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ABSTRACT

The steady state analysis of the conventional static Kramer
drive using three different types of models. namely the DC. AC and
DQ models 1s developed in the first part of the thesis. The aim is to
arrive at a correct prediction of the basic steady state characteristics
of the drive through correlation of results of the different models
used. This 1s motivated by the fact that most of the published work
done on stability analysis of this drive relied on a wrong DQ steady
state model. A correct DQ steady state model is established.

The stability analysis of the static Kramer drive is presented in
the second part of the thesis. A set of nonlinear differential equations
describing the dynamic and steady state behaviour of the system are
developed and linearized about an operating point using small signal
perturbation technique. The eigenvalues loci of the system are plotted
for different operating points with the effects of system parameter
changes on the drive stability 1investigated for three such drives of
different power levels.

In support of analytical predictions, transient responses to a load
torque step change have been obtained by solving the set of non linear
equations representing the actual system.

Conclusions reached i1n this present investigation study show important
differences with previous research work. It has been found that both
the operating point and the power level of the drive are important

factors influencing the drive stability.
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LIST OF SYMBOLS

~1nertia constant.
- rectifier output current. referred to stator.

o stator currents in the d and ¢ circuits
espectively

s rotor currents in the d and q circuits
respectively (Referred to stator).

- per phase stator resistance .

per phase rotor resistance referred to stator .

- electromagnetic torque developed.

- load torque.

crectifier output voltage.

- counter EMF of the inverter .
- peak value of stator phase voltage .
- peak value of rotor phase voltage
referred to stator.
- filter reactance at base frequency and
resistance referred to stator respectively.
. stator reactance and rotor reactance referred to
stator at base frequency .( per phase).
- mutual reactance at base frequency.
- firing angle of the inverter.
- base elzactrical angular frequency in rad/s.
- rotor electrical angular frequency in rad/s.
- slip of the motor 1-(o//0).



Chapter 1

INTRODUCTION

The static Kramer drive also known as the slip energy recovery drive or
subsynchronous converter cascade is particularly well adapted to fan and
pump drive applications where usually only a limited speed range is needed.
It is of particular interest to loads whose torque is proportional to the
square of the speed For such cases, the speed variation needed is within a
limited range below synchronous speed by usually 40%, allowing very
substantial reductions in the rating of the recovery circuit components and
in the drive reactive power requirements [1]. Such a type of loads typically
represent more than 50 % of the total energy consumption in the industrial
world and most of the developing countries [1].

A high efficiency and highly desirable torque speed characteristics similar
to that of the separately excited dc motor in addition to a definite cost
advantage against other drives technologies make it a very popular drive in
high power applications. The only serious drawback is a poor overall power
factor This problem has however found adequate solutions through the use

of various forms of recovery circuits [2,3,4,5].

The stability analysis of the drive has also been the object of some
appreciable work. Mittle et al used a sth order model of the induction
machine to derive the characteristics equation of the drive and determine its
stability using the Routh Hurwitz criterion. In this work the motor leakage
reactance was neglected. They report that the system shows instability
under certain operating conditions for given values of system inertia, supply

voltage and system parameters [6].



The experimental results shown were not fit to support analytical
predictions as they correspond to stable conditions only

The root loci theory developed for determining the transfer function and
dvnamic response of the squirrel cage induction motor [7.8.9] has been
extended to the static Kramer drive by Lequesne and Miles [10] The
machine 5th order model is used in the analysis with the motor leakage
reactance taken into account. The switching of the power electronics in the
diode bridge and inverter was assumed ideal and the influence of the
harmonics negligible. The model suggests the possibility for the system to
show instability No experimental validation has been presented A closed
loop analysis has also been developed by the same authors along similar
lines

However. two of the three underlying assumptions pertaining to reference
[10] seem to be mutually exclusive The effect of motor leakage reactance.
if taken into account. must invalidate the assumptions that switching in the
diode bridge is ideal as overlap is then inevitable.

Vas et al have simplified the characteristic equation of the drive by using
the so called collinearity transformation ( whose main feature is to leave the
roots of the characterisitic equations unchanged) but have done no stability
analvsis [11]

Subrahmanyam and Surendram have studied the drive stability using the
eigenvalue method [12] The leakage reactances were neglected. They
dispute the validity of the results of [6] on the ground of numerical errors
Their conclusions are that the static Kramer drive can never go unstable
under normal operating conditions These conclusions are in apparent
contradiction with those of references [7] and [10]

Furthermore and more importantly. Krause et al have pointed to an error in
the machine Sth order model that has been used in most of the work so far
[13] In the light of the above considerations. it appears that a detailed
stability analysis of the static Kramer drive is warranted.

This 1s the obiect of the present thesis

First. the steady state analysis of the drive is treated in detail in chapter
two, with the main objective of further substantiating findings in [13] by

alternative means

In the third chapter a simplified stability analysis of the drive using

second order transfer function model 1s presented and transient responses

chapt 1 Introduction z



obtained in view of investigating effect of parameter changes on system

relative stability

Development of a linear model obtained from a drive DQ non linear model
together with extensive stability study of the drive for three different power
levels 1s the object of chapter four, where appear comprehensive sets of
results together with non linear system response plots to support analytical

predictions

Lastly. a general conclusion with important differences with previous

investigations, summarizes the findings of the work

chapt. | [ntroduction 3



CHAPTER 2

STEADY STATE ANALYSIS
OF THE STATIC KRAMER DRIVE

2.1 INTRODUCTION

Despite its simplicity a rigourous analysis of the Static Kramer Drive 1s
not straightforward. mainly because of the interdepe‘ndence between the
rotor voltage and current waveforms The diode bridge draws non
sinusoidal currents. therefore inducing a high harmonic content in the rotor
voltage which will in turn affect the rotor currents. Both rotor voltage and
current are non sinusoidal and a rigourously exact model should take into
account their non sinusoidal nature in addition to the overlap effect in the
three phase diode bridge[5,14].

The drive steady state perfomance can nonetheless be predicted with
accuracy sufficient for the purpose of basic investigation of  system
stability as well as for the design of controllers, through the use of simple
models of varying complexity

Two approaches are the so called DC and AC equivalent circuits which
essentially consist of transferring drive parameters on to the dc and ac side
of the rotor diode bridge [15.16,17] DC and AC models are developed with
improvements, along with a DQ model in order to predict the drive steady
state behaviour

These various steady state analyses are carried out in order to arrive at
reliable. error free prediction of system performance through correlation of

the results of the various models used



This work is warranted by the fact that published work on stability
analysis of the drive [6.12] is marred by serious errors ; the model on which
stability analysis is based predicts erroneous torque-speed characteristics
first pointed out by [13], the same sort of error can also be found in
advanced reference text books [15]

The fundamental principles of the Static Kramer Drive are first described

2.2 DRIVE DESCRIPTION

The slip energy recovery drive in its conventionl form is shown in fig. |

sourog
|
|
| l
! - o b Transtormer
i motor _ o
I Tas L Rectifier Filter Inverter i
= <— Rd Ld |
| - N - |
N AT = 1
1 Ay R v
! i
S L %

L

Stator Rotor A A A

Fnng signals
Fig 2 1 The Static Kramer Drive

It consists of a slip ring induction motor and a slip energy recovery circuit
comprising a three phase diode bridge rectifier connected to the rotor
winding terminals, a smoothing choke and a line commutated inverter
connected to the AC supply usually via a step up transformer. The slip
frequencyv rotor voltages are rectified by the diode bridge the resulting
mean voltage V4. essentially proportional to the slip, is countered by the
inverter opposing voltage V; which can be varied by adjusting the inverter

firing angle o where normally it lies between 90° for maximum speed and

‘o
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150° (instead of the theoretical 180° to avoid commutation failure) for
minimum speed to control the DC link current I4 and hence the developed
torque and speed Slip power thus recovered and injected back into the AC
supply through the inverter makes of the system a simple and efficient
variable speed drive

In steady state operation, the slip rectified voltage V4 and the inverter
voltage Vi will balance for a certain dc current Ig

Neglecting the stator and rotor circuit drops. the rectifier output voltage

V{ is given by

Where
ny ts the stator -to-rotor turns ratio of the machine.
Vy is the stator line -to-line rms voltage .

S 1s the per unit slip.

The inverter dc voltage V; 1s given by

Where
no is the transformer line side-to-inverter ac side turns ratio

a is the inverter firing angle in the range (90°-150°).

If losses are neglected, the following power equations can be written as

P, =VI,
l)m = (l—S)f)g = Z,W). = YZ,W'U(I—S)

—
o
s

~

—_
S8 ]
1
~

Where P, is the air gap power in Watts, P, is the mechanical output

power and wg is the synchronous speed

Combining the above equations 2 3 and 2.4 we get

chapt 2 : Steady State Analysis of the Static Kramer Drive 1



Since ideally V4 and V; must balance, equations (2.1) and (2 2) yield the

expression of the no load slip

nl
§=—cosa
n,

Indicating that the speed can be controlled by adjusting the firing angle o

Substituting eqns (2 5) and (2 2) in eqn. (2.3) gives the torque as a

function of the dc link current Iy

I :(1’35[/’}, (27)

The equation is similar to the torque equation of a separately excited
motor This shows that the torque is proportional to the dc link current Iy
For a higher load torque, the DC link current I4 will increase and for a
fixed inverter voltage V;. V4 should slightly increase to overcome the dc
link drop indicating a speed drop like a DC machine.

