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ABSTRACT

The power supply of ASDEX Upgrade comprises the flywheel generators EZ3 (500 MJ /
144 MVA) and EZ4 (650 MJ / 220 MVA). Each generator feeds its own 10.5 kV system. For
quasi-stationary advanced tokamak experiments with extended flattop phase, the flywheel
generators EZ3 and EZ4 must be connected in parallel so that the available power and energy
can be fully exploited. The dynamic load requirements of ASDEX Upgrade and the different
electrical and mechanical parameters of the two synchronous machines require a multi-
variable control in order to achieve a defined load distribution on both generators. This report
describes the design and performance of 2 multi-variable control which fulfils all

requirements for a reliable and safe operation of the parallel connected flywheel generators.
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1 Background and Objective

The power supply of ASDEX Upgrade comprises the flywheel
generators EZ3 (500 MJ/ 144 MVA) and EZ4 (650 MJ / 220 MVA).
The time of construction of the flywheel generators EZ3 and EZ4 are
ten years apart from each other and the electrical and mechanical
properties of the machines are quite different (see Table 1). Therefore,
each generator feeds its own 10.5 kV system.

Table 1. External parameters of the flywheel generators EZ3 and EZ4

Flywheel generator EZ3 EZ4
Design voltage Up =10.5kV Up=10.5kV
Nominal apparent power Sh =144 MVA Sp =220 MVA
in pulsed operation cos @ =0.93 cos @ = 0.49
Nominal frequency fp = 100 Hz fn =100 Hz
Moment of inrtia J = 90400 kgm? J= 120300 kgm>
Tnitial rotational speed 1n=1650min”" 1=1650min"}

Synchronous reactance, direct axis

(unsaturated/saturated)

xd=4.5/ xds= 3.6

xg=3.14/ xds= 2.57

Unsaturated synchronous reactance, quadrature axis Xq=3.1 Xg = 1.62
Subtransient reactance, direct axis xd ¢“=0.186 xd‘“=0.175
Subtransient reactance, quadrature axis Xq'‘=0.19 Xq' ¢ =0.21
Transient reactance, direct axis Xdu' = 0.68 x4 = 0.328
Transient short-circuit time constant Td°=0.555s T4 =0.204 s
Subtransient short-circuit time constant Tq“=0.03s Tq'“= 0.021s
Winding resistance at T=20°C R1=5.9mQ Ri = 2.68 m{2

For advanced tokamak experiments with elongated plasma flattop-
phase a parallel operation of both flywheel generators would be

advantageous for the following reasons:

e A synchronous discharge of both flywheels would be guaranteed,
i.e. the available flywheel energy can be fully exploited without
overloading one of the generators (optimum load sharing). Without
parallel connection the load pulse must be terminated as soon as
one of the flywheels is unloaded even if there are, i.e, more than

200 MJ left in the other flywheel.




o A defined load distribution in the static and dynamic case will
avoid that the power limits of the single machines (EZ3: 144 MVA,
EZ4: 220 MVA) can be reached before the sum of available power
(about 350 MVA) is exceeded. This point is of special importance
for long pulse operation where, e.g., the deliverable apparent power
from EZ3 will drop from 144 MVA at the beginning of the pulse to
less than 100 MVA at the end of the pulse.

e The parallel connection of EZ3 and EZ4 will facilitate the technical
feasibility of plasma experiments with different power demands
(less boundary conditions from experimental power supply)

e The power quality will improve because the parallel connection
brings a reduction of the subtransient generator reactance which
leads to less distortion of the system voltage (improvement of
performance of phase-commutated converters). With increasing
power demand (commissioning of additional converter group with
135 MVA in 2001) this may become an important factor

e The reactive power compensation (RPC) modules which are or will
be installed at generator EZ3 (altogether 120 MV Ar) would be
available for both generators as soon as the two machines are
switched in parallel

e On a long-term basis the parallel connection of EZ3 and EZ4
provides a better base for an extension of the existing power supply
(by RPC modules, energy storage modules or an additional
flywheel generator)

e Last but not least: The parallel connection of EZ3 and EZ4 can be
realised in such a way that both generators can be operated in single
operation mode (like in the past) if problems with the parallel
operation arise (e.g. due to malfunctions of the controller or
paralleling link)

AN
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In the 10.5 kV systems of EZ3 and EZ4 sudden load changes can
occur and the power frequencies may decrease from 110 Hz to 85 Hz.

These requirements and the different eletrical and mechanical
parameters of both generators require detailed numerical models for an
investigation of the stability limits of a parallel operation of the two
machines on one common busbar. The object of former studies was
the derivation of detailed flywheel generator models from analytical
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calculations and measurements [1], investigating the transient
behaviour of the two parallel connected generators with a
conventional controller [2] and the performance of paralleled
generators with an optimised conventional controller (PI voltage
controller with secondary PD controller circuit) [3]. Although the
results achieved with this controller looked very promising, the
applicability of such a controller is uncertain because this type of
controller is sensitive to external disturbances (variation of machine
parameters, harmonics, EMC problems).

This report describes the design and performance of a multi-variable
controller which fulfils all requirements for a reliable and safe
operation of parallel connected flywheel generators.



2 Introduction

In the existing power supply, the flywheel generators EZ3 and EZ4 are
electrically isolated from each other and supply different loads, as
shown in Fig. 1. As long as the busbar voltage of each generator is
controlled and kept to a constant value, the generators can operate .

110KV /50 Hz
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AN

16MVA

@ EZ3 @ EZ4
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Figure 1: The existing work mode of generators EZ3 and EZ4
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Figure 2: Future work mode of generators EZ3 and EZ4



After paralleling the two generators, they will form a power system
as shown in Fig.2 . Besides the busbar voltage, the output power of
each generator must also be controlled. Operation of two flywheel
generators in parallel is quite different from operating synchronous
generators in large networks. Features are :

e Limited flywheel energy and changing frequency

e Pulse operation of short time

e Fast and high load changes (e.g. power oscillations with 100MW in
100ms were measured at flywheel generator EZ3)

To operate safely, a detailed analysis must be performed and
satisfactory ~ solution for the following critical —items must be
provided:

e output voltage control of the two generators

e power-distribution between generator EZ3 and EZ4

o fast response during changing load

e static and dynamic stability of the operational region of the
generator system

e fault analysis

e gystem protection

e parallel switch and work mode of the system

e engineering design and realization




3 Controller Design

In a parallel generator system the load power is supplied by two
generators at the same time , the bus voltage must be kept constant, the
power output of the two generators must be symmetrical according to
their apparent power. So the variables to be controlled are power-
distribution and bus voltage :

k= _‘5_’3_ = Sis
S4 S n4
(1)
u=10.5kV
Preset U EZ3,U EZ4.Ks \EExictation start signal
Output 1 Feedback Controller Output 2

i

[solation Amplifier

i

Measurement

U_EZ3,1_EZ3]_load 1_load4,] EZ4,U_EZ4

[Excited Power Supply [Excited Power Supplﬂ

w

G P |
EZ3 t EZ4
AV 4
Tokamak Load

igure 3: Power distribution and voltage controller for parallel connection of

EZ3 and EZ4

At flywheel generators the bus voltage and power output are
controlled by their excited power supplies, as show in Fig.3. The
presetting values are compared to the real parameters of AC voltage
and current of each generator by measurement. According to the
algorithm in the feedback controller the necessary output of the
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excited power supply can be calculated, and the corresponding signal
to the a-controller of excited power supplies can be given. By change
of excited voltage the object of desirable generator output can be
reached.

3.1 Control Model for Two Parallel Flywheel Generators

The electromagnetic equation of the generators, which will be used
next, can be written as follows :

u,=p¥,-¥, —ri,-¥,pd ; u,=p¥, +¥,-ri, +'¥,pd

q

E;=u4+idx;+iqr; E;,=ud+iqx;+idr

E, =u, +ix;+ir; E;=u,+ix, +ir 2)
¥, =—x,(p)i; + G(pluy; ¥, =-x,(p),

° p: F(p)=p| f(t)e™dt;

e computing reactance of direct axis:
2 2 3 2 2 2
(X gXed + XX —2x,,7)p" + (x4 Ry + %y R,)D .

x,(p)=x,—

b

(XX — X )P+ (x Ry + X Re)p+ Ry Ry
transfer function of direct axis:

G(p) — Rktzixadz'*' (xad X xadz )P :
(xfdxkd =X )P (xdekd + xRy )+ Rdekd
e computing reactance of quadrature axis:
X 2 p
ag

x =x, —
(P) =2, X, 0+ Ry

d: rotor angle of generator
r. stator resistance

Synchronous generators are nonlinear electromagnetic systems.
Therefore it is difficult to develop control models. In our system in
which the energy is provided by flywheel, the voltage and power-
distribution depend mainly on reactive power or excited power
supply. At the same time the stator resistance is small and negligible.
So here we suppose the following:
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e the load is only reactive power
e the stator resistance is zero

Then the next equations can be reduced:

dE,

1 X, =X X
q S E _7d : d l + ' ad u 3
dt ]‘:10 ! It'io ’ Tz’loRfd s ( )
dE" ' ' _ " _ '
dq 1 E +( ‘ )Eq _ (xd _ xd + xd : X4 )ld + "xad ufd
t I('io T:z'o Tc’ia ]-;10 T:io T:ioRfd

Conditions for two generators connected in parallel

U, =u, =u

i, +i,=1 4)

and definitions for the system output
u=1u,

K, =4 (5)

s o .

leads to the following state space equation:

(dE,, |
dt o
dE,, | [54e=4 0 -33e-3 53e-3] Eqs
2 | | 0 10e-3 49e-3 -49e-3 | By
dE., | |145¢-2 0 -45e-2 30e-2 |E, | +
a | L0 43e-2 20e-2 63e-2 ] p |
dE,,
L dt

[12e-5 0

0 6.0e-6 | s

+

1.2e-6 0 _uf4J

.0 6.0e-6

Q)
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Qm'

3

1

q4

K71 J0 0 -263 263 ]
u | |0 0 23105 37517

m:

g3

bd=

q4

3.2 Design of The Feedback Controller

The system behaviour of equation (6) is:

Eigenvalue Damping Freq. (rad/sec)
4.9602e-001  -1.0000e+000 4.9602¢-001
-1.3468e+000  1.0000e+000 1.3468e+000
-1.8602e+001  1.0000e+000 1.8602e+001

-4.7736e+001  1.0000e+000 4.7736e+001

There is one positive eigenvalue s=0.496. Obviously the system is not
stable, but this state equation has controllability and observability. We
can design the optimal control systems based on quadratic
performance indexes

J=[TE@0 - YO OI6(®) - YOt + [ u(t) Ru(t)dt
(7
According to the condition u(f) <u,,,, minimization of J, good root-

locus and fast response time , the weighting can be chosen between Q
and R by some iterations.

By Matlab [4] the optimum state feedback controller can be found.
At same the time, we consider the relation between state and output
variables and eliminate the coupling between the variables in using
integral control. The optimum controller parameters numerically
calculated by means of Matlab are [5]:

Kp= Ki=

-4.1286e+004 3.8763e+001 -1.20e+5 100 8)
2.5189¢+004 2.6890e+001 5.00e+7 15
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The resulting closed-loop system behavior is:

Eigenvalue Damping Freq. (rad/sec)
-1.1240e+000+ 2.2854e+0001 4.4135e-001 2.5468e+000
-1.1240e+000- 2.2854e+0001 4.4135e-001 2.5468e+000
-8.1126e+000+ 1.7681e+0011 4,1703e-001 1.9453e+001
-8.1126e+000- 1.7681e+001i 4.1703e-001 1.9453e+001
-1.3061e+001 1.0000e+000 1.3061e+001

-3.8911e+001 1.0000e+000 3.8911e+001

Its closed-loop time response (input step function) is shown in Fig. 5.

Input1 Output i Input 1 Output2
1.5 1
[} Q
© T 0 ~{¥/
2 1 - 2
= a
= g !
< o5 <
-2
0 -3
0 5 10 0 5 10
Time(secs) Time(secs)
Input 2 Output1 Input 2 Output2
0.04 1.5

A m plitude

A mplitude
o o
o o

o = m

il

5 10 0 5
Time(secs) Time(secs)

-0.01
h 0 10

Fig. 5 The closed-loop time response using feedback controller equation (8)
and a step function as input
(dashed: object value, line: real output)

The above results show that the coupling is eliminated and better
control is provided.

Only minor simplifying conditions were used in designing the
control model, so that there is only small difference between the
control model and the real generator system. In a small range the
feedback parameters were adjusted by Simplorer simulations [6] with
the nonlinear generator model. Thus the following optimum feedback
parameters can be found :
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Kp= Ki=
-4.1286e+004 3.8763e+001 -1.20e+5 100 )
2.5189e+004  2.6890e+001 1.00e+6 15

To avoid the oscillation during the rise time of generator voltage, the
integrator will not be used. The work block diagram of controller is
the following:

start

. . : . No
Excitation start signal ?

Yes <

voltage controller starts work
and integrator delay ~ 0.5s

power-distribution controller
starts work

lieff_load3-+ieff_load4| <
~150A ?

Yes

power-distribution controller
stops work

1

excitation stop signal or timer | No
signal ?

l Yes
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1

stop excitation

Fig.6 The controller block of the paralleled generators
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4. Derivation of a Load Model

For the dynamic behavior analysis of the generators, a suitable load
model must be developed. According to the feature of generator
power output, the model must satisfy the following conditions :

e Not only positive reactive and active power but also negative
reactive and active power can be expressed

e Fast and and high load changes can occur. It is desirable to model
oscillations of the electromagnetic system, but avoid numerical
oscillations during simulation.

Frequently time-varying inductors and resistors are used for load
models. But this can not express the negative power, it would produce
direct currents in the circuit, and it can produce errors in changing
frequency.  Therefore a source circuit and damping networks
consisting of resistors and inductors have been used. To avoid data
oscillation, a combination with constant inductance and time-varying
resistance has been employed , as shown in Fig.7.

Fig. 7 (a): Principle diagram of load model
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(1k1)Uab
(1-k1)Ubc
(1-k1)Uca
(1-k2)Uab
(1-k2)Ubc
(1-k2)Uca

R1 R2 R1 R2 Rl R2

L1 L2 L1 L2 Li L2 -

Fig. 7 (b): Load model network

The equations of the load model are :

(1= ku, —(L=k)u, = Riiy, = L s =0
(1= ky)u, = (1= ku,—Roby, — Ly d;zta =0
(U= Kt = (=, = Ry — L 2=
(1= Iy = (Yt = Ray = Ly 2= (10)
(1= k), —(1-k)u, = Ri,, = L, i _
dt
di,.

(1=ky)u, — (1= kyu, = Ry = L

This is a nonlinear equation system. Ly, L, , ¢ , ¢, are constant; ki,
ky R;, R, are time-varying factors. They change according to
frequency and input power:

21 fL,(Qcos@, — Psing, )
k, =1+ o T
30U sin(Q, —@,)singQ,
9] { NQ — Pgi i
-1+ (e, = Pine) an
3U" sin(@, — ¢,)sing,
R] =2njL10tg(p1
R, =2 fL,ctg®,
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From the above equations and factors the load model was built in
using the C-interface in Simplorer. The next curves are a comparison
between the original power load curve (Aug#11772) and the power
generated by the load model. They agree sufficiently to each other.

300.0M

-200.0M1

03.

3.000 3.500 4.000 5.000 5.350
P
D R1) 1 M —— /\J A L S / 125.0M
TP 001).{ [ USRS B —— | 1250M
; : : -2000M
3.000 3.500 4.000 5.000 5350

Fig.8 (a): Active input power and active output power of the load
P-- original active power (red) ; Po--- active power output from load model (gray)

3.000 3.500

5.000 5350

S00.0M Q
Qo
5311 | E—— e 125.0M
0 S
-100.0M : : -100.0M
3000 3.500 5.000 5350

Fig.8 (b): Reactive input power and reactive output power of the load

Q-- original reactive power (red);Qo-- reactive power output from load model (green)
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5. Behaviour Analysis and Results of the Paralleled Generator
System with Multi-variable Control

To check the control ability of the optimized controller, we simulate
its characteristics by means of the nonlinear generator models in

Simplorer.

