility of operation of the DEEMEC at

various speeds, makes it particularly useful for electric

energy generation from eratic energy resources such as

wind and hydro. Due to fluctuations in energy resource

conditions, the speed of the turbine at which maximum

efficiency could occur will also vary. With the DEEMEC,

it would be possible to electrically control the turbine

speed such that maximum efficiency of the system will be

maintained.

Although the DEEMEC has received much attention in

the past [1-7], efforts at making the machine a practical

reality have been disappointing. Industrial application

has been mainly confined to the motor mode in which the

stator as well as the rotor are excited with the same

frequency source and opposite phase polarity. The basic

reasons were the inherent instability of the DEEMEC and

the fact that, until quite recently, it was not possible

to make use of power electronic converters capable of

supplying adequate excitation power at varying frequency

to the rotor windings. The situation is now changing.

The revolutionary progress of solid state technology is

bringing about the prospects of a Variable-Speed Genera-

ting System (VSGS) as a more effective alternative to

the conventional Fixed-Speed Generating System (FSGS) in

generating electric energy from erratic energy resources.
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At the Delft University of Technology in Holland,

Schwarz and Lauw were initiators of a research project for

the integration of an Analog Signal to Discrete-Time-

Interval Conversion (ASDTIC) controlled-power electronic

converter and the electromechanical energy conversion

process. The Schwarz converter has the capability to

provide fast, controllable, variable-frequency current

sources, which can be used to realize and exploit the

promising potential of the DEEMEC such as, increase of

the conversion efficiency, and reactive power generation.

Also, with rotor excitation supplied by a converter in the

current source mode, the developed torque is found to be

independent of slip (the difference between the synch-

ronous and the rotor shaft speeds). Lauw [8], has

presented the aspects related to the design of a reliable

and cost-effective variable-speed generating system

capable of eliminating unacceptable side-effects related

to harmonic polution, low power factor and speed of res-

ponse. The conditions for stable operation and a control

strategy which effectively stabilizes the machine by

simple and practical means were the subjects of recent

research by Permantier [9].

The main objective of this thesis is to experimentally

demonstrate that the modes of operation of the DEEMEC

can be analyzed by its circle diagrams, and that the

DEEMEC will have the capability to accomplish the
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following functions in its generating mode:

A. Capability of synchronizing with the power grid

from zero mechanical speed to synchronous

speed,

B. Capability of generating reactive power (the

maximum required excitation power is also

calculated),

C. Capability to attain maximum-efficiency

operation of the VSGS under varying resource

conditions.

In chapter two of this thesis, the theory of the

ideal DEEMEC is presented. The complete mathematical

model and the power and torque expressions for

characterizing the electrical performance of the machine

will be given.

The third chapter imposes the sinusoidal steady-state

condition on the general doubly-fed machine equations.

The DEEMEC equivalent circuits and the active and

reactive power flow diagram are covered. From these, the

steady-state performance features of the machine can be

derived.
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Chapter four provides some information regarding the

requirements for effective operation of a variable-speed-

generating system. The circle diagrams for the DEEMEC

are constructed, from which the modes of operation of the

doubly-fed machine will be analyzed. Active and reactive

power excitation requirements, machine losses, power

factor control, steady-state stability limits, minimum

rotor current and synchronization from zero mechanical

speed will be among the topics covered.

In chapter five, the aspects of maximum efficiency

operation of the VSGS through a best trade-off in the

maximum efficiency of the turbine and the minimum losses

of the doubly-fed machine is presented.

Chapter six covers the tests results of an experimen-

tal laboratory set-up consisting of a 15-Hp DEEMEC

connected to a 10-KW motor-generator set used as a

variable frequency source, and a 20-Hp D.C. motor

representing a turbine (prime-mover).

Finally in chapter seven, the conclusions of this

research as well as indication for further points of

research will be presented. The analysis and experimental

verification in this thesis is a part of a project which,

should lead to the establishment of recommendations for

constructing and testing of demonstration units in the

power range of Mega-Watts.
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II. THE THEORY OF IDEAL DEEMEC

2.1 The Ideal Doubly-Fed Machine

The DEEMEC has the structure of a three-phase wound-

rotor induction machine as shown in fig.(2.1).

Fig.(2.1) The schematic of a doubly-fed, three-phase
machine.

To expedite the analysis, the machine is idealized by

ignoring the effects of saturation, hysteresis, and eddy

currents. Linear coupled circuits are then being dealt

with. It will also be assumed that the machine has

symmetrical three-phase windings on the stator (as, bs,
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c
s
), and two or three windings on the rotor (ar, br, cr).

The superscripts (s) and (r) stand for stator and rotor

respectively. Moreover, it is assumed that the space

magnetomotive force and the flux waves are sinusoidally

distributed around the air gap.

The stator windings of the variable-speed generator

are here considered to be connected to a power grid with

angular frequency Ws and rms line to neutral voltages

Vabc
(this is the column vector of the stator a, b, c

winding voltages). The rotor of the DEEMEC is supplied

with excitation power from a power electronic converter

which produces a set of symmetric, three-phase source

currents (or voltages) of controllable rms value Irabc

(this is the column vector of the rotor a, b, c winding

currents) and angular frequency
# Wr .

In the normal operating condition, the DEEMEC

generator converts mechanical power, P
em'

from a prime-

mover into electrical power, Ps, on the stator side as

shown in figure (2.2). The excitation power, Pr, is

either supplied or extracted through the rotor windings

depending on the speed of the rotor and the excitation

frequency.

The frequency on the rotor side is smaller or equal
to the stator frequency.



3-Phase Main

Prime- PT

Mover

8

a

la

DEEMEC

onverter

Fig.(2.2) Variable-speed-generating system diagram (Wm
is the angular speed of the machine shaft).

For analysis of the idealized machine, the voltage

and current relations are written in accordance with

Kirchoff's voltage law. For each of the windings, the

relation in terms of the applied voltage and input current

is:

dA
v = (R) (i) + (2.1.1)

dt
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where (v) is the applied voltage, (i) the input current,

(R) the winding resistance, and (A) the flux linkages with

the winding. With the subscript a, b, c, and superscript

(s) or (r) attached, this equation is written for each of

the six windings. Putting them in matrix form, the follow-

ing is obtained (the negative sign is because of the

generator convention):

vsabo

vr
abc

where

1=1,

[R
**

[Rss]

[033]

] =

[033]

[Rrr]

R
*

* 0
0 R 0
0 0 R*

-is
abc

4r
'Labe

, [033]

dt

=

-%s
abc

ar
"abo

O 0 0
O 0 0
O 0 0

, (2.1.2)

, (2.1.3)

and asterisk means stator (s) or rotor (r). In terms of

self and mutual inductances, the flux linkages in matrix

form become:

abc
A r
1'abc

[ea]
[gsr]

Egsrit Egrri

isabc

irabc

, (2.1.4)



where

[g
sr] =

(g g =

1
.**

-m** rn**

**
-m

1
**

mom
**

1**

** **-m -m

msrcos(U)

msrcos(U+120)

msrcos
(U-120)

msrcos
(U-120)

msrcos(U)

msrcos
(U+120)
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(2.1.5)

msrcos(U+120)

msrcos(U-120)

msrcos(U)

(2.1.6)

iss= self-inductance of stator winding,

lrr= self-inductance of rotor winding,

m
**
= mutual-inductance between two stator or two rotor
windings (asterisk stands for either (s) or (r) ),

msr= maximum magnitude of mutual-inductance between a
stator and a rotor winding, and

U . rotor position angle # (in electrical degrees).

The magnitudes of the inductances are assumed to be all

constant. The only time-varying quantity is U which

satisfies the relation:

This is the angle between the magnetic field axes
determined by the (a) phase windings of stator and
rotor (fig.(2.1)).
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dU
= (n) (Wm ) (2.1.7)

dt

where (n) is the number of pole-pairs of the machine,

and (Wm) the angular speed of the machine shaft.

Substitution of eqn.(2.1.4) into the voltage-current

relations typified by eqn.(2.1.2) will yield a set of

simultaneous equations which completely govern the perfor-

mance of the doubly-fed machine. This process yields

equations which are algebraically very complicated,

however, and their solution would be a most unwieldy task.

In the next section, the analysis will be greatly

simplified by the use of a change of variables called

Park's transformation.

2.2 Basic Machine Relations in (Odq) Variables

The idea behind the transformation is an old one

stemming from the work of Andre Blondel in France, and

the technique is sometimes referred to as the Blondel

two-reaction method. Much of the development in the form

used here was carried out by R.H. Park and his associates

[11]. The transformation will take all the stator and the

rotor quantities into a reference frame of two orthogonal

(d and q) axes which are stationary with respect to the

stator windings.
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The rotor equations are transformed through the [S]

and the [T(U)] matrices; the stator equations through

the [S] matrix only#, where:

0

[S] = SQRT(2/3)

0

0

[T(U)] = d

a

1/SQRT(2) 1/SQRT(2) 1/SQRT(2)

1 -1/2 -1/2

0 SQRT(3)/2 -SQRT(3)/2

O OL 0_

1 0 0

O cos(U) -sin(U)

0 sin(U) cos (II)

and (SQRT) stands for the square root.

The Park's transformation is defined by:

[P] = [T(U)] [S]

(2.2.1)

(2.2.2)

(2.2.3)

The following attractive properties with respect to these

matrices hold:

Because, the stator coils are fixed in space.
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[S]
-1

= [S]
t

A. ( the inverse of the matrix

equals its transpose (orthogonal property))

B. [T(U)]-1 = [T(-U)]

C. The transformation is power invarient; i.e.,

POdq
equals Pabc .

The next step is to apply the transformation to

equations (2.1.2) and (2.1.4). The manipulations are

somewhat elaborate but straightforward and will be omitted

here. The results are:

vsodq

vrodq

fis
"odq

Agdq

[R88] [033]

[033] [R
rr

]

= [Lod&

.s
odq

igdq

where [031] =

isodq
ri

a'odq

d
+ Mb

dt

-gdq

"odq

[031]

(2.2.4)

(2.2.5)

(2.2.6)
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0 0 0

[G] 0 0 -1 (Gyration matrix)

and

0 1 0 (2.2.7)

0 d q 0 d q_

0 LisL
0

0 0 0 0 0

d 0 Lss 0 0 14 0

q 0 0 L
BS

0 0 14

[Lodq ] = (2.2.8)
0 0 0 0 L6r 0 0

d 0 14 0 0 L
rr

0

q 0 0 M 0 0 Lr
r

In these equations, the inductance terms have been given

new symbols. They are:

L
ss = 1 ss - 2 mss (2.2.9)
0

r
o

L
rr

= lr r - 2 mr , (2.2.10)

s
Ls

s
= ls s + ms , (2.2.11)

rLr r = lr r + mr , (2.2.12)

srM = SQRT(3/2) . (2.2.13)
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The term -ntlpTiNxo'dci , also known as the speed voltages*,

appears in eqn.(2.2.4) as the result of the following

identity:

d[T(-13)] dII

[T(U)] [G] = -al[G] . (2.2.14)
dt dt

The left-hand term in this equation is a direct result of

applying the Park transformation to equation (2.1.2).

In a three-phase machine, the windings of the indivi-

dual phases are spatially displaced from each other by

120 electrical degrees around the air-gap circumference,

and each phase is excited by a sinusoidal voltage (or

current) such that the phase-angle difference from each

other equals 120 degrees. Let the three stator

voltages, and the three rotor voltages respectively be:

vatic = SQRT(2) V
s

cos(Wst)

cos(Wst-120)

cos(Wst+120)

(2.2.15)

These voltages result from the relative motion of the
stator and the rotor windings.



vac = 8(21C(2) Vr

COS (wrt+e)

cos(Wrt+LF-120)

cos(Wrt+1F+120)

16

(2.2.16)

where (Vs) and (Vr) are the rms line-to-ground stator

and rotor voltages respectively, and L. is the phase-

angle of vra with respect to the time origin. In terms

of the (Odq) variables,

can be expressed as:

and

vsOdq = 80gRT(3) V
s

vrdq = 80T(3) Vr
O

equations (2.2.15) and (2.2.16)

0

00s(Wst)

sin(Wst)

(2.2.17)

0

cos (Wrt+g+U)

sin(Wrt+Lr+17)

(2.2.18)
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The set of equations formed by (2.2.17) , (2.2.18) and

those given in (2.2.4) through (2.2.8) provide the com-

plete set of equations describing the steady-state as well

as the transient performance of the DEEMEC when the

equations governing the interaction of electrical and

mechanical variables are included. This will be treated

in the next section.

2.3 The Production of the Electromagnetic Torque

as:

The torque equation for the DEEMEC can be written

J (dWm/dt)= TT Tem (2.3.1)

where (J) is the rotor moment of inertia, (TT) the availa-

ble torque of the turbine, and (Tem) the electromagnetic

torque. The sign convention is based on generator opera-

tion; i.e., the electromagnetic torque, Tem, attains a

positive value if, in steady-state, the machine supplies

active power into the power grid. The expression of Tem

in terms of the machine currents can be obtained from the

power balance as follows:

Multiply the equation for the transposed (superscript

t) stator voltage vectors by the stator current vectors to

obtain:
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(v
s

)

t
(i

s
) = -(is )t[Rss--]

t
(i

s
) -

As
)

t
/dt (is )Odg Odg Odg Odg Odg Odg

(2.3.2)

By recalling that the magnetic energy, wmag, and power,

Pmag, of a single coil assembly (constant inductance) can

be expressed as:

wmag= (1/2) L i2 and (2.3.3)

Pmag d(Wmag) /dt = (L) (i) (di /dt) = (A) (di/dt)

(2.3.4)

and noting that the inductances in the (Odq) system are

constant, the various terms in eqn.(2.3.2) can be

identified and rewritten as:

P
s = -Ps - (Psmag - Pag ) (2.3.5)

where (Ps) is the instantaneous power output of the

stator and (PR ) the stator power loss dissipated as heat.

The stator magnetic power stored is given by:

Pmag
__1s

dq'InOdg'
4

dt
""O

(2.3.6)
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The remaining portion of the power balance equation can be

considered to be the power which is extracted from, or

delivered to, the rotor of the machine. Conventional

terminology for this power is air-gap power and from

eqns.(2.3.2) and (2.3.5) it can be found to be equal to:

d
A [ (%Odq)

t
(iOdg ) (2.3.7)

-g
=

dt

Likewise, multiplying the transposed rotor voltage vector

by the rotor current vector yields:

_Iwr Itfir 1 _14r Itrorritf4r 1

-
doir It/44. fir 1

l'Odg' 1-0dg' bOdg' l'' J `-Odg' 1"Odg' l'e- 14'0dg'

.r
+ (n) (Wm) ( A

O d g
)

t
[G]

t
(1Odg )

(2.3.8)

and the various terms in this equation can be identified

and rewritten as:

-Pr = -PR - (Pmag - P
ag

) + P
em (2.3.9)

where (Pr) is the instantaneous power input to the rotor,

(11;) the rotor power loss dissipated as heat, and



r = (n) tw %tri t/4r
em "'m% A"^Odq'

LJ odq'
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. (2.3.10)

The electromagnetic torque is readily obtained from

dividing the electromagnetic power by the shaft speed (in

mechanical radians per second) and therefore:

Tem (r ah

%ralt ur
M 'InOdq' L'" Odq'

. (2.3.11)

Substituting for the flux linkages and the Gyration matrix

(eqns.(2.2.5) & (2.2.7)) into eqn.(2.3.11) gives

equivalently:

Tern = n (id qd(is ir - is id) . (2.3.12)

By the established relations in equations (2.3.1),

(2.3.12), and the results given in the previous section,

the mathematical model of the doubly-fed machine is

rigorously formulated. On the basis of this model, the

analysis of the steady-state will be pursued in the next

chapter.