We now proceed, in the coming sections, to analyse the performance of the
drive using the DC, AC and DQ models

2.3 DC EQUIVALENT CIRCUITS

The drive parameters are all referred to the dc side of the rotor diode

bridge An approximate dc equivalent circuit is first derived

2.3.1 DC APPROXIMATE CIRCUIT:

It is approximate because the magnetizing branch is assumed negligible A

per phase DC equivalent circuit is shown in Fig 2.2 [’15]

chapt. 2 : Steadv State .Inalysis of the Static Kramer Drive



3s(X'Is+XIr)  2sRs  Rr |, Rd

™

1AW M
I ¢ )

o | ¥

Fig 2.2 DC equivalent circuit

Where

Lg. Ry represent the inductance and the resistance of the dc link choke.
Rg'. Xig' © the rotor referred values of the stator resistance and leakage
reactance respectively

Rp . Xip are rotor resistance and leakage reactance, respectively

The overlap effect 1s modelled as a dc voltage drop across the output three

phase rectifier bridge This is represented by a non dissipative resistance

3s(Y, +X,,
R = ( ls [r)

¢

(2.8)
T

The presence of leakage inductances sX|g and sX|; will cause commutation
delay of the rectifier and as a result the DC output voltage will drop with

current The rectifier output voltage V4 is given as -

= 13535 1, )= 5 (29)
Where
Vo= 135(3317)) (2 10)
And
V\,, Y (2 11)
' n

chapt 2 - Steady State Analvsis of the Static Kramer Drive 5



The dc link current 14 corresponding to the steady state operation

condition of the system is given by

Where

35(X] + X1
7w

R=

+2R +2sR + R, (2.13)

[f we neglect ripple in the dc current I4, the rotor circuit copper loss 1is

given by
, 3s(X! + .Y, > )
P=11,- s ")11"—25'1?;11' (2 14)
s
Otherwise:
3(X) +.X)] > <
P= S(‘Qoh —{———J( s r) + 213.::l]J—\] (2.15)
T
The developed electromagnetic torque T, at slip s. can be given as
. P , 3(X + X >
/C:'h:(l/wg)[pdo[d_[_(A—/r)JrzR:}]J—j (2.16)
W /s

Eqn (2 lé)shows that the developed torque at a given speed is a function of
the dc link current I4 and if contribution of the second term is neglected. it
is proportional to dc link current and eqn. (2 lé)in fact agrees with eqn (2 7)
The torque-speed characteristic for different values of firing angles o is

computed using eqn{2 16}and shown in Fig 2 3.
g ¢q g

chapt. 2 . Steady State Analyvsis of the Static Kramer Drive g
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Fig 2.4 DC link current versus speed characteristics
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The maximum or pull out torque is of the same irrespective of the firing
angle o and 1s equal to 1.5 p.u It is not reached within the normal speed

range for firing angles o greater than 110°

2.3.2 EXACT DC CIRCUIT

Now the magnetizing branch placed after the primary resistance and
reactance as shown in Fig 2 S (a) is taken into account The thevenized
equivalent circuit 1s shown in Fig 25 (b) The resulting exact dc
equivalent circuit appears in Fig. 2.5 (c), where the parameters of figure
2 5 (b) are referred to the dc side BS]

Rs Xs X R

Fig. 25 (a) Exact per phase equivalent circuit

sRh sxth sXb Rr
o MA_ vy MW

sVs ZS

Fig. 2.3 (b) Thevenized per phase motor equivalent circuit

chapt 2 - Steadv State Analvsis of the Static Kramer Drive Il



3(X th+Xl)  2sRt Rr Rd
T

— AMA MW M v M

+ + H +
Id

sV th vd Vi ;Z

Fig 2.3 (c¢) Resulting exact dc equivalent circuit

Where
Z
V, = —>—=—sV' (217)
L +7Z
Z/h:Zm//Zs (218 a)
Z.,=R . +jX, (218 b)
7 = {em)( -m’ " ] Fthm (2 19)
' R, +X% ~R.+X
Z =sR ~jsX, (2 20)

The steady state torque-speed and dc link current characteristics of the
exact dc equivalent circuit are shown in Fig. 2 6 and Fig. 2.7

The effect of neglecting the magnetizing branch on the torque-speed
characteristics causes an optimistic prediction of pull out or maximum
torque by approximately 8 % The difference 1s important.

In the case of the dc link current the difference is of the order of 4 % In
general. the effect of the magnetizing branch is expected to decrease as the

power rating of the machine increases.

chapt. 2 - Steadv State Analysis of the Static Kramer Drive 12
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2.4 AC EQUIVALENT CIRCUIT

An approximate per phase AC equivalent circuit followed by an exact one
are now developed with the intent of finding out any effect of simplifying

assumptions on the torque-speed characteristics of the drive

2.4.1 APPROXIMATE AC EQUIVALENT CIRCUIT

An approximate per phase AC equivalent circuit of the drive with respect to

the rotor where the magnetizing branch is placed across the input is shown

in Fig 28 [15]

% SR'né sX'm Vi <>
L

O

Fig. 2.8 Approximate drive AC cquivalent circuit with respect to rotor

Where
RU:(R,WLOASR(,) (221)
’ S
72_2
R, =(?—1)(RV+O_5RJ) (2.22)
" = —c¢cos «
Y/ (2 23)

R ' . X '|g represent the stator resistance and leakage reactance referred

to the rotor
R'm. X'y arethe core loss and magnetizing reactance referred to the

rotor
Ry is a resistance representing additional harmonic power loss due to

harmonic currents caused by the diode bridge rectifier.

chapt. 2 - Steady State Analysis of the Static Kramer Drive 14



The average torque developed by the machine is given by the fundamental
air gap power divided by the synchronous speed The expression in terms of

the passive equivalent circuit parameters is given by :

. 1 . R
7 :_(3[37 j (2.24)
W S
Where R represents the total circuit resistance and is given by
. z 133V 5 az
R . =(R +05R )+ —=—"—C0s & (225)
346 }’l:/m
The fundamental component of the rotor current Iy is given by
SV
[, = = (2.26)

T SRR )P H(SYL 48X, )

2.4.1.1 Steady state characteristics :

Equations (222)@ 23), (2_24)(2_2§)and (2.26) have been used to plot the
electromagnetic torque Tg and the alternating current If By
substituting the expression of Ra in that of I, a second order algebric

equation is obtained

al’,; +bl +c=0 (

| 9]
19
[§9]
N

The equation is numerically solved for different values of slip S and firing
angle o and the computed electromagnetic torque Teg plotted
Torque-speed and fundamental rotor current Ipf versus speed

characteristics are shown in Fig. 2.9 and Fig 2.10

chapt 2 . Steady State Analysis of the Static Kramer Drive 13



Torgue pu

15 ;_{fj}{i_\—t‘:*{’__\\ ]
16 R ‘ My e .
T . . \.\90
1 4L N N, \'-. 4
', ~ L 100° !
’ 2 Ll.‘ i) \I.\'\ \\. \""'\EU \ !
\‘\ \ \'\ '
1N N10° ' ~ |
l\u, IH'\, Ill"\ \II"l I"]‘\ ']lh|
D&k ! V-
\ 5 \120° Hal \\ )
06} & Y N \ \\ \H 4
\', \. ....'\.1 a0° \ lll' lll
04 | ' Y | ' ;
[ORAE \ \ \
02k W50° Y ‘-.H -..\ | \ ]
0 \I'\ L \ \'1 1 \'l 1 \ I \l
0 0z 04 0B 08 1
speed pu
Fig 29 AC model torque-speed characteristics
5 T T T T
45+ q
'4 ?_\&ﬁ_\_\_ h
35— T e ]
*‘—\ \\
3 \ 1000 \ -
25p s 1
\\\\ - . \\
2k - ~. 110 . \ ]
\\\ \\ \\\ A\\ K
165 ™ 1200 N N, 1
~L " N " \
O\ N N
‘ — '\‘ \\ 1300 ~, \\\ \1\ \\ .
1407\ N \ "
05F N LR . N N, \ 1
D \\ 1 \ \\ 1 \ i \ i
0 02 0.4 0B 08 1
Speed , p.u

chapt 2

Fig. 2.10 I;f current versus speed

Steady State Analvsis of the Static Kramer Drive

16



2.4.2 EXACT EQUIVALENT CIRCUIT

An exact AC equivalent circuit is now described. The magnetizing branch 1s
inserted in its correct place as shown in Fig. 2 11 and a Thevenin equivalent

circuit across points A and B is obtained [15]