5.1 Dynamic Behavior under Extreme Load Conditions

We use the oscillation load caused by feedback control for plasma
position ( AUG # 11772), and extend it to the rated power of the two-
generator-model. Thus the active power changes from positive to
negative value with a peak-to-peak value > 300MW. This represents
an extreme load condition , generally, the load curves of the generator

system will be less extreme than that.

3.000 3.500 4.000 4.500 5.000 5.350
350.0M ! P
111 e e A S 1%

U [ _“_ o
-200.0M -200.00M

3.000 3.500 4.000 4.500 5.000 5350

Fig. 9 (a): Load power of the parallel generators

P-- reactive power(red) , Q-- active power (grey)

3.000 3.500 4.000 4.500 5.000 5350

12.50k ueff_load
F SO [ o I SRS ST 7 50k )
500k ) %
o311 ] [S— — ) Y
1} ; u
3.000 3.500 4000 4500 5.000 5350

Fig. 9 (b): Busbar voltage of the generator
(ideal voltage is 10.5kV, deviation is less than 5%)
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3.000 3.500 4000 4.500 5.000 5.350
1000.0m K3n
KS
750.0m| -~ ¢ 1750 Om.
SO0 DLy e s e W.W,wlsgg_gm
250.0m -—-1250.0m
0 ] i : 0
3000 3.500 4.000 4.500 5.000 5350

Fig. 9(c): Power-distribution between the two generators
Ksn (red)---- ideal load distribution, Ks (blue)--- real load distribution in simulation

3.000 3.500 4000 4.500 5.000 5.350
1.5500k : : n EZ4
1 520K e 15250k
T 6 1) — Rt S S— .11 5000k
1 4750k]—~ - e ~-‘\\ . . ﬂ“ﬂmk
1.4500k - 14500k

3.000 3.500 4.000 4.500 5000 5350

Fig. 9(d): Rotational speed of generators EZ3 and EZ4

n_EZ3(grey)---- rotational speed of generator EZ3;
n_EZ4(blue)----rotational speed of generator EZ4

Using a step function of the rated power of the two-generator-model
(Pn=200MW , Qn=240MVA), and a rise time =0.1s, the result is as

shown in Fig. 10

2.800 3.000 3.250 3.500 3250 4000
25001 ; : ; P
/ Q
200.0M 200.0M
1500}5.,:1 et saeene st // . eres eresessessats emeeme eSSt SRS S RRES 440: S BHRROR R RO mImE R S 8448 PR 150.01\;1
if
100.0M L J— - | 100,084
50.0M - {s0.0m
0 ;[ ! 0
2.800 3.000 3250 3.500 3750 4000

Fig. 10(a). Sudden load step: Power load

P (black)--- active power; Q (red) ---- reactive power; the rising time is 0.1s
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2.800 3.000 3230 3.500 3.350 4.000

12,50k 1efY,_load
0 : 0
2,800 3000 3250 3.500 3750 4000
Fig. 10 (b): Busbar voltage of the paralleled generators
(the ideal voltage is 10.5 kV, the output voltage changes less than 5%)
2800 3.000 3250 3.500 3.750 4000
1000 0m f KSn
KS
LTI — - 750 O
N
SUDDm‘———-—-—i]'df - 1500 Ota
250 0ra w250 010
0 i , 0
2800 3.000 3250 3.500 3250 4000

Fig. 10 (c): Power-distribution between the two generators
(Ksn (red)---- ideal value; KS (blue)---- real output value of the generators in simulation)

2.300 3.000 3.250 3.500 3.250 4,000
1,600k ; n EZ4
n EZ3
1 S5O |ommmrm e {1550k
1.500k 1.500k
[0 E— =1 450k
1.400k " : 1.400k

22800 3.000 3250 3.500 3.750 4000

Fig. 10 (d): Rotational speed output of generators EZ3 and EZ4
(n_EZ3 (blue)---rotational speed of EZ3; n_EZA(red)---rotational speed of EZ4; they keep
consistent)
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5.3 Parametrical study : Variation of generator parameters

In practice, the generator parameters are often not completely
consistent with the design values or some parameters might be subject
to changes (busbar inductance, cable resistance....). Therefore a good

controller must have a robust characteristic.

5.3.1 Changing parameters of the generators

At first we increase the direct axis reactance of generator EZ3 by 24%
and check the performance of the controller under extreme load

conditions.
2000 3.500 4000 4,500 5.000 5350
350.0M :
250 084 | o /«:5

1250M

-200.0M

3000 3.500 4000 4500
Fig. 11 (a): Power load for the paralleled generators

P-- reactive power(red) , Q-- active power (grey)

-200.0M

2900 3.500 4.000 4.500 5.000 5400
12,50k ; i ] ueff load
7.50k SN I 1)
250k e S T 1] 3
1] ] ! i 0
2500 3.500 4.000 4,500 5.000 5.400

Fig. 11 (b): Busbar voltage of the paralleled generators
(ideal voltage is 10.5kV, deviation less than 5%)
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2500 3.500 4.000 4.500 5.000 5.400

12.50k 10k * KSn
: 10k*KS
1000k}~
750k U SR —————— S - . . S 1750k
Fﬂ“ ﬁf N = F oo
ol ? . z 0
2900 3.500 4000 4500 5.000 5.400

Fig. 11 (c): Power-distribution of paralleled generators (no obvious change)
Ksn (red)---- ideal load distribution, Ks (blue)--- real load distribution in simulation

The curves show that a change of that reactance shows no relevant
influence in the generator control.

5.3.2 Worst case parameters of paralleled generators

Worst case parameters were derived in assuming maximum realistic
tolerances of the orginal machine parameters and using the worst
combination of these value. The worst parameters of the generators are
shown in Table 2 .

Table 2. Worst case parameters of the flywheel generators EZ3 and EZ4

Flywheel generator EZ3 EZ4
Synchronous reactance, direct axis (unsaturated) 4.367 4.0348
Synchronous reactance, quadrature axis (unsaturated) | 2.9099 24148
Leakage inductance of stator winding 0.18578 0.11935
Leakage inductance of excited winding 0.70429 0.3038
Leakage inductance of damper winding 0.0584 0.13155
Staotr windding resistance 9.49x10” 6.955x107
Excited winding resistance 2.43%107 3.05x10”
Damper winding resistance, direct axis 8.81x10” 14.56x10”
Damper winding resistance, quadrature axis 18.924x107 31.96x10”

Note: The worst case parameters were derived from the original parameters as follows:
Ls=1.4Ls; Rs=1.3Rs; Ryq=2Ryq

The behaviour of the rotor angle versus frequency at paralleled
generators can be calculated by using torques with different
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frequencies in each simulation (sine function, amplitude lOSNm), as
shown in Table 3.

Table 3 Rotor angle calculated in using torques with different frequencies at

EZ3 ( sine function, amplitude 10°Nm)

torque rotor angle (Deg. )
frequence (HZ) orginal parameters modified parameters

EZ3 EZ4 EZ3 EZ4

0.007 9.43 5.25 9.62 5.49
0.01 9.60 5.62 9.79 5.66
0.015 9.98 5.66 9.98 5.66
0.02 9.79 5.66 9.98 5.85
0.03 9.62 5.25 10.20 5.66
0.045 9.26 5.66 10.42 5.65
0.05 9.26 5.66 10.52 5.98
0.072 8.91 5.66 11.31 6.57
0.08 8.88 5.98 11.55 6.69
0.085 8.71 5.98 11.96 6.92
0.09 8.70 6.05 13.04 7.28
0.1 8.59 6.05 12.49 8.19
0.15 7.24 5.62 14.69 9.97
0.18 5.98 5.06 12.69 9.07
0.2 5.56 4.83 10.69 7.43
0.25 3.90 3.42 5.67 4.10
0.3 2.85 2.73 3.62 2.89
0.5 1.11 0.99 1.14 0.96
1.0 0.37 0.37 0.39 0.31
2.0 0.20 0.20 0.20 0.20

From that behaviour, as shown in Fig. 12 , the resonant frequency is
0.18Hz. Worst case parameter results were used for illustration of the
natural frequency in Fig. 12 (a). A comparison with simulation results
using the original machine parameters is given in Fig. 12 (b) for EZ3
and 12 (c) for EZ4.

Angle/Torque

0,0001

0,00001

0,01

0,1
Frequence

Fig. 12 (a) Behaviour of EZ3 and EZ4: Rotor angle / input torque

(using the worst parameters of the generators)
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0,0001 =

0,00001

Angle/Torque

1 . ]
0,01 0,1 1
Frequency

Fig. 12 (b) Behaviour of EZ3 rotor angle / input torque ( using the

original parameters of the generators)

0,0001 p— — —y
- modified param eter //' \

original param eter \

0,00001

Angle/Torque

Il 1 1
0.01 0,1
Frequency

Fig. 12 (c) Behaviour of EZ4 rotor angle / input torque (using the
original parameters of the generators)

worst and

worst and

Simulation of extreme load case with worst machine parameters (see Table 2):

3.000 3.500 4.000 4.500 5000 5350

500.0M ; P4
(o2
25000 |- = ,m, .r""‘.‘\ <
M ™

511117 | [ B A— 1 1)
-500.00 ; i i -500.0M

3.000 3.500 4.000 4500 5000 5350

Fig. 13 (a): Power load for the paralleled generators
P-- reactive power(red) , Q-- active power (grey)

25



3000 3.500 4.000 4500 5000 5350
12,50k : neff EZ4
750k| 7.50k
2,50k |- ;; : : {250k
0 i 1 0
3.000 3.500 4.000 4.500 5000 5350
Fig. 13 (b): Busbar voltage of the paralleled generators
(ideal voltage is 10.5kV, deviation less than 5%)
3.000 2.500 4000 4500 5000 5350
1000 Ora ~ KSn
i i K3
Jal P
o VA e
QS0 Qe pooor SO IS SO——— Y 12
0 j. D
3.000 2.500 4000 4.500 5000 5350

Fig. 13 (¢): Power-distribution of paralleled generators
Ksn (green)---- ideal load distribution, Ks (red)--- real load distribution in simulation

(there is some change than using original generator parameters, but it is acceptable)

5.4 Circular current

In a paralleled generator system, the circular current can decrease the
power output of the system, in serious cases circular currents can
produce oscillations in the generator system and cause a tripping of
the protection system. A good controller must keep the circular current
zero. In practise that requirement means that the circular current must
be very small under two cases: load and no load, as shown in Figures
14 (a) and 14 (b).

In the case of no load, the two generators are paralleled at t=1.4s, the
system produces a circular current, but the system reaches quickly its
balance and keeps the current zero (shown in Fig. 14 (a)).

In the case of load, the two generators are paralleled at t=1.4s, the
system produces an ‘nitial circular current, but the circular current
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decreases to zero very quickly. Especially under load, there is

circular current (see Fig. 14 (b)).

0 500 10.00 15.00 2000 25.00 3000
12.50k Ieix
wefY, load
10.00k —{ "=
§ QO fefrmemremens . [T SO R — i —|S.00k
i} Jr\-a-.___ ; 0
0 500 1000 15.00 2000 2500 3000
Fig. 14 (a) Voltage and circular current at no-load
ueff_load (black)---- busbar voltage; Icir (blue)---- circular current
0 1250 2.500 3750 5350
2000k : : #ff_load
: : f} \ AN Icir
1500k S SR N S—— S O - \h/ . \_” lSUDk
10.00k| - e s :',,,M..., SR SOUUUN—— 3 s X 110,00k
L3110 1s.00k
0 o — \ o
0 1250 2.500 3.350 5350

no

Fig. 14 (b) load current and circular current at extreme load (as shown in Fig.13(2))

ieff_load (red)---- load current; Icir (blue)---- circular current; Icir is zero during load.

5.5 Operational region of the power factor in the paralleled

generator system

The active power is supplied by the flywheels of the generators, the
reactive power is controlled by the excitation of the two machines. A
defined reactive power is the necessary condition for the paralleled
generator system. In static operation of the paralleled generator

system, the condition can be derived by equation (12):

(12)
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or
-0.98<c0s0=<0.98 (13)

The behaviour of the generators in case of a high power factor is
shown in Figs. 15 (a) and (b).

2500 3.000 3250 3.500 3.750 4.000
250001 g
Q3
200.00
150.0M - ;, ,_:‘r SVENEERIR 2 . SO SRR | L. § 1) |
L _
100.0M | o ; e " S ; 100.0M
1} W ; 0
2900 3.000 3.250 3.500 3350 4.000

Fig.15 (a) Total load power ( power factor is 0.98)

P3---active power , Q3---reactive power

2500 3.000 3.250 3.500 3.750 4.000
12.50k : ! : 10k * KSn
i : ueff_Ioad
F 50K oo s et o s s s s o § SOK
e ;
500k ___‘(/V : S {5.00k
0 ' ; D
2500 3.000 3250 3.500 3750 4,000

Fig.15(b) Busbar voltage and power distribution of paralleled generators
ueff-load (black)--- voltage; Ksn (red)---- ideal load distribution, Ks (blue)--- real load

distribution in simulation

In case of dynamic loads, because of the quite different parameters of
the two generators, their dynamic rotor angle can not be kept in
accordance at all times. The dynamic behaviour depends on the
change rate of load and the generator parameters. This is being
considered in modifying the parameter ki, := k;,+10%. The dynamic
power factor range can be received from above equations:
cos ©<0.944
This result can be validated by simulations, as shown in Fig. 16.
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Fig. 16 (a) Total load power ( power factor is less than 0.94)

PO(grey)---active power , QO(green)---reactive power

10,000

1950 4.000 6.000 8.000
12,50k f

veff load

10.00k|

110,00k
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0

e LI 11). 1

1950 7000 000 30m
Fig.16 (b) Busbar voltage of paralleled generators

10.000

10.000

1.850 4.000 6.000 8.000
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<4750 Ora

¥

0

500 0m
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0
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Fig.16 (c) Power distribution of paralleled generators

10.000

Ksn (red)---- ideal load distribution, Ks (blue)--- real load distribution in simulation
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6. Conclusion

The paralleling of the two 10.5kV — 100Hz networks has distinct advantages for
the future development of ASDEX-Upgrade, if only by solving two major
problems:

e Optimisation of the power loading between the two generators, this function
being achieved by the voltage / power controller

e Optimisation of the energy loading between the two generators, by the fact
of having a single system frequency

The numerical simulations performed demonstrate that these problems can be
solved by the multi-variable controller presented in Chapter 3. In contrast to the
more conventional controller types that were investigated before (see Chap-
ter 1), one of the main advantages of the multi-variable controller is its
robustness against external disturbances (variation of machine parameters,
harmonics, EMC problems).

However, as any new system attempting to solve existing problems, the
implementation of a multi-variable controller in the existing generator control
system will introduce its own new problems. The purpose of the conceptual
studies in Chapter 5 and Appendix 2 was to provide a broad review of a range
of issues associated with such a project. It is by no means an extensive survey.