The efforts presented in this chapter can be

summarized as follows.
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A. The machine configuration was presented and

certain physical assumptions were introduced

which were practically fairly justified and

considerably simplified the resulting

mathematical model.

B. The (Odq) transformation of variables was

introduced which, replaced the actual three-

phase machine by an equivalent two-phase

machine, and the basic non-linearity shown by

the presence of (U) eliminated. This not only

provided a means to gain insight into the

characteristics of the solutions, but also

established decoupling of the magnetic shafts

and minimized the number of variables involved

with the electromagnetic torque production.

C. The complete mathematical model was given by

the voltage and current relations in

eqns.(2.2.4) through (2.2.8), and the power and

torque expressions shown in eqns.(2.3.5) ,

(2.3.9) , (2.3.10) and (2.3.12). The electri-

cal performance of the ideal machine can be

fully characterized by these equations.
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III. THE DEEMEC IN THE STEADY STATE

3.1 The Steady-State Equations of the DEEMEC

The performance of the doubly-fed machine under

steady-state conditions may be analyzed by transformation

of the general DEEMEC equations of the preceding chapter

into phasors with frequency Ws ; i.e., through:

x = SQRT(2) Re [ X ei ] ; X = X , (3.1.1)

where (Re) stands for the real part, (x) for instantaneous

voltage or current, (j) for SQRT(-1) and (Ws ) for the

radian frequency of the power grid to which the machine is

connected.

The DEEMEC steady-state equations for a reference

system stationary with the stator can be formulated by

using the above phasors, and substituting (jWs) for (d/dt)

in the general DEEMEC equations ((2.2.4) & (2.2.5)) as:

V
Odq

V
Odq

z]
-
IOdq

IOdq

(3.1.2)



where the impedence matrix, [Z], equals

Rs+jWsLs
0

0 0 0 0 0

and
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0 Rs+jWsLs s 0 0 jWsM 0

O 0 Rs+jWsLss 0 0 jWsM

0 0 0 Rr+jWsL r 0 0
0

0 jWsM (1-8)WsM 0
mr+jwslir r (i_s)Wslir r

O -(1-S)WsM jWsM o -(1-8)wsLr r Rr+jwslir r

S
Ws- nWm

Ws
(unit slip)

3.2 Symmetrical-Component Transformation
and the Equivalent Diagrams

(3.1.3)

(3.1.4)

The important performance aspects of the DEEMEC in

the steady-state can be determined from the equivalent

circuits. In order to draw the equivalent diagrams, the

stationary (Odq) reference system variables are

transformed into the so-called (0+-) symmetrical

component variables as in [12] by:

0+-
= [ A ] !Odq (3.2.1)

where



[ A ]
1

SQRT(2)

0

O d q __

BQRT(2) 0 0

o 1 j

O 1 -j

The matrix [A] has the following properties:
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(3.2.2)

]

*t
[ A ] = [ A ]A. i.e., the inverse of [ A ]

equals the transpose of the conjugate of [ A ].

B. The two transformations [S] and [A] in cascade

result in power invariancy ; i.e., P
0+- POdq

Pabe

C. The effect of [S] and [A] in cascade is that, a

balanced three-phase system becomes a positive-

sequence system.

By applying the symmetrical-component transformation

to the DEEMEC steady-state equation (eqn.(3.1.2)), the

following sets of decoupled, machine-component networks

are easily established.

A. Zero Sequence Network Equations:

.Vs = -Rs I
s

- WsLoss I0 0 (3.2.3)

(3.2.4)



B. Positive Sequence Network Equations:

8 8 SS . s
Vs = -(R +3W L ) I + 3W M I-+ + -+

rVr
+
= (Rr+3SWsLrr ) I+ - j8WsM Is- -+

C. Negative Sequence Network Equations:

jWsLss) Is + jWsM Ir (3.2.7)

vr (Rr41(2_1) wslirr) ir j(2-S)WsM Is
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(3.2.5)

(3.2.6)

(3.2.8)

In order for the DEEMEC to produce a steady torque,

both the stator field waves and the rotor field waves must

travel at the same speed [16]. Consequently the following

equation must hold in the steady state:

Ws = n Wm + Wr (3.2.9)

where the (+) sign is to be used in the case of

identical stator and rotor phase sequences, and the (-)

sign in the case of different phase sequences.

The stator and the rotor powers in terms of the (0+-)

variables, and the steady-state electromagnetic torque

(Tem) as derived in Appendix (1) are:



TOM = Im (n M (Is I - Is I
r*

) ]

P
s + jQs = r I

s s*+ Vs I
s*+ V ]

s s*
0+- 0+- 0 0 + +

P0+ -+ 7Q0+- = [V-0 0
r r*+ -+ -+I

r*+ Vr I
r*

]
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, (3.2.10)

, (3.2.11)

. (3.2.12)

Partitioning the three-phase powers into three times

single-phase powers (stator and rotor) and dividing the

(0+-) voltage equations (eqns.(3.2.3) through (3.2.8)) by

SQRT(3) yields the per-phase equivalent diagrams as shown

in figure (3.1). It should be remarked that in order to

get the total power, all electric powers (stator & rotor)

derived from these diagrams are to be multiplied by (3).

3.3 The Single-Phase Equivalent Circuit
for the Case of Balanced Sources

In practice, balanced three-phase sources are used.

If the system is also balanced, only the positive sequence

network gives rise to non-zero currents due to the fact

that:

Vs = Vr = Vr = Vs = O.-0 0

The total power and torque can therefore be expressed as:
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I
s r
+I} / <3> Rs jWs (Lss-M)

jws Lrr_
) Rr I+/<3>

Is/<3> Rs ws(Lrr_m) r Ir/<3>

***
vvvvy (resistor)

LEGEND * moms (inductor)
* <3> (SQRT(3))
* * *

Fig.(3.1) Per-phase equivalent diagrams for the DEEMEC

P
s= 3 Vs

a
Is
a

cos pps ) (3.3.1)

Tem= 3 Im [ n M Is
a

Ira ] (3.3.2)

swhere y s is the angle by which Ia lags Va, Ia' Ir
'
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'

r
'

Vs
a

and Vr are respectively Is+ I+ Vs and Vr
a -+ -+

divided by SQRT(3).

Using the positive sequence rotor voltage equation

and the torque equation (eqns.(3.2.6) & (3.3.2) ) an

equivalent expression for the electromagnetic torque and

power can be written as:

r 1r3n 3n Rr

T = Im(OM WS jS WS
(1r)

2
(3.3.3)

3(1-8) Vr Ir* 3(1-8) Rr
POM= W TOM IRE (Ir )2M

(3.3.4)

where the subscript (a) of the voltage and current has

been dropped for convenience. These results provide an

interesting interpretation of the single-phase equivalent

diagram as shown in figure (3.2). The angle (C) in this

figure is the phase-angle difference between the terminal

voltage, Vs, and the internal machine voltage expressed

as:

Er = (j)(Ws)(M) Ir (3.3.5)

where (Er) is the phasor voltage induced on the stator

due to the rotor phasor current (Ir). This angle also



Ps<MINIM

Pag
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Fig.(3.2) The single-phase equivalent circuits for
the case of balanced system.

appears in the expression of electromagnetic torque (for

example, eqn.(A2.5)) and hence, (g) is commonly called

the "torque angle". Figure (3.2) gives the following

information concerning the steady-state operation of the

doubly-fed machine:
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A. The power dissipated by the stator current, Is

in the Rs resistor represents the per-phase

stator copper loss for the machine.

B. The power dissipated by the rotor current, Ir

in the Rr resistor represents the per-phase

rotor copper losses for the machine.

C. The power generated by the rotor current, Ir

in the resistor (1-S)Rr/S, and the voltage

(1-S)Vr/S is the per-phase converted power for

the machine.

D. The power generated by the stator current, Is

and the induced voltage jwsmir
is the per-

phase air-gap power for the machine.

3.4 The Active and the Reactive Power Balances

The behavior of any electromagnetic device as a

component in a rotational electromechanical system can be

completely governed in terms of voltage equations and

relations with respect to the electromagnetic power and

torque. The purpose of this section is to derive the

active and reactive power balances in the steady state.

For balanced, poly-phase excitation of the doubly-fed

machine, the single-phase, equivalent-circuit voltages and
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currents reduce to the actual phase voltages and currents.

Hence, the subscript (+) in the positive sequence network

(eqns.(3.2.5) and (3.2.6)) will be omitted. Multiplying

equation (3.2.5) by the conjugate of the stator current

phasor, and equation (3.2.6) by the conjugate of the rotor

current phasor yield:

3VsIs*= -3(Rs+jWsLss)IsIs*+ 3jWsMIrIs*

_
(3/S)v

r
I
r*= 3[(Rr/S) jwsLrr]irir*_

3jWsMI$Ir*

, (3.4.1)

. (3.4.2)

By taking the real and the imaginary parts of these

equations, various terms which correspond to the various

portions of the power transfer through the machine can be

identified as in the following:

3 Re[VsI s* ] = -3Rs (I
s

)
2+ 3 Re[jWsMIrI s* ] , (3.4.3)

3 Re[VrIr /S] = 3(Rr/8)(1r )
2
- 3 Re[jWsMIs Ir* ] , (3.4.4)

3 Im[Vs Is* ] = -3jWsLs (Is)2+ 3 Im[jWsMIrIs* ] , (3.4.5)

3 Im[VrIr*/S] 3iwslirrar.; 2_
3 Im[jWsMIsIr*] . (3.4.6)
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Noticing that the real and the imaginary parts of [jIsIr*]

in equations (3.4.4) and (3.4.6), equals the negative of

the real part and the positive of the imaginary part of

respectively, equations (3.4.3) through (3.4.6)

can be rewritten as:

8=P = -Pe P
ag

Pr /8 = Paps - (-P
ag

)

8
= -121A+ Qag

Qr /8 = L Qag

The variables are defined as:

Pag= the air-gap power,

P
s
= the stator output power,

Pr= the rotor input power,

PR= the stator copper losses,

P
r
= the rotor copper losses,

Qs= the stator reactive power,

Q
r= the rotor reactive power,

, (3.4.7)

, (3.4.8)

, (3.4.9)

. (3.4.10)
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Qt= the stator leakage reactive power,

Qr= the rotor leakage reactive power, and

Q
ag= the air-gap reactive power.

The equations for the total active and reactive power

balances (generator convention) are:

P
em + Pr= Ps + Pr + Ps

Qem Qr= Q: 1114

, (3.4.11)

, (3.4.12)

where (P em) is the electromagnetic power, and (Qem) the

electromagnetic reactive power. Substituting equations

(3.4.7) through (3.4.10) into these equations will give:

and

Pem= (1-S)Peg , (3.4.13)

P (1-S)Pem ag n
T = = ....... = P , (3.4.14)em Wm (1-S)Ws/n Ws

Aff

Qem= (1411)Qag , (3.4.15)

which lead to a comprehensive interpretation of the

complex power flow as indicated in figure (3.4). This

figure is useful in the explanation of the excitation
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P
s <<

QS < <

P
ag

< -<

Q < =<
ag

< < P
em = (1 -S)P

ag

< =< Qem = (1+S) Q
ag

PR < < <--< SPag

QS SQ
ag

> =>

P

< <

< < Pr

< =< SQ
L

Qr

Fig.(3.4) The active and reactive power flow diagram.

requirements.

For future use, the stator power, P6, and the air-

gap power, Pag, will be expressed in terms of Vs and Er.

Using eqn.(3.2.5), the stator current phasor can be

written as:

18= (Vs/Zs) e ( Cit + 904 (Er /ZS) ej 6 + a - 90)

, (3.4.16)



where

Z
s= BQRT [(Rs )

2+ (WsLss )
2

]

1 s sAL= tan (R /W Lss )
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and (3.4.17)

. (3.4.18)

From equation (3.4.3) the expression for P
s

and

Pag are:

P
s= 3 Re[VsIs ] = 3VsIsops((fs )

tAs
Pag 3 Re[ErIs

*
] = 3ErIscos(S-+y

, (3.4.19)

, (3.4.20)

where (Ps is the angle by which Is lags Vs. Substitu-

tion of eqn.(3.4.16) into eqns.(3.4.19) and (3.4.20) will

yield:

(V
s

)
2 ErVs

Ps= -3 ---- sin (Or) + 3 - -- sin(G+CE) , (3.4.21)
Zs 2°

(Er)
2 ErVs
sin(ct) + 3 --- Bin a) -Le) . (3.4.22)Pag = 3

Zs Zs
1=11 MP

At this point, some of the important information

which can be deduced from the section will be discussed.
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A. Equation (3.4.14) states that the air-gap power

is directly proportional to the electromagnetic

torque.

B. For over-synchronous speeds (S<O), excitation

power will be tapped from the available

electromagnetic power#. Notice that the per-

unit slip, 8, is controlled by changing the

rotor frequency (Wr= S Ws).

C. The DEEMEC produces reactive power from both

the stator and the rotor sides, if the machine

runs at under-synchronous speeds (S>0) and Qs

has a positive value ( fig.(3.4) ).

D. Equations (3.4.7) through (3.4.10) are valid for

the synchronous as well as well as the induction

modes. For the synchronous mode (S=0), there

is no reactive power in the rotor, and in the

induction mode, Pr= Qr= 0 should be

substituted.

E. From the power flow diagram, fig.(3.4)

the efficiency of the doubly-fed machine can

easily be written as:

In the generator mode, P is a positive quantity and
thus SPag is a negative 4Uantity for S<0 (fig.(3.4)).
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.....
Pag- PR [Pem/(1-13)] - P

s
= . = ...... - ................

Pem+Pr Pem+SPeg+Pi [Pem/(1-13)] + Pi

or

7DM

Pam- (1-B)P
s

Pem+ (1-13)Pi

This equation states that :

, (3.4.23)

. (3.4.24)

a. If PR and PR are negligible compared to

P
em' then the efficiency approaches

100% . For the induction generator, this

condition improves the efficiency to only

1/(1-S).

b. Different rotor speeds do not significantly

affect the efficiency of the DEEMEC if,

P
s
and PR are minimized.

In this chapter, the sinusoidal, steady-state

conditions were imposed on the general doubly-fed machine

equations derived in the preceding chapter. For the

stator windings connected to a power grid at a frequency

of Ws rad/sec, the quantity jW
s

was substituted for the

differential operator, (d/dt). Phasor variables were used

to replace corresponding time-dependent variables. After
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application of a three-phase symmetrical-component

transformation on the complex phasor equations (derived

from the stationary (Odq) reference variables), a

per-phase equivalent diagram for the DEEMEC was derived.