Fig 2 11 Exact ac per phase equivalent circuit

The Thevenin equivalent circuit 1s

sRir  sXun sXi R« Re
o MA_ e MW
+/*\ ———IH
Tt
A
sVin Vi (_-/

Fig 2 12 Thevenized AC per phase equivalent circuit

Where Vip. R¢p and Xip, given in eqns. (2,17)t0 (2.20) are the Thevenin
equivalent voltage, resistance and reactance respectively

The steady state torque versus speed and the fundamental rotor current
versus speed characteristics are plotted using the same system parameters

as those used in the DC and AC approximate equivalent circuit and shown
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in Fig 213 and Fig 214 Commutation ovelap effect is not taken into

account

18— _
ﬁﬂa—ﬂ'—_‘_“\\
e -
1BL T f}c’” - . g0° .
"-\_\ ’~».\\ \k \,\"
= 12F \'\'\ \ ‘Il'\ o \"\-,I -
= N \, \ 1\00
\ i N N\ ",

% Tr \ \\\ l\_ \ \ 4

= N, u ‘\ 8110° \
NN 1Y N \ \ \ ;

\ \ |
\ \ Y .
0Bk Y 1\ 20° \\ | x\ .
! \'\ . )
N Y '.. -] \'
O4r" - Y a \ |
|l‘ "\11 AD 2 lll ‘],] .'|'] \lll IHH]
02k s H\ | \ \ X
ol & . L A |
1] 02 04 06 08 !
Speed  pu

Fig 2 13 Torque-speed characteristics of exact AC model (No overlap).

d 5 T T T T

7

entif , pu

2]

(@]
/// /
=
/

(]
//

/
s

= IS ™~ 190° “ N 5,
> . 120 - A
= ™ \ \\ , \ )
1 or =, \\ \\ “ kN
AN N “ \ '
SN " N ! -
\ T o p \\‘. \
) N \.'\T\AU \\\x \\ ‘.\\\ , \\-\
a5tk N \1 50° \\\ \\ \ \ \ 4
AN N, N N\,
NN N\ \
D "N h 1 1 1
0 02 04 0p pDe l
Speed | pou

Fig 2 14 Fundamental rotor current I;f versus speed characteristics

chapt 2 = Steadv State Analysis of the Static Kramer Drive IN



The curves show very good agreement with those obtained by Krause [13]
The more accurate AC equivalent circuit predicts a torque reduction of
approximately 10 % This is due to the magnetizing branch effect which is

normally important as already mentioned.
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2.5 DQ MODEL

In this section a DQ model for the drive is developed and its steady state

behaviour computed The underlying assumptions of the model are:

(1) Ideal and symmetric induction machine.

(2). The effects on the drive stability of the harmonics due to the bridge
rectifier on the ac and the dc side are negligible The torques induced by
harmonics are comparatively small [1,23] Predicted effects of some
harmonic at specific slips has proved not to actually take place [3]

(3). The commutation in the rectifier as well as in the line commutated
inverter are instantaneous, i.e , overlap effect is neglected,

(4). The dc link current ripple is negligible.

(5) The diodes and thyristors are ideal.

Regarding assumption (3), the commutation overlap in the inverter from a
practical standpoint is not usually important to justify its inclusion in the
model On the other hand the commutation overlap in the diode bridge can
be substantial. especially at higher speeds under heavy loads [14] The slip
ring induction motor. the filter and the converters of the recovery circuits

are modelled in the following sections.

2.5.1 The induction machine :

The voltage equations of the three phase induction motor 1in the

synchronously rotating reference frame may be expressed as [13]:

-
X,, 1‘7
R+TUp X, = X, _
1T ‘ @ [/
i DA E | X R X 55 Y X m *
- — o+ — —
T e R TR (2.2
7 - X X' ' 2.2
I I/ yr 1 | ni p SX”I R|r+ rr p S/Y'”, ['qr
Ll/”dr J ! [43] )( w | )('rr _[ &
X, = p —sX' R + p
L o) 10 -

chapt. 2 : Steadyv State Analvsis of the Static Kramer Drive 20



R,. Ry and R, represents the core loss, stator and rotor resistances
respectivelly.
The electromagnetic torque, positive for motor action, may be expressed in

per unit as

L= X, 01,0 ,) (2.28)

2.5.2 The filter

The voltage equation for the filter circuit 1s

X
V=R, [, +—Lpl, -V (2.29)
o

Where X'q and R'y are the filter reactance and resistance respectively
(referred to stator) Iq is the dc link current, Vi and V4 represents the dc

side inverter voltage and rectifier output voltage respectively.

2.5.3 The converters:

Neglecting the commutating inductance, the average output voltage of a full

wave converter with balanced AC voltages may be expressed as

1, = 1, cosa (2.30)

Where o is the firing angle. For the bridge rectifier o is zero . So the

voltage Vo 1s

343
= v, (2.
ya

{
(V%)
S—

Where Vp is the peak value of the ac phase voltages ( rotor phases for the

rectifier and the stator phases for the inverter ).
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2.5.4 Physical DQ model :

If the rotor harmonic components of the rotor variables are neglected then

the rotor phase voltages will be sinusoidal p3

Important assumption :
If the q-axis is positioned so that it always coincides with the maximum or

peak positive value of V, then [13]

rt _ /r
! qr—lnw
, (2.32)
' pe—
L(ﬂ__o
Where 7, is the peak value of the rotor phase voltages refered to the
stator windings by the appropriate turns ratio.
[f the commutation of the rectifier is neglected and since a = 0. the
rectifier voltage may be expressed from equ. 2. 30 as:
’;\,“3
L; = P er (2.33)

With the commutation in the rectifier neglected, the fundamental rotor
currents into the rectifier are in phase with the input rotor voltages.

Since the q-axis is assumed always positioned at the peak value of V7, then
I, must be zero

The commutation effect in the inverter being negligible. the inverter dc

side output voltage is given by

Where « is the inverter firing angle varying from 90° to 150° and F 1s

the peak value of the stator phase voltages.

Note that if a transformer is connected between the source and inverter
(which is usually the case), its turns ratio must be appropriately taken into

account .
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Using eqn. (2.27). (2 30) through to (2.34), the resulting final equation of

the svstem is given by -

] X ]
- . - X, X, 2 @
T R It o ¥ :
[ ‘3( RS + —lp f‘X'm [qx '
= . 38 7 2 7 25
\: -1 s COS & ! ! )im p Si)(m 72'2 (X- :+T_8‘Y'd) 1:1; % (2.35)
: 0 | 0] X m R'Vﬁ-—_ R+ 1 / /r_!
- - % p 18 ¢ @ p
‘ =S4, W X! ‘
L S ir 2

The prime notation indicates referring to stator circuit. With I'q; equal to

zero. the per unit electromagnetic torque may be expressed as :
7:' :“‘Xm[dx['qr

The g-axis is positioned so that it always coincides with the peak value of
Var Hence, for a given machine, the values of Vqs and Vgg will be
determined by the amplitude of the source voltage and the system operating

conditions. That is, Vqg and Vs are related to Vg as [13] ¢

V;::.;:I'Zf.;*l}i (2.37)
Torque may be related to rotor speed wp as
W,
d(=5)
I =2H + 17,
dt . (2 38)

Where H is the inertia constantin seconds and Tp is the load torque

expressed in per unit

2.5.5 THE STEADY STATE MODEL

The steady state model is obtained from eqn (2 35), by putting the
variation in time of the system variables to zero, that is, p( ) = 0. The

steadv state DQ model of the drive is then obtained -
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- r _
P 1 DRX o ]
% / :1,~ 0 %‘ : -X o5 Ry - ‘Ym [q.s() ‘i
| i _. R x 5 | 7 X
_I:m Cos « ! 0 A, R -‘Y'—R'd []ds() l (_‘39)
= 0 B *S‘Xym O —5;,1(’8' L L’/r()J

Where the steady state variables are denoted by a subscript O

2.5.6 Steady state characteristics :

The steady state electromagnetic torque, dc link current I4c and the direct
and quadratic voltages and currents versus speed characteristics for values
of firing angles «. ranging from 90° to 150° and for system parameters
iven in appendix A.l, are shown in figures 2.15, 2.16, 2.17, 218, 219

v
20,221 and 2.22
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Fig. 2.13 Developed ¢lectromagnetic torque versus speed
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2.5.7 CONCLUSION AND COMMENTS

The steady state electromagnetic torque T and dc link current I4. versus
speed characteristics of the system have been predicted using three different
models . the DC model, an improved version of the AC model, and a
synchronously rotating reference frame DQ model .

On the one hand. we notice that the predicted steady state behaviour by the
AC and the DQ models show excellent agreement. On the other hand the
electromagnetic torque-speed characteristics predicted by the DC model
fundamentally agree with the other simulation results except that computed
pull-out torque is now approximately 15 % less than the pull-out torque
predicted through the AC and DQ models.