At this stage, the conclusion of the conceptual studies is that the project is a
viable proposition though difficulties are expected. Further progress requires
the intervention of Industry to prepare a detailed scheme so that the technical
realisation of paralleling the flywheel generators EZ3 and EZ4 can be prepared.
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Appendix 1. VC++ Source Program of Load model in C-interface of
Simplorer

J] =mmmmeeem Load Model Expressed by Triangle ----------=---=---
/finclude "stdafx.h"
#include <windows.h>
#include <assert.h>
#include <stdio.h>
#include <stdlib.h>
#include <string.h>
#include "Udmusr.h"
// CallBack function
LIBERRPROC pfuError;
LIBBACKPROC pfuCallBack;
// Default parameters
double L1=1.0e-3;
double 1L.2=1.0e-3;
double Pi=3.14159265359;
// Parameter set
typedef struct { EXTVAR un;
EXTVAR frequence;
EXTVAR pload; // Load P-power (if any)
EXTVAR qload; // Load Q (if any)
} PARAMETERS;
// DLL init function for example DC machine model
extern "C" UDMRET __ declspec( dllexport ) UDMInit( LIBERRPROC errProc,
LIBBACKPROC cbProc, UDMINFO *udminfo )

{
pfuError = errProc; // Error function
pfuCallBack = cbProc; // CallBack function
(**udmInfo)[0] = UDMOBIJTYPE_UDC; /I Object type: user-defined model
(*udmlInfo)[ 1] = sizeof( PARAMETERS); // Component parameters
(*udmInfo)[2] = 0; // unused for UDC's
return 0;

}

// DLL main function

extern "C" UDMRET _ declspec( dllexport ) UDMMain( UDMCALLFCT function,
UDMSPARA pstr, UDMLPARA pir, UDMLPARA por, UDMDATA hinstData, UDMDATA
hDefData )

{
char *pchi, *pch2;
char *pUDCVecl, *pUDCVec2,;
double Un,F,Pload,Qload;
double dIn[2], dOut[2];
double *pln = dIn, *pOut = dOut;
USHRT iCnt;
UDMRET iRet=0;
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UDCDATA *pUDCData;
PARAMETERS *datPar;
// Access object data
if( hInstData == (UDMDATA)0 )

return MSG_UDMINVARG;
if( hDefData == (UDMDATA)0 )

return MSG_UDMINVARG;
datPar = (PARAMETERS *)gLock( hInstData );
if( !datPar )

return MSG_GLOBLOCK;
pUDCData = (UDCDATA *)gLock( hDefData );
if( \pUDCData )

gUnlock( hinstData );
return MSG_GLOBLOCK;

}

// Function distributor
switch( function )
{
case UCF_DUMMY:
break;
case UCF_OPEN:
// Initialization with default values
memset( &(datPar->un), 0, sizeof(EXTVAR) );
memset( &(datPar->frequence), 0, sizeof(EXTVAR) );
memset( &(datPar->pload), 0, sizeof( EXTVAR) );
memset( &(datPar->qload), 0, sizeof(EXTVAR) );
// Processing the parameter string: character "," is separator
for (iCnt = 0, pchl = pstr; pchl; iCnt++)

{
if( (pch2 = strchr( pchl, ")) !I=NULL)
*pch2 = 0;
if( *pchl)
switch(iCnt)
{

case 0 : strepy( datPar->un.name, pchl ); break;

case 1 : strcpy( datPar->frequence.name, pchl ); break;
case 2 : strepy( datPar->pload.name, pchl ); break;
case 3 : strepy( datPar->qload.name, pchl ); break;

}
pchl = (pch2) ? pech2+1 : NULL;

// Determine system dimensions

pUDCData->states = 6;

pUDCData->entries = 36;

pUDCData->stores = 0;

// Error message if too much parameters have been specified

if( iCnt>4)

pfuError( WARN_ID, "Too much parameters in model definition!" );
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break;

case UCF_INITTALIZE:
// Resolving external frequence and load torque
if( *(datPar->un.name) )

{

if( pfuCallBack( UBF_IMPORT, datPar->un.name, (UDMLPARA)0, (UDMLPARA)pOut )
::())

{

datPar->un.v.flag = 1;

datPar->un.v.ind1 = (int)dOut[0];

datPar->un.v.ind2 = (int)dOut[ 1];

[/ R

if( *(datPar->frequence.name) )

{
if( pfuCallBack( UBF_IMPORT, datPar->frequence.name, (UDMLPARA)O,

(UDMLPARA)pOut ) ==0)

{

datPar->frequence.v.flag = 1;
datPar->frequence.v.ind1 = (int)dOut[0];
datPar->frequence.v.ind2 = (intydOut{1};

}

}
N*****

if( *(datPar->pload.name) )

{

if( pfuCallBack( UBF_IMPORT, datPar->pload.name, (UDMLPARA)O, (UDMLPARA)pOut
)==0)

{

datPar->pload.v.flag = 1;

datPar->pload.v.ind1 = (int)dOut[0];

datPar->pload.v.ind2 = (int)dOut[1];

}

¥

if( *(datPar->qload.name) )

ﬁ*****

{

if( pfuCallBack( UBF_IMPORT, datPar->qload.name, (UDMLPARA)O, (UDMLPARA)pOut
)y==0)

{

datPar->gload.v.flag = 1;

datPar->qload.v.indl = (int)dOut[0];

datPar->qload.v.ind2 = (int)dOut[1];

}

}

// Locking vector 2
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if( pUDCData->vector2 )

{
if( (pUDCVec2 = (char *)gLock( pUDCData->vector2 )) != NULL )
{

/] Determine sequence of Jacobian matrix entries

(UDCRow)[0] = 0; (UDCCoD)[0] = 3;
(UDCRow)[1] = 0; (UDCCoD[1]= 5;
(UDCRow)[2] = 0; (UDCCoD)[2] = 6;
(UDCRow)[3] = 0; (UDCCoD)[3] = 8;

(UDCRow)[4] = 1; (UDCCoD)[4] = 3;
(UDCRow)[5] = 1; (UDCCol)[5] = 4;
(UDCRow)[6] = 1; (UDCCoD)[6] = 6;
(UDCRow)[7] = 1; (UDCCoD[7] = 7;
(UDCRow)[8] = 2; (UDCCoD)[8] = 4;
(UDCRow)[9] = 2; (UDCCoD[9] = 5;
(UDCRow)[ 10] = 2; (UDCCoD[10] =7;
(UDCRow)[11] = 2; (UDCCol)[11] =8;

(UDCRow)[12] = 3; (UDCCol)[12] = 0;
(UDCRow)[13] = 3; (UDCCoD)[13] =1;
(UDCRow)[14] = 4; (UDCCol)[14] =1;

(UDCRow)[15] = 4; (UDCCol)[15]=2;

(UDCRow)[16] = 5; (UDCCol)[16] = 0;
(UDCRow)[17] = 5; (UDCCol)[17] = 2;
(UDCRow)[ 18] = 6; (UDCCol)[18] = 0;
(UDCRow)[19] = 6; (UDCCoD[19] = 1;

(UDCRow)[20] = 7; (UDCCoD)[20] = 1;
(UDCRow)[21] = 7; (UDCCol)[21] = 2;
(UDCRow)[22] = 8; (UDCCol)[22] = 0;
(UDCRow)[23] = 8; (UDCCol)[23] = 2;
(UDCRow)[24] = 3; (UDCCol)[24] = 3;
(UDCRow)[25] = 4; (UDCCol)[25] = 4;
(UDCRow)[26] = 5; (UDCCol)[26] = 5;
(UDCRow)[27] = 6; (UDCCol)[27] = 6;
(UDCRow)[28] = 7; (UDCCoD)[28] = 7;
(UDCRow)[29] = 8; (UDCCol)[29] = §;

(UDCRow)[30] = 3; (UDCCob)([30] = 3;
(UDCRow)[31] = 4; (UDCCoD)[31] = 4;
(UDCRow)[32] = 5; (UDCCoD)[32] = 5;
(UDCRow)[33] = 6; (UDCCol)[33] = 6;
(UDCRow)[34] = 7; (UDCCoD)[34] = 7;
(UDCRow)[35] = 8; (UDCCol)[35] = §;

// Setting differentiation flags
(UDCFlag)[30] FD_DT_OPERAT;
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(UDCFlag)[31] |=D_DT_OPERAT;
(UDCFlag)[32] |=D_DT_OPERAT;
(UDCFlag)[33] |=D_DT_OPERAT;
(UDCFlag)[34] |=D_DT_OPERAT;
(UDCFlag)[35] |=D_DT_OPERAT;

// Fill constant Jacobian matrix entries

(UDClJaco)[0] = 1.0;
(UDClJaco)[1] = -1.0;
(UDClJaco)[2] = 1.0;

(UDClJaco)[3] =-1.0;
(UDClJaco)[4] = -1.0;
(UDClJaco)[5] = 1.0;

(UDClJaco)[6] = -1.0;
(UDClJaco)[7] = 1.0;
(UDClJaco)[8] = -1.0;
(UDClJaco)[9] = 1.0;
(UDClJaco)[10] = -1.0;
(UDClJaco)[11]= 1.0

// Unlocking vector 2
gUnlock( pUDCData->vector2 );
// Error messages

}

else
iRet = MSG_GLOBLOCK;

}

else

iRet = MSG_UDMINVARG;
break;

case UCF_SIMULATE:

//* import noimal voltage

Un=0.0;

if( datPar->un.v.flag)

{

dIn[0] = (double)datPar->un.v.indl;
dIn[1] = (double)datPar->un.v.ind2;
iRet=pfuCallBack( UBF_GET, (UDMSPARA)0, (UDMLPARA)pIn, (UDMLPARA)pOut ),
if( liRet)

{

Un =datPar->un.v.value = dOut[0];

//**¥% import external frequence

F=0.0;
if( datPar->frequence.v.flag )

{
dIn[0] = (double)datPar->frequence.v.ind1;
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dIn[1] = (double)datPar->frequence.v.ind2;
iRet=pfuCallBack( UBF_GET, (UDMSPARA)O, (UDMLPARA)pIn, (UDMLPARA)pOut );
if( liRet)

F =datPar->frequence.v.value = dOut[0];

}
¥
// Tmporting external load power
Pload = 0.0;
if( datPar->pload.v.flag )
{

dIn[0] = (double)datPar->pload.v.ind1;dIn[1] = (double)datPar->pload.v.ind2;
iRet=pfuCallBack( UBF_GET, (UDMSPARA)0, (U DMLPARA)pIn, (UDMLPARA)pOut );
if( liRet)

{

Pload =datPar->pload.v.value = dOut[0];

//****

Qload = 0.0;
if( datPar->qload.v.flag)

dIn[0] = (double)datPar->qgload.v.ind1;
dIn[1] = (double)datPar->qgload.v.ind2;

iRet=pfuCallBack( UBF_GET, (UDMSPARA)0, (UDMLPARA)pIn, (UDMLPARA)pOut );
if( liRet )
{

load =datPar->gload.v.value = dOut[0];

' ®)

}

// Locking vectors
if( pUDCData->vector] && pUDCData->vector2 )

if( (pUDCVecl = (char *)gLock( pUDCData->vectorl )) != NULL && (pUDCVec2 = (char
#)gLock( pUDCData->vector2 )) != NULL )

// calcuate factor

double UU=0.0001+((double)datPar->un.v.value);
double FF=0.00001+((double)datPar->frequence.v.value);
double X1=2.0*Pi*fabs(FF)*L1;
double X2=2.0¥Pi*fabs(FF)*L2;
double R1=X1/sqrt(10.0); //*** set up factor about resistance and inductance
double R2=X2/sqrt(4.0);//**
double Dl=atan(X1/R1);
double D2=atan(X2/R2);
double P=((double)datPar->pload.v.value);
double Q=((double)datPar->gload.v.value);
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# "

double  P1=-(Q-P*tan(D2))/(tan(D2)-tan(D1));
double P2=(Q-P*tan(D1))/(tan(D2)-tan(D1));

double K1=1—P1*sqrt(R1*R1+Xl*Xl)/(3.0*UU*UU*cos(D1)); //** branch 1 factor
double K2=1-P2*Sqrt(R2*R2+X2*X2)/(3.0*UU*UU*COS(DZ)); // **branch 2 factor

// Fill (dynamic parts of) Jacobian matrix |

(UDCJaco)[24]=  -Rl; |

(UDClJaco)[25] = -R1; |
(UDCJaco)[26]=  -Rl; j*
(UDClJaco)[27] = -R2; ‘
(UDCJaco)[28] = -R2; \
(UDCJaco)[29]=  -R2; |
(UDCJaco)[12]=  1.0-Kl;

(UDCJaco)[13] = -(1.0-K1);
(UDClJaco)[14] = 1.0-K1;
(UDCJaco)[15]=  -(1.0-K1);
(UDCJaco)[16] = -(1.0-K1);
(UDCJaco)[17] = (1.0-K1);
(UDCJaco)[18]=  (1.0-K2);
(UDCJaco)[19] = -(1.0-K2);
(UDClJaco)[20] = (1.0-K2);
(UDCJaco)[21]=  -(1.0-K2);
(UDCJaco)[22] = -(1.0-K2);
(UDCJaco)[23] = (1.0-K2);
(UDCJaco)[30]=  -L1*ISI_DHB;

(UDCJaco)[31]=  -L1*ISL_DHB;
(UDCJaco)[32]=  -L1*ISL_DHB;
(UDCJaco)[33] =  -L2*ISL_DHB;
(UDCJaco)[34]=  -L2*ISL_DHB;
(UDCJaco)[35]=  -L2*ISI_DHB;

// Fill right side vector
(UDCDrs)[0] = 0.0;
(UDCDrs)[1] = 0.0;
(UDCDrs)[2] = 0.0;
(UDCDrs)[3] = 0.0;
(UDCDrs)[4] = 0.0;
(UDCDrs)[5] = 0.0;
(UDCDrs)[6] = 0.0;
(UDCDrs)[7] = 0.0;
(UDCDrs)[8] = 0.0;
// Unlocking vectors

gUnlock( pUDCData->vector2 ); gUnlock( pUDCData->vectorl );

// Error messages |

}
else |
iRet = MSG_GLOBLOCK; ‘
}
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else

iRet = MSG_UDMINVARG;

break;

case UCF_VALIDATE:

break;

case UCF_EXPORT:

// Providing the indexes of the exported quantities (formal)
iCnt = 0;

if( Istremp( strupr( pstr ), "U" ) ) iCnt = 1; // voltage

if( !stremp( strupr( pstr ), "I") ) iCnt = 2; // current

OEX_INDEX = (double)iCnt;
break;

case UCF_PUT:

// Locking vector 1

if( pUDCData->vectorl )

{
if( (pUDCVecl = (char *)gLock( pUDCData->vectorl )) != NULL )

// Providing the present values of the exported quantities (actual)
iCnt = (int)[PU_INDEX; OPU_VALUE = 0.0;
switch( iCnt)

{

case 1: OPU_VALUE = (UDCDu )[0] - *(UDCDu+3); break;
case 2: OPU_VALUE = (UDCDu )[4] ; break;

}

// Unlocking vector 1

gUnlock( pUDCData->vectorl );
// Error messages

if(iCnt<1 || iCnt>2)

iRet = MSG_UDMCORRUPT;

}

else
iRet = MSG_GLOBLOCK;

}

else
iRet = MSG_UDMINVARG;
break;
case UCF_CLOSE:
break;
}
// Release object data and return result
gUnlock( hDefData ); gUnlock( hInstData );

return iRet;

1
s

Nodelnfo gNodelnfo;
extern "C" long __declspec( dllexport ) GetVersionNumber( void )
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{
}

// Informationen iiber das Modell an die grafische Oberfliche
extern "C" __declspec( dllexport ) Nodelnfo *ListNodeInfo( long lIndex )

{

return _UDX_VERSION_;

switch( [Index )
{
i
// AUSGABEN
/" case 0: strepy(gNodeInfo.m_Name, "U" ); / voltage
/ gNodelnfo.m_Type = Output;
I break;
/! case 1: strcpy(gNodelnfo.m_Name, "I" ); // current
I gNodelnfo.m_Type = Output;
// break;
// PARAMETER

case 0: strecpy(gNodeInfo.m_Name, "Un" );
gNodelnfo.m_Type = Parameter;
break;

case 1: strcpy(gNodelnfo.m_Name, "Frequence" );
gNodelnfo.m_Type = Parameter;
break;

case 2:strcpy(gNodelnfo.m_Name, "Pload" );
gNodelnfo.m_Type = Parameter;
break;
case 3:strepy(gNodelnfo.m_Name, "Qload" );
gNodelnfo.m_Type = Parameter;
break;
i
// ELECTRICAL NODES
case 4:strcpy(gNodelnfo.m_Name, "K1");
gNodelnfo.m_Type = ConnectCircuit;
break;
case 5:strepy(gNodelnfo.m_Name, "K2" );
gNodelnfo.m_Type = ConnectCircuit;
break;
case 6:strepy(gNodelnfo.m_Name, "K3" );
gNodelnfo.m_Type = ConnectCircuit;
break;
default:

return NULL;
1
3

return &gNodelnfo;



Appendix 2. Summary of Simulation Results

Overview on the summary of simulation results:

1. Simulation results for parallel connected generators with PI/PD controller

2. Short circuit simulations

3. Reactive power compensation

4. Simulations applying filters of different time constants in the signal
measurements

5. Dynamic behaviour of the generators during parallel connection

6. Parametrical studies performed for varying machine parmeters

7. Dynamic response on step load and simulation of the current in the

paralleling switch
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1. Simulation results for parallel connected generators with PI/PD
controller

(1) Ideal parameter of the generators and no disturbance in the measurement

EZ3 EZ4
. \
|
\
1|
Load
Load power

2950 3.500 4.000 4,500 5.000 5.500
500011 Fb !
Ch |
250 00T [ !
0 0 |
|
-250.00 1250010 }
-500.0M f ~ 500 00 |
2950 3.500 4000 4500 5000 5.500 !
|
|

Bus voltage
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i \
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250k o o : : 2.50k !
0 0 |
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Power distribution
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1000 Ora

500.0m

0
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500k |-+ TN 7 --|5.00k
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(2) Ideal parameter of the generators and 10pH inductance in series on EZ3 side

EZ3 EZ4

10pH
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Load power
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500.00] b
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25000 B 350004

-500.001 -500 .0
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Bus voltage
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3. 3.5% disturbance signal in measurement

Power
2950 3.500 4.000 4500 5000 5.500
500011 : P
g
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0= 0
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2. Short circuit simulations

(1) Short circuit (normal generator parameters and no inverse excitation)

EZ3 A phase short current
3.250 3.333 3.500 3.667 3.833 4.000
100.00k t ' ‘ PV L

SO.00K | gt bt e S e ] S0.00k
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(2) Short circuit with wo

a. Three phase short

Voltage and current

rst parameters of generators
(EZ3 and EZ4 Rkq*2,Rs*2, Ls*1.4)
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b. B phase short

B phase current of EZ3

2000 3000 3250 3500 350 4000
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(3) . Short circuit simulation at different frequencies

(a) Short circuit current calculation near load side, f=85HZ

EZ3 EZ4
10uH 10uH
O =T O

loadl load2




(al) three phase short

A phase current sum in three phase short and £=85HZ
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C phase current sum in three phase short and f=85HZ
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B phase current on EZ3 side in three phase short and f=85HZ
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A phase current on EZ4 side in three phase short and =85HZ
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C phase current on EZ4 side in three phase short and f=85HZ
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A phase voltage in two phase short and f=85HZ
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5.000k i S— Ly 11} 3
of
I 11)Y — — Yy 1Y
-10.000k , 10,000k
5000 6250 7500 3750 10.000
A phase voltage in two phase short and f=85HZ---expand
5.0000 50200 50400 50600 5.0800 5.1000
10.000k - YH_EZ3 2
5000k \ i . T - . {5000k
& AN a 2 N A
% : Y ? 5, \ ‘{ Y 7o
0 ‘i / \\ ;f Y {é’ \1\ (i( x\ ,/ LY e/ 1'») ){ S // "ﬁ\ AT
I ¢ ) Yo kY \/
VvV \/ \V V V V V V
_5’0001{} . . . — _5.000k
-10.000k : 10,000k
50000 50200 50400 50600 5.0200 5.1000
C phase voltage in two phase short and f=85HZ
5.000 6.250 7.500 3.750 10.000
YM_EZ3_c

10.000k

5000k

-5.000k L5 000k
-10.000k ~ : 10,000k
5.000 6.250 7.500 8750 10.000

C phase voltage in two phase short and f=85HZ---expand
5.0000 50200 5.0400 5.0600 5.0800 5.1000
10.000k ‘ YM_EZ3 ¢
5000k \ //\l\ '\\, . /\ 15000k
\ / AW \
_5.000k} . / . &I - | / . \\f’ . N5 000k
v \ W \J
-10.000k 10000k
5.0000 50200 5.0400 50600 5.0800 5.1000

13



A phase current on EZ3 side in two phase short and

f=85HZ
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(b) Short circuit current calculation near load side, f=110HZ

(b1) three phase short

A phase current sum in three phase short and f=110HZ
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C phase current sum in three phase short and £=110HZ
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B phase current of EZ3 side in three phase short and f=110HZ
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A phase current of EZ4 side in three phase short and =1 10HZ
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C phase current on EZ4 side in three phase short and f=110HZ
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A phase voltage in two phase short and f=110HZ
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A phase current on EZ3 side in two phase short and f=110HZ
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125k

S0k

0

-50k

skl

7.500

8.750

5000

6.250 7.500 8750 10.000
A phase current on EZ4 side in two phase short and f=110HZ---expand
50000 5.0200 5.0400 5.0600 5.0800 5.1000
AN \ /\ /\ /\ /\
Y 'RY YAYAY
-125k N -125k
50000 50200 50400 5.0600

5.0800

5.1000



3. Reactive power compensation

(1) Short circuit simulation
EZ3

AMa_EZ3 AMa_3

O—T1 O %/

AMa_com

4 modules

=

Result: maxium peak current 71KA,
maxium steady current 43KA (nominal current)

Three phase short circuit current AMa_3

noload)
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the current in one module (two units) , short angle=0 (voltage), at this time the
generator short current is maxium. short time=3.965s
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Current in one module (two units), short angle=90 (voltage), then the generator short current
is not maxium, short time=3.980

24
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4. Simulations applying filters of different time constant in the signal

measurements
Load power
2.950 3.500 4.000 4.500 5.000 5.500
500001 o
03
250011
0 =10
S2500mI - SR—— 1)1
-500.011 -500.0M
2.950 3.500 4.000 4.500 5.000 5.500
(1) Filter T=0
Voltage and current
2950 3.500 4.000 4.500 5.000 5.500
12.50k ! 10k * ...
10.00k ueff j 10k * K
500k 5.00k
P I 1] 423 50k
0 _ : . ! 0
2950 3.500 4.000 4.500 5.000 5.500
Measurement signal of voltage
2950 3.500 4.000 4.500 5.000 5.500
20.00k : ‘ : f VMDC...
15.00k 15.00k
10.00k - -110.00k
5.00k R —— 11 Y
0 ; 0
2.950 3.500 4.000 4.500 5.000 5.500
3.500 3.525 3.550 3.575 3.600
16.00k ' VMDC...
15.00k 1500k
14,00k H +114.00k
13.00k; 413.00k
12.00k v , 12.00k
3.500 3.525 3.550 3.575 3600

26




(2) Filter T=2ms
Voltage and power distribution
2830 3.500 4.000 4.500 5.000 5.500
12.50k . ueff EZ4
ueff » j Dk*KS
750k -+ KS‘\ ..... 7 50k
N it e e
5,00k [ , . Nsnnk
0 - : ; 0
2.950 3.500 4,000 4,500 5000 5.500
Measurement signal of voltage
2950 3.500 4,000 4.500 5.000 5.500
20.00k ) | YMDC...
ISUDk e S AP AN O 8 IS TSSO - T ISDDk
0 | | ; 0
2950 3.500 4.000 4.500 5000 5.500
3.500 3.525 3.550 3.575 3.600
14,500k ' ! VMDC...
VAV AVAWEAMAMAMAAAN
14.000k : : s S R 14.000k
13.750k ~113.750k
13.500k 13.500k
3.500 3525 3.550 3.575 3600
(3) filter t=Sms
Voltage and power distribution
2.950 3.500 4.000 4.500 5000 5.500
12.50k : ; wff EZ3
ot e ; e 10k
10.00k ueff 10k * KS
; KSn
750k e \ ............ 7 50k
e R
5,00k [t —e — 500k
. KS
zsnk . _ .................................................... zsnk
0 i : i 0
2930 3.500 4.000 4.500 5.000 5.500
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Measurement signal of voltage

2950 3.500 4.000 4.500 5.000 5.500
2000k YMDC...
1500k
10.00k 10.00k
500k -3 00k
0 D
2950 3.500 4,000 4.500 5.000 5.500
3.500 3.525 3.550 3575 3.600
14.500k VRIDC...
14250k ] 14250k
AR A PAAVAAAAAAANA
14,000k : - : : : 14.000k
137750k ’ : ‘ 13.750k
13.500k ' 13.500k

3.500 3.535 3.550 3575 3.600



5. The dynamic behaviour of generators during parallel connection

(1) Voltage ueff_EZ3=ueff_EZ4=10.5kV; n3=1505/min, n4=1500/min

(a) Angle difference=25.2 °, t=1.3251s n3=1505, n4=1500

1.300 1.500 1.667 1.833 2.000
20.00k ieff EZ3
1500k} 15.00k
500k --15.00k
_J—'_‘_—'—‘_|—1—_‘_‘___‘_‘_‘—
oL_| T : 0
1.300 1.500 1 667 1.833 2000
(b) Phase angle difference=15.84° between EZ3 and EZ4 , t=1.377
1.300 1.500 1 667 1.833 2000
10.000k ieff EZ3
7.500k | | 7.500k
5.000k| 5000k
2500k} \W(m_ 2500k
0 - f 0
1.300 1.500 1.667 1.833 2.000
(c) Phase angle difference=10.8°, t=1.41s
1.300 1.500 1.667 1833 2.000
10000k} i iff EZ3
7.500k|- -7.500k
5000k} ] 5.000k
2 5001{ RO OU—— S— 2 5UUk
a 0
1.300 1.500 1667 1.833 2.000
(d) Phase angle difference =7.2 °, t=1.43
1.300 1.500 1.667 1.833 2.000
5000k ieff EZ3
3350k}~ 3.150k
1350k ~11.250k
0 ]

1.300 1.500 1.667 1.833

2.000



(e) Phase angle difference =4.68 ° , t=1.4447s

1.300 1.500 1 667 1833 2000 »
5.000k 1eff_EZ3
3750k 3750k
2.500k 2.500k
1.250k -1 250k
0 0
1.300 1.500 1667 1833 2000
(2) Phase angle difference=0, n3=1505/min, n4=1500 /min
(a) ueff_EZ3=11kV, ueff_EZ4=10.5kV
Generator current
1.300 1.500 1.667 1.833 2.000
12.50k ieff EZ3
1000k |- 1000k
750k 7.50k
5.00k 5.00k
2,50k W«r/_\_, 250k
0 f 0
1.300 1.500 1.667 1.833 2.000
Voltage
1.300 1.500 1.667 1.833 2.000
12,50k ueff EZ3
10,00k P usff_ EZ4
7.50k \ \ 7.50k
uveff EZ3 ueff E74
5.00k --15.00Kk
2.50k 2.50k
0 8]
1.300 1.500 1.667 1.833 2.000
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(b) ueff_EZ3=ueff EZ4=10.5kV

Generator current

1.300 1.500 1.667 1833 2000
2.000k : ieff EZ3
1.500k 1.500k
1000k} 1000k
0.500k! - e ~10.500k
] N
1.300 1.500 1.667 1.833 2.000
Voltage
1.300 1.500 1.667 1.833 2.000
12.50k weff EZ3
1000k — — wefl EZ4
TS0k SO RS SS WSRO 3\
500k| - - e - ; S 00k
0 { 0
1.300 1.500 1.667 1.833 2.000
(3) Voltage ueff EZ3=ueff EZ4=10.5kV, phase angle difference=0,
(a) n3=1480/min, n4=1500/min, t=1.206s
Generator current
1.200 1.400 1600 1.800 2000
5000k ieff EZ3
3750k ~13.750k
2500k 2.500k
1250k 1.250K
{ 0
1.200 1.400 1.600 1.800 2.000
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Voltage
1.200 1.400 1.600 1.800 2.000
12350k ueff EZ3
weff EZ4
10,00k - e
7.50k -{7.50k
500k {300k
2.50k 2.50k
0 0
1.200 1.400 1.600 1.800 2000
(b) n3=1450/min, n4=1500/min
Generator current
1.300 1.500 1.667 1333 2.000
20.00k ff EZ3
15.00k 115 00k
10.00k 1000k
500k 15,00k
0 | o
1.300 1.500 1.657 1.833 2.000
Voltage
1.300 1.500 1667 1.833 2.000
20.00k ueff EZ3
ueff EZ4
1500k
10.00k =110 00k
5.00k 5.00k
n N
1.300 1.500 1.667 1.833 2.000
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Rotational speed

1 300 1500 1667 1833 2.000
1 600k , n EZ4
1.500k ‘\ »»»»»» —— e B B2
1250k S — - S 1 250k
1125k - S 1125
1onok| 1 000k
1300 1500 1667 1833 2.000

(4) Generators Connect on voltage 9kV

(a) Phase angle difference=25.2 °, t=1.3251s n3=1505, n4=1500

Current
1300 1.500 1.667 1833 200
000k ieff EZ4
1500k} . . S R 15,00k
T — S e . 1000k
711 A — OO S - o e 500k
0 (\f\mﬂ” , i
1300 1.500 1667 1833 2000
Voltage
1300 1500 1667 1333 2000
10000k weff FZ4
7500k . . . e . . 7500k
5000k} : : 5000k
2500kt . - . B - - . — e B ——TEIN Y
0 ; 0
1300 1.500 1667 1833 2000

33



(b) Phase angle difference=15.84° between EZ3 and EZ4 , t=1.377

C urrent
1.300 1500 1661 1833 200 .
10,000k 5 uff EZ4
7 500k} 7500k -
5000k 5000k
2,500k I . 2 500k
L M ﬂ
1300 1500 1667 1833 2000
Voltage
1.300 1500 1667 1833 2000
10000k ] wif EZ4
1300k 17,500k
5000k 5,000k
2500}~ 2.500k
0 0
1300 1.500 1667 1833 2000
(3) Phase angle difference=10.8°, t=1.41s
Current
1300 1500 1667 1833 2000
20.00k] ieff EZ4
1500k 15,00k
10,00k 10.00k
500k 5,00k
0 : : i I
1300 1500 1667 183 2000
Voltage
1.300 1500 1.667 1.833 2.000
10,000k wfl EZ4
7500k} 7.500k
5.000k ---15.000k
2500k 12 500k
1] 0
1.300 1500 1.667 1833 2.000
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(4) Phase angle difference =7.2 °, t=1.43

Current
1300 1.500 1667 1833 2000
5000k ; ieff E74
3750k : e [ IS 3750k
1) | R U 0500k 1i
1.250k 1.250k |
0 i ;
1300 1500 1667 1833 2000 |
Voltage
1300 1500 1667 1833 2000
10000k , : wff BZ4
11 E—— 7 500k
2500k : e S 2.500k |
0 ; 0
1300 1500 1667 1833 2000

(5) Phase angle difference =4.68 ° , t=1.4447s

1
|
|
|
%
Current i
|
\
|
|
|
|

1300 1500 1667 1833 2000
2500k ff E24
2000k o . O — 0000k
1500k | - 1500k
1000k 1 000k |
|
0.500] -~ . e e e 500k :
0 i |
130 1500 1667 1833 2000
Voltage
1300 1500 1667 1833 2000
10000k wff E74
10K — 7,500k
5000k : : : : 5,000k
2500k - .50k
0 i .
1300 1500 1667 153 200
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(6) n3=1480/min, n4=1500/min, t=1.206s

Current
1.200 1.400 1.600 1.800 2000
5.000k ieff EZ4
01 P 43750k
L1 I 1 500k
1.250k -] 250k
0 0
1.200 1400 1.600 1.800 2000
Voltage
1200 140 1600 1800 2000
10.000k wff E24
7.500k 7500k
(7011 M— _ - J5 000k
2500k 2500k
0 0
1200 1400 1600 1800 2000
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6. Parametrical studies performed for varying machine parameters

Note: (1) The torque is applied at EZ3, the next torque print-curve is its electromagnetic output, so

the frequency is 4 times higher than its mechanical frequency.
(2) The stator current is apparent , so it is positive all time.