For balanced polyphase terminal voltages of the doubly-fed

machine, the single-phase equivalent-circuit voltages and

currents reduce to the actual phase voltages and currents.

The doubly-fed machine equivalent circuits and the

power flow diagram are the most important results in this

chapter, from which the steady-state performance features

of the machine can be readily derived.

In the next chapter, the circle diagrams will be

developed as a powerful graphical tool to the

understanding of the operating modes of the generator

under different performance conditions.
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IV. MODES OF OPERATION

In this chapter, the steady-state modes of operation

of the doubly-fed machine will be analyzed by means of a

graphical technique (circle diagrams).

4.2 Construction of the Circle Diagrams (C.D.)

The basic principles for construction of circle

diagrams for induction machines has been covered by Meisel

[12]. Using the power balance relations, the torque equa-

tion and the single-phase equivalent circuit for balanced

source voltages as established in the preceding chapter, a

new form of stator current, rotor current and air-gap

power loci was originated by Lauw [18] which results in an

original treatment of the doubly-fed machine.

Consider the single-phase equivalent circuit of the

DEEMEC in chapter three, which for convenience is redrawn

in figure (4.1). In constructing the circle diagrams, it

is assumed that the magnitude and the frequency of the

stator voltage are both constant. Furthermore, without

loss of generality, it is assumed that:

A. Vs= Vs ei0 (4.1.1)

B. Er= Er ejS , (4.1.2)

r r jg
C. V = V e , (4.1.3)
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where (6) is the torque angle and (8) the phase angle of

the phasor Vr in the Ws domain.

Equation (3.4.16) expresses the stator current phasor

in terms of Vs and Er (figure (4.1)). For convenience

this equation is repeated here:

Is=
s/2 s ) e

j(0(.+ 90) + (Er/2s ) e
j( + a -90)

, (3.4.16)

where (00 is the stator loss angle (eqn.(3.4.18)) and

as_ 8 A 8 88 8 _ja,
R + L - jZ e (4.1.5)

Is Rs Wes WsLrr Ir
+ o **V4 0 +

vs v / s

Fig.(4.1) The single-phase equivalent diagram for the
case of balanced sources.

Equation (3.4.16) is graphically translated in

figure (4.2). Also shown in the figure, are the circles

for constant stator and rotor currents with centers

respectively located at points (0) and (N), with
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Fig.(4.2) The phasor diagram, and circles for constant
sator and rotor currents.
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coordinates given by:

0 = [ 0 , 0 ] and

N = [ (-Vs/e)sin( Of. ) (Vs/Zs)cos( OL ) 3.

As can be seen in figure (4.2), there are two

operating points possible; (P) and (Q) (an operating

point is the point of intersection of a constant stator-

current circle with a constant rotor-current circle). The

points on the left half-plane correspond to motor

operation, while the ones on the right half-plane to

generator operation. Notice that the positive direction

for the angle
S
is clockwise (p.2-2 ). Hence,

the stator power factor angle at point (P) is negative.

Equation (3.4.1) represents the complex power balance

on the stator side. For convenience this equation is

rewritten as:

where

s*= -3(Rs+je)IsIs*+ 3ErIs* (4.1.6)

Xs= WsLs (4.1.7)

Expanding eqn.(4.1.6) into real and imaginary parts

results in:
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3vsiscos(y ) + j3VsIssin( 1p ) = -3Rs(Is)2+ 3ErIscos(S + cp )

4
+jpErIssin(6+4,) - 3e(18)2]

(4.1.8)

Term by term identification of eqn.(4.1.8) gives:

s s s
P JQ = -PR+ Pag+ J(Qag- QL) (4.1.9)

;
The air-gap power (Pag= 3 BrIscos(g+ (i)) becomes

zero for each of the following cases:

A. no excitation (point N in fig.(4.4)),

B. zero stator current (point 0 in fig.(4.4)),

..S
C. whenever cos(S+(9) equals zero (if lr equals

zero, then equals +90 degrees, and from

eqn.(4.1.8) it is obtained that for zero air-gap

reactive power Is= -Vs/Rs ; i.e., point (K) in

fig.(4.4)).

Hence, the locus for zero air-gap power is a circle

centered at:

M = [ (-3/2Rs)(Vs)
2

, 0 ]

Multiplying the stator and the rotor phasor currents

in fig.(4.2) by 3Vs and projecting them onto the real

and imaginary axes (P and Q axes), the air-gap power
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circles are obtained as in figure (4.3). For clarity of

presentation, the constant-air-gap-power center, (M), has

been moved much further to the right. In practice,

(Vs/Zs) sin(CL) is much smaller than (Vs/Zs) cos(aL),

which in turn is much smaller than Vs/2Rs . Also, notice

that the constant-air-gap-power circles, are determined by

the electromagnetic torque, T , as:em

Pem WmTem (1-S)WsT_m WsTemP = -
=

ag
1-S n(1-S)

, (4.1.10)

where Tern equals the turbine torque, TT, (neglecting

losses).

All the essential information with regard to the

operating condition of the DEEMEC can be inferred from

figure (4.3). Hence, the next section will be devoted to

the significance of the circle diagrams in this respect.

4.2 Modes of Operation from the Circle Diagrams

A stable steady-state operating mode of the doubly-

fed machine is only possible if a circle for a constant

value of the rotor current intersects with a circle for a

constant value of the electromagnetic torque. The point

of intersection can be called an operating point; because

the location of this point on the diagram completely
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N
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Fig.(4.3) The circle diagrams for the DEEMEC.
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defines the operating conditions which determine:

A. the power angle, S

B. the active power output, Ps,

C. the reactive power output, Qs,

D. the power factor angle, ,

E. the stator winding current, Is,

F. the rotor winding current, Ir, and

G. the electromagnetic torque, Tem.

The following sub-sections treat the important

information which can be inferred from the circle

diagrams.

4.2a Steady-State Stability in Terms of the Power Angle

Consider the situation in figure (4.3) for which the

rms value of the rotor current, I
r

, is held constant,

while gradually increasing the electromagnetic torque, Tem

(by increasing the prime-mover power for a constant speed

or, decreasing speed for a constant Pem). Let the

initial operating point be point (A) on the diagram.

Then, increasing the torque Tem while staying on the

constant Ir circle, results in a loss of intersection

between circles of constant Tem and constant Ir if the

power angle, S , exceeds 90 degrees. A similar reasoning
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for the motor operation would show that the steady-state

stability condition requires the power angle not to be

less than -90 degrees (experimental verification is in

article 6.3b and figure (6.9)).

4.2b The Effect of a Voltage Controller on the Steady-
State Stability of the DEEMEC by the Use of

Circle Diagrams

Suppose the rotor is fed with a certain voltage

source such as:

vr= vrcos(Wrt + i.r) (4.2.1)

This equation suggests that there are three degrees of

freedom at our disposal. They are:

A. frequency Wr

B. amplitude virll and

C. the rotor voltage phase - angle, Lr.

As is shown in Appendix (2), the phase-angle ( ar), does

not affect the electromagnetic energy conversion process

at all. This fact can also be used in the control synthe-

sis of the system (the quantities that should be control-

led are the amplitude and the frequency of the rotor

voltage (or current), which are easy to monitor for feed-

back purposes [13, 14, 15] ).
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Consider the single-phase equivalent diagram of the

doubly-fed machine in figure (4.1). The circuit of the

stator side shows that the rotor current Ir induces a

voltage Er on the stator. This indicates that the rms

value of the terminal voltage Vs can be controlled to

any value within design limits by controlling Ir. Also,

notice that in steady-state, the voltage Vs, is not

dependent on the frequency of the rotor winding currents;

only the induced voltage Er depends on Ws , which is the

fixed angular frequency of the electric power grid (this

suggests that, there is no need for controlling the

frequency of the rotor currents in the voltage-controller

design if one is required).

From the DEEMEC circle diagrams it is easy to under-

stand why the steady-state stability of the doubly-fed

machine can be secured by designing a voltage controller

which, has a higher speed of response than the rate of

change in the resource conditions. This can be explained

as in the following.

Consider the situation of a nonvarying electric load

condition, and a given dispatch strategy with respect to

the reactive power output, Qs, of the variable-speed-

generating system. Under this condition, the reference

value of the terminal voltage will be held at some given

value. Assuming that the voltage controller has the
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desired high speed of response then, it follows that the

actual terminal voltage can be considered to have a

constant value even with varying resource conditions.

This allows for the use of the circle diagrams for

analyzing the possible modes of operation with different

resource conditions. Obviously, the operating modes have

to lie on a horizontal line corresponding to the given

Qs; for example, the line through the operating points (A)

and (B) in figure (4.3). Inspection of the power angle

value for any operating point on this line, shows that

this angle can never exceed 90 degrees, i.e. the (S )
value beyond which the generator will become unstable.

4.2c Minimum Rotor Current for Stable Steady-State
Operation

The following two cases will be analyzed.

A. Zero Electromagnetic Torque. The (C.D.) in

figure (4.3) shows that point (0) corresponds to

zero Temand zero stator-current operating point.

Equating the term (3/Z
s)(Vs )

2 to the term

wsmirvsizs
gives:

1r= Vs/(WsM) (4.2.2)

which is the minimum rotor current for unity

slip. This condition occurs for synchronization
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at unity slip (experimental verification is in

art. 6.2, tables (6.2 & 6.3) and fig.(6.9).

B. Nonzero Electomagnetic Torque. Consider the

operation of the DEEMEC at a certain slip and

a certain electromagnetic power, Pem. For the

doubly-fed machine, the rms value of the rotor

current and the power angle, g , can take any

value. Given the turbine torque and the slip,

the electromagnetic torque would be given.

Under this condition, there still exists one

degree of freedom; i.e., the rms value of the

rotor current or g. Controlling Ir would fix

the torque angle and visa-a-versa.

To avoid instability problems, the applied

torque should not exceed the maximum

electromagnetic torque. Equation (A2.5) in

Appendix (2), expresses Tern in terms of I
r

,

Vs and S. For convenience this equation is

rewritten as:

T
em- (3nMIr/Zs) [V s sin(6-X) - (MWsIr) sin(OL)]

. (4.2.3)

For practical machines, . X is a very small angle

and can be neglected. Inspection of the

(C.D.) in fig.(4.3) shows that for a fixed air-
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gap power, the rotor current obtains its minimum

value when, the torque angle 61 is 90 degrees.

Substituting ninety degrees for g in equation

(4.2.4) yields:

T =em, max (3nM/2s) VgIr (4.2.4)

This states that the rotor current should at

least reach a certain minimum value if the

machine is to survive a certain given applied

torque (Hence, it is important to know the maxi-

mum torque a turbine can produce). In other

words, Ir must satisfy the following inequality.

The experimental verification is in article 6.3b

and figure (6.9):

IREQUIRED
r

(2
s/3nMVs) TT

,MAX

4.2d Power Factor Control

(4.2.5)

Consider the constant air-gap power circle in

Fig.(4.3). Point (A) on this circle, is the operating

point for a certain positive power factor angle Vs. To

change this angle, the operating point (A), must move

clockwise or counter-clockwise on the constant P
ag
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circle. This is done by increasing or decreasing the

rotor current respectively. However, care should be taken

not to reduce the rotor current below the value for which,

the torque angle exceeds 90 degrees. Hence, all that is

needed to get to a desired power factor for a constant

air-gap power, is to change the magnitude of the rotor

current (experimental verification is in article 6.3a, and

figure (6.9)).

4.2e The Effect of Turbine Torque on the Machine Losses

Consider the situation of a non-varying electric

generator load conditon and a given dispatch stategy with

respect to the reactive power output Qs. Under this

condition, the reference value of the terminal voltage

will be held at some given value. An operating point

corresponding to this condition is, for example, point

(A) in figure (4.3). As was explained before, the opera-

ting modes for varying resource conditions can be

represented by operating points located on a horizontal

line on the diagram of this figure. The location of this

line depends on the value of the given Q
s

; and is, for

instance, the line through the operating points (A) and

(B). Careful inspection of the rotor and the stator

currents at these points, reveals that the value of PIoss

at operating point (B) is greater than that at operating
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(A), where
(PLOSS) is equal to all losses of the

doubly-fed machine. This is because PLoss is proportio-

nal to the summation of the squared value of stator and

rotor currents. Figure (4.3) also shows that the value of

the air-gap power at operating point (B) is greater than

that at operating point (A). Equation (4.1.10) states

that the electromagnetic torque, Tem, is proportional to

the air-gap power through a constant. Hence, it is con-

cluded that the losses of the DEEMEC is proportional to

Tem. Moreover, since steady-state, stable operation is

only possible if Tem matches the turbine output torque,

T
T (neglecting friction losses), it follows that the

DEEMEC losses are proportional to TT (experimental

verification is in article (6.3d)).

4.2f Maximum Required Reactive Excitation Power

As stated before, one of the attractive features of

the doubly-fed generator is its ability to be synchronized

with the power grid at zero rotor speed.

A tentative method for zero-speed synchronization

would be to bring up the rms voltage and the frequency

of the stator windings to the grid voltage and frequency

at zero air-gap power by exciting the rotor windings and

then, "lock" the stator terminals onto the utility grid.

For instance, consider the operating point (0) on the
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circle diagrams for the DEEMEC as illustrated in figure

(4.3). At this point, the stator current, and the air-gap

active and reactive power all equal zero.

Equation (3.4.10) expresses the reactive excitation

power in terms of Qr and Q.
ag. For convenience, this

equation is rewritten as:

r_
L-

r 8
Qr= s (Q Qag) = s (QL- QL- Qs) (4.2.6)

In order to find the required maximum reactive excitation

power under the worst condition (S=1), consider again the

circle diagram in figure (4.3). For a given rotor

current, the operating point corresponding to the maximum

reactive power output (on the stator) is the point where

the constant rotor current circle crosses the vertical

axis (the Q axis). On this line, the rotor current is

in phase with the stator current (neglecting the loss

angle); hence,

I
s
= (WsMlr) /Zs - Vs/Zs = (Er- Vs)/Zs (4.2.7)

Substituting for each term of the right hand side of

eqn.(4.2.6) in terms of stator and rotor currents yields



Qr= 3WsLrr (I
r

)
2 - 3WsLss (I

s
)
2
- 3VsIs
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(4.2.8)

This equation along with equation (4.2.7) states that the

maximum required reactive power for a given rotor current

is a constant. This quantity can be easily calculated

from the machine parameters, the rotor current, and the

voltage and the frequency of the utility grid. As an

example, consider the operating point (0) in figure (4.3).