This 1s due to the overlap effect that has been taken into account in the DC
model but neglected in the first two A 15 °% electromagnetic torque
reduction due to the overlap effect represents a typical percentage figure

estimations mesure made by other authors [5,13,14].
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The erroneous assumptions in previous DQ models :
Authors of references [6.12] have made the following simultaneous

assumptions

! (2 40)
Jl’.'\ :Ivm\
q o]
i l" :O (_ 41)

In the process of deducing the voltage forcing functions. they have in fact
assumed that the gq-axis of the transformed voltage equations s
simultaneously positioned at the peak values of the stator and rotor
voltages Vas and Var respectively.

[f the first set of the assumptions eqn (2.40) is legitimate, it is however
incorrect to assume at the same time the second set eqn. (2. 41) to be
simultaneously true Both sets of assumptions can not go hand in hand
They are valid together only if V,q and Vg are in phase which is not the
case

To clarify the point further, consider the standstill condition under which
wy =0 and slip s =}

The stator and rotor frequencies are the same . stator and rotor voltages
Vas

transformed equation to be simultaneously positioned at the peak values of

and V,; have the same frequency. and in order for the g-axis of the

V,s and V,,. these two voltages must necessarily be in phase Because of
finite primary leakage inductances and magnetizing reactances this can not
be normally the case

The electromagnetic torque T, plotted as a function of speed is shown in
Fig 2 23 for firing angles ranging from 90° to 150°.

The same drive parameters are used (Appendix A !). The torque speed
characteristics is clearly different In fact one can notice a fundamental
flaw the theoritical pull out (maximum) torque which must be of a given
constant value irrespective of firing angle o is not constant It 1s
considerably different from one firing angle to another eventhough overlap
effect has been negiected Even in the presence of overlap. the maximum
torque that the motor would develop can not show such a wild difference

[t is excessively magnified at a = 90°
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This is in clear contrast with plots obtained using various models described
in this chapter In particular. is worth mentioning the perfect agreement
between the improved AC model and the DQ model using the correct
assumptions ( Fig. 213 and 2 15)

The fundamental underlving assumptions on which a previous steady state
model is based are in fact wrong as noticed by [13] and as further made
clear in this chapter From this incorrect model has been deduced a set of
small signal displacement equations representing a linearized version of the
system in order to carry out a stability study [6. 10]

Conclusions drawn in these references regarding the Static Kramer Drive
stability are therefore questionable

The stage is now set to develop a linearized model using the small signal
perturbation method to study the drive stability

This will be the object of the coming chapter
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Chapter 3

SIMPLIFIED STABILITY ANALYSIS
OF THE STATIC KRAMER DRIVE

3.1.INTRODUCTION

The prediction of the steady state behaviour of the static Kramer drive
through the use of the DC and AC equivalent circuits together with a DQ
model has proved very satisfactory. Computed characteristics of the drive
using the various models have shown very good agreements.

It seems therefore fitting to conduct some stability investigation of the
system using a state space model deduced from the DC equivalent circuit
before developing a more rigorous model to be presented in chapter 4. The
objective is to investigate the effects of some parameters on the system
overall relative stability.

One must say that the system model is of the second order. It is well to
mention also that controller design for the drive based on the second order
model has proved satisfactory [18,19].

A second order state space model deduced from the DC equivalent circuit is
first presented. Its linearization together with a root locus analysis are
carried out with systematic variation of some specific parameters to study
their effects on the drive relative stability. A transfer function of the entire

drive in its open loop configuration is then established and commented.
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3.2 TRANSFER FUNCTION OF THE DC MODEL

The transter function valid for small variation around an operating point
can be determined . with the following simplifving assumptions :

- The harmonics effects due to the rotor diode bridge are negligible

- The dc link current is assumed perfectly smooth .

The commutation overlap is included in the system equivalent circuit and is
represented by a fictious inductance. same as eqn (2 8) and given by

3 N
ge:’s( s ) (31 a)

e

™

Where X|s' and X|; are leakage reactances of the stator (referred to rotor)
and rotor respectivelly
The dc equivalent circuit adopted in Fig. 2.2 can be rearranged in order to

get the circuit in Fig. 31

:
:
-

id
Vd vi{)

Fig 3.1 DC cquivalent circuit of the drive

Where \'\g and V; are the rectifier and inverter output voltages
resmectivelly, I4 is the dc link current.

R. is the circuit equivalent resistance given by

R, = R+ SR, (3 1b)
Where

R=2R +R, (3 1.¢)

Rl:’)Rs'-*_Rc (31 d)
And L. the circuit equivalent inductance given bv

Lo=2{1"+L)+1" (31 e)
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Ry, R4' and Ry are resistance of the rotor, filter and stator referred to rotor

respectivelyv. L', L, and L'y inductance of the stator, rotor and filter

respectively

—
wa
—

s

The per unit slip is given by = S = (wg-w)/wg
V' is the stator RMS line voltage, w, the rotor speed (radian/sec) and

wg synchronous speed ( radian/sec )
3.2.1 The electrical circuit equation :

The arplication of the basic voltage Kirchoff's law to the circuit of Fig 28

gives the following equation

dl
I',.:1€,1,+[,,~-/i+lf (3.2)
: A T :

Gr in Laplace notation -

N AGI— ks
SV, =(R +Ls),+V .
Where Vg, is the standstill rectified rotor voltage and s the Laplace
variable.

A small variation around the operating point in the preceding equation
gives

ASE,, = (R, +L.s)Al, + AV G

!

Where Rap = R = RySp

-

And ll” ! :l:/U_Rl[u’()

o ]

Where Sq is the steady state slip
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The steadv state dc link current i1s given by

S, =V
[’ . — 07 Ju { (
" R+RS,

(V%)
wh
~—

Note that steady state variables are represented with a subscript 0 And
since for small variation of the slip around a steady state value of slip. we

cbtain

AS=—-——F- (3.6)

Substituting (3.6) in (3 4)

Aw, ﬁ
- Fam =R+ L, 9AL + A (3 7)
W
That 15
r A 7
| ! M)I‘ R ’ | S8
Al =l — J AV (3.8
Iz L M’,S d 0l i ‘|(R€, ; n LUS)

Hence in Laplace transform notation :

[ Aw (s i 1 .
:Q_MV/M_M’_(S) - (3.9)
1 w i ' (R, +L.5)

| 5

Al ()

3.2.2 The mechanical equation of the system :

The drive mechanical equation is given by [19}

di

A small variation around an operating point will yield the following

relation
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dAw,
dt

AT —AT =J + BAw, (311)

Where
Te The electromagnetic torque [N m]
Ty The load torque [N m]
B Friction coefficient or damping coefficient [N m sec/rd]
J Moment of inertia of complete svstem [Kg m2]

In terms of Laplace transform, we have -

1
Aw (s)=—— AT — AT, (312)
: (B”S)[ (5)— AT, ()]

Since the electromagnetic torque T, is approximately proportional to the dc

link current 4. this is given by eqn. 2.5 of chapter 2

For small variations about a steady state operating point we obtain

I
AL (s)= ;{" Al () (3 14)

1

3.2.3 The inverter transfer function :

The inverter can be modeled as an amplifier represented by a gain G and a
dead time T; This is achieved by the following transfer function 9]

i
—_
[UF]
N
—

Where
Vi :inverter output voltage
G  Amplification factor (negative)
T{ - Inverter time constant.

V. control signal that corresponds to a given firing angle
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3.2.3.1 The inverter dead time T; :

The three phase bridge inverter consists of six thyristors Each one is made
to conduct by means of triggering pulses from the triggering unit or drive
unit  The position of the triggering pulse with respect to the natural
conduction point of an untriggered rectifier or diode is called the triggering
delav angle or tiring angle o

The input contro! voltage V.. to the triggering unit. determines the firing
angle o This voltage is taken to be the input variable and the inverter dc
voltage V; is the output variable

In the process of varying the firing angle o, that is the inverter voltage V;
by varying the triggering control voltage V.. the following extreme cases
can arise

a) If a change of firing angle o is called for just before the new triggering
angle occurs. then the change will take place immediatly without any delayv
b) If now a change in o is called for just after the new triggering angle has
passed. then approximately one sixth of a cvcle will elapse before the new
value of « can begin to operate In this case we have a dead time behaviour
In general the inverter dead time T; is given by the following statistical

mean value [20]

Period duration

I = (3 16)

|
2 Number of pulses per cycle

With a S0 Hz mains supply, T; = 1 .67 ms for a six pulse thyristor three-

phase bridge.