(1) Normal parameters

(a) f= 0.065Hz (mechanical), torque = 8e+5SNm

Torque (=.065Hz)
0 5.00 10.00 15.00 20,00
1.500M ; ; M_EZ3
0.500M | - 0.500M
0 0
-0.500M | ~-1-0.500M
-1.500M ﬁ . -1.500M
0 500 10.00 15.00 2000
Current and voltage (f=0.065Hz)
0 500 10.00 15.00 20.00
1250k , aeff neff load
. r | ue ieff EZ4
7.50k B S : : : - : 7 50k
i ieff i
2.50k \ ' / 2.50k
: VoV Vi
0 500 10.00 15.00 20.00

Angle (f=0.065Hz)

0 5.00 10 00 15.00 20.00
100.00 del_EZ3 ( el FEA
(S ! ;
~ delLEZ4 deL EZ3

A A An / o \ Ve \
\/ \//\/ ..... AN

-10000 ' i ‘ 100,00
0 500 10.00 1500 2000

[=)

37



(b) f=0.02Hz (mechanical) , torque = 8e+5Nm

Torque

5.00 6.67 10.00 13.33 16.67 20.00
1.500M M_EZ3
1.0000d . [ 1.000M
0.500M 0.5000M

0 0

-0.5001v -0.500M
-1.000II ~{-1 000M
-1.500M -1.5000

500 667 10.00 13.33 16.67 20.00

Voltage and current
5.00 6.67 10.00 1333 16.67 20.00
12.50k eff EZ4
ueff load
10.00k
. ueff
7.50k : i - 7.50k
ieff
250k k- 2.50k
0 i i ! i 0
5.00 6.67 10.00 1333 16.67 20.00

Rotor angles
5.00 6.67 10.00 13.33 16.67 20.00

del_EZ3

100.00
del_EZ4

50.00%-

P
...ar""—‘_.—‘ T

0 y & ,
/ Tl 7 /\”\
.50.00 T : 50.00

-100.00 -100.00
500 6.67 10.00 1333 16.67 20.00
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(c) f=0.05Hz, torque = 8e+5Nm

Torque £=0.05 Hz (mechanical)

5.000 6.250 7.500 8.750 10.000
1.500M : M_EZ3
1.0001 -1 .000I
DSUUM ________ . . - e e . USDUI\;I
0 L
0500M| - 0.500M
i :
11001, U S _1.000M i
-1.500M » ; -1.5000
5.000 6.250 7.500 8.750 10.000 ;
|
Voltage and current f=0.05 Hz (mechanical)
5.000 6.250 1.500 8.750 10.000
12.50k ; ieff EZ4
weff load
ueff ,
T SO o [ 7 50k
ieff
5.00k{- : 5.00k
250Kk} 2.50k
[t} { 0
5.000 6.250 7.500 8.750 10.000
. :
Rotor angle £=0.05 Hz (mechanical) {
5.000 6.250 7.500 8.750 10.000 |
100.00 2 ’ del EZ4 ;
_ A
del_EZ4 ceL EZ3
0
-50.00 —1-50.00
-100.00 ! : -100.00
5.000 6.250 7.500 8.750 10.000 |
|
]
]
(d) f=0.2Hz, torque = 8e+5Nm
Torque
5.000 5.500 6.000 6.500 7.000 !
1.500M : , M_EZ3 |
05000 o e 10,5000
0 0 |
-0.500M -3_0.5000 |
-1.000NT | -1.000MM
-1.500n1 -1.500M |
5.000 5.500 6.000 6.500 7.000

39



Voltage and current

5.000 53500 6.000 6.500 7.000
12.50k ieff EZ4
ueff_load
10.00k =
ueff

5.00k

5.00k /

2.50k|- / 2,50k
0 0
5.000 5500 6.000 6.500 7000
Rotor angles
5.000 5.500 6.000 6.500 7.000
10000 3 274
del EZ3
50.00 del EZ4 50.00

T,

"*\_\

.50.00

-50.00

-100.00 -100.00
5.000 5.500 6.000 6.500 7.000

(e) £=0.1hz (mechanical), torque = 8e+5N.m

Torque applied in EZ3 ( electrical frequence 0.4hz corresponds to in mechanical frequence 0.1hz)

5000 6.250 7.500 8.750 10.000
1.500M ; M_EZ3

0.500M /_\ .S00M
: AN / AN

-1.000M R -1.000M
-1.500M -1.500Iv
5.000 6.250 7.500 8.750 10.000
Voltage and current , £=0.1hz
5.000 6.250 7.500 8.750 10.000
12.50k ieff EZ4
ueff load
10.00k
ueff
7.50k . F— R JR— )| Y
500k - 500k
250k o250k
0 0

5.000 6250 7.500 2,750
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&

Rotor angle of EZ3 and EZ4
5000 6.250 7.500 8.750 10.000 .

100.00

del_EZ4 del_EZ3 dl EZ3

50.00 50.00
0 0
L5000 o —1-50.00
-100.00 ; 100,00
5000 6.250 7.500 8.750 10.000
(f) £=0.5hz (mechanical), torque = 8e+5SN.m
Torque applied in EZ3 , £=0.5hz (mechanical )
5.000 6.250 7.500 8.750 10.000
1.500M . M_EZ3
Loooml B 1.000M

nmvvvvvvvvvvm

-1.0001d |~ -1.000M
-1.5000 -1.500M
5.000 6.250 ?.SDD 8.750 10.000

o

Voltage and current , £=0.5

5.000 6.250 7.500 §.750 10.000
12,50k 5 iff EZ4
: ueff load
1000k |~ ’ o B
ueff .
750k U U B SR 7.50k
SO0k} - e - .  S— S.00k
. deff
250k 12.50k
ATAYATATATATATATATATATATAYAYAVAYAVATAY.
5.000 7.500 8.750 10.000

Rotor angle, torque f=0.5hz

5.000 6250 7.500 2750 10,000
30.00 el B2
del_FZ3
2500 S B . . S 12500

AVAVAVAVAVAVAVAVAVAIAVAVAVAIANAVAVAV VAN

0
WAV ANEANVANVA VANV ANV ANV AN AN ANV A AN AN AW ANV A
-2500{ : : , e -25.00
-50.00 | -50.00
5.000 6250 7.500 8.750 10.000
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(g) =1.0hz (mechanical), torque = 8e+5N.m

Torque £=1.0hz(mechanical)
5000 5250 5.500 5.750 6.000

1.500M W_EZ3
N / !
0.500M \/ \/ \ \/ SR— v—— 031
-1.000M - -1 0000
-1.500M . -1.5000
5.000 5250 5.500 5.150 6.000
Voltage and current in f=1.0hz(mechanical)
5.000 3.250 5.500 5.750 6.000
12.50k z ioff EZ4
ueff_load
1DUDk —————————— -
ueff i
7.50k ] b 7 50k
5.00k 5.00k
250k - deff 2.50k

5.000 5.250 5.500 5.150 6.000

Rotor angle, f=1.0hz(mechanical)

5.000 5.250 5.500 5.750 6.000
10000 » 21 B74
dsl EZ3
5.000 . / del_EZ3 ~del_EZ4 = - Is000
é -
o P M«,‘ /"’“\; fw‘u‘\\ /’\ P ,,,WN& /—‘\f,,.- e )
. W \\w@ﬁ g \.___// N MJ‘\\_‘/’ S v
-5.000 - g -5.000
-10.000 -10.000
5.000 5250 5.500 5.750 6.000
(h) £=2.0hz (mechanical), torque = 8e+5N.m
Torque applied in EZ3
5.000 5.250 5.500 5.750 6.000
1.500M M_EZ3
1.000M e : : - 1.000I
a |
{
-0.500M SR R S . B S A _0.5000
-1.000M PR —— 11\ {
-1.500M ] -1.500M
5.000 5250 5.500 5.750 6.000
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Voltage, current

5000 5250 5.500 5.750 6.000
12,50k : 10% efF ..
: : ueff load
10,00k |~ i i g
ueff :
7.50k : : .50k
| S ; : S.00k
5.00k ioff ’
250k [N ;/\/\ /\ /\/f\ /\//'\' /\\/\/\ fﬁ AN 50
/ / VV VIV
a v v / \f ] : 0
5000 5250 5.500 5350 6.000
Rotor angle of EZ3and EZ4
5.000 5250 5.500 5130 6.000
5.000 1 BE4
: del EZ3

/del_EZ3 /del_EZ4 : 2.500

a i, N A — J’-.\ - A ,mﬁf_\ B i e e N AM&M&,@ 0
SR, ST S, S Tl S e T

2500 e b e e R 2,500

-5.000 : j . .5.000
5000 5250 5.500 5750 6.000

(i) =4.0hz (mechanical), torque = 8e+5N.m

Torque

5.000 5.500 6.000 6.500 7.000
1.50000 i !

o T e
=TT

e
—
——

—

——

-1.000M -1.0001
-1.500M : : -1.5001
5.000 5.500 6.000 6.500 7.000
Voltage and current of bus
5.000 5.500 6.000 6.500 7.000
12.50k 20* eff ..
i ueff’_load
ueff :
?.501{ - S ,_.u..._... et ?.50k
5.00k . . . i S . S 00k
2,50k W\ﬁ R eff - Y
o Y A A AW A AWV
5.000 5.500 6.000 6.500 7.000




Rotor angle of EZ3 and EZ4

5.000 5.500 6.000 6.500 7.000 -
1000 O ‘ el B74
del EZ3

ETu s Y R —— ~del EZ3 ;CI_EZA O —— 500 0

-500.0m - : - 500 .0m

-1000.0m -1000.0m
5000 5.500 6.000 6.500 7.000

(j) £=0.01Hz, T=1.0e+4N.m

Torque (£=0.01hz)
400 10.00 15.00 20.00 25.00 30.00 35.00
2000k mw_EZ3
10.00k 10.00k
0 0
-10.00k --10.00k
-2000k| -20.00k
400 10.00 1500 2000 2500 30.00 3500
Angle (f=0.01hz)
400 10.00 15.00 20.00 25.00 30.00 35.00
saf Ze} E73
333 e del_EZ4 S— ) () 2VAC R AU — del EZ3
— 0
333 e SI— Y
667 . . . . . . N F———— O |
1019 A ' L10.19
4.00 10.00 15.00 20.00 25.00 30.00 35.00
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Voltage and current (f=0.01hz)

400 10.00 1500 20.00 2500 30.00 35.00
12,50k P
S0* ieff ..
10.00k |~ I
ueff

5.00%|-% - -|3.00k

250k 2.50k

0

400 10.00 15.00 20.00 2500 30.00 35.00

(k) £=0.02Hz , T=1.0e+4N.m
Torque (£=0.02Hz)

4.00 6.67 10.00 1333 16.67 20.00
20.00k mw _EZ3

10.00k

-10.00k ~110.00k
-20.00k : 20,00k
400 667 10.00 1333 16.67 2000

Angle (£=0.02Hz)
400 667 10.00 1333 16.67 2000
200 del_EZ3
€
o del_EZ4 -
1.000 (e —— {1
ok - : 0
1,000} S SO SRUR— - R e .1.000
~2.000 : 2,000
400 667 10.00 1333 16.67 2000

Voltage and current (f=0.02Hz)

400 6.67 10.00 1333 1667 20.00
1230k vweff EZ4

ueff

7.50k

500k}

2.50k

0

4.00 6.67 10.00 1333 1667 20.00
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# "

(L) £=0.05HZ, T=1.0e+4N.m

Torque (£=0.05Hz)
400 500 150 10.00 12.50 15.00
20,00k w_EZ3
10.00k 10.00k

0 0
10,00k / 1000k
-20.00k -20.00k

400 500 7.50 10.00 12.50 15.00
Angle (f=0.05Hz)
400 500 750 10.00 12.50 15.00
2.000 i
1.000
0
-1.000
-2.000 -2.000
400 500 1.50 10.00 12.50 15.00
Voltage and current (f=0.05Hz)
400 500 750 10.00 12.50 15.00
12.50k ! ueff EZ24
SO*ef ..
10.00k
ueff
7.50k e 7.50k
500k e 5.00k
ieff
250k - 2.50k
il 0
400 500 7.50 10.00 12.50 15.00
N) £=0.1HZ, T=1.0e+4N.m
Torque (£50.1hz, T=1.0e+4 )
4000 5.000 6.000 7.000 8.000
20,00k rw_EZ3
10.00k|- -A10.00k
0
OO0k -10.00k
-20.00k : _ 20,00k
4.000 5.000 6.000 7.000 8.000
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Angle(f=0.1hz, T=1.0e+4)

4000 5.000 6.000 7.000 2,000
2.000 &1 324
del_EZ3 del EZ4 del EZ3
1.000 . . i . . S E——— .
0 )
-2.000 : ' , _2.000
4000 5000 6.000 7.000 2.000

Voltage (f=0.1hz, T=1.0et+4 )

4000 5000 6.000 7.000 8.000
12.50k wif EZ4
SO ¥ ieff,
10.00k
ueff
7.50k U TSNS S SR— S — 2 S0k

2.50k
0

4000 5.000 6.000 7.000 8.000

Rotor Angle/Torque as a Function of Frequence

(T=8.0e+5N.m)
|
: i
0,00001 g ‘
3 |
Angle/m | ‘
1E-6 [
1E- PR | L 2 1
0,001 0,01 0,1 1

Frequency
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#

0,0001

0.00007
Angle/M

0.00005

6e-5

5e-5

Angle/M
4e-5

3e-5

0,0001

0.00009

0.00008

Angle/M
0.00007

0.00006

0.00005

EZ3

Torque=5.0e+4

Torque=1.0e+6

0,01

Frequence

EZ4

Torque=5e+4

Torque=1e+6

0,01

Frequence

EZ3

0,1

Torque=1.0e+6

Frequency

0,1
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Angle/M

7e-5

6e-5

5e-5

4e-5

3e-5

EZ4

Frequency

0,1
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(2) Modified parameters

(a) Rkq*2
Torque (Rkq=2*Rkq , £=0.1Hz)
6.000 7.000 8.000 9.000 10.000
20.00k ; raw_EZ3
10.00k 10.00k
a a
-10.00k -10.00k
-20.00k -20.00k
6.000 7.000 8.000 9.000 10.000
Angle (Rkq=2*Rkq , {=0.1Hz)
6.000 7.000 8.000 9.000 10.000
2,000 ol : del B72
el EZ3 del EZ3
1,000 del_EZ4
ok
-1.000 -
-2.000 -2.000
6.000 7.000 8.000 9.000 10.000
Voltage and current (Rkqg=2*Rkq , £=0.1Hz)
6.000 7.000 8.000 0.000 10.000
12,50k ueff EZ4
1000k [ %0 %l
' ueff
7.50k -7.50k
5.00k 5.00k
2.50k {250k
o ]

6.000 7.000

8000 9.000 10.000
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Torque(Rkq=2*Rkq , f=0.05Hz)

.00 10.00 1333 16.67 20.00
2000k — o _BZ3
10.00k 1000k
0 \ 0
-10.00k -10.00k
2000k -20.00k
6.00 10.00 13.33 16.67 20.00
Angle (Rkq=2*Rkq , £=0.05Hz)
6.00 10.00 13.33 1667 20.00
2000 del B
del EZ3
1.000 --11.000
ok
-1.000 -1.000
-2.000 -2.000
6.00 10.00 1333 1667 20.00
Voltage , current (Rkq=2*Rkq , £=0.05Hz)
6.00 10.00 1333 16.67 20.00
12.50k wff EZ4
SO Y .
1000k [ : =
ueff
7.50k mede 750k
5.00k 5.00k
2.50k 2.50k
0 d : 0
6.00 10.00 1333 16.67 2000
Torque (Rkq=2*Rkq , {=0.01Hz)
6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
20,00k nw EZ3
10.00k \ 10.00k
0
-10.00k --1-10 00k
-20.00k : i -20.00k
6.00 10.00 1500 2000 2500 3000 3500 40.00
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Angle (Rkq=2*Rkq, =0.01Hz)

6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 )
2.000 ] 224
del_EZ3 : B
; g |
0 T
-1oool-t- . . : O S 11000
2000 ” t 2,000
6.00 10.00 15.00 2000 2500 30.00 3500 40.00
Voltage and current (Rkg=2*Rkq , =0.01Hz)
6.00 1000 15.00 20.00 25.00 30.00 35.00 40.00
1250k weff EZ4
SO¥3eff .
10.00k
ueff |
7.50k] - SO S R L S SN S — 7 50k
500k} o5 00K
2.50k} 2.50k
1} i 0
6.00 10.00 15.00 20.00 2500 30.00 3500 40.00
(b) Rkq=4*Rkq
Torque (Rkq=4*Rkq , £=5.0Hz)
6.000 5.250 6.500 6.750 7.000
2000k : mw_EZ3
10.00k

M/\/\/\/\/\ff\\/\(\MM/\M/\M
e VOV VUV VYUYV YV,

-20.00k -20.00k
6.000 6.250 6.500 6.750 7.000

o
[=]

Angle (Rkq=4*Rkq , £=5.0Hz)

6.00 3.00 10.00 12.00 1400 1500
1000.0m el B4
: del EZ3
500.0m — 1 EZ3 )eLEZ4 (1 Y
D ;;. R ,;‘ B U
-500.0ra ~4-500 O
-1000.0ra -1000.0m
6.00 2.00 10.00 12.00 1400 1500
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Voltage and current (Rkq=4*Rkq , £=5.0Hz)

.00 200 10.00 1200 1400 1500
1250k weff EZ4
100 * jefY...
10 00K fr e e e ~ —
ueff _
750k . . : R S . - [ 7 50k
500k 500k
250k 2.50k
i} 0

6.00 8.00 10.00 1200 1400 15.00

Torque (Rkq=4*Rkq, f=2.0Hz)

6.00 8.00 10.00 12.00 1400 15.00

20.00k

mw_EZ3

L -

-10.00k : : : AL i - B -10.00k
-30.00k : -20.00k
6.00 2.00 10.00 1200 1400 1500

Angle (Rkq=4*Rkq, f=2.0Hz)
6.00 8.00 10.00 12.00 1400 15.00
1000.0m 5 BEZ4
s del EZ3  del EZ4 :5;'523
Om S T S R ST R O
S Tk‘;;% /
% N s .