At this point, the magnitude of the rotor current is

related to the magnitude of the stator voltage according

to

3(Vs/Z8) = 3W8M(Ir/Z8) (4.2.9)

Substituting I
r from this equation into eqn.(4.2.8) gives

(experimental verification is in article 6.2, and tables

(6.2 & 6.3)):

3 Lrr(Vs)2Qr_

WsM2
. (4.2.10)

It should be noted that the excitation voltage, Vr

at the operating point (0) might become slightly bigger

than the stator voltage. From the stator circuit of the

single-phase equivalent diagram of the DEEMEC in

fig.(4.1), the rotor voltage equation can be written as:



Vr= (Rr+ jWsLrr)Ir- jS WsMIs

56

. (4.2.11)

At the operating point (0), this equation reduces to:

r . s rr ror= (R + 3W L )I . (4.2.12)

Again, from fig.(4.3), the rotor current at point (0)

can be stated as:

(wsm/zs)i r e
j6_- (1/Zs )Vsej( alL + 270) . (4.2.13)

Substituting Ir from this equation into eqn.(4.2.12)

yields:

or= -((Rr+
jwsLrr) (wsm)]vs

. (4.2.14)

Then, the magnitude of the rotor voltage becomes:

OVr= Vs SQRT[(Rr/W8M)2+ (Lrr/m)23 vs

. (4.2.15)

Hence, care should be taken to rate the converter with a

voltage equal to 1) times the rms stator voltage.

The constant (0), might be smaller or bigger than 1,

depending on the machine parameters and the stator

frequency. For the state-of-the-art machines this
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constant is less than 1 (experimental verification is in

article 6.2, and tables (6.2 & 6.3)).

At this point, for future reference, a short summary

of all the facts deduced in the section will be presented.

A. For steady-state stability condition, the power

angle can only range between -90° (motor) to

+90
o

(generator).

B. The rotor voltage phase-angle, Er, does not

affect the electromagnetic energy conversion

process.

C. The steady-state stability of DEEMEC under the

situation of a non-varying electric load

condition can be secured by a voltage controller

which, has a higher speed of response than the

rate of change in the resource conditions.

D. The rotor speed can be also controlled by the

frequency of the rotor current (or voltage).

E. The minimum rotor current for zero electro-

magnetic torque and unity slip at

synchronization is given by Ir= (Vs)/(WsM).

F. For the DEEMEC to survive synchronism for a

given applied torque, the rotor current should
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at least obtain a certain minimum value given

by:

.4."/5"nMerrylmAx'REQUIRED T..

G. All that is needed to get to a desired power

factor for a constant air-gap power, is to

change the magnitude of the rotor current.

H. The losses of the DEEMEC are also

proportional to the turbine output torque, TT.

I. The maximum required reactive power (on the

rotor) is a constant which depends on the

machine parameters, the maximum rotor current,

and the voltage and the frequency of the utility

grid.

The next chapter covers the excitation requirements

of the DEEMEC for maximum efficiency operation of

turbine. Then, the maximum efficiency operation of the

variable-speed-generating system will be presented. This

operation requires adjustment of the rotor frequency to

establish the best trade-off of the maximum turbine

efficiency, and the minimum losses of the doubly-fed

machine irrespective of varying resource and electric load

conditions.
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V. MAXIMUM-EFFICIENCY OPERATION OF A WIGS

WITH A DEEMEC

5.1 Excitation Requirement for Maximum-Efficiency
Operation of Turbine

To improve the operational characteristics of a

Variable-Speed Generating System with a doubly-fed machine

(figure (5.4)), a rotor-speed variation from zero speed#

up to 15% beyond the synchronous speed of Fixed-Speed

Generating Systems should be allowed, and yet the

excitation requirement should be kept well below 20% of

the maximum output power of the generating system*[16].

Of particular interest, is the characteristic of the

excitation requirements as a function of per unit slip,

when the turbine is operated at maximum efficiency for a

certain given gate position (in hydro power). For this

purpose, consider the power flow of the doubly-fed machine

as depicted in fig.(3.4). The air-gap power satisfies the

relation:

POM= (1-8) Pag (5.1.3

To save the attractive feature of zero-speed
synchronization of the doubly-fed generator.

For the purpose of reducing the machine and
converter losses, and to faciliate the utilization
of a converter with a rating as low as possible.
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where Pem is the electromagnetic power. The required

excitation power and the machine output power are

respectively given by:

Pr= 8 Pag+ Pr and (5.1.2)

P
s= Pag- PR (5.1.3)

Let the rotor losses, RP
r

'
and the stator losses, P

R'
be

disregarded for the moment for simplicity. Using the

relations given in equations (5.1.1) through (5.1.3),

together with the fact that, for stable, steady-state

operation, the electromagnetic power has to match the

turbine output power, PT, the rotor and the stator powers

can be approximated as:

Pr=P - (8/1-8) PT P
s
= (1 /1 -B) P

T
. (5.1.4)

The constant efficiency "hill curves", and constant

gate curves (performance characteristics) for Francis

turbines have been studied and plotted by Alexander [17].

Here, the plots are reproduced and shown in figure (5.1).

The axes in this figure are labled in terms of specific

power output, and specific fluid flow. From figure (5.1)

the turbine output power-speed characteristics can be

obtained. As an example, consider the maximum-efficiency
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0.5>

Constant head performance characteristics for
Francis turbine model reproduced from [17] (Q
is the fluid flow, Cl a constant, and P the
turbine power for head & throat diametet of
one foot each).

operation point (M1) on the constant gate curve (g1).

This point is characterized by the following relations:

K
1
= P

T
/H1.5 K2= C2Wm .5

(5.1.6)

where (K1), and (K2) are some constants. Eliminating (H)

in these relations will result in:
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PT= C W3 (5.1.7)

and substituting for (Wm) in terms of per unit slip (eqn.

(3.1.4)) in the above will yield:

(5.1.8)P
T= PTS (1-13)3

where PTS is the turbine output power at synchronous

speed for the gate position (g1), and (C) a constant.

Substituting this result into eqn.(5.1.4), gives Pr and

Ps
.

P in terms of P
TS

:

Pr=P - 13(1 -8)
2PTS Ps= (1-61) 2PTB (5.1.9)

Equations (5.1.4) and (5.1.7) are sketched in figure

(5.2). This figure shows that the maximum excitation

power occurs for S equal to (1/3). At this per unit

slip, the required excitation power for the maximum

turbine efficiency at a given gate position is, at the

most, 14.8% of P
TS (eqn.(5.1.9)) for under-

synchronous rotor speeds. It is remarked that fig.(5.2)

also shows the excitation power which needs to be supplied

to the rotor windings for positive slips, and which needs

to be extracted for negative slips. In the latter case,

the extracted excitation power will be at the most 19.8%
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Fig.(5.2) The plot of Pem, Pr and P
s

(P
r and PR

neglected) versus per-unit slip for maximum

turbine efficiency at a constant gate.

of P
TS if the rotor speed is constrained not to exceed

the synchronous speed by more than fifteen per cent. Lauw

[16] has stated that state-of-the-art machines have no
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more than 5% rotor losses. Hence, taking into account

the neglected rotor losses will change the excitation

requirements at the most by a +5% for positive slips, and

by a -5% for negative slips. A general conclusion

then is that maximum turbine efficiency operation at a

given gate position for zero shaft speed to 15% beyound

synchronous speed requires excitation power below 20% of

P
TS to be supplied to or extracted from the rotor.

The strategy for limiting the required excitation

power below 20% of the maximum turbine output power

design limit, is to simply constrain the gate position not

to exceed a certain maximum value gam. This matter is

clarified by just examining the power-speed characteris-

tics at different gate positions of a turbine operating at

maximum efficiency as shown in figure (5.3). This figure

illustrates that the maximum gate position g shouldMAX

be taken as g4; i.e. the gate position which at synchro-

nous speed, (Ws), produces a turbine output power equal to

PT MAX if the turbine is operated at maximum efficiency.
,

5.2 Maximum-Efficiency Operation of a Variable-Speed
Generating System Utilizing a DEEMEC

A Variable-Speed Generating System (V.S.G.S.) is a

system which converts the available energy from a

resource, such as steam, wind, hydro or other into
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Fig.(5.3) Maximum-efficiency turbine power-speed
characteristics (constant gates).

mechanical energy by a prime mover. This energy is

converted into electrical energy by a doubly-fed generator

which is connected to an electric power grid of a certain

fixed frequency.

The block diagram of a VSGS, utilizing a doubly-fed

machine and a control strategy which maximizes the total

efficiency (of a hydro plant) irrespective of varying

resource and electric load conditions is given in [8].

This diagram is reproduced and is shown in figure (5.4).

The parameters are defined as:
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Fig.(5.4) The block diagrams of a VSGS and a rotor
speed controller. Reproduced from [8].
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f = frequency,

g = gate position,

H = operating head,

I = rms current,

P = active power,

Q = reactive power,

V = rms voltage.

The quantities with asterisks, are measured by sensors for

the purpose of signal processing in the control system.

The subindex (T) indicates the turbine quantity, and the

superindices (r), (s), and (G) denote the rotor, the

stator, and the grid quantities respectively. The

converter can be either a voltage source or a current

source. However, as it was theoretically proved by

Permantier [9], the converter in the current source mode

is beneficial for stability; because the dependence of the

rotor current on the mechanical speed of the rotor is

eliminated.

The input signals to the rotor speed controller in

figure (5.4) consist of the active power to the grid

the gate position g* and the head H*, and the output

signal is the desired rotor winding frequency ff:.

Controlling this frequency is equivalent to controlling

the rotor speed as can be seen from the following steady-

state relation:
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r
f
s- f - (n)(Wm)/2(Pi) (5.2.1)

where (fs) is the frequency of the power grid, (n) the

number of pole-pairs, and (Wm) the angular rotor speed.

The benefit of a VSGS is that, through the control

of the frequency of the rotor winding currents of the

doubly-fed generator, the speed of the shaft connecting

the turbine and the generator can be controllled to a

value which maximizes the turbine efficiency irrespective

of varying resource conditions. For example, by rotor

frequency control it would be possible (it is experimen-

tally verified in article (6.4) ) to trace the constant

head and gate curves in figure (5.2). However, Lauw [16],

has stated that rotor frequency at which turbine efficien-

cy (&) is maximum, may be not equal to the frequency at

which the losses of the DEEMEC are minimal. To operate

the complete VSGS with maximum efficiency, the rotor

frequency should be re-adjusted to a lower value than the

above for under-synchronous speeds. This fact will be

elaborated on in the remainder of this chapter.

The efficiency for the variable-speed generation

system can be written as the product of the turbine effi-

ciency ( TT) and the DEEMEC efficiency ( tm). Examina-

tion of the power flow indicated in fig.(5.4) reveals

that:
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P - PT LOSS PT
(5.2.2)

PT PT,IN

where (PT) is the power output of the turbine,
(PLOSS)

the losses of the DEEMEC, and (P
T,IN) the power input

to the turbine. Therefore,

7 =7TxZMm-
P P
T LOSS

PT,IN

(5.2.3)

In order to avoid the cumbersome measurements of the

turbine input power and the DEEMEC losses in this

formula, the following relation (from fig.(5.4) ) will be

used:

P_ FLOSS- PG_ ps pr
(5.2.4)T

As a result, equation (5.2.3) can be rewritten as:

/-
PG

(5.2.5)
PT,IN

for which the active power to the grid, (PG), can be

easily measured by a sensor as shown in figure (5.4).

Equation (5.2.3) states that, for the efficiency to be

maximum, FLOSS must be minimum.
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In order to find a relationship between the rotor-

current frequency and the DEEMEC losses, the important

conclusion reached in article (4.2e) will be used. There,

it was concluded that under constant terminal voltage, the

DEEMEC losses,
PLOSS' were proportional to the turbine

output torque, TT. With regard to the effect of the

rotor-current frequency on TT, the torque-speed charac-

teristics of the turbine output needs to be considered.

At this point, it must be realized that hydro turbines can

be divided into two major types considering the difference

in their power-speed characteristics [16]. Type (A)

turbines (Francis in hydro applications), are the ones

that, for any gate position, the maximum power output PT

occurs at maximum turbine efficiency fT at a certain

value of the shaft speed; and type (B) turbines (Kaplan

and others in hydro application), are all other kinds of

turbines which cannot be classified as a type (A)

turbine. In the following, the study will be for any type

of turbine; although according to Alexander [17],

preliminary calculations for Kaplan turbines show no

significant advantage for variable-speed operation.

Figure (5.5) shows the power-speed and the torque-

speed characteristics of a turbine for a certain

head (H) and gate position (g). The torque-speed

characteristics (the dotted curve) indicates that the

torque decreases as the speed is increased. As explained
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>
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Power-speed and torque-speed characteristics
of a turbine (fixed head and gate),
and a VSGS.

previously, since the DEEMEC losses under constant

terminal voltage are proportional to the turbine torque,

it follows that PASS will decrease with the increase of

the rotor speed. Therefore, the rotor speed (WT), at

which the turbine efficiency is maximum (point (x) on the

broken curve in fig.(5.5) ), is not equal to the rotor

speed at which the active power to the grid PG, is

maximum (point (y) on the solid curve). These speeds



72

differ by 61%. As stated before, the increase in the

rotor speed results in a decrease of the DEEMEC losses.

Hence, the AWm adjustment has a positive value; i.e., in

the direction of decreasing the rotor winding current

frequency according to the relation given in equation

(5.2.1) (experimental verification is in article (6.4)).

The next chapter will be devoted to the tests results

of the topics covered, using an experimental laboratory

set-up.
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VI. EXPERIMENTAL VERIFICATION

This chapter shows the results of the tests done.

Due to the experimental nature of this research, a labora-

tory generating system was set up, and comprehensive data

was obtained using the available power laboratory and

equipment of the Department of Electrical Engineering at

Oregon State University. The first subsection describes

the test machines along with their measured parameters.

Article (6.2) gives the complete circuit for the labora-

tory VSGS utilizing a DEEMEC and then, zero-speed synch-

ronization of the DEEMEC (article (4.2c)) with the

collected data is experimentally verified. In article

(6.3) the characteristics of the DEEMEC from its circle

diagrams (described theoretically in article (4.2)) are

confirmed by test measurements. Finally, the theory of

possibility of shaft speed control through the DEEMEC

rotor frequency adjustment in a VSGS, and the possibility

of maximum efficiency operation of the total system are

experimentally verified in article (6.4).

6.1 Test Machines

The laboratory test stand (figures (6.1) & (6.2) )

included the following machines: a wound rotor induction

motor (used as a doubly-fed generator), a DC motor (used
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as a DC turbine (prime-mover) ), a DC generator (to get

the necessary parameters of the DC prime-mover) and an AC

generator-DC motor set used as a frequency converter.

6.1a Diehl DC Motor

The DC motor shown on the right in fig.(6.3) is used

as a hydro turbine and is driven by a DC source in series

with two water tanks (power resistors). The field is

connected to another DC source in series with a variable

resistor ( 970 Ohm rheostat inside the instrument bench

(fig.(6.1) ). The DC motor name plate data is as follows:

DC Motor

****************************
SER. NO. 439498

TYPE K7
250/250 VOLTS, 50 AMPS.
20 HP, 700-2100 RPM

****************************

In order to determine the parameters of the DC prime-

mover, and the rotational losses (windage & viscous) of

the three machines in fig.(6.3), test procedures are given

in Appendix (3) and then, data is collected. The final

results are given in the following:
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Fig.(6.3) The DEEMEC, DC Machine, and DC prime-mover

A. The Average Total Resistance of the Armature,

RTOT= 0.41 OHMS (@ 29 o
C).