3.2.4 System block diagram and transfer functions :
The substitution of egn (3.15)into eqn (3.9)gives the following equation

r |
G Aw, (s) z 1 (3 17)
; =l —AV(S)———V, T
M(/(S) |_1+]:S c(S) W’_\. (“)l_ll(Rg()‘FLgS)

An approximate linear model of the Static Kramer drive is obtained by using

equations (3 12)(3 14>\<3 15)and(3 17),
Using the preceding equations. the block diagram of the static Kramer drive

in its DC model is drawn and shown below in Fig (3 2)
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Fig 32 DC model block diagram of the Static Kramer Drive

The determination of the transfer function of the system is done for the

following two cases

- Constant load torque Ty that 1s ATy =0
- Constant firing angle o, 1.e.. AV, =0

a) Transfer function at constant load torque : (AT, =0 ).

Substitution of equations (3 12) (3 l4)and (3 lS)into equation(3 17) for the
load

following transfer function relating the control votage AV, as an input to

constant torque case, obtained by putting AT = 0. gives the

the rotor speed Aw; as the output

G
“',x‘ AT
A== TR It CSNERL
. . g “d 0F dOL .
BR, | (14T s)(1+7,, )+ 45" J(H Is)
L BRH(,H .
Where
L
I, =—° (319 a)
‘ RL’D
/ J
m B (3 19 b)
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Ty . Tg are the mechanical and electrical time constants respectivelly The
gain G. of the thyristor inverter and the parameters Tg, Ty, .etc are not
strictly constant and vary with the operating point They can be assumed to
be constant for small variations about the operating point

The mechanical time constant Ty, can be neglected. if it is much larger than
the electrical one Tg. This i1s usually true for higher power machines

The inverter dead time are particularly small in comparison with usual time

constant. it can therefore be neglected to simplify the analysis

b) Transfer function at constant firing angle a : (AV_.= 0)

Substitution of eqns (3 12). (3 l4)and (3 15) In eqn (3&7) at constant firing
angle o that is at constant voltage control signal V., gives a transfer
function where the input is the load torque variation AT and the output

is the variation of the rotor speed Aw, -

- - VioVio
Bl (1+ 71, s)(1+1, sy+ ¢ 5]

[ ¢ U ws

3.3 STABILITY ANALYSIS :

Using the transfer function established in eqn. <3v2(>, the effect of parameter
changes on system damping are investigated through plots of roots loci
This is preceded by relevant step response plots pertaining to overlap

effect the parameters chosen are
(1) Commutation overlap.
(2) Inertia constant H

(3) Filter inductance Lq (L4 +/- 0 5 Ld nominal value).

The results obtained are presented in the following sections
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3.3.1 The effect of commutation overlap :

System response to step changes in load torque of ATy for different
operating points are computed and plotted The operating point chosen are
Ty =0 1l puand06pufor firing angles o = 90°, 110° and 130°

For the first set of operating points. that is, Ty =0 1 p u and a = 907, 110°
and 130° the plots are shown in figures 3 11. 3 12 and 3 153 The step
responses of the second set are given in Figs 3 14 . 315 and 316

In order to put in evidence the effect of commutation overlap on system
relative stability (svstem damping), each figure corresponds to one
or ating point for two cases .

_ The commutation overlap is taken into account, that is considering the
fictious inductance R

- The overlap effect is neglected, this done by putting R¢ = 0.

The drive parameters used are in Appendix A 1.

0.995; T : T T
YWith overlap

!
[Sw}
0

Rotor speed, p.u
%;

0.965
9 1 1 fl 1
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0.995 T T T .
E‘ 0.983 [ Without overlap 1
5 ogesd |t ]
= |
&
B P 1 1 1 1
0953 0.2 0.4 08 08 1
Time , s

Fig. 3 11 Step responses of the system by AT =01pu
{a=90° & Ty =01pu)
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The change of the initial operating point is investigated with a new initial

lcad torque Typ =0 6 p u The results obtained are given in Fig

and 3

16
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The commutation overlap if taken into account will increase system
stabilitv. This is an important consideration, when the stability of the
svstem is investigated. because neglecting overlap will simplify the analvsis
on the one hand. and make predictions more pessimistic. hence "safer” on

the other

3.3.2 Effect of inertia constant H variation :

The effect of variation of the inertia constant H. is investigated by varving
it within a practical range of values, that is from 0.01 s to 0 5 s and see the
cffect on the drive relative stability This is done by plotting the loci of the
cigenvalues of the system for each value of the inertia constant H. 1in the
s- plane. for operating points corresponding to a load torque T = 01lpu
at firing angles o =90°. 100, 1107 and 120° Results are shown in Fig 3.17
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3.3.3 Effect of filter inductance Lg variation :

The effect of varving the filter inductance L4 on system stability is also
studied by varying it from its nominal value (1 p u) to 10 pu

That 15 done for firing angles o = 90°, 110° and 130° for small variation of
the load torque AT = 0 1l pu The plots are shown in figure 3 18 (a). (b).
(c) and (d)

From plots of figure 3 18, it can be seen that any increase in the filter
inductance L wiil decrease svstem relative stability (less damping)

Also. as the firing angle o decreases. svstem relative stability decreases
The drive remains stable irrespective of parameter changes

An Interesting case to consider 1s that when the filter inductance gets
infinitely large. 1 e, Lq varying from 1 pu to 1000 pu ., for a = 90 °

The svstem gets limitedly or marginally stable as shown in Fig 3 18 (d)
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3.4 CONCLUSION

The effects of commutation overlap and variations of the system inertia
constant H and dc link choke inductance L.y have been investigated with the
simplified second order model of the static Kramer drive.

Any increase in the svstem filter inductance L4 will decrease the system
relative stability In contrast, if the inertia constant H 1s increased the drive
the stability is not affected

When commutation overlap is taken into account. the system response to
anv step change in load torque is less oscillatory. that 1s more damped as
shown in Fig 3. 11 through to Fig 3 16, than if it is neglected.

Thus according to the preceding simulations. neglecting the commutation
overlap in the stability analysis of the drive, will effectively correspond to

the worst case condition.
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Chapter 4

STABILITY ANALYSIS OF THE STATIC
KRAMER DRIVE

4.1 INTRODUCTION

The equations describing the behaviour of the drive are non linear and
can therefore only be solved numerically with the h:o:p of a computer
However. considerable physical insight into the system can be gained when
considering its small displacement behaviour obtained from a linearized
version of the non linear equations describing the real svstem Small
displacement method is extensively used in machine stability investigation
[6.12.21.22
[t should however be siressed that for non linear systems. such as the static
Kramer drive. the behaviour for small deviations about an equilibrum point
may well be different from that for large deviations. In other words, local
stability does not imply global stability that is, stability in the overall state
nlane The two concepts should be considered separately

General conclusions reached about the system (local) stability using a
linearized version of the system equations can be usefully compared with
results obtained by solving the system non linear equations for small (and
large) deviations.

Linearisation of the svstem of equations can be carried out by applying the
small signal perturbation method The resulting set of linear time invariant
differential equations will describe the dynamic behaviour for small
excursions about an operating point; the drive can be treated as a linear
system so long as it is subjected to small disturbance where upon the
powerful linear theorv can be applied to calculate eigenvalues and useful

conclusions can be deduced regarding the open loop stability of the system
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Furthermore, in practical systems. it is not sufficient to know that the
system is stable or not. but a stable system should meet specifications on
relative stabilitv, a aquantitative measure of how tfast transients die out In
the system following a disturbance.

Relative stability can be measured by the settling times of each root or pair
of roots (eigenvalues) It is also a measure of system damping As these
roots move further away to the left from the j-axis, the relative stability of
the system improves. i e . settling times are shorter, the amount of damping

s greater

The object of this chapter is the development of a linearized DQ model
of the static Kramer drive expressed in the synchronously rotating reference
frame. This is followed bv a comprehensive eigenvalue stability analysis of
the linearized model for several operating points together with computed

non linear system responses.