-500 0|y - {500 00
-1000.0m ; -1000.0m
6.00 8.00 10.00 12.00 1400 1500

Voltage and current (Rkq=4*Rkq , £=2.0Hz)
6.00 8.00 10.00 12.00 1400 1500
12.50k veff EZ4
125 % eff..
7.50k] 7.50k
500k --15.00k
250k 2.50k
a 0
6.00 8.00 10.00 12.00 1400 1500
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Torque (Rkq=4*Rkq, f=1.0Hz)

6.00 8.00 10.00

12.00

14.00

15.00

20.00k

mw_EZ3

-|10.00k

=

AR AR
wal VLTIV

~¥.10.00k
-20.00k : -20 00k
6.00 8.00 10.00 12.00 1400 15.00
Angle (Rkq=4*Rkq, f=1.0Hz)
6.00 8.00 10.00 12.00 1400 1500
1000.0m i 2

500.0m

-5000m|

-500 Om

-1000.0m : -1000.0m
6.00 8.00 10.00 1200 1400 1500
Voltage and current (Rkq=4*Rkq , £=1.0Hz)
6.00 8.00 10.00 12.00 1400 1500
12.50k wif EZ4
250 * ieff...
lﬂﬁﬂk r - IE—
750k {7 .50k
5.00k ~15 .00k
250k 2.50k
0 0
6.00 8.00 10.00 1200 1400 1500
Torque (Rkq=4*Rkq, f=0.5Hz)
6.000 7.000 8.000 9,000 10.000
20,00k rw_EZ3
10.00K |omeommgmy S TSV ST 10.00k
AWAWAWA AWAWA
-10.00k \/ \/ \/ \/ \/ \/ \/ v-xu.unk
-20.00k -20.00k
6.000 7.000 2.000 9.000 10.000
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Angle (Rkq=4*Rkq, £=0.5Hz)
6.000 7.000 8.000 5.000 10.000 )

2.000

del EZ3 = del EZ4

0
-1.000 -1.000
-2.000 i -2.000
6.000 7.000 8.000 9.000 10.000
Voltage and current (Rkqg=4*Rkq , £=0.5Hz)
6.000 7.000 8.000 9.000 10.000
12.50k ; weff EZ4
0% iefY ..
10.00k T
ueff
.50k f-enenne 7.50k
500k 5.00k
2,50k} . . S ieff ; | 2.50k
0 ! ; 0
6.000 7.000 8.000 9.000 10.000
Torque (Rkq=4*Rkq, £=0.1Hz)
6.00 8.00 10.00 12.00 1400 15.00
20.00k : mw_EZ3
10.00k 10.00k
a
-10.00k -10.00k
-20.00k -20.00k
6.00 8.00 10.00 12.00 1400 15.00
Angle (Rkqg=4*Rkq , £=0.1Hz)
6.00 8.00 10.00 12.00 1400 1500
2.000 : del BZ4
el BZ3
1.000 |- F I 1.000
0
-1.000 |- -----1.000
-2.000 . : -2.000
6.00 8.00 10.00 1200 1400 1500
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Voltage and current (Rkq=4*Rkq , =0.1Hz)

6.00 8.00 10.00 12.00 1400 15.00
12,50k : ; ueff EZ4
507+ efY, ...
1000k T ~ P s = R R —. R TR
750k ‘ , VDU ! PN FU 7,50k
5.00k|- 5.00k
10y P S— . i . S ! B Y S— 1350k
a 0
$.00 8.00 10.00 1200 1400 1500
Torque (Rkq=4*Rkq , {=0.05Hz)
6.00 10.00 13.33 18.67 20.00
2000k w_EZ3

10.00k

/’\ 10.00k

n \_/
-10.00k s s ' 10,00k
-20.00k -20.00k
6.00 10.00 1333 1667 20.00

Angle (Rkg=4*Rkq , =0.05Hz)

6.00 10.00 1333 1667 20.00
2000 351 FZ4
del _EZ3 : del EZ3
1.000 -J1.000
0 0
1000}t -1.000
-2.000 ' 2,000
6.00 10.00 1333 1667 2000

Voltage and current (Rkq=4*Rkq , £=0.05Hz)

6.00 10.00 1333 1667 20.00
12,50k ] ] wff EZ4
Iy
1000k - S0 % ieff ...
ueff
2.50k| S 7.50k
2.50k 2.50k
a 0
6.00 10.00 1333 16.67 2000
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'

Torque (Rkq=4*Rkq , f=0.01Hz)

600 1000 15.00 20.00 25.00 30.00 35.00 40.00
2000k ' * rw_EZ3
10.00k \ 1000k
0
-10.00k 11000k
-20.00% ‘ .20 00k
600 1000 15.00 20,00 2500 30.00 3500 40.00

Angle (Rkqg=4*Rkq, f=0.01Hz)

600 1000 15.00 20.00 2500 3000

200 del EZ§3
c
B del EZ4

1.000} & -

a 3
-1.000 |-
.2.000 . ‘

600 1000 15.00 20.00 2500 30.00 35.00 40.00

Voltage and current (Rkq=4*Rkq, £=0.01Hz)

6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
12,50k : uwff EZ4
/ SO *ieff .
10.00k S —
ueff
7.50k s {7 50k
500k ~~15 00k
2.50k |- -12.50k
0 0
6.00 10.00 15.00 2000 2500 30.00 3500 40.00
(c) Rs=Rs*2
Torque (Rs=2*Rs, =0.1Hz)
6.000 7.000 8.000 9.000 10,000
20.00k : mw_EZ3
10.00k -{10.00k
0 0
B 1] e —_ .10.00k
-20.00k -20.00k
6.000 7.000 8.000 9,000 10.000
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Angle (Rs=2*Rs , =0.1Hz)

9.000

6.000 7.000 8.000

2000 r

10.000

del EZ3 :
[0 0| E—— del_EZ4
0
-1.000
-2.000 -2.000
6.000 7.000 8.000 9.000 10.000
Voltage and current (Rs=2*Rs , f=0.1Hz)
6.000 7.000 8.000 9.000 10.000
12.50k weff EZ4
50 % eff_...
10,00k
ueff
.50k - 7.50k
500k - : o ieff -5.00k
2.50k 2.50k
D i \0
6.000 7.000 8000 9.000 10.000
Torque (Rs=2*Rs , £=0.05Hz)
6.00 10.00 1333 16.67 20.00
20.00k mw_EZ3
10.00k 110.00k
1}

-10.00k -1{-10.00k
-20.00k -20 00k
.00 10.00 13.33 16.67 20.00

Angle (Rs=2*Rs, £=0.05Hz)
6.00 10.00 13.33 16.67 20.00
2.000 Gl RT4
del_EZ3 del EZ3
1.000 el BZA g e 1.000
0 1o
.1.000 <l <A AR—— s ————— .1.000
-2.000 -2.000
600 10.00 13.33 1667 2000
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Voltage and current (Rs=2*Rs , £=0.05Hz)

6.00 10.00 13.33 16.67 2000
12.50k wff EZ4
S04 AT ...
10.00k
ueff
7.50k 7.50k
500k - e 5.00k
ieff
250k} £ S . T 2 50k
v} \/ \0
6.00 10.00 1333 1667 20,00
Torque (Rs=2*Rs, =0.01Hz)
6.00 10,00 15.00 20.00 2500 3000 35.00 40.00
20,00k : mw_EZ3
10.00k \ e 10.00K
-10.00k |- -10.00k
-20.00k : : : : -20.00k
6.00 1000 15.00 20.00 2500 30.00 3500 40.00
Angle (Rs=2*Rs, £=0.01Hz)
6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
2.000 ] del B74
del_EZ3 ! del E73
L0111 S U e LA SR del EZ4 - |1 000
@%@g&“ X :
ok — #—D
e .
-1.000 1-1.000
-2.000 -2.000
6.00 1000 1500 2000 35.00 3000 35.00 40.00
Voltage and current (Rs=2*Rs, f=0.01Hz)
6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
12.50k ; weff EZ4
50 % ieff ..
10.00k — T =
ueff
7.50k :
5.00%}- - - |5.00k
ieff {
250k O SRS S . SES————— 250k
0 o

6.00

10,00 1500 20.00 2500

30.00 3500 40.00
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(d) Rs*4

Torque (Rs=4*Rs , {=0.1Hz)

6.000 7.000 8.000 9.000 10.000 .
2000k mw_EZ3
10.00k 10,00k

a 0

-10.00k -10.00k
-20.00k { -20.00k

4.000 7.000 8.000 9.000 10.000

Angle (Rs=4*Rs , £=0.1Hz)
6.000 7.000 8.000 9.000 10.000
2.000 : 7
del_EZ3 del_EZ4

0 P
R Ny
-1.000 |~ -1.000
-2.000 i -2.000
6.000 7.000 £.000 9.000 10.000
Voltage and current (Rs=4*Rs , £=0.1Hz)
6.000 7.000 8.000 9.000 10.000
2000 3 del 24
&l EZ3
1.000 1.000
(0 s 0

o

-1.000

-2.000

Bt

-|-1.000

-2.000

6.000 7.000

Torque (Rs=4*Rs , £=0.05Hz)

8.000 9.000 10.000
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6.00 10.00 13.33 16.67 20.00
20,00k mw_EZ3
10.00k -{10.00k
i} 0

_IDDU}.: e s s et ot PRt £ S gt — _10.00}‘{
-20.00k -20.00k

6.00 10.00 1333 1667 2000

Angle (Rs=4*Rs, £=0.05Hz)
6.00 10.00 13.33 16.67 20.00
2000 :

1,000} -t

-1.000

-1.000
-2.000 i : .2.000
6.00 10.00 1333 1667 2000
Voltage and current (Rs=4*Rs, £=0.05Hz)
6.00 10.00 13.33 16.67 20.00
12506 Y, EZ4
: 50% ieff ..
1000k = — —~
5.00k 5.00k
a

6.00 10.00 1333 1667

Torque (Rs=4*Rs , f=0.01Hz)
6.00 1000 15.00 2000 25.00 30.00 35.00 40.00

20.00k mw_EZ3
1000k /—\ ~—[10.00k
0 <
"10001{ ........................................ _ln.nok
000k i : : 20 00k
600 1000 15.00 2000 2500 3000 B0 400
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Angle (Rs=4*Rs , £=0.01Hz)

600 1000 15.00 2000 25.00 3000 35.00 000
2000 . : : del B2
del EZ3 deLEZ4 A
1.000}- e A S © i . 1.000
i} 0
e
-1.000 PR S—— : o e .1.000
-2.000 : : i -2.000
6.00 10.00 1500 20.00 2500 3000 35.00 40.00
Voltage and current (Rs=4*Rs, £=0.01Hz)
6.00 10.00 15.00 20.00 23.00 30.00 35.00 40.00
12.50k : : wff EZ4
: : ; : S0 % ieff ..
lnunk T TP TS T S PP ‘ pe— ] p— — P ORA———
7.50k}-- 7.50k
1) 4 2 50k
0 i 0
6.00 10.00 1500 2000 2500 30.00 3500 40.00
(e) Ls=2*Ls
Torque (Ls=2*Ls, f=0.1Hz)
6.000 7.000 8.000 9.000 10.000
20.00k . . mw_EZ3
10,00k o o e i /\ : 10.00k
D H
-10.00k -10.00k
-20.00k -20.00k
6.000 7.000 8.000 6.000 10.000
Angle (Ls=2*Ls, f=0.1Hz)
6.000 7.000 8.000 9.000 10.000
2.000 . el BZA
1.000
]
-1.000 -
-2.000 - ' -2.000
6.000 7.000 8.000 2,000 10.000
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Voltage and current (Ls=2*Ls , £=0.1Hz)

6.000 7.000 8.000 9.000 10.000
12.50k t weff EZ4
SO deff_..
1000k s——— e —— o
250k} - 13 50k
0 ‘ 0
6.000 7.000 8.000 9.000 10.000
Torque (Ls=2*Ls, £=0.05Hz)
6.00 10.00 1333 1667 2000
20.00k : : nw_EZ3
10.00k ,_\ e /_\ -{10.00k
o— \_/ 0
1000k SO . 1000k
-20.00k -20 00k
600 10.00 1333 16.67 20.00
Angle (Ls=2*Ls, £=0.05Hz)
6.00 10.00 13.33 1667 20.00
2.000 i
del EZ3  del EZ4
1.000 --|1.000
ok
-1.000 -1-1.000
-2.000 : -2.000
6.00 10.00 1333 1667 2000
Voltage and current (Ls=2*Ls, £=0.05Hz)
6.00 10.00 1333 16.67 20.00
1250k : i ueff EZ4

SO¥ifF_.

750k -{2.50k
500k~ ~15.00k
250k |- £ I 250k
0 i : D
6.00 10.00 1333 1667 2000
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Torque (Ls=2*Ls, £=0.01Hz)

6.00 10.00 2500

15.00 2000

30.00

35.00

40.00

2000k

10.00k \ .

mw_EZ3

11000k

_lunok e e S T - _1000k
-20.00k i : .20 00k
6.00 10.00 15.00 2000 2500 30.00 35.00 4000

Angle (Ls=2*Ls, £=0.01Hz)
6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
2000 ‘ w374
del_EZ3 del EZ3
1 000} L ~del_EZ4 -|1.000
-1.000
-2.000 : ; -2.000
6.00 10.00 15.00 20.00 2500 30.00 3500 4000
Voltage and current (Ls=2*Ls, £=0.01Hz)
6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
12.5011( : weff EZ4
S0 * jeff ..
7.50k}- 4750k
5.00k -15.00k
2.50k|f |2 .50k
0 0
6.00 10.00 15.00 2000 2500 30.00 35.00 40.00
(H) Ls*4
Torque (Ls=4*Ls, £=0.1Hz)
6.000 7.000 8.000 9.000 10.000
2000k raw_EZ3
1000k : ---110.00k
-10.00k 4-10.00k
-20.00k -20.00k
6.000 7.000 8.000 9.000 10.000
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Angle (Ls=4*Ls, £=0.1Hz)
6.000 7.000 2.000 9.000
del_EZ3

2.000 ,
: del__EZ4

-2000

£.000 7.000 $.000 $.000 10.000

Voltage and current (Ls=4*Ls , £=0.1Hz)
6.00 10.00 15.00 20.00 2500 30.00 35.00 40.00

12,50k weff EZ4

S0 5efY ...