B. The Variation of the DC Prime-Mover Brush
Voltage Drop with the Armature Current Is
Plotted in Figure(6.4).

C. The Average DC Prime-Mover Core-Loss Power for
Various Field Currents (0, 0.5, 0.7, 0.9, 1.0
Amperes),

P = 2150 t 1+ 78200 t
.5AMPS ms ins

, (6.1.1)
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Fig.(6.4) DC Motor Brush-Voltage-Drop Versus Armature
Current (in motion)

- -
P .7AMPS= 3560 tms 1+ 153200 tms

2
, (6.1.2)

-P .9AMPS= 5100 tms1+ 247700 tms
2

, (6.1.3)

-= 5980 tms1+ 306500 t
ms

2
, (6.1.4)Pl.AMPS

where the period of one revolution of the
machine shaft in milliseconds is symbolized by
t .ms

D. The Rotational-Loss Power of the Three Machines
in fig.(6.3) (DC Prime-Mover, DC Machine and the
DEEMEC),



-P 29600 t 1+ 25292000 tROT.- ms ms
3
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. (6.1.5)

E. A loss component, very hard to determine by
either analysis or test, is the so called stray
load loss. It is caused by nonuniform current
distribution in windings and nonuniform magnetic
densities in the stator teeth. It is usually
estimated to amount to about 1% of the output
power of the motor [22].

6.1b Westinghouse DC Generator

This machine (the middle machine in fig.(6.3) ) is

located on the same shaft as the prime mover and is used

in finding the characteristics of the DC turbine. The

name plate data of this machine is:

DC Generator

******************************
SER. NO. 155G3033

TYPE SK
250/250 VOLTS, 60 AMPS.

15 KW, 1150 RPM
CONT. 40 °C, COMPOUND WOUND
******************************

6.1c Westinghouse Wound Rotor Induction Motor

This induction motor (located on the left in

fig.(6.3) ) is used as a doubly-fed generator with its

stator windings connected to a 120 VOLT, 60 HZ three-

phase power grid (pacific power and light company utility
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grid). The three rotor windings are excited by the output

of an AC generator (the generator of the motor-generator

set in article 6.1d). The diagram of the wound rotor

induction motor was shown in figure (2.1). As is seen in

this figure, the rotor is schematically represented as a

"Y"-connection for calculation purposes (note that the

neutral point of the rotor phase coils is not accessible).

Since the "A"-connection and "Y"-connection are

indistinguishable from a three-terminal standpoint, this

representation is valid. Also, each stator coil shown

represents a parallel connection of two coils per phase.

The induction motor name plate data is as follows:

Wound Rotor Induction Motor

*****************************
SER. NO. 7309
MODEL TWDP
3 PHASE, 60 HZ

230/460 VOLTS, 42/21 AMPS.
SECOND. 240 VOLTS, 32.5 AMPS.

15 HP, 1140 RPM
INS. CL. B

CONT. MAX. AMB. 40 °C
******************************

In order to determine resistances, self-inductances

and mutual-inductances of the six coils that comprise the

machine, measurement techniques are selected [20], test

procedures are developed and the data collected in

Appendix (4). The parameters determined are tabulated in

table (6.1). The variations of the rotor brush-voltage



80

Table (6.1) Calculated parameterA of the wound rotor
induction motor @ 26 C for I = 10 Amperes.

RESISTANCES
DC, OHMS

SELF-INDUCTANCES
AVG. MILLIHENRYS

MUTUAL-INDUCTANCES
AVG. MILLIHENRYS

STATOR

0.144

16.32

7.63

ROTOR

0.175

22.63

10.58

24.27

drop, and the inductances (Lss
Lrr

and M in

eqns.(2.2.11)-(2.2.13) ) with current are plotted in

figures (6.5), (6.6)1and (6.7). One problem to note from

figures (6.6) and (6.7) is that saturation for the induc-

tion motor starts much sooner than expected by its name

plate data. After physically comparing the wound-rotor

induction motor with a caged-rotor induction motor of the

same ratings, it was observed that the wound-rotor one is

smaller in stack volume than the caged one. Hence, the

author believes that operating with the ratings stated on

the name plate the machine is pushed too hard.
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Fig.(6.5) Variation of Rotor Brush-Voltage with Current

Next, the rotor to stator turns ratio, the stator and

the rotor core-losses, and the stray-load losses of the

doubly-fed machine are given to be used in quantitative

calculations of power and torque. Test procedures and

measurements are presented in Appendix (4).

A. The DEEMEC Rotor To Stator Turns Ratio,

N = (Nr/Ns) = 1.22 , (6.1.6)
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B. The Stator Core-Losses Of The DEEMEC,

%CI.= 128 WATTS (@ 119 Volts L-L),

C. The Rotor Core-Losses Of The DEEMEC,

PRCL 51.5 [1 - (50/t
ms

0.42

D. The Stator Stray-Load Losses,

8LL= 0.56 (I
s

)
2- 29

E. The Rotor Stray-Load Losses,

84

(6.1.7)

(6.1.8)

(6.1.9)

28LL (0.77 - 38.49/t s) 3
(I
r

)
2

, (6.1.10)

where tms is the period for one revolution of the

machine shaft in milliseconds.

6.1d General Electric DC Motor

The DC motor shown on the left in fig.(6.8) drives

the AC generator (the machine on the right in fig.(6.8) )

to provide variable frequency for the DEEMEC. The DC

machine name plate data is as follows:
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Fig.(6.8) General Electric Motor-Generator Set

DC Generator

****************************
SER. NO. 1874683

TYPE CD, COMPOUND WIND.
MODEL 48A1982

250/250 VOLTS, 40 AMPS.
10 KW, 1800 RPM

CONT. 40°C
****************************

6.1e General Electric Generator

This generator (the machine on the right in

fig.(6.8) ) is driven by a DC motor. The function of

this generator-motor set is to provide a variable
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frequency source for exciting the rotor of the doubly-fed

machine. The AC generator name plate data is:

Alternating Current Generator

*******************************
SER. NO. 5607090

3 PHASE, 60 HZ, 1800 RPM
110/220 VOLTS, 65.6/32.8 AMPS.
EXCIT. 125 VOLTS, 2.5 AMPS.
12.5 KVA, 0.8 P.F., 10 KW

*******************************

6.2 Zero-Speed Synchronization

Figure (6.9) shows the complete circuitry of the

laboratory variable-speed generation system. Included in

the circuitry, is the three-phase instrumentation on both

the stator and the rotor of the DEEMEC. Using the motor-

generator set (M-G Converter), the DEEMEC was conditioned

(like a power transformer) for synchronizing to the

utility power grid as in the following.

A. By adjusting the armature and the field of the motor

(of the M-G Converter), the frequency of the DEEMEC

was brought up close to 60 Hz (frequency of the

utility grid).

B. The DEEMEC stator voltage was set around 120 volts

(utility grid line-to-line voltage) by adjusting the

field of the alternator (of the M-G Converter).
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C. By watching the synchronization lights (fig.(6.9))

the DEEMEC was fine tuned; i.e., its stator line-to-

line voltage and frequency were tuned to the voltage

and the frequency of the power grid (for identical

stator and rotor phase sequences, this condition is

satisfied when the synchronization lights do not go

on and off anymore, and they stay dim). At this

moment the DEEMEC was "locked" onto the utility grid

by closing the three-phase circuit breaker.

All the necessary data was taken from the meters and

the final results gathered in table (6.2). It must be

noted here that the author was tempted to synchronize to

the 230-volt power grid (the rated primary voltage of the

wound-rotor induction machine) on a trial basis in the

begining of the experiment. But, due to high rotor

currents (fig.(6.7) and table (6.3)) and the current limi-

tation of the alternator (of the M-G set), it was decided

to continue the experiment with the 120-volt utility grid.

The maximum discrepancies between the predicted and the

measured values in tables (6.2), and (6.3) are (1.7%), and

(3.9%) respectively. One can deduce from this experiment

that the DEEMEC zero-speed synchronization to a utility

grid is possible and can be done easily.
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Table (6.2) Data at zero-speed snchronization (@ 27°C)
for the 120-volt utility grid.

AVG. L-L VOLTAGE
(VOLTS)

AVG. LINE CURRENT
(AMPERES)

REAL POWER
(WATTS)

REACTIVE POWER
(MARS)

measured

predicted
eqn.(6.1.6)

predicted
eqn.(4.2.15)

measurediIIIPI4110.4MOOMM.mm.a00.0.111010.11.

predicted
eqn.(4.2.2)

measured

MINIMPIMM
predicted

egn.(6.1.7-10)

measured

predicted
eqn.(4.2.10)

STATOR

118.9

Milionw=.

0.18~41111M
0

0

rialm
0

0

11110....Nempallm

0

ROTOR

145.3

145.3

,14.0.111.

146.4

6.94400
6.89

241

237

1817

1790
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Table (6.3) Data at zero-speed snchronization (@ 43°C)
for the 230-volt utility grid.

AVG. L-L VOLTAGE
(VOLTS)

AVG. LINE CURRENT
(AMPERES)

REACTIVE POWER
(VARS)

measured

.1111=1141.11NNI.
predicted

eqn.(6.1.6)

1111=1
predicted

eqn.(4.2.15)

measured

MIIMONINMOIMIMMNIMMIAIMMIMMMIN

predicted
eqn.(4.2.2)

measured

1.11.11
predicted

eqn.(4.2.10)

STATOR

232.5

00.1

ONNIIINIMMINIMIIIMOM111MIPM

0.56

4111111111111111111411MININ

0

0

441111=41

0

6.3 Verification of the Circle Diagrams

ROTOR

286.4

11111MMINEMIMIOINIMMIINM111=.1

284.3

.M...114
277.6

27.89011001101=11mINI

28.52

14293

14854

In Article (4.2) the characteristics of the doubly-

fed generator were discussed from its circle diagrams.

Here, the results are confirmed by test measurements.
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After synchronizing the stationary DEEMEC to the 120 -

volt utility grid (Article (6.2)), the prime mover

(fig.(6.9)) is started up from zero speed (for a constant

field current, the armature voltage is adjusted by a

rheostat). There are two methods of running the rotor of

the DEEMEC as in the following:

A. Slowly start up the prime mover after synchronizing

the DEEMEC to the grid. This forces the frequency of

the rotor to decrease if, the converter is not very

"stiff". At the steady-state, equation (5.2.1) is

satisfied. For clarity of explanation, this equation

is here repeated:

Ws- Wr= n Wm (6.3.1)

Then, the frequency of the rotor is further reduced

by decreasing the converter frequency, and the

process is repeated until the desired operating

condition is reached.

B. After the DEEMEC is "locked" onto the power grid,

the frequency of the rotor is decreased by using the

converter. This causes the DEEMEC to run slowly as

a doubly-fed motor. Then, the prime-mover is started

up which further increases the rotor speed which in

turn, reduces the rotor frequency. Again, at the
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steady state, eqn.(6.3.1) is satisfied. This process

is repeated until the desired operating point is

reached.

In the laboratory (using the M-G Converter), both

methods were performed and completely satisfactory results

were obtained. The author used method (A) for the

remaining tests.

The electromagnetic power in the DEEMEC can be

formulated as:

OHMPee PINFT- [ PT + PAMPS+ PSLLIT+ PROT.

+ PSCL+ PRCL+ PSLL
s + PSLLr

] . (6.3.2)

The variables are defined as:

PINT = the input power to the DC Prime-Mover,

P
T
HM = the DC Prime-Mover armature ohmic losses,

PAMPS = core-losses of the DC Prime-Mover,

= the stray-load-losses of the Prime-Mover,
PSLL, T

P
ROT.

= the rotational-losses of the Prime-Mover,

the DC Machine and the DEEMEC,

SCL = the DEEMEC stator-core-losses,

PRCL = the rotor-core-losses of the DEEMEC,
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SLL = the DEEMEC stator-stray-load-losses, and

P
r

= the rotor-stray-load-losses of the DEEMEC.SLL

Substituting for the various terms (using the prime-

mover parameters (adjusted to the operating temperature)

power-loss equations (Article 6.1a) and eqns.(6.1.7)

through (6.1.10) ) in eqn.(6.3.2) yields:

Pem- 0.99 VI - { 0.99 (VBRUSH + RTOT_ + 0.99 [(a1)(t
ms )

-1

+(a2)(t
ms )

-2 ] + 29600(t
ms ) 1+ 25292000(t

ms
)
-3

+ 128 + 51.5(1 - 50/t
Ms )

0.42
+ 0.56(1 6)

2
- 29

+ (0.77 - 38.49/tms )
3
(I
r

)
2

} (6.3.3)

where V and I are the input voltage and current to the

DC turbine respectively, and (al) and (a2) the proper

coefficients from equations (6.1.1)-(6.1.4).

The electromagnetic torque is obtained by dividing

the electromagnetic power (eqn.(6.3.3) by the angular

speed of the shaft, as in the following:

Tern

p
em t

ms Pem

Wm 2000(Pi)
(6.3.4)
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Finally, the air-gap power (eqn.(3.4.14)) can be

written as:

Pag

WsTea

n
40 (Pi) T (6.3.5)

Next, the electromagnetic power and torque, and the

air-gap power formulas are programmed into a calculator

(HP 41C). As it is seen from eqns.(6.3.3)-(6.3.5), the

input variables to this program are V, I, Tms , Is and Ir.

To be able to read the data quickly, these variables are

measured with digital meters.

The laboratory variable-speed generating system was

run with a torque of about 15 Newton-Meters(N-M) for one

hour (to shorten the time of reaching a constant

temperature [19]). Then, the torque was reduced to about

10 N-M (and re-adjusted to this value during the course of

temperature stabilization) and the experiment continued

until the steady-state temperature was reached (The

temperature of the exhaust air and the frame are measured

at intervals of 30 minutes. The steady-state temperature

is assumed when, there is less than 0.5°C change in

temperature rise between two successive readings.). After

temperature stabilization and while keeping the

electromagnetic torque constant (by adjusting the input

power to the DC prime-mover and the DC motor of the M-G
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converter), the DEEMEC rotor current was varied (by chang-

ing the field of the alternator of the M-G set) to change

the reactive power output of the DEEMEC. For several

values of reactive power (inductive power factor (point A

on the C.D.), unity power factor (point B on the

C.D.), and capacitive power factor (point C on the

C.D.) ) the readings of the meters (fig.(6.9)) were taken.

Next, the system was shut down and the temperature of the

DEEMEC and the DC prime-mover were measured (by applying_

thermometers to the hottest accessible parts of the two

machines).