4.2 THE LINEARIZED MODEL
The non linear DQ model of the static Kramer drive in its state space form
obtained by combining eqns. <2.35) (2.36) (2.37) and (238), where the state

vector i1s defined by - ( Iqs~ Idg. gy . wi/w), 1s given by :

{ 2l
i1 LV, ZR (ZX  —sX") RX
! oy qs s s m m oy
!(M)ﬂw =X} cosa + ¢ 1 l,s— < ]‘“+—K Iy,
1
(1 | Yo
l o 1(/,«-‘51({5-'*‘5 v L
¢ 1t '
[!/l\; g __‘\’s s'Lm.\' CoS a_‘xm SO Rx‘Xm] +1X,”)&S_\.(1—.\')] _R‘XU /'
‘i‘\\‘vl‘/}p Cyr T A"\f A/ ys K qs K s K qr
\
E/l\‘ /_lz_):_ ‘X’m v /[
[kw w) o 2wH AT dwH (4.1 a)
And -
521—“" (4.1b)
W
' - -2 (41 ¢)
, (sX' Y. -X2) (4
I dy ‘YA',\‘(S - ])](15' + RA\'[(/.\' + - - - ! qr
A (41.d)
rr2 12 r2
Foe = qs +1 ds
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Where

T
R=R -R

K=7ZX.-X;

The small signal perturbation method and eigenvalue analysis will now be
used. to study the stability of static Kramer drive. In this method all
variables are allowed to change by a small amount about a steady-state
operating point All system variables except the firing angle o and supply
voltage V. are expressed in the form fj = fj, + Afj, where fjy is the
steady state value of the variable and Afj is the small excursion of this
variable about its steady state value The terms which describe the steady-
state peration are eliminated. Higher-order incremental terms are
neglected The resulting set of state space linear differential equations of

the static Kramer drive is then obtained (See Appendix. C, for details):

N =4V + BU (4.2)

Where  X= ( Algs. Algs, Algr . A(w/w)) and U the input vector

i‘ 411 Ax: AIF ‘414
LA O A, A,
A=y 4 43
"4:1 1‘4;2 A33 A:_‘ ( “))
0 A, A, |
[0
1 0
= 44
0 (4.4)
I /‘
L 2oH |
With
Z{b, - R Z-7ZX,, +S(u¥mz Ze,+ X, R
A" :wg_’—\z : AP _ da, \.’\ ) : AH _ ) -
! K 2 I% ——__—1'\
Zd -X,71
1, s Tdid
14 Kr

chapt 4 - Stability Analvsis of the Static Kramer Drive 4N



v s »
Ali =3, 1.y = R ”:_ 4; - Y
. ( R\ _h())‘\ m _ ‘X m‘k S (]_ ‘\())—a()‘x m 1{‘(“ + C()‘X’m
3= - Sl > LAy =-
K K 3 K
4 _ /z{.\'”‘\In‘x.\ZS' (j() \)71
M -
K

1.== A m/‘/’“” - A m[d,s'()
<l = Sy T T

2wH ‘ 2owH

-
st . . .
m, =7 ay=-mad o hy=mb oo o =me o dy=myd
¢St
] r r 1]
SV Y X2 X (XL +X 1)
e v L0~ - 4L gy < 58 nmtyst 12 t)
u=R . h=X_(S,-1) i c=—tmiatm o 0 v
‘an )&m

on
AS'] — 1_ Al

)

4.3 EIGENVALUES ANALYSIS

The study of the system is accomplished by the evaluation of matrix A in
the complete operating region at different values of slip ranging from
minimum to maximum values .fixing the firing angle of the inverter in the
range 90°-150°

The eigenvalues of matrix A decide the stability of the system The system
is stable if all the eigenvalues have negative real parts The system 1S
unstable even if one eigenvalue has positive real part The effect of the
svstem parameters can be studied by repeating the above procedure for each
value of the parameter. then plotting the loci of the eigenvalues in the s-
plane If one eigenvalue is located in the right hand side of the s-plane the
svstem is unstable When located on the j-axis it is limitedly stable and
stable if it is in the left hand side of the s-plane

The eigenvalue loci investigation carried out for several operating points.
An operating point (or equilibrium point) is determined on the torque-speed
plane by the intersection of the electromagnetic torque Te and the load
torque T for a given firing angle o, thus dictating the value of the speed
Converselv. the speed and load torque can be fixed and the required firing

angle for this operating point deduced.
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In this study. the firing angle o and the load torque T are fixed for a
specific operating point and the speed (or slip) then deduced In this
manner all relevant operating points are considered.

Using the parameter values in per unit of the drives listed in appendix A
the system is studied for four operating points. corresponding to the
following p u load torques = Ty = 0.1, 04,06 and 09 pu.

The svstem will contain four poles. but attention is only focused on the
dominant ones. i e , those closest to the j-axis . because they are the first
poles that mav cross the j-axis in case of parameter changes. and therefore
to decide upon the stability of the system. For any operating point . the
effect of the system parameters variation on system stability can be
studied bv computing the eigenvalues of the matrix A for each value of the
parameter taken as an independent variable The parameters varied in our
case are the inertia constant H, the dc link filter reactance Xg . the stator
resistance Rg. rotor resistance Ry and finally the supplv voltage Vg
Eigenvalues loci are computed for given system parameter variations
within some relevant practical range

Support of analytical predictions is afterward. sought through plots of
transient responses of the drive to step changes in load torque obtained by
numerical integration

Finally. Some startup transients are given at loaded conditions During a
switching operation or some other changes in the operating conditions. the
drive experiences transient torques. the instantaneous of which may reach
several times the steadv state value Although. this condition may persist
only for a few short time. the transient torques may impose undue strain on
the mechanical parts and shaft failure may result. The most important
transients from electromechanical point of view are those of the
electromagnetic torque and speed [24] The study is applied to three static

Kramer drives of different power levels. 5 hp. 500 hp and 2250 hp
4.4 5 hp machine drive

4.4.1. Eigenvalues loci

4.4.1.1 Effect of the inertia constant H variation :(from 0.01 to 0.5 s)

The loci of the eigenvalues of the system matrix A when the inertia constant
H is varied at the following firing angles a o= 90° . 1007 . 110° and 120°
for load torques Ty = 01 .04 06 and 0.9 pu  are shown in Fig 4.1
through to Fig 4.4
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At load torque Ty = 0.1 p.u :

For a firing angle o = 90° as H is increased from 0.01 to 0 05 s. the system
relative stablilty decreases. The drive is unstable for H between 0 06 and
036 s As H is bigger or equal to 0 36 s the system becomes marginally
stable and then stable

For o = 100° the drive is unstable for a range of the inertia constant H
between 0 01 s to 0 03 s But as H is made greater than 0 04 s the svstem
relative stability is enhanced.

For oo = 110° if H =001 s the drive is unstable When H is greater than
0.02 s the system relative stability is increased.

For o = 120°, instability is possible only for inertia constants less than
0 008 s which is not practical. i.e , for the applicable range of variation of

H. the svstem relative stability is enhanced as H is increased

At Ty =04 p.u:

For a = 90°. the relative stability decreases for H varving betweer 0 01 and
0.03 s The system is unstable for H between 0.04 s and 0 07 s and gains in
relative stability for H bigger or equal to 0.08 s

For a = 100°. instability of the drive is possible for H between 0 01 s and
002 s The relative stability increases as H increases from 0 03 s and
decreases from 0.1 s.

For o = 110°. instability occurs if H=0 01 s. When H is greater than 0 02 s
the drive relative stability is better But for H greater than 0 1 s. it is
worsened.

For o = 120° The system relative stability decreases as H increases But

the drive remains always stable

[N
o
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At Ty = 0.6 p.u:

For « = 90°. the system relative stability decreases when H goes from 0 01
to 0 02 s. instabilitv occurs at H = 0.03 s Finally. the relative stability
increases as H increases from 0.04 s and decreases from 0.3 s onwards

For a = 100°

stability decreases as H increases from 0.02 s onwards.

. the system is unstable for H = 0.01 s, and its relative

For o = 110° and 120° the system relative stablilty decreases as H

increases. but it remains always stable

At Tp =09 p.u:

For o = 90°. the drive relative stability decreases as H varies from 0.01 to
0 02 s. increases for H between 0 03 to 029 s and decreases from 03 s
onwards For o = 100°, if H = 0.01 s the drive is unstable. from 002 to
0 04 s its relative stablilty increases and it decreases for H from 005 s
onwards. For o = 110° and 120°. the system relative stability decreases as

H increases

4.4.1.2 Effect of filter reactance X4 variation :( from 0.5 to 1.5 p.u )

The loci of the eigenvalues of the system matrix A when the filter reactance
is varied for the following firing angles a=90°,100°.110° and 120°. for load

torques Ty = 0.1, 0.4 and 0.9 p u are shown in Fig 4.5 through to Fig 47
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AtTp = 0.1 pou:
The system is unstable (H = 0.25 s) but its eigenvalues are pushed tothe left
hand side of the s-plane as X4 is increased. Increase in Xy help stabilize the

drive

At Ty, = 0.4 p.u and 0.6 p.u :

The relative stability increases as X4 increases for all the firing angles

At Tp = 0.9 p.u:
For o = 90°, 100° 110° and 120° the relative stability decreases for any

i

variation of X4 around 1.1 pu, 1 2 pu, 1.3 puand 1l 5purespectively

4.4 .1.3 Effect of stator resistance Rg variation :

The effect of the stator resistance Rg variation is investigated by varying

Rg by 50 % more or less its nominal value Rg = 0.058 p u, at operating

points Ty = 0.1 and 0.9 p u. This is shown in Fig 4 8 and 4 9
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For the load torgues considered (0 1 and 0 9 p u) and firing angles (90°

100° 110° and 120°). the increase of the rotor resistance R, decreases the

drive relative stability.