2.50k e bt U — i et SOK
0

0

6.00 10.00 15.00 20.00 2500 3000 3500 4000

Torque (Ls=4*Ls , £=0.05Hz)
6.00 10.00 13.33 16.67 20.00

20,00k raw_EZ3

-20.00k -20.00k

6.00 IU;UU 1333 1667 20.00

Angle (Ls=4*Ls , f=0.05Hz)

10.00 1333 1667 20.00

-1.000

-2.000

6.00 10.00 1333 1667 2000
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Voltage and current (Ls=4*Ls, £=0.05Hz)

6.00 10.00 13.33 1667 20.00
12.50k weff, BZ4
SO*ieff ..
10.00k — —
250k /\/\ g {250
0 0
6.00 10.00 1333 1667 20.00
Torque (Ls=4*Ls , £=0.01Hz)
6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
20.00k : : mw_EZ3
10.00k -110.00k
0
-10.00k ~-1.10.00k
-20.00k -20.00k
6.00 10.00 1500 2000 2500 30.00 35.00 40.00
Angle (Ls=4*Ls, {=0.01Hz)
6.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00
2000 del_EZ3 27
— del EZ3
1.000 . del_EZ4 1000
ok
_1 DDD ....... FUSUTpp— _1 DDU
-2.000 i -2.000
6.00 10.00 1500 20.00 25.00 3000 3500 40.00
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(3) Worst parametervof the generators (forque applied T=1.0e+5N.m at EZ3)

a. Use of normal generator parameters

Torque ( normal parameters , £=0.15Hz, T=1.0e+5N.m)
£.000 7.000 2000 5.000 10.000

150k mw_EZ3

50k
-150k 150k
6.000 7.000 2.000 9000 10.000

SOk |-
0

Angle ( normal parameters , £=0.15Hz, T=1.0e+5N.m)
6.000 7.000 2000 2.000 10.000
1 5 DU v \1:" L
1000 ~-del_EZ3 L e U8
del EZ4

]
-500

-10.00
-15.00

6.000 7.000 &.000 Q.ﬁDU 10,000

Voltage and current ( normal parameters , £=0.15Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9,000 10,000
12.50k ’ ueff EZ4
| 5% ieffl.

10,00k

1] 0

6.000 7.000 2.000 9.000 10.000
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Torque ( orginal parameter , £=0.25Hz, T=1.0e+5N.m)

6.000 7.000 2.000 9.000 10.000
150k raw_EZ3
100k} ~-{100k
50k - 50k
0
B |50k
00 | e e -4 100k
-150k -150k
6.000 7.000 8.000 9.000 10.000
Angle( normal parameters , £=0.25Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9.000 10.000
10.000
50001 ~ del_EZ3  del EZ4

N

f\/ o \/XJ\/

-

1] ——" S --{-5.000
-10.000 -10.000
6.000 7000 8000 9000 10.000
Voltage and current ( normal parameters , £=0.25Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9.000 10.000
12,50k weff BZ4
S*f E
10.00k [ — e
7.50k 7.50k
250k | o e N \/
0
6.000 7.000 8.000 9.000 10.000
Torque ( normal parameters , £=0.3Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9.000 10.000
150k row_EZ3
100k 100k
50k - 50k
0 0
-50k -1-50k
-100k -1-100k
-150k -150k
6.000 7.000 8.000 9.000 10.000
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Angle( orginal parameter , £=0.3Hz, T=1.0e+5N.m)

9.000

6.000 7.000 8.000 10.000
5.000 5
2.500
1}
2ol NGt NS NSNS NS N
-5.000 -5.000
6.000 7.000 8.000 2.000 10.000
Voltage and current ( normal parameters,, £=0.3Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9.000 10.000
12.50k ' ueff EZ4
5*ieff ..
10.00k = B
1 T {750k
500k} - 15.00k
2.50k |- 2 50k
0 0
6.000 7.000 8.000 9.000 10.000
Torque ( normal parameters , £=0.5 Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9.000 10.000
150k rw_EZ3
0
1)1 .50k
-150k 150k
6.000 7.000 8.000 5.000 10.000
Angle( normal parameters , £=0.5Hz, T=1 .0e+5N.m)
6.000 7.000 8.000 9.000 10.000
5.000 ol F7A
del_EZ3 del EZ4 del EZ3
25001 - I ;o 13500

-2.500 -

-5.000

pd

12,500

-5.000

6.000

8.000

9.000

10.000
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Voltage and current ( normal parameters , £=0.5Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9.000

12,50kr

Torque ( normal parameters , £=1.0Hz, T=1.0e+5N.m)

6.000 7.000 8.000 9.000 10.000
150k rw_EZ3
100k} - ~-{100k
[0y 2 e ) 50k
0
50k |- Ao b {50k
100k |- M- 4100k
~150K/ : 150k
6.000 1.000 8000 9000 10.000
Angle(normal parameters , £=1.0Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9.000 10,000
1l EE4
del EZ3
1.000
0
-2.000 : -2.000
6.000 7.000 8.000 9.000 10.000
Voltage and current ( normal parameters , =1 0Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9000 10.000
1250k[ wff EZ4
10 % deff .
0 0
6.000 7.000 8.000 9.000 10.000
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Torque ( normal parameters , £=2.0Hz, T=1.0e+5N.m)

6.000 7.000 8.000 9.000 10.000
150k mw_EZ3
S0k ; B 1 50k
0 0
250k -4 50k
100K [ d -l L4100k
-150k -150k
6.000 7.000 8.000 9.000 10.000
Angle( orginal parameter , £=2.0Hz, T=1.0e+5N.m)
6.000 7.000 8.000 9.000 10.000
1000.0re del K24
del_EZ4 del EZ3
500.0m| - e 4500 0z
o
-500.0m e -500.0m
del_EZ3
-1000.0m . -1000 Om
4.000 7.000 £.000 9.000 10.000
Voltage and current ( orginal parameter , £=2.0Hz, T=1.0e+5N.m)
6.000 7.000 8.000 2.000 10.000
12,50k weff EZ4
20 % feff
10.00k
B SOk oo 7.50k

0 0
6.000 7.000 8.000 9,000 10.000
Torque (f=0.2Hz, torque=1.0e+5)
6.000 7.000 8.000 9.000 10.000
150k ‘ i raw_EZ3
100K |-+ 100k
S0k| | o0k
0 0
1) S 50k
-100k/" 100k
-150k , 150k
6.000 7.000 8.000 9.000 10.000
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Rotor Angle (f=0.2Hz, torque=1 .0e+5N.m)

6.000 7.000 9.000

10.000

10.000

5.000

dpl ETA

del EZ3

~ A
\V

%, i
Y, .
5000 | Tl *|-5.000
-10.000 ] -10.000
6.000 7.000 £.000 9.000 10.000
Voltage and current (f=0.2Hz, torque=1.0e+5N.m)
6.000 7.000 8.000 5.000 10.000
12.50k . weff, EZ4
5*ieff E..
10,00k
250K /\/\/\/\/W 2,50k
0 0
6.000 7.000 8.000 9.000 10.000
Torque (£=0.1Hz, torque=1 .0et+5N.m)
- 6000 7.000 8000 9,000 10.000
150k mw_EZ3
100k {100k
50k \ -1 50k
0
-150k f 150k
6.000 7.000 8.000 9.000 10.000
Rotor Angle (£=0.1Hz, torque=1.0e+5N.m)
6.000 7.000 8.000 9.000 10.000
10.000 ‘- :
del_EZ4

EZ3

del ] g
SO00 e \ ;‘}V{“ fﬁf’f’"‘“‘.q%*ﬁqﬁw
e o,

--15.000

-5.000 T, #1500
-10.000 10.000
6.000 7.000 $.000 9,000 10.000
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Voltage and current (£=0.1Hz, torque=1.0e+5N.m)

6.000 7.000 2.000 9.000 10.000
12,50k wff BZ4
: 5% iaff E...
750k 1750k
IS0 (R T — 42 50k
0 0
6.000 7.000 £.000 9.000 10.000
Torque (f=0.09Hz, torque=1 .0e+5N.m)
6.00 8.00 10.00 1200 1400 1500
150k ' mw_EZ3
100k|- ~-1100k
50k 50k
0
1 s 50k
AA00K| e e _100k
-150% 150k
600 8.00 10.00 1200 1400 1500
Rotor Angle (f=0.09Hz, torque=1.0e+5N.m)
6.00 800 10.00 1200 1400 1500
10.000 : :
del_EZ3 /del_EZ4
5000 J e
ol %‘,
-5.000 ~{:5.000
-10.000 -10.000
6.00 200 10.00 1200 1400 1500
Voltage and current (f=0.09Hz, torque=1 0et+5N.m)
6.00 8.00 10.00 1200 1400 1500
12,50k ' weff EZ4
5% ieff E..
10,00k~ -
250k |-
a
600 .00 10.00 1200 1400 1500
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Torque (£=0.085Hz, torque=1 .0e+5N.m)

600 .00 10.00 12.00 1400 15.00
150k row_EZ3
100k |- -{100k
0 0
S50k | .50k
01— --4-100k
-150k 150k
6.00 .00 10.00 12.00 1400 1500
Rotor Angle (f=0.085Hz, torque=1 .0et+5N.m)
6.00 .00 10.00 12.00 1400 1500
15.00 et 274
100G} e - /del_EZ3 B —/del_EZ4 del EZ3
500 : SN -{5.00
; 5 . \ / K}\\ A
0 ‘ - 7
.5.00]- . - ) Wﬁfc 1500
-15.00 -15.00
600 200 10.00 1200 1400 1500
Voltage and current (f=0.085Hz, torque=1.0et+5N.m)
6.00 200 10.00 12.00 1400 1500
12.50k welf EZ4
X 5% ieff E...
10,00k —
750k} 1150k
500k} 5.00k
250k} 250k
0 0
6.00 800 10.00 1200 1400 1500
Torque (f=0.08Hz, torque=1.0e+5N.m)
6.00 200 10.00 12.00 1400 1500
150k rw EZ3
100k 100k
- S0k

N

0

S0k (E - ~-50k
OO fore e e 100k
-150k -150k

6.00 8.00 10.00 1200 1400 1500
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Rotor Angle (£=0.08Hz, torque=1 .0et+5N.m)

6.00

8.00 10.00

12.00

14.00

15.00

1500

/del—EZ3

 del EZ3

SO0 ;},,w < /-\ J,f’(

sl BT
el EZ3

0o
_soal-- -

1000 |-
-15.00

- T
B £ e
4 p

N /
> . o }_).* -
ey e N 4
Y 7 \-M S ;

P T . o \ Fau

R

-5.00

--1-10.00
-15.00

6.00 .00 10.00 12.00

Voltage and current (f=0.08Hz, torque=1.0e+5N.m)
6.00 800 10.00 1200

14.00

14.00

15.00

15.00

12.50k

7.50k

6.00 8.00 10.00 12.00

Torque (£=0.072Hz, torque=1.0e+5N.m)
6.00 .00 1000 12.00

1400

14.00

1500

15.00

150k

50k}

1]

-100k
-150k

6.00 800 10.00 1200

Rotor Angle (f=0.072Hz, torque=1.0e-+5N.m)
6.00 8.00 10.00 1200

1400 1500

1400 1500

1500

~del_EZ3 del EZ4

500

600 8.00 10.00 12.00

1400 1500
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Voltage and current (£=0.072Hz, torque=1.0e+5N.m)

.00 8.00 10.00 1200 1400 15.00
12,50k wif EZ4
S*ff E...
10.00k e
SOQkp {5 00k
2,50k £ e —12.50k
h} ; 0
6.00 8.00 10.00 12.00 1400 1500
Torque (f=0.05Hz, torque=1 .0et+5N.m)
6.00 2.00 10.00 12.00 1400 1500
150k rw_EZ3
100k} {100k
L) — e 50k
0 0
B R 50k
-100k] - -|.100k
150k _ 150k
6.00 .00 10.00 12.00 1400 1500
Rotor Angle (£=0.05Hz, torque=1.0e+5N.m)
6.00 .00 10.00 12.00 1400 1500
15.00 ol B23 ; 31 574
(53
10.00}-- SRS i del_EZ4 | del EZ3
500 e / 5.00
O 0
500} wﬁwf”ﬂ 500
-1000} -10.00
-15.00 -15.00
600 300 10.00 12.00 1400 1500
Voltage and current (f=0.05Hz, torque=1 .0et+5N.m)
6.00 8.00 10.00 12.00 1400 1500
1250k weff EZ4
5*iff E...
750k} - -~{1.50k
500K} - {500k
250k ] AN -{3.50k
0 a]
6.00 3.00 10.00 12.00 1400 1500
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'

Torque (f=0.045Hz, torque=1 .Oe+5N.m)
6.00 8.00 10.00

12.00 1400 1500

150k
100k |-

mw EZ3
-1100k

| 50k

0

-150k

150k

{00k |
-150k ‘

600 8.00 10.00

Rotor Angle (f=0.045Hz, torque=1 .Oe+5N.m)
6.00 8.00 10.00

1200 1400 1500 |

12.00 1400 1500

1500

_ del_EZ3

ey del EZ4 T

D
5001 N

1000 | e
-15.00

il g - pr—
I ...:»#e’ﬁw,«w W%Aﬂ:““«;, : / 5.00
P o,
ol o 0

6.00 8.00 10.00

Voltage and current (£=0.045Hz, torque=1.0e+5N.m)
6.00 .00 10.00

1200 1200 1500

12.00 1400 1500

12.50k

ueff EZ4
S*iff E...

7,50k}

250k}
0

7.50k

15.00k

2.50k

]

6.00 8.00 10.00

Torque (f=0.03Hz, torque=1 Oe+5N.m)
6.00 8.00 10.00

12.00 1400 1500

1200 1400 15.00

150k

raw_EZ3
--|100k

50k

~|-50k

100k
150K

6.00 8.00 10.00°

12.00 1400 1500
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Rotor Angle (f=0.03Hz, torque=1.0e+5N.m)

6.00 8.00 10.00 12.00 1400 1500
1500 : ? : ;i‘é;;
500 5.00
ij =4
Y
-5.00 RS 1500
1000 |- - e e — --1.10.00
-15.00 ; -15.00
6.00 3.00 1000 12.00 1400 1500
Voltage and current (£=0.03Hz, torque=1 .0e+5N.m)
600 .00 10.00 12.00 1400 1500
1250k ‘ ueff EZ4
S*ff E
IU.UDk — —
L1 PO 7 50k
1114 P A 2.50k
0 : 0
6.00 200 10.00 1200 1400 1500
Torque (f=0.02Hz, torque=1.0e+5N.m)
5.00 1000 1333 16.67 2000 2333 25.00
150k rw_EZ3
100k 100k
50k 50k
0 0
=50k} - 1-50k
-100k|--- - 1100k
150k| 150k
6.00 1000 1333 1667 2000 2333 25.00
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Rotor Angle (f=0.02Hz, torque=1 .0e+5N.m)

6.00 10.00 1333 16.67 2000 2333 2500
15.00 1 el 224
10.00 N del_EZ3 - dE]._E.r:.B
500 / T i o 500
.«‘f"y
U — £ 0
-s00f SN B .5.00
-10.00 [ ST E U TN - - e -1.1000
-1500 -15.00
6.00 10.00 1333 1667 2000 23.33 2500
Voltage and current (£=0.02Hz, torque=1 .0e+5N.m)
6.00 1000 1333 1667 2000 2333 2500
1250k| weff EZ4
S*ieff ..
1) Y I — : S SR F— 750k
0 . ]
600 10.00 1333 1667 2000 2333 25.00
Torque (£=0.015Hz, torque=1.0e+5N.m)
.00 10.00 1500 2000 25.00 30.00
150k rw_EZ3
100k |- : 100k
501;\ ~| 50k
0
50kl 50k
100k |- : 100k
-150k 150k

6.00 10.00 1500 20.00 25.00 30.00

Rotor Angle (f=0.015Hz, toque=1.0e+5N.m)

600 10.00 1500 2000 25.00 3000
1500 223 ’
1000 — _EZ3
soo|

ok
KUY
000}

1500
600 1000 1500 2000 2500 3000
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Voltage and current (f=0.015Hz, trque=1 Oe+5N.m)

6.00

10.00

15.00

20.00

25.00

30.00

12,50k

10.00k

7.50k

500k

2.50k
0

6.00

10.00

15.00

Torque (£=0.01Hz, torque=1.0e+5N.m)

6.00

10.00

15.00

2000

2500

20.00

30.00

2500

3500

40.00

4500

150k
100k

S0k

6.00

10.00

15.00

2000

25.00

Rotor angle (£=0.01Hz, torque=1.0e+5N.m)

6.00

10.00

15.00

20.00

2500

30.00

30.00

3500

3500

40.00

40.00

4500

45.00

1500
10.00

/del_EZ3

del_EZ4

6.00

10.00

15.00

20.00

25.00

30.00

Voltage and current (£=0.01Hz, torque=1.0e+5N.m)

6.00

10.00

15.00

20.00

2500

30.00

3500

35.00

4000

40.00

4500

45.00

12.50k

ueff EZ4

10.00k

7.50k

5.00k}

ol /—\

S*Rfl B..