In order to draw the circle diagrams for the DEEMEC

the average stator phase-voltage (of the three cases:

Ind. p.f., Unity p.f., and Cap. p.f. ), the stator

frequency, and the DEEMEC temperature-adjusted-

parameters are used to calculate the centers of circles

for rotor current, stator current, and air-gap power as in

the following:

(RsiwsLiss) 0.95o* W.(STATOR LOSS ANGLE) = taill
1

* Z
s= SQRT[(Rs )

2+ (jWsLss)
2 ] = 9.2 OHMS /

* Vs (AVERAGE STATOR PHASE-VOLTAGE) = 68.2 VOLTS /

* 0 (CENTER FOR CONSTANT Is) = [ 0 , 0 ] /

* N (CENTER FOR CONSTANT Ir) = [ -0.12 , 7.42]
I



M (CENTER FOR CONSTANT P
ag ) = [-223

6.3a Control of Reactive Power by Means of
Rotor Current Magnitude
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0 3

Using only the stator currents and the air-gap power

(calculated from eqn.(6.3.5)), the DEEMEC circle diagrams

(C.D.) are drawn in figure (6.10). Then, the DEEMEC rotor

current, real power and reactive power are measured from

the (C.D.). These quantities are compared to the ones read

from the meters, and the final results are gathered in

table (6.4). The excellent agreement (maximum discrepancy

equals 1.8%) between the values read from the meters and

the values measured from the (C.D.) confirms the validity

and accuracy of the theory of the circle diagrams.

6.3b Minimum Rotor Current for Non-Zero
Electromagnetic Torque

As can be seen in fig.(6.10), point (D) is the

predicted operating point for which the circle for the

constant air-gap power is tangent to the circle for the

constant rotor current. If this rotor current is further

reduced, the two circles lose their intersection and the

DEEMEC goes out of synchronism. This phenomenon was

experimentally observed in the laboratory, and the data

collected in table (6.5). The maximum discrepancy between
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I a 6.43 AMPERS
A r

I - 13.85
s A

I a 5.75
r
I = 9.20
B
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I a 9.16
r
I a 5.25
0

Fig.(6.10) The Circle Diagram of the DEEMEC (from data)
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Control of reactive,,power W rotor current
magnitude (@ 28.5 wC, 27 `'C (DC Motor)) at
Tom= 9.37+0.3% N-M, and S = 0.43+0.3% .

**** SI UNIT SYSTEM USED ****
(A)

Ind.
P f

(B)
Uni.
P f

(C)
Cap.
p. f .

STATOR L-L VOLTAGE meas. 118.3 118.2 117.9

STATOR CURRENT meas. 6.43 5.75 7.82

RPM meas. 686 684 683

ROTOR REAL POWER meas. 654 574 535

ROTOR REACTIVE POWER meas. 1699 925 264

meas. 14.10 9.34 5.75
ROTOR CURRENT MIONIMNIM

(C.D.) 13.85 9.20 5.65

meas. 1149 1157 1139
STATOR REAL POWER .1110IN 1=111111111110

(C.D.) 1164 1177 1156

meas. 625 0 -1096
STATOR REACTIVE POWER 4111 MIINIMMINMENDINEFINIMMM -------0110.111111 Min

(C.D.)

eqn.

614 0 -1115

(4.1.10) 1181 1177 1175

AIR-GAP
MINMINIONOMMIO

eqn.
REAL POWER (3.4.7) 1168 1171 1167

eqn.
(3.4.8)

eqn.

1193 1186 1183

(3.4.9) 1782 926 616
AIR-GAP

REACTIVE POWER
NOMMENII/M/IN/BMMNIMMa

eqn.
1111 IMOMMINI=MIDIIINI

(3.4.10) 1823 948 629
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the predicted and the measured values in table (6.5) is

3.5% (due to difficulty in reading the meters at the point

of the loss of synchronism, this value is higher than the

one for values in table (6.4)).

Table (6.5) Minimum RRtor Current for ,Non-Zero Torque
at 28.5 wC (DEEMEC) , 27 C (Prime-Mover),
Tom= 9.34 N-M, and RPM = 683.

STATOR L-L VOLTAGE (VOLTS)

STATOR CURRENT (AMPS)

ROTOR CURRENT (AMPS)

measured

measured.11111111.11
(C.D.)

measured
ONIMIIIIIIMMOININII=1..

(C.D.)
.1111MMIMMIIMMOMOMMIMIINIIIMMIMOD

(D)
CAPACITIVE

p . f .

117.9

8.84

9.15

5.43
MMXIMIMMINMEOIMINIIMMONID

5.25

eqn.(4.2.5) 5.30

6.3c DEEMEC on Infinite Bus

The most interesting mode of a generator is also that

which is most important in practice, namely the case of

the generator on infinite bus. Here the doubly-fed
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generator is supposed to operate in parallel with so many

other machines that its own effect on the terminal voltage

and frequency of the system is negligible. The power

delivered by the DEEMEC to the power grid is determined

only by the input from its prime mover, in our case the DC

motor. As a corollary, changing the DEEMEC rotor current

magnitude without changing its frequency cannot change the

power output but only the magnitude and phase of the

output (stator) current. The DEEMEC power output is given

by 3VsIscos((fs) (eqn.(4.1.8)), so that with Vs

constant, a change of power input changes the value of

I
s
cos(( P

s
), whilst a change of rotor current magnitude

produces simultaneous changes of Is and s such that

the product Iscos(e) remains constant.

Numerous curves can be drawn to depict the

performance of a generator on infinite bus. The one most

commonly employed is probably that showing the regulation

against power factor for constant current outputs. The

regulation is defined as the fractional change in voltage

which occures when a particular load is thrown off. That

is

REGULATION =
E - V
Vs (6.3.6)

While this regulation curve is valuable, it is felt that

the information contained in it can be presented in a more
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clear-cut manner. It is sufficient simply to read the

rotor current and derive the corresponding value of (E)

from the open-circuit curve. It is more direct therefore

to plot the rotor current rather than the open-circuit

voltage E (fig.(6.7)) or the regulation, which are mere-

ly derived from it. In the laboratory, the stator current

was kept constant and the rotor current magnitude varied

(the terminal voltage Vs was constant at 117.9+0.2%

volts). The curve of variation of stator phase angle with

rotor current magnitude for constant stator current is

shown in figure (6.11). To ensure this condition, simul-

taneous adjustments were made of input (by adjustment of

the prime-mover field) and alternator field of the M-G

converter (fig.(6.4)). The required data was taken and

the phase angle was determined from the expression

/AS Ps

Y = cos -1 ( ) . (6.3.7)
VsIsSQRT(3)

The measured values are also predicted and tabulated in

table (6.6) using the circle diagrams (fig.(6.10)). The

agreement between the predicted and measured values of

rotor current is within 3.3%. Summarizing, the output of

the DEEMEC on infinite bus is, neglecting losses, equal to

the input. Over-excitation causes the output current to

lag and under-excitation causes it to lead.
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Table (6.6) The Processed Data and Calculations for the
DEEMEC Regulation at a Constant Stator
Current of 5.75 Amperes.

**** SI UNIT SYSTEM USED ****

STATOR STATOR ROTOR ROTOR STATOR
POWER LINE CURRENT CURRENT PHASE
OUTPUT VOLTAGE (meas.) (C.D.) ANGLE

313 117.7 2.43 2.35 -74.5
710 117.7 4.32 4.20 -52.7
974 117.8 6.00 5.95 -33.9

1045 117.8 6.58 6.50 -27.0
1122 117.8 7.43 7.35 -17.0
1174 117.9 9.22 9.15 1.1
1136 117.9 10.85 10.85 14.7
967 118.0 13.87 13.80 34.6
720 118.1 16.79 16.70 52.3
506 118.1 18.16 18.00 64.5
214 118.1 19.37 19.25 79.5
159 118.1 19.46 19.30 82.2

6.3d The Effect of Turbine Torque
on the DEEMEC Losses

It was theoretically shown in article (4.2e) that the

DEEMEC losses were proportional to the turbine torque. In

the laboratory, for a constant reactive power output value

of 625 VARS the electromagnetic torque was increased from

9.39 N-M (point A in fig.(6.9)) to 11.94 N-M (point E

in the same figure) by increasing the armature current of

the DC prime-mover. The DEEMEC losses increased from 122

Watts to 187 Watts. This translates into 52% increase

in the DEEMEC losses for a 27% increase in the

electromagnetic torque.
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6.4 Maximum-Efficiency Operation Verification
of a WIGS with a DEEMEC

Chapter (V) covered the theory and significance of

maximum-efficiency operation of a variable-speed

generating system with a doubly-fed generator. In the

following, the theory is put to practice and confirmation

by experiments.

The laboratory M-G converter is again used to

synchronize the stationary DEEMEC to the 120-volt utility

grid. Next, the DC motor (prime-mover) is started up

from zero speed and then, using method (A) in Article

(6.3) the rotor speed is varied.

For a constant field current and armature resistance

of the DC prime-mover (to simulate a constant head and

gate in a turbine) the electromagnetic power is forced to

trace a power-speed curve (similar to fig.(5.5), and

constant head and gate curves in fig.(5.2)) for a constant

DEEMEC stator reactive power, by varying the rotor fre-

quency. It must here be mentioned that before tracing the

power-speed curve, the system is "warmed up" using a

similar procedure as in the previous section, until the

temperature is stabilized (during the course of tempera-

ture stabilization and curve tracing, careful adjustment

on the DC prime-mover is needed to keep its field and

armature resistance constant).
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The tests were carried out for three different values

of DC prime-mover field current simulating different

heads in a turbine. In each case the DEEMEC stator-

reactive-power was kept constant at a different value and

the necessary data was taken. During the test the tempe-

ratures of the air-outlet, and the frame were monitored,

and after each test the system was shut down and the

temperature of the hottest accessible part of the DEEMEC

and the prime-mover measured. The processed data are

tabulated in table (6.7). Also included in this table are

the electromagnetic power and torque values determined

from the power flow diagram of the DEEMEC obtained in

chapter three (figure (3.4)). The measured values of the

electromagnetic power (Pem) were also predicted (13;m)

using equation (6.3.3) with the DEEMEC losses excluded.

The agreement between the predicted and measured values of

electromagnetic power in table (6.7) is good (maximum

discrepancies are less than (1.1%), (1.3%), and (1.8%)

for the (0.9), (0.7), and (0.5-ampere) field currents res-

pectively).

Next, using the data in table (6.7), and equations

(5.2.2) and (5.2.3) the efficiencies of the DC motor, the

DEEMEC, and the variable-speed-generating system are cal-

culated. The results are tabulated in table (6.8).
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Table (6.7) The Processed Data and Calculations for the
VSGS Power-Speed Curve Tracing.

**** SI UNIT SYSTEM USED ****
1111110111=1MIIIM111=1.1=1.11111MMOMMIIINOMONNMIIMMOMINIIN111MINIIINMONIMM

I I I IsI sI r
POM IPOM IRPMITOM IIIP IPagli I Pr

1110110111MMIMIMMi011INIIIIINIIIM1111101111M11111=1011111111NIMO
DC Prime-Mover Field Current = 0.9 Ampere,
DEEMEC Stator Reactive Power = 700 +1% VARS,

@
@

32
39

°C
°C

2715 2708 464 55.94 28.8 5958 6331 30.1 4456
2711 2702 479 54.06 27.9 5782 6132 29.2 4217
2699 2690 499 51.64 26.6 5521 5839 28.1 3905
2681 2676 527 48.78 25.5 5258 5551 27.1 3552
2664 2660 549 46.34 24.5 5034 5304 26.1 3279
2627 2623 575 43.63 23.0 4771 5009 24.7 2977
2559 2553 601 40.69 21.6 4473 4683 23.4 2670
2445 2435 636 36.73 19.8 4063 4239 20.9 2285
2309 2291 670 32.93 18.0 3659 3805 20.3 1940
2089 2074 722 27.65 15.2 3097 3201 18.3 1496
1872 1851 760 23.52 13.3 2638 2718 16.6 1175flIMID1=1OMMIMINMIND
DC Prime-Mover Field Current = 0.7 Ampere, @ 30 °C
DEEMEC Reactive Power Output = + 10 VARS, @ 34 °C

PIOMMOODOMNIMM.
OIMMMIONONINIONNIININNIIMIIIIMMIMMNOMXINIOMONIMINNIMOINIMIMBNNI

1916 1914 480 38.14 20.4 4188 4373 21.7 3027
1955 1932 506 36.94 19.8 4069 4243 21.1 2834
1970 1970 523 35.96 19.4 3966 4133 20.7 2690
1973 1980 556 33.91 18.3 3759 3908 19.7 2430
1953 1967 586 31.81 17.3 3537 3670 18.7 2179
1916 1923 621 29.49 16.2 3289 3406 17.6 1916
1880 1899 650 27.62 15.2 3090 3193 16.8 1712
1822 1845 689 25.27 14.0 2835 2922 15.7 1466
1664 1683 768 20.69 11.5 2330 2389 13.7 1028

IMM11110.11411NYINIMMIIMINIMNIIIIONMIIIIINNIIMOIMMOMMIMMIP

DC Prime-Mover Field Current = 0.5 Ampere, @ 29
DEEMEC Stator Reactive Power = -520+1% VARS, @ 32 °Cam

1434 1449 469 29.21 15.7 3256 3365 16.5 2354
1469 1493 506 27.73 15.2 3090 3192 16.0 2120
1486 1509 528 26.88 14.8 2999 3096 15.6 1994
1493 1517 536 26.60 14.7 2970 3065 15.4 1952
1498 1522 542 26.39 14.6 2946 3040 15.3 1918
1516 1534 572 25.31 14.0 2832 2918 14.8 1764
1528 1555 612 23.83 13.3 2670 2748 14.1 1561
1522 1539 651 22.33 12.6 2504 2574 13.4 1372
1501 1523 688 20.82 11.8 2336 2397 12.7 1197
1462 1487 749 18.64 10.6 2103 2153 11.7 965
1429 1454 791 17.26 9.8 1939 1981 10.9 807
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Table (6.8) The Variations of Efficiencies with the
DEEMEC Rotor Frequency.

Shaft Speed 1 Rotor Freq. 1 DC-Motor 1 DEEMEC 1 VSGS
(RPM) I (HZ) 1 Effic. 1 Effic. 1 Effic.401MMIIIIIMNMONDNNIIIMIN
DC Prime-Mover Field Current = 0.9 Ampers
DEEMEC Stator Reactive Power = 700 +1% VARS
Average Stator L-L Voltage = 118.9 Volts

464 36.8 81.46 83.08 67.68
479 36.1 81.51 83.46 68.03
499 35.1 81.57 83.80 68.36
527 33.7 81.48 84.36 68.74
549 32.6 81.32 84.71 68.89
575 31.3 81.11 85.14 69.06
601 30.0 80.82 85.55 69.14
636 28.2 80.19 85.90 68.88
670 26.5 79.39 86.11 68.36
722 23.9 77.14 86.39 66.64
760 22.0 75.02 86.58 64.95NNIMIMNNII ...m..
DC Prime-Mover Field Current = 0.7 Ampers
DEEMEC Stator Reactive Power = + 10 VARS
Average stator L-L Voltage = 118.8 Volts

480 36.0 78.11 84.73 66.18
506 34.7 78.26 84.96 66.49
523 33.8 78.25 85.11 66.60
556 32.2 78.14 85.37 66.71
586 30.7 77.93 85.60 66.71
621 29.0 77.27 85.84 66.33
650 27.5 76.64 86.03 65.93
689 25.6 75.65 86.23 65.23
768 21.6 72.83 86.54 63.03NNNINEDMININNDOMMNNIMMIMMNOMONDMI
DC Prime-Mover Field Current = 0.5 Ampers
DEEMEC Stator Reactive Power = -520+1% VARS
Average Stator L-L Voltage = 118.6 Volts

469 36.6 71.81 85.95 61.72
506 34.7 72.08 86.10 62.06
528 33.6 72.19 86.18 62.21
536 33.2 72.18 86.21 62.23
542 32.9 72.16 86.23 62.22
572 31.4 71.99 86.33 62.15
612 29.4 71.51 86.44 61.81
651 27.5 70.88 86.52 61.33
689 25.6 70.03 86.58 60.63
749 22.6 68.39 86.66 59.27
791 20.5 67.14 86.70 58.21
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In order to fully appreciate the results and the

significance of the laboratory VSGS utilizing a DEEMEC,

the processed data in tables (6.7) and (6.8) are plotted

as in the following.