4.4.1.5 Effect of supply voltage V¢ variation:

The effect of supply voltage V¢ variation. is investigated by plotting the
foci of the eigenvalues. with V¢ varving from 09 pu to 1 5 pu This is

shown at load torques T = 0.1 and 0 9 p.u. in Fig. 4 12 and 4 13
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Fig. 4. 12 Eigenvalues loci in V5 variation (T = 0.1 p.u)
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At Ty =0.1 p.u:

An increase in Vg has a negative effect on the drive stability. For a = 90°.
as Vg Increases. the system being alreadyunstable (H = 0.25 s) sees its
eigenvalues pushed to the right hand side of the s-plane. For the other
firing angles, an increase in Vg decreases system relative stability. as

indicated in Fig 4 12

At Ty, = 0.9 p.u:
For o = 90°. the drive relative stability decreases when V¢ is increased or
decreased around ! pu In contrast. for the other firing angles, it 1s

enhanced, when V4 isincreased. as indicated in Fig 4 13

4.4.2 TRANSIENTS

To support the results of eigenvalues loci study. transient responses of the
system to step changes in load torque by a step of AT = 01 pu. are
obtained by numerical integration of the eqns 13. 14. 15 and 16. the plots

are shown in Fig 4 14 through to Fig 4 I8
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Fig. 4 14 Response of the system to step changeof AT = 0.1 p.u in load torque
( Initial torque 1s T, = 0.1 pu)

At Tp = 0.1 p.u:

For firing angle o = 90° the value of H is first chosen in the range of
instability given by the eigenvalues loci study, that is H=0.15s.

Fig. 4 14 (a) shows that the torque oscillations are negatively damped, thus
causing instability of the drive.

It is shown in Fig. 4 14 (b,1) that when H =003 s and 0.25 s. the torque
oscillations are positively damped, hence the system is stable. In fact there
exists an inertia constant H bounded range of instability .

For o = 100°. 110° and 120°, if the inertia constant H increases the torque
oscillations are more damped, so the drive relative stability is enhanced. As
the firing angle increases, the torque oscillations are more damped.

The results agree with those of the eigenvalues loci analysis.
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Fig. 4. 15 Response of the system to step change in load torque of ATy, = 0.1 pu
( Initial torque 1s Ty, =04 pu)
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Fig 416 Response of the system to step change in load torque of ATy = 01lpu
( Initial torque 1s T, =09 p.u)

At Ty, = 0.4 p.uand 0.9 p.u:

For firing angle . = 90°, the torque oscillations are less damped as the load
torque increases For the same load torque, as the firing angle increases the
system shows a tendency to stability, since the overshoot and rise time
decrease.

For a = 100°. 110° and 120°, the drive reaches the steady state torque more
smoothly, that is the torque oscillations are more damped, as the load
torque increases For a given load torque T, the drive gets more stable as
oL 1ncreases.

The torque transient responses support the conclusions of the eigenvalues
loci analysis. by confirming that any increase in the inertia constant H

increases the drive stability.

4.4.3 STARTUP TORQUE TRANSIENTS

The electromagnetic torque transients during start up of the drive for firing
angles o = 90° and 120° at load torques Ty = 01 and 0.9 p.u are shown in

Fig 4 17 and Fig. 4 18
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Fig. 4.18 Torque transients during startup ( Ty =09 pu)

The run-up time decreases as the firing angle o increases and the steady
state torque is reached more fastly in load condition Ty = 0.1 p.u than in
T, =09 pu.

For the same firing angle the magnitude of the peaks is not affected by a

change in load torque.
For a given load torque, the torque oscillations are relatively less

oscillatory for any increase in the firing angle o.

chapt 4 = Stability Analysis of the Static Kramer Drive



4.5 500 hp machine drive

4.5.1 Eigenvalues loci

4.5.1.1 Effect of inertia constant H variation :

The inertia constant H is varied from 0.1 s to 2* Hp,, that 1s 0.55 s since
Hp = 026 s, by steps of 005 s The loct of the four eigenvalues are shown
in Fig. 4 19 through to Fig. 4.22.
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Fig. 4.22 Eigenvalues loct for H variation (T, = 0.9 p.u)

At load torque Ty, = 0.1 p.u:

For o = 90° if H varies from 0.1 s to 0.35 s the system relative stability
decreases and for H > 0.36 s the drive is unstable.

For o = 100° 110° and 120° an increase of H within the normal range of

variation decreases the relative stability only very slightly.
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At Ty =0 .4 p.u:

For ¢ = 90°. the relative stability decreases for H varying from 0.1 s to
0.15 s and the drive is unstable for H between 0.16 s and 0.32 s Finally
the relative stability increases from H = 0.33 s onwards For a = 100°
increase in H. increases the relative stability and for o = 110° and 120°, if

H increases. the relative stability decreases very slightly.

At T =0 .6 p.u:

For o = 90° the relative stability decreases for H varying from 0.1 s to
0 13 s The drive is unstable from 0.13 s to 0 18 s and its relative stability
improves for H greater or equal to 0.2 s. For a =100° and 110° the relative
stability is enhanced as the inertia constant H is increased, but decreases

for a firing angle o = 120°

At T, =0.9p.u:
For all the firing angles the drive relative stability impraoves as the inertia

constant H is increased .

4.5.1.2 Effect of filter reactance Xy variation :

The dc link filter reactance is varied by 50 % lower and higher than its
nominal value. i.e.. from 0.5 pu to 1.5 pu by a step of 0.1 pu The
inertia constant H is equal to 0.26 s. The system eigenvalues loci are shown
in Fig. 423,424,425 and 426 .
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Fig. 4 48 (a,b and c) show that any increase in the drive supply voltage will
decrease system relative stability. One can notice from this figure that the
dominant poles are shifted to the left as Vg decreases, thus making the
system more stable.
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Fig. 4.49 Eigenvalues loci for Vg variation (T, =0.1pu)
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The loci of the eigenvalues have also been investigated for V¢ varying in
the range 0 5 p.u to 1.5 pu. This is shown in Fig. 4 .49 and 4.50. The plots

show that any increase in the system supply voltage Vs will

- Increase the system relative stability at T, = 0.1 p.u .
- Decrease the drive relative stability at Ty, = 0.9 pu .

4.6.2

TRANSIENT RESPONSES

Transient response plots showing the behaviour of the drive when subjected
to any input step change of the load torque T are obtained by numerical
integration of eqn. 2.29. This is shown in Fig. 4.51 and 4.52, for load

torques Ty = 0.1 and 0.9 p.u, at firing an les o= 90°, 100° and 120°, for
q L p g ang

H=01sand 0.3 s .
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Fig. 4.51 Transient responses to step change in load torque AT = 0.1 p.u
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(Initial torque T, =09 pu )

The electromagnetic torque transient responses to step change in load
torque of A Ty, = 0.1 p.u is shown in Fig. 4.51 for an initial steady state
load torque of Ty, = 0.1 p.u, and in Fig. 4.52 for an initial steady state load
torque of Ty, = 0.9 p.u. The plots indicate that

At Ty, = 0.1 p.u:
The torque transient responses gets more oscillatory as the inertia constant

H is increased, thus making the drive tend towards instability.

At Ty =0.9 p.u:
The system becomes more stable as H is increased, the torque transient

responses are shown to be more damped .
These observations support the previouseigenvalues loci investigation

results.
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4.6.3. STARTUP TRANSIENTS

The electromagnetic torque transients during start up of the drive for firing
angles a = 90° and 120° from standstill to load torques Ty = 0.1 and 0.9
p.u are shown in Fig. 4.53 and Fig. 4 54
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Fig. 4.33 Startup transients to Ty = 0.1pu
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The effect of firing angle and load on transient torque consequent to
switching has been shown in Fig. 4.53 and 4 54 The plots revealed the
following :

. With an increase in the firing angle, the amplitude of the torque
oscillations decreases whereas the run-up time increases.

- For a given firing angle a, torque oscillations becomes more oscillatory
for an increase in load torque.

- The magnitude of the peaks are practically unaffected by a change in load

torque
One can notoce from Fig. 4.53(a)and 4 54 (a), that for o = 90°, the torque

oscillations are negatively damped, hence instability occurs at start up.
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Chapter 5

GENERAL CONCLUSION

The stability analysis of the static Kramer drive in its conventional form
preceded by a detailed steady state analysis have been carried out in this

present work.

The steady state behaviour of the system with particular emphasis on its
electromagnetic . torque-speed characteristics has been studied using
improved versions of DC and AC equivalent circuits together with a DQ
model expressed in the synchronously rotating reference frame, with the
objective of proving the erroneous character of a previously used model
that has so far constituted the basis of a stability study of the drive.

The usefullness of the simple 2nd grder DC model of the drive has been
extended by investigating the effects of system overall inertia constant H,
the dc link inductance Ly and the commutation overlap in the diode bridge

on system stability.

This study indicates that the drive relative stability is, as expected,
reinforced as the inertia constant H is increased In contrast, an increase in
the system filter inductance L4 will decrease the system relative stability.
Also commutation overlap effect when taken into account will improve the
system stability. The system response to any step change in load torque is
less oscillatory, that is more damped, than if it is neglected. In other words,
the drive would actually be more stable than otherwise found, because of
the damping effect of the overlap when included.

Thus according to the simple model. neglecting the effect of commutation
overlap in the stability analysis of the drive will effectively correspond to
the worst case condition, i.e., yield pessimistic predictions regarding system

stability.
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A higher order linearized model obtained from a non linear DQ model of
the static Kramer drive was obtained using the small signal perturbation
method, followed by extensive eigenvalue analysis applied to the linear
model obtained for investigating drive stability for small perturbation
around an operating point.

In support of the stability investigations, computer simulations of the
system transient responses following step changes in load torque have
been carried out by numerically solving the drive nonlinear DQ differential

equations. .

Furthermore, in view of arriving at credible and pertinent results, the

present stability analysis was carried out on three drives of different power
levels - a very low power drive of 5 hp, a medium one of 500 hp and a
large drive of 2250 hp .
The effect of wvarying the drive parameters on system stability was
investigated at several operating points corresponding to a load torque of
T =01pu 04pu 06puand09pu for firing angles o = 90°, 100°
110° and 120° .

For the 5 hp Drive, at medium and full load conditions, the relative
stability is decreased by any increase in the inertia constant H, for all firing
angles except when a = 90° where any variation around the nominal value
of H will decrease the system relative stability.

Under light load conditions, the drive is unstable for o = 90° in the normal
range of H for this particular drive power level. The relative stability is
however enhanced for firing angles greater than 90°, when the inertia
constant H is increased.

The increase of the filter reactance Xq improves the stability at light and
medium loads, but decreases it at full load conditions.

As the stator resistance Rg is increased the relative stability of the drive is
increased at light loads but decreased at full loads.

On the other hand, under all load conditions, any increase in the rotor
resistance R; decreases drive stability. This can be important when
considering some design aspect of the induction machine to be used in the

drive .
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When supply voltage Vg is increased , the system relative stability
decreases at light loads. However ., at full load for o = 90°, any variation
around the nominal value of Vg decreases the system relative stability.
For other firing angles, at full load, 1f Vs decreases, stability
deteriorates.

Voltage dips which usually occur in power systems can therefore have a

negative effect on the drive stability.

For the 500 hp Drive, at light loads, the system stability is decreased by
any increase of the inertia constant H At o = 90° the system becomes
unstable.

As loading is increased, the drive becomes more stable, that is at medium
and full loads the drive relative stability is enhanced by any increase of H.
Increase in filter reactance X4 enhances the system realtive stability at
light loads, except for o = 90° where the opposite happens. The stability
decreases at full loads. At medium loads however, any variation around a
certain value of X4 decreases the drive relative stability.

As the stator resistance Rg is increased, system stability is improved for
firing angles greater than 90°, but worsens for a = 90°. Any increase in the
rotor resistance R, decreases the drive stability at light loads and enhances
it at full loads for all firing angles.

The effect of increasing the system supply voltage Vg revealed that the
drive stability is increased at light load conditions, but more importantly

decreases at full loads.

For the 2250 hp Drive, the system relative stability is enhanced by any
increase in the inertia constant H, except for o = 90° at medium loads
where there exists certain ranges of instability and border line stability
(limitedly stable).

The effect of the filter reactance X4 variation on the drive stability has
also been investigated and revealed that it is enhanced at light loads.

But at medium and full loads, any variation of Xq around its nominal value
decreases the drive relative stabilty for all firing angles.

As the stator resistance Rg is increased, the stability, for a= 90°, is

decreased and enhanced for the remaining firing angles. If the rotor
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resistance R, is increased the drive relative stability is decreased at light
loads and enhanced at full loads.

Increase of the system supply voltage V¢ enhances the drive relative
stability at light loads and decreases it at full loads.

System voltage fluctuations in terms of increase, can therefore have a

negative effect on drive stability.

At medium and full loads, the 500 hp and 2250 hp drives stability is
enhanced by any increase in the inertia constant H for firing angles greater
than 90°.

For a given drive, whatever its power level, as the firing o is decreased
approching its minimum value (90°), the system relative stability 1s
decreased. This correspond to top speed with possible instability at o= 90°:
For the 5 hp drive, instability occurs at light load and minimum firing angle
value. But for the 500 hp and 2250 hp drives, the system may go unstable
at medium loads.

The electromagnetic torque transient responses to step change in load
torque of ATy, = 0.1 p.u have been computed, by numerical inetgration of
the drive dynamical differential equations and plotted. They effectively
support the results obtained in the eigenvalues loci investigation with
different values of the inertia constant H used. Results revealed that, For
any increase in the firing angle o, the torque transients get less oscillatory
thus the drive becomes more stable. The transient torque peak value 1s not

affected by change in the initial steady state load torque.

Comparing the degree of relative stability of the three drives at the same
operating point that is the same load torque T and firing angle «, revealed
that the higher the drive power is, the more stable the system is.

We notice substantial differences in the stability of the three drives. It is
affected by loading conditions on the one hand, and the power level of the

drive on the other.

Subramanyam et al., who used incorrect assumptions in the drive model,
concluded that the static Kramer drive can never become unstable under

normal operation [12]. It is clear that this conclusion is open to question.
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The present study indeed, reveals the existence of instability regions at
operating points of practical relevance.

Further more, in the light of the above findings, the drive power level 1s an
important factor in this study; a S hp drive has shown important differences
regarding its stability in comparison with the 500 and 2250 hp which show

essentially similar behaviour from a stability point of view.
Scope for further work :

The effect of commutation overlap, in the rotor diode bridge, is important
and can not therefore be neglected. It can contribute to substantial
additional reactive power [15]. According to the simple model (Chapter 3),
commutation overlap effect will impart more damping to the system, 1e.,
stability will be improved. However, strictly speaking, the damping effect of
overlap should be confirmed through the use of a higher order model which
can properly represents the system. The present DQ model does not lend it
self to the inclusion of the commutation overlap effect. A new, higher order
model that would adequately take this effect into account is therefore

suggested as further work.
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APPENDIX A

DRIVES PARAMETERS

A.1 Small drive : S hp drive

The drive has the following parameters:

Slip ring induction motor: 5 hp., 3-phase, 400 V, 50 Hz having the
following p.u parameters :

H=025s , Xg=3 . X' =3,

Xp=29 . Rg=0058 , R/ =0072.

The base impedance is 42.9 Q . The base torque is 9.89 N.m .

The filter parameters in p.u

X4' =100 , Ry =002

A.2 Medium drive : 500 hp

Slip ring induction motor : 500 hp , 3-phase , 2300 V, 50 Hz having the
following parameters:

H=0.25s , Xgg = 55.226 Q , Xir' = 55.226 Q

Xm = 54.02 Q , Ry =0262Q , R;'=0187 Q

The base impedance is 14 18 Q = The base torque is 1980 N.m .

The filter parameters in p.u:

X4 = 1.00 , Rgq' = 0.02

A.3 Large drive : 2250 hp

In order to investigate the stability behaviour of a very big drive , an other
system has been studied. It has the following parameters .

Slip ring induction motor : 2250 hp , 3-phase | 2300 V. , 50 Hz
H=033s . Xgg=13266Q . X;'=132660Q.

Xp=134Q | Rg=0029Q . R =00220Q.

The base impedance is 3.15 Q . The base torque is 8900 N.m .

The filter parameters in p u

Xq4'=1 ., Rg =0.002
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WRITTEN PAPERS

1. " Steady State Analysis of the Static Kramer Drive", M. Kesraoui and L. Refoufi, submitted
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- IEEE-SMC , CESA' 96, IMACS Multiconference, Computational Engineering in Systems
Applications. July 9-12, 1996, Lille, FRANCE.

- MMAR ' 96, Third International Symposium on Methods and Models in Automation and
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APPENDIX C :

The drive DQ non linear equations are given by :
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By replacing in equation (1) , each variable f by : f; + Af; we obtain:

( {Wr() A(XV_@D) 2
Z(q ) 22 (ZX;S_(l ;'*' W Xm)

1
(‘Jﬂ Lo+, )= X Vs o8 + K ( - I (L 0+ 0y)

+—R§"— A q,O+N ot )

wo | X
i( L1+ Ngs)= (1{ 'u( }( +Nqs)+<1{w—j+a(-§)}—”<rwwqr)
wrfefl)

|
“‘L % q’0+A['qr)=—§—SVM’S(§;a _% (I/q_g()+AI/qs)+£KX"— (IqsO +Nqs) (1d50+Nds

1}1 XV cosa X, Ry | XXy (129) | RX

K

| RX;,
| - (qu0+N‘qr)
|

w w I
}( 0 A( '0) (Ids()+NdSX]‘qro+qu)—2MH



According to the small signal perturbation method rule , the steady state values are eliminated and the
product of higher order incremental terms are neglected (to obtain a first order equation ) . We obtain the
following equation :
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Then the following linear state space matrix equation is obtained :
X = AX + BU

Where the state vector is :

(Al
| Ma t

X =
2%

And U the input scalar.



The matrix A and vector B are given by
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