A. Figure (6.12) is the plot of the DC motor (prime-

mover) torque versus the shaft speed for three

different values of constant field current and arma-

ture resistance (simulating constant head and gate in

hydro turbines). As it is seen for the same shaft

speed, the higher the field current values, the high-

er the obtained torques and consequently greater

electromagnetic power.

B. Figures (6.13) through (6.15) show the variations

of the electromagnetic power, Pem, available to the

DEEMEC (including the DEEMEC electrical losses) and

the difference between the DEEMEC stator power-output

and rotor power-input, (Ps- Pr), as a function of the

shaft speed for prime-mover field current values of

(0.9), (0.7), and (0.5) ampers respectively. As it

can be seen on these figures Pem and (Ps- Pr) obtain

their maximum values at different shaft speeds (as

theoretically explained in articles (4.2e) & (5.2) ).

For instance, for the (0.9-Amper0 field current case

the maximum P
em occurs at about 464 RPM while, the

maximum (Ps- Pr) happens around 601 Rpm. This speed
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difference translates into an 18.6% reduction in

the per-unit slip. Also, the speed at which the

efficiency of the prime-mover is maximum (499 RPM)

does not coincide with the speed at which P
em is

maximum (464 RPM). The speed difference corresponds

to about 4.8% change in the per-unit slip.

C. Finally, the variations of the efficiencies of the

prime-mover, the DEEMEC, and the VSGS as a function

of the rotor frequency (calculated in table (6.8))

are plotted in figures (6.16) through (6.18) for the

three different cases. Inspection of these figures

illustrate that the rotor frequency at which maximum

VSGS efficiency occurs is lower than the one at which

maximum prime-mover efficiency occurs (as theoretic-

ally explained in article (5.2)). The efficiencies

of the VSGS for the (0.9), (0.7), and (0.5-ampere)

field currents representing different pressure heads

in a hydro plant increased by (1.14%), (0.33%), and

(0.03%) respectively. These improvements were

achieved by decreasing the rotor frequency by (5.1

Hz), (2.5 Hz), and (0.4 Hz) for the above three cases

respectively. These frequency figures translate into

(14.5%), (7.2%), and (1.2%) reduction in the per-unit

slip respectively. It is interesting to note that,

the improvement is more vivid for the (0.9-Ampere)

case than the other two cases; because, the available
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electromagnetic power is bigger (simulating higher

values of head and gate in hydro turbines). The

experimental results obtained in this section proves

the hypothesis that, in order to maximize the VSGS

efficiency for under-synchronous speeds, the shaft

speed must be adjusted in the direction of increasing

the speed, or equivalently, decreasing the frequency

of the rotor windings. It was also verified that the

DEEMEC is capable of operating at capacitive, and

unity power factors as well as inductive power

factor.

6.5 Closure

The variable-speed generating system utilizing a

doubly-fed machine appears quite promissing in terms of

improved efficiency and potential for reactive power

generation. Introduction of this type of system would be

expected to save substantial amounts of energy in hydro-

electric power generation. Thus, in the opinion of the

author of this thesis, the development of the VSGS should

be pursued.
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VII. CONCLUSIONS, DIFFICULTIES, AND FUTURE WORK

The objective of the work described in this thesis

was to investigate the steady-state aspects of the doubly-

excited generator and its performance in a variable-speed

generating system. This has been done both theoretically

and experimentally using the available machinery in the

Department of Electrical Engineering at Oregon State

University. This chapter summarizes the conclusions of

the research, the aroused difficulties, and gives

recommendations for future work on the doubly-excited

machine.

7.1 Conclusions

1. By assuming a symmetrical, balanced machine, and

ignoring the effects of saturation, hysteresis, and

eddy currents, a complete mathematical model given by

voltage, current, power, and torque equations was

derived.

2. By applying a three-phase, symmetrical-component

transformation and assuming balanced polyphase

terminal voltages, the single-phase equivalent

diagram of the machine, the power flow diagram, and

the torque equation for the steady-state were
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achieved.

3. Using the single-phase equivalent circuit and

assuming that the magnitude and the frequency of the

stator voltage are both constant the DEEMEC circle

diagram was developed as a graphical tool for the

understanding of the operating modes of the generator

following Lauw [18]. From the circle diagram, one

can determine the correlation of all relevant machine

variables. This includes the power angle, active and

reactive power outputs, power factor angle, stator

and rotor winding currents, and electromagnetic tor-

que of an operating point.

4. It was demonstrated that the DEEMEC can be

easily and smoothly synchronized with a utility grid

at any mechanical speed by the control of the rotor

frequency. This has the advantage of remote synch-

ronization, and also a decrease in down-time of the

system in case of shutdowns as compared with synchro-

nous generator.

5. The following information can be deduced from

the DEEMEC circle diagrams.

A. Minimum rotor current for steady-state stabili-

ty. In the laboratory, the power angle was for-

ced to go very close to 90 degrees by decrea-
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sing the rotor current magnitude for a constant

electromagnetic torque. The DEEMEC indeed went

out of synchronism with the grid when the rotor

current was decreased below a minimum specified

current. The measured value of this current

agreed closely with the predicted one derived

from the circle diagrams. This current depends

on the machine parameters, the voltage and fre-

quency of the utility grid, and the maximum

torque of the prime-mover.

B. Control of the reactive power output. For a

constant air-gap power the magnitude of the

rotor current was adjusted by the field of the

alternator of the M-G set to operate the DEEMEC

at unity power factor. The experiment was con-

tinued first by decreasing the rotor current

below the value for unity power factor and then,

by increasing it above that value. It was

observed that the power factor became capaci-

tive, and inductive respectively. As a result,

reactive power was recieved by the stator from

the grid in the first case, and delievered to

the grid in the second case.
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C. The relationship between the DEEMEC losses and

the turbine torque. It was experimentally veri-

fied that the DEEMEC losses for a constant reac-

tive power output were proportional to the tur-

bine torque, as was theoretically shown from the

circle diagram. This fact was later exploited

in the maximization of the total-system

efficiency.

D. Maximum required excitation reactive power for

any stator current. From the circle diagram

the maximum required rotor reactive power for

any stator current was derived. This quantity

is constant and its value depends on the machine

parameters, rotor current, and frequency and

phase voltage of the utility grid. In the labo-

ratory, the measured value of the rotor reactive

power agreed closely with the predicted one

measured from the circle diagrams.

6. It was shown that experimental verification of

the DEEMEC circle diagram depended on accurate

measurements of the machine parameters.

7. It was verified that the DEEMEC had the

capability to generate useful electric power with

controllable reactive power at variable mechanical

speeds. Moreover, the total energy-conversion effi-
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ciency can be improved through direct electronic

control of the generator shaft speed if, adjustment

of speed is based on not only maximizing the turbine

efficiency, but also the total system efficiency. An

additional efficiency gain is obtained when minimiza-

tion of the generator losses are also included in the

control algorithm. Using a DC prime-mover to simu-

late a constant head and gate condition (constant

field current and total armature resistance for the

DC motor) in hydro plants, it was experimentally

shown that by decreasing the rotor frequency by 5.1

Hz (corresponding to 14.5% reduction in per unit

slip) from the frequency at which maximum prime-mover

efficiency occured, the efficiency of the total

system improved by 1.1%.

7.2 Major Difficulties

While proceeding through the work, the following

major problems arose:

1. The stator open-circuit characteristics plotted

in figure (6.7) shows that the normal operating

point of the machine is around a rotor current

value of 8 Amperes. Also, the inductance

saturation curves illustrated in figure (6.6)

reinforces this requirement that the normal
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operating point of the machine should be with a

rotor current of 8 Amperes (about 10 Amperes

referred to the stator). This contradicts with

the wound rotor induction motor name plate

stating (230 V), (42 A) primary, and (230 V),

(32.5 A) for the secondary ratings. This and

the current limitation of the generator in the

M-G converter set forced the author to use the

120-Volt utility grid for the stator of the

DEEMEC.

2. The author had a very hard time keeping the

total armature resistance and the field current

of the DC prime-mover constant (during the

tests) by using the manual and remote control

variable resistors. Instead, it is suggested to

use a variable DC supply directly at the arma-

ture terminals.

3. In the experiments for the VSGS curve tracings

it was noticed that due to limitation of the M-G

converter set, the shaft speed of this set could

not be lowered to less than a speed value of

about 600 RPM (corresponding to about 20 Hz for

the rotor frequency). This is due to limitation

on field and armature currents of the DC motor

of the M-G set for the power values needed on
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the rotor of the DEEMEC. Hence, the author

decided not to do the curve tracings for slip

value smaller than (0.3). Also, due to rotor

current limitation the experiments were not

carried out for slip value greater than (0.7).

7.3 Future Work

The subject matter of this research was to verify the

potential of electric generation with the DEEMEC and its

performance in a variable-speed generating system under

steady-state condition. More experiments are needed for

transient analysis such as, load rejection, torque pulsa-

tion, and critical clearing time. Due to unavailability

of the Schwarz converter during the term of this research

the control of the DEEMEC shaft speed was carried out

by an M-G converter. It is obvious that further experi-

mental work is needed on the effects of the harmonics of

the Schwarz converter on the performance of the system.



125

BIBLIOGRAPHY

[1] N.L. Schmitz and V.D. Albertson, "Analysis & Dynamic
Behavior of the Doubly-Fed Synchronous-Induction
Machine," IEEE Trans. PAS-83, 1964.

[2] B.M. Bird and R.F. Burbridge, "Analysis of Doubly-
Fed Slip Ring Machines," Proc. IEE, Vol. 113, No. 6,
June 1966.

[3] M.M. Liwshitz, "Damping & Synchronizing Torque of
the Doubly-Fed Asynchronous Machine," AIEE Trans.
Vol. 60, 1941, Page 923.

[4] C. Concordia, S.B. Carary and C. Kron, "The Doubly-
Fed Machine," AIEE Trans. Vol. 61, 1942, Page 286.

[5] J.C. Prescott and B.P. Raju, "The Inherent
Instability of Induction Motor Under Double Supply,"
Proc. IEEE, Vol. 105, Pt. C, 1958, Page 319.

[6] M.S. Erlicki, "Inverter Rotor Drive of an Induction
Motor, IEEE Trans. PAS-84, No. 11, Nov. 1965.

[7] P.C. White and H.H. Woodson, "Electromechanical
Energy Conversion," John Wiley & Sons, 1959, Page
225.

[8] H.K. Lauw, "Variable-Speed Generation With the
Doubly-Fed Machine, " EPRI/DOE Workshop, Denver, May
22, 1983.

[9] G.A. Permantier, "Stabilizing Control Strategies for
the Doubly-Fed Machine," M.S. Dissertation, Oregon
State University, June 6, 1984.

[10] H.K. Lauw and G.C. Alexander, "Break-Even Energy
Gain," Proposal to Electronic Controls Technology,
Dec. 14, 1982.



126

[11] A.E. Fitzgerald and C. Kingsley, "Electric
Machinery," McGraw-Hill, 1961, Pages 229-231.

[12] J. Meisel, "Principles of Electromechanical Energy
Conversion," McGraw-Hill, New York, 1966, Pages 577-
582.

[13] A.A. Fouad and P.M. Anderson, "Power System Control
& Stability," Iowa State University Press, 1977,
Pages 236-267, 428-432.

[14] B.C. Kuo, "Linear Networks & System," McGraw-Hill,
New York, 1967.

[15] J.J. D'Azzo and C.H. Hoopis, "Linear Control System
Analysis and Design," McGraw-Hill, 1981.

[16] H.K. Lauw and G.C. Alexander, "Control System for
Maximum-Efficiency Operation of Variable-Speed
Generation With a Doubly-Fed Machine," Unpublished
Report, Oregon State University.

[17] G.C. Alexander, "A Case Study of Francis Turbine
Variable-Speed Efficiency Gain," DOE/EPRI Workshop,
Denver, May 24-26, 1983.

[18] H.K. Lauw, "The Circle Diagrams for the Operation of
DEEMEC," To Be Published.

[19] IEEE Standard Test Procedure For Polyphase Induction
Motors & Generators, IEEE Inc., May 28, 1978, P. 8.

[20] C.V. Jones, "The Unified Theory of Electrical
Machines," Butterworth, 1967, Pages 15-23, and 158.

[21] R. Stein and W.T. Hunt, "Electric Power System
Components," VNR Company, 1979, Page 181.

[22] O.I. Elgerd, "Basic Electric Power Engineering,"
Addison-Wesley, 1977, Pages 321-323.



APPENDICES



127

APPENDIX (1)

The Expression for the Electromagnetic Torque
in Terms of the (Odq) Variables

Equation (2.3.12) expresses the electromagnetic
torque in terms of (d & q) quantities. For convenience
this equation is here repeated:

T
em= n M Re(Is Ir - Is Ir)d q q d- (A1.1)

Using equations (3.2.1) and (3.2.2), the (d-q)
current variables can be transformed into (+,-) current
variables as in the following:

Id= (1/SQRT(2)) (I++ I )

Iq= (1/SORT(2)) (-jI++ jI_)

(A1.2)

(A1.3)

Substituting these equations for stator and rotor currents
into eqn.(A1.1) yields:

Ten= (nM/2) ++Re[(Is+ + Is)(-jr+ jIr) - (-js+ jIs)(I+ Ir)]

which after simplification becomes:

Tem= n M Im[Is ir
-

Is Ix]

(A1.4)

(A1.5)

Since IL= I* (eqn.(3.2.2) ), and for balanced case
I_=0 and -I+= (SQRT(3))Ia, equation (A1.5) can be
rewritten as:



Tem= n M Ia[I
+

Ir*-+ Is

T
OM= 3 n X Im[ Ia

-Ia

*
]

and

128
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APPENDIX (2)

The Effect of Rotor Voltage-Phase-Angle on
Electromagnetic Energy conversion Process

As noted in article (4.2b), it seemed that there were
three degrees of freedom when the rotor was excited with a
voltage (current) source such as:

vr= vr COS(W r t +
gr

) (A2.1)

Equation (3.i.16) exRressed the stator current phasor
in terms of V and E', and also, the single-phase
electromagnetic torque was formulated in eqn.(A1.7). For
convenience these equations are repeated here:

Is= (Vs/Zs) ei(OL+ 90)+ (E
r
/Z s ) e-

(
90) (A2.2)

Tem= n M Im[I
s

I
r*

] (A2.3)

Substituting for Is in eqn.(A2.3) yields:

s
e

04j(+ 90)
e-j(ii - 90)T

111

n M (Ir/Zs) Im[V
8

+ Er ej ( i; - a= - 90) e-7(5- 90)3

(A2.4)

which after simplifying becomes:

Tem= n M (Ir/Zs) [Vssin(6-00 - Ersin(OL) ]
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(A2.5)

This equation states that for a given Vs, Ws and Tem ,

the choice of Ir would fix the value of and hence,

r S ra= - 90 is fixed. This will fix 2.r=o (in Ws

domain).

By change of variables from the real system to a
reference system stationary with the physical stator the
following is obtained:

Wst +8 wrt + u + it (A2.6)

This states that with fixed g, a change in 5r would
only affect U, which is the rotor position angle with
respect to the stator ( U = nWt + U0 in steady state).
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APPENDIX (3)

Test Procedures and Data for the Parameters
of the DC Prime-Mover

This appendix covers test procedures, data taking,
and calculations for determining the electrical
characteristics of the DC motor in article (6.1a) as in
the following.

A. A DC voltage is applied to the armature of the
stalled DC motor through a resistor to limit the
current to rated armature current or less. For
several values of current, the voltage drop across
the armature is measured by making direct meter lead
contact with the commutator segments directly under
the brushes. Using Ohm's law, the average resistance
of the armature can be calculated.

B. The procedure is repeated, except that this time the
voltage at the brush terminals is measured while the
rotor is being rotated slowly by hand. Any
difference between this voltage and the one in the
preceeding run for a given armature current is due to
brush drop VBRUSH . The data is plotted in fig.(6.4).

C. Again the procedure is repeated. This time the
voltage at the external armature terminals is
measured. The difference between this voltage drop
and that of the preceding test is due to the
compensating coil resistance. By adding the armature
resistance to the compensating coil resistance, the
average total resistance of the armature R_

TOT.
can be

calculated as:

RTOT.=
0.41 OHMS (@ 29°C).

All performance determinations shall be corrected to
the operating temperature of the machine. The
resistance of a coil may be corrected to a specified
temperature by the following equation [19] :
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Ro= Rt(to+ K)/(tt+ K) OHMS (A3.1)

The variables are defined as:

R
o
= the resistance at the operating temperature t

o
,

Rt= the resistance at the test temperature, tt(°C),

K = a constant (for copper the figure 234.5 is used).

D. The DC motor shown at the center in figure (6.3) is
excited to drive the DC prime-mover from 400 RPM
(revolutions/minute) to 900 RPM which is the
operational speed range of the VSGS set-up. The
power input to the DC motor is measured for five
values of the DC prime-mover (armature open) field
current (0, 0.5, 0.7, 0.9, 1.0 Amperes). Next, the
input power differences of the DC motor which are
due to the rotation of the armature of the DC prime-
mover in different values of its own magnetic field
will be calculated. Using this data the following
formulas for the DC prime-mover core losses are
obtained:

. 5AMP8
-= 2150 tms

-1+ 78200 t
ms

2
(A3.2)

. 7AMPS= 3560 tms
-1+ 153200 tms

2
(A3.3)

. 9AMP8
-= 5100 tms

-1+ 247700 tms
2

(A3.4)

Pl.AMPS
-= 5980 tms1+ 306500 tms
2

(A3.5)

where tms is the period of one revolution of the

machine shaft in milliseconds.
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E. To find the windage and viscous losses of the three
machines (DC prime-mover, DC machine, and the
doubly-fed generator) in fig.(6.3), the DC prime-
mover is excited (constant field) to drive the other
two machines from 400 RPM to 900 RPM. At a step of
about 20 RPM the input power to the DC prime-mover
is measured. What is left after subtracting the
ohmic and core losses from this input power, is the
rotational losses of the three machines. This power,
is numerically expressed by the following formula :

-
P - 29600 t -1+ 25292000 tROT.- ms tms3 (A3.6)

Personal communication with Professor G.C. Alexander,
Oregon State University.
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APPENDIX (4)

Determination of the Electrical
Characteristics of the DEEMEC

For expediency, the wound rotor motor diagram
(fig.(2.1) ) is redrawn in fig.(A4.1) and then, using the
measuring techniques outlined in [20], test procedures and
test cicuits are explained.

i A

r y y

Fig.(A4.1) Diagrammatic representation of a three-
phase wound-rotor induction motor.

Reference to the induction motor name plate data in
article (6.1c), shows the stator frequency as 60 HZ and
a synchronous speed of 1200 RPM. Hence, the number of
pole-pairs [21] of this machine is:

n = (60 f)/RPM = (60x60)/1200 = 3 (A4.1)
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Since the machine has six poles, the cyclic nature of any
rotor-angle-dependent parameter is expected to repeat in
120 mechanical degrees.

A. Winding Resistances

The winding resistances of stator and rotor coils are
expected to be small, since both stator and rotor current
ratings are relatively large (see article 6.1C).

If the winding resistances are to be
accurately, a relatively large DC current
needed to provide a readable DC voltage drop in

The voltage equations of the stator
subjected to DC excitation are:

VAB= (RA+ RB) IA

VBC (R
B+ RC) IB

V = (R + RA) ICA C A C

measured
would be
the coil.

windings,

(A4.2)

(A4.3)

(A4.4)

The applied currents are taken all equal to (I) in these
equations, and therefore:

RA= (VAB+ VCA- VBC)/21 (A4.5)

RB= (VAB+ VBc- VCA)/2I (A4.6)

RC= (VBC+ VCA VAB) /21
(A4.7)

Using the "Y" representation of the rotor (article
6.1C), these equations also apply to the rotor winding
resistances if lower case subscripts are substituted.
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The test circuit for DC resistance measurement is
shown in fig.(A4.2). For each terminal pair (1-2) tested,
the current in the circuit was adjusted to ten amperes by
a relay through a water tank (used as a variable
resistor). A typical set of readings for this test was:

V = 2.87 VOLTS and I = 10 AMPS.

The average DC resistances of the stator and the
rotor coils were calculated to be:

R
s
= 0.144 OHMS (DC @ 26

o
C),

Rr= 0.175 OHMS (DC @ 26oC).

The temperature was measured by sticking a termometer to
the windings of the machine through a hatch opening. The
data for the brush voltage drop of the wound rotor for
current values between 5 to 31 amperes was also taken.
The result is plotted in figure (6.5).

B. Stator Self And Mutual Inductances

The expected forms of the self-inductances and mutual
inductances are described below.

a. Since the motor is non-salient, the rotor self-
inductances, and mutual-inductances between rotor
windings should be independent of the rotor angle.
This is because the reluctance of the rotor flux path
is independent of the rotor angle.

b. Similarly, the stator self-inductances, and mutual
inductances between the stator coils should be
independent of the rotor angle.
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Fig.(A4.2) DC resistance measuring test circuit.

If AC excitation is applied to stator phase "A",
the neutral point grounded, and stator phases "B" and "C"
open-circuited (fig.(A4.1) ), the equations for the stator
windings become:

vA= RAiA+ LA (diA/dt)

vB= MBA (diA/dt)

v
C
= MCA (diA/dt)

, (A4.8)

, (A4.9)

. (A4.10)

The first equation suggests that, the self-inductance can
be determined by single-phase power measurement. The
second and third equations suggest that, the mutual
inductances are easily found from voltage and current
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measurements. An appropriate test circuit is shown in
fig.(A4.3).

Equations (A4.8)-(A4.10), when subjected to the
sinusoidal steady-state conditions, lead to the following
relations for calculating the self and mutual inductances:

where

LA= [VA sinOToW(WsIA)

MBA= vs/(wsIA)

MCA= VC/(WsIA)

. cos-1(PA/VAIA )

(A4.11)

(A4.12)

(A4.13)

, (A4.14)

V,, Vn, V, the rms phase voltages and currents,
Wg, tge eMcitation angular frequency and P the power
dissipated in stator phase "A". The remaining stator self
and mutual inductances are found by replacing coil "A" by
coil "B" and then coil "A" by coil "C" in the test circuit
and eqns.(A4.11) through (A4.14). A typical set of
readings for this test was:

VA= 56.1 VOLTS IA= 9.0 AMPS. PA= 66.9 WATTS ,

V
B
= 26.0 VOLTS and VC= 25.9 VOLTS.

The test showed that, as a result of the smooth air-
gap, none of the nine inductances depend upon the position
of the rotor, although a definite but negligible variation
due to slot ripple was noticed. The inductances at nine
ampers for each phase were calculated to be (in mHENRYS):



Variable
60 Hz

Supply
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Fig.(A4.3) The test circuit for measuring stator self
and mutual inductances.

LA= 16.39 LB= 16.20 LC= 16.37

MBA= 7'66 MAB= 7.57 MAC= 7.58

MCA 7.63 M
CB
= 7.72 M

BC
= 7.64

From these, the average (averaging is justified; because,
maximum discrepency between figures is less than 2%)
stator self-inductance, mutual inductance between stator
coils, and the coupling coefficient, K , are calculated:

iss=
16.32 mHENRYS,

mss.
7.63. mHENRYS,
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(mss/0.51ss)
=

and hence (at 9 amperes),

es= lss+ MSS= 23.95 mHENRYS.

C. Rotor Self and Mutual Inductances

If AC excitation is applied to rotor phases "a" and
"b", and phase "c" left open, the phase voltage-current
equations for the rotor coils bagome (assuming balancg
rotor phases; i.e., La= Lb= Lc= 14"' m

ab
= WL

bc
= M

ca
= m

and R
a JO
= R. = R

C
= Rr):

va= Raia+ La (dia/dt) - Mba (dib/dt) (A4.15)

vb= Rbib+ Lb (dib/dt) - Mab (dia/dt) (A4.16)

Since i
b= -ia , the terminal voltage can be written as:

vab= 2Rria+ 2(1
rr+ mrr )(di

a/dt) (A4.17)

This suggests a single-phase power measurement and the
test circuit is the same as shown in fig.(A4.3), except
that wattmeter and voltmeter are between the two phases
and phase "c" left open. Imposing sinusoidal steady-state
condition on eqn.(A4.17), yields the summation of the
rotor self and mutual inductances as in the following:

mrr+ lrr.
(V
ab

/2W 5I
a
) sins) (A4.18)



where

= cos-1
(Ps/vsbIs)

141

(A4.19)

A typical set of readings for this test was:

V
ab

= 117.7 VOLTS
'

I
a
= 4.65 AMPS. and P

a
= 70.9 WATTS.

The calculated average value of Lrr= irr+ mrr
is:

Lrr= irr+ mrr=
33.21 mHENRYS.

Using the coupling coefficient calculated in the
previous article, the mutual inductance between rotor
coils can be approximated in terms of the rotor self
inductance as:

and hence,

and

mrr= 0.5k lrr= 0.468 lrr

irr= 22.63 mHENRYS,

mrr=
10.58 mHENRYS.

(A4.20)

In the course of experimental verification of the
(C.D.) for the DEEMEC, it was discovered that the stator
and the rotor inductances changed drastically for current
values above nine amperes (due to saturation). Therefore,
these two parameters were measured at different values of
current and the results plotted in figure (6.6).
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D. The Stator-to-Rotor Mutual Inductance

To find the maximum magnitude of the gutual
inductance between a stator and a rotor winding, m , a
test procedure is developed using fig.(4.1) (the single-
phase equivalent diagram of the DEEMEC for the case of
balanced sources). Refering to this figure it is ,seen
that, by exciting the rotor, an internal voltage, E:, jis
induced in the stator with a magnitude equal to 14rMIJ'.

For the case of open stator terminals, this internal
voltage is the same as themgtator output voltage and
hence, M = (SQRT(3/2)] m (eqn.(2.2.13)) can be
calculated. The internal stator voltage is measured for
several values of rotor current at different frequencies,
and the results are plotted in figure (6.7). A typical
set of readings for this test was:

Er= VPhase = 52.3 VOLTS, I
r
= 5.27 AMPS. and fs= 60 HZ.

E. Stator Core Losses

In a power-converting device using a ferromagnetic
core, a certain amount of power is lost due to hysteresis
(if the flux in the core alternates), and another portion
lost due to eddy currents which are caused by
electromagnetic induction. Both of these power losses
produce heat in the core, and are therefore lumped
together as core losses.

To find the stator core losses of the wound rotor
induction motor, the DC prime-mover is used to drive the
rotor at 1200+1 RPM (the synchronous speed). Then, the
three stator phases are synchronized to a three-phase 119
VOLTS, 60 HZ power grid. At that speed, a three-phase
power measurement on the stator yields the combination of
ohmic and core losses of the stator core (if the rotor
windings are short-circuited). Stator core losses are
calculated by subtracting the ohmic losses from the total
power losses. The final calculated result is:
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PSCL= 128 WATTS.

P. Rotor Core Losses

The procedure is repeated , except that this time the
rotor windings are open-circuited and the speed is varied
between 400 to 1200 RPM. Any difference between this
input power to the stator windings and the one in the
preceding run for a given speed is due to rotor core
losses at that speed. The following formula was fitted to
calculate the average rotor core losses:

PRCL 51.5 (1- 50/t
MS )

0.42
WATTS.

G. Stator Stray-Load Losses

Stray-load losses consist of the losses arising from
nonuniform current distribution in the copper and the
additional core losses produced in the iron by distortion
of the magnetic flux by the load current. For wound-rotor
induction machines, use may be made of a DC method [19].
In this method, the rotor is excited with direct current,
and the stator-winding terminals are short-circuited with
shunts included to read the stator current. The rotor is
driven by external means (here, by the DC motor) at
synchronous speed. The current circulating in the stator
winding is adjusted by the rotor excitation. For several
different values of stator current, the mechanical power
required to drive the rotor, both with (P1) and without
(P0) rotor excitation, is measured by means of the
following relation:

Stray-load loss = P1 - PO - 3Rs (115)2
(A4.21)

A typical set of readings for this test (RPM = 1200) was:

P1 = 1226 WATTS , PO = 594 WATTS and I
s
= 25 AMPS.
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Assuming quadratic dependence of the stray-load loss
on the current, the following formula was achieved:

PSLL
s = 0.56 (1s )

2- 29 WATTS,

where the figure (29) is the value of stray-load loss
for stator current value of (7.2) amperes (the current
value in determining stator core losses).

H. Rotor Stray-Load Losses

The procedure for finding the stray-load losses is
repeated, except that this time the stator is excited, the
rotor short-circuited with shunts, and the rotor is driven
at different speeds ranging from 400 to 1200 RPM. For
different values of rotor current, the mechanical power
required to drive the rotor, both with (P1) and without
(P0) stator excitation is measured. A typical set of
readings for this test was:

Ir= 19.9 AMPS. RPM = 776

P1 = 858 WATTS and PO = 436.5 WATTS

The rotor stray-load loss depends on both the rms
and the frequency of the rotor current. The formula for
this power was experimentally calculated to be:

PSIL= 2.11x10-6 (f
r

)

3
(I
r

)
2

or

P
SLL
r = (0.77 - 38.49/t

ms )
3
(I

r
)

2
WATTS.