- 12.50k

-5 00k

6.00

10.00

1500

2000

2500

3000

3500

40.00

45.00
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Torque (£=0.007Hz, torque=1 .Oe+5N.m)

.00 10.00 20.00 3000 40.00 50.00
150k ‘ mw_EZ3
100k |-—..» : 100k
SOk~ - 50k
0 0
50k
-150k -150k
600 1000 2000 30.00 4000 50.00
Rotor Angle (£=0.007Hz, torque=1 .0et+5N.m)
600 10.00 2000 30,00 4000 50.00

1500

1000k— _ del E73 . |delEZ3

500
0 ;

_soafy e e

-15.00

600 1000 2000 30.00 40.00 5000



b. Generator Parameters: Rkq*2, Rs*1.3, Ls*1.4

Torque (f=0.15Hz)

6.000 7.000 £.000 9.000 10.000
150Kk rwr_EZ3
100k~ -4100k
50k 50k
0
T | — .50k
100k - -4-100k
-150k -150k
6.000 7.000 8.000 9.000 10.000
Angle (£=0.15HZ)
6.000 7.000 8.000 9000 10.000
15.00 del EZ3 ml 220
10,00 b s | del EZ3
500 -15.00
a 0
-5.00]-- -5.00
1000} - -10.00
-1500 ; -15.00
6.000 7.000 8.000 2.000 10.000
Voltage and current ( £=0.15Hz)
6.000 7.000 8.000 9.000 10.000
12.50k weff EZ4
S*Eff E..
750k |- 7.50k
2.50k 2.50k
0 0
6.000 7.000 8.000 9.000 10.000
Torque (f=0.25Hz)
6.000 7.000 8.000 9.000 10.000
150k mw_EZ3
100k /\\ 100k
50k /' \ soe
a 0
-50k|- -50k
-100k} ~-1-100k
-150k -150k
6.000 7.000 8.000 9.000 10.000
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Angle ( £=0.25HZ)
6.000 7.000 8.000 ) 9.000 10.000
10.000 de} B
del EZ3
sooab---o- 15000
0 0
_5.000 - - we -4.5.000
-10.000 i -10.000
6.000 2.000 8.000 9.000 10.000
Voltage and current (£50.25Hz)
6.000 7.000 ' 8.000 9.000 10.000
1250k weff BZ4
S*ieff E
750k 7.50k
250k | o e
0 H
6.000 7000 8.000 9.000 10.000
Torque (£=0.3Hz)
6.000 7.000 8.000 5.000 10.000
150k mw_EZ3
100k - 1100k
50k -1 50k
a 0
1) CRRRRE. 450k
100K | e S -|-100k
-150Kk ; -150k
6.000 7.000 8.000 9,000 10.000
Angle (=0.3Hz)
6.000 7.000 8.000 9.000 10.000
10.000 .

0
L5000 e e --1.5.000
-10.000 ; ' 10,000

6.000 7.000 8.000 9.000 10.000



Voltage and current ( £=0.3Hz)

.000 7.000 2.000 9.000 10.000
12.50k ueff EZ4
; S*ieff E..
SO o 7 50k
1 e 12,50k
0
6.000 7.000 8.000 9.000 10.000
Torque (f=0.5Hz)
6.000 7.000 8.000 9.000 10.000
150k : mw_EZ3
100k —|100k
0
-50k{- - -50k
Q0K [ e M 100k
-150k . -150k
6.000 7.000 8.000 9000 10.000
Angle (£=0.5Hz)
6.000 7.000 8.000 9,000 10.000
5.000 31 EZ4
del EZ3
2,500  del EZ4 2.500
a
-2.500
-5.000 . -5.000
6.000 7.000 8.000 9.000 10.000
Voltage and current (f=0.5Hz)
6.000 7.000 8.000 9.000 10.000
12.50k ueff EZ4
5%ieff E..
1000k !
250k 2.50k
0 : 0
6.000 7.000 8.000 9.000 10.000
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Torque (f=1.0Hz)
6.000 7.000 8.000 3.000 10.000

mw_EZ3
{100k

150k
100k

]

100k~ i 4100k
-150k -150k
6.000 7.000 8.000 9.000 10.000

Angle (f=1.0Hz)
6.000 7.000 8000 2.000 10.000 ‘

2.000 el B74
del EZ3

--11.000

1 EZ del EZ4
1,000 / del EZ3 delLEZA

-1.000 ~1.1.000

-2.000 -2.000

6.000 ‘?.UDU 8.000 9.000 10.000

Voltage and current (£=0.15Hz)

6.000 7.000 £.000 9.000 10.000
12,50k ueff EZ4
10%3eff._..

10.00k

5.00k|- - : : : : ~15.00k
0 NW%MVW‘M’WVWWVW 0
6.000 7.000 8.000 9.000 10.000

Torque (£=2.0Hz)

6.000 8.000 9.000 10.000

rw_EZ3
1100k

150k

oy

1-100k
-150k

-150k

£.000 .000 9.000 10.000
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Angle (£=2.0Hz)

6.000 7.000 3.000 9.000 10.000
10000 d CI_EZ 3 ziﬁ&g
500 0m 1500 0

-5000m \ : ~1-500.0m
10000 del_EZ4 1000 0m
6.000 7.000 2.000 9.000 10.000
Voltage and current (£=2.0Hz)
6.000 7.000 £.000 9.000 10.000
12.50k weff BZ4
; 20% ff ..
5UUk . oA AR R 0 SGDk
250 | ga s : e 1250k
0 o v‘ o * - Faopiet ety ";‘v'vvvv—v':v sk 4 i}
6.000 7.000 8.000 9.000 10.000
Torque (£=0.2Hz)
6.000 7.000 8.000 9.000 10.000
150k , v EZ3

100k| ey

i}

-100k}"
-150k
6,000 7.000 8,000 9.000 10.000
Rotor Angle (f=0.2Hz)
6.000 9,000 10.000
15.00 del 374
10.00 |geLEZ3
500} P L1500
sm| 500
1500 : L1500
6.000 7.000 2,000 9.000 10.000
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Voltage and current (£0.2Hz)

6.000

8.000

9.000 10.000

1250k

7.000

weff E24
S*iff B

7.50k

7.50k

5.00k

2.50k

6.000

Torque (£=0.15Hz)
6.000

7.000

7.000

8,000

2.000

9.000 10.000

9.000 10.000

150k

mw_EZ3
{100k

50k

]

100k
-150k

.50k

-100k

6.000

Angle (£=0.15HZ)
6.000

7,000

7.000

8.000

8.000

|
!
150k |
9.000 10.000 |
|
|

9.000 10.000

15.00
10.00 -

500

del_EZ3

0oz
=500

-15.00

6.000

7.000

Voltage and current (f=0.15Hz)

6.000

7.000

8.000

9.000 10.000

1250k

ueff EZ4
5% BT E...

750k

500k

250k
a0

— 1)

--13.00k

12.50k

6.000

7.000

8.000

9.000 10.000

87



Torque (f=0.1Hz)

6.000 7.000 2.000 9.000 10.000
150k row_EZ3
100k}~ {100k

| 50k

S0k \
0

100K | e e 100k
-150Kk 150k
6.000 7.000 2.000 9.000 10.000
Rotor Angle (f=0.1Hz)
6000 7.000 3.000 9.000 10.000
15.00 i : del EZA
1000 7 del_EZ3 |del EZ3
500 {500
-5.00 ~1-5.00
LLOD0 fovrmr e -1.10.00
-15.00 -15.00
000 7.000 2.000 9.000 10.000
Voltage and current (f=0.1Hz)
6.000 7.000 £.000 9.000 10.000
12.50k wff EZ4
5% ieff E...
10.00k
500k} - 5.00k
2,50k 12,50k
a . 0
6.000 7.000 £.000 9.000 10.000
Torque (f=0.05Hz)
6.00 3.00 10,00 12.00 1400 1500
150k raw_EZ3
100k -|100k
0
-S0k 50k
-150k 150k
.00 .00 1000 12.00 1400 1500
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Rotor Angle (£=0.05Hz)

6.00 8.00

14.00

15.00
10.00

500}

0l

e

15.00

_500 . %,Qﬁﬂ)‘.ﬁ&M”’y#%.;
-15.00
600 300 10.00 1200 1400 1500
Voltage and current (f=0.05Hz)
6.00 .00 10.00 1200 1400 15.00
1250k weff EZ4
5% E..
?‘50}; e e———— e S ’}SDk
3 50k |- e ---12.50k 1
0 ; y |
6.00 .00 10.00 1200 1400 1500 |
Torque (£=0.03Hz, Torque=1.0e+5)
6.00 750 10.00 12,50 15.00 17.00

150k mw_EZ3

100K |- {100k

S0k -] 50k

i 0

-50k ~1-50k
-100k 1100k
-150k , 150k

6.00 7.50 1000 1250 15.00 17.00
Rotor Angle (£=0.03Hz)
6.00 750 1000 1250 15.00 17.00

15.00 = 3 574

10.00 ....del EZ3 _del_EZ4 | Q8L EZ3

5004 £ - \ {500

0 - JF-""'

-5.00 %X% : T T ~L.500
1000 - .10.00
-1500 : .15.00

6.00 7.50 1000 1250 1500 17.00
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Voltage and current (£=0.03Hz)

6.00 7.50 10.00 1250 15.00 17.00
1250k neff EZ4
5%l E..
lnnﬂk ........................ m— - e
1) 750k
2.50k| 2.50k
] 0
6.00 750 10.00 12.50 15.00 17.00
Torque (f=0.02Hz)
6.00 10.00 13.33 16.67 2000 23.33 25.00
150k mw_EZ3
100k 100k
S0k} - | 50k
0 0
-50k|- 50k
-100k 100k
-150k 150k
6.00 1000 1333 16.67 2000 2333 2500
Rotor Angle (f=0.02Hz)
6.00 10.00 1333 16.67 20.00 2333 25.00
15.00 » del_EZ4
1000 \ del EZ3
5.00 / / .................. 500
.
0 - D
-5.00 e 500
-10.00 -10.00
-15.00 11500
6.00 1000 1333 16.67 2000 2333 25.00
Voltage and current (f=0.02Hz)
6.00 10.00 1333 16.67 2000 2333 25.00
1250k weff EZ4
5*5ff E..
1000k o -
7.50k {750k
SO0 5 i i S 5.00k
250k o 250K
Ty
L o
6.00 10.00 1333 16.67 20.00 2333 2500
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Torque (£0.015Hz)

30.00
mw _EZ3
|
\
|

6.00 10.00 1500 20.00 25.00
150k(
100k 100k
S0k \ 50k
0 0
73] R _50k
-100k 100k
-150k : 150k |
6.00 1000 1500 2000 25.00 30,00 |
Rotor Angle (£=0.015Hz)
6.00 10.00 15.00 20.00 25.00 30.00
1500 : del B4
1000 | del EZ3
500 ;»X — 'y
Of— 0
-5.00}- .5.00
1000 .10.00
1500 ‘ .15.00
6.00 1000 1500 20.00 25.00 30,00
Voltage and current (£=0.015Hz)
6.00 10.00 15.00 20.00 25.00 30.00
12.50k weff EZ4
5*ieff E
10‘001{ e o T g i M T i
7.50k 7.50k
5.00k e p111)1 !
2.50k 2.50k ‘
a o ‘
6.00 10.00 15.00 20.00 25.00 30.00 |
Torque (£=0.01Hz)
600 1000 15.00 20.00 25.00 3000 40.00
150k 1 ' w_EZ3
100k S— T
1) -1 50k
0
SOk b e 150k
-100k 100k
-150k . 150k
600 1000 15.00 20.00 25.00 30.00 40,00
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Rotor Angle (f=0.01Hz)

600 1000 15.00 20.00 25.00 30.00 35.00 4000
1500 " wol E24 del 74
ok . del EZ3 } ] .|l EZ3
ok ‘
-10.00|- ~}1000
150 L1500
600 1000 15.00 2000 25.00 3000 3500 40,00
Voltage and current (£=0.01Hz)
600 1000 15.00 20.00 25.00 30.00 3500 40.00
1250k weff EZ4
5*iff E..
10.00k - -
750k 17 50k
2.50k i3 50K
] ~ o
6.00 10.00 1500 20.00 2500 30.00 3500 40.00
Torque (£=0.007Hz)
600 10.00 20.00 30.00 40.00 50.00
150k mw_EZ3
100k |- {100k
50k -| 50k
0
-50k 50k
e 1100k
-150k 150k
600 1000 2000 3000 40,00 50.00
Angle (£=0.007Hz)
600 1000 2000 3000 4000 50.00
15.00 . ‘ del EZ4
del_EZ3 del_EZ4 del EZ3
10.00 ) - .| B8
500 Do - \ L 00
g : — - s <
5004} S i s \ e e e —|-5.00
I
-10.00 11000
-15.00 .15.00
600 1000 2000 3000 4000 50.00

92



Voltage and current (f=0.007Hz)

600 10.00 20.00 30.00 40.00 50.00
12.50k ueff EZ4
S*EfE.
10.00k
750k -17.50k
250k [\ 2,50k
001k ; -0.01k
600 10.00 20.00 30.00 4000 50.00
(C) Summary (Rotor Angle/T--Frequency in Torque=le+5N.m and applied at EZ3)
Angle/Torque in Different Frequence
frequence (HZ) normal parameters worst parameters
EZ3 EZ4 EZ3 EZ4
0.007 9.43e-5 5.25¢-5 9.62¢-5 5.49¢-5
0.01 9.6e-5 5.62e-5 9.7%-5 5.66e-5
0.015 9.98e-5 5.66e-5 9.98e-5 5.66e-5
0.02 9.79e-5 5.66e-5 9.98e-5 5.85e-5
0.03 9.62e-5 5.25e-5 10.15 e-5 5.66 e-5
0.045 9.26e-5 5.66e-5 10.42e-5 5.65e-5
0.05 9.26e-5 5.66e-5 10.52¢-5 5.98e-5
0.072 8.91e-5 5.66e-5 11.31e-5 6.57e-5
0.08 8.88¢-5 5.98e-5 11.55e-5 6.69e-5
0.085 8.71e-5 5.98e-5 11.96e-5 6.92e-5
0.09 8.703e-5 6.046e-5 13.04e-5 7.28e-5
0.1 8.589e-5 6.046e-5 12.49¢-5 8.19e-5
0.15 7.24e-5 5.62e-5 14.69¢-5 9.97e-5
0.18 5.98e-5 5.06e-5 12.69e-5 9.07e-5
0.2 5.563e-5 4.825e-5 10.69e-5 7.43e-5
0.25 3.899e-5 3.421e-5 5.67e-5 4.1e-5
0.3 2.849e-5 2.730e-5 3.617e-5 2.893e-5
0.5 1.107e-5 0.987e-5 1.141e-5 0.963e-5
1.0 0.372e-5 0.372e-5 0.385e-5 0.312e-5
2.0 0.1975e-5 0.2e-5 0.204e-5 0.20e-5
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Angle/Torque

Angle/Torque

W'

Angle/Torque

EZ3 and EZ4 Angle/Torque--Frequence (modifated parameter)

0,0001

0,00001

0,0001

0,00001

1E-6

0,0001

0,00001

1E-6

EZ3

EZ4

0,01 0,1
Frequence

Angle/Torque----Frequence of Generators EZ3

T T

0,01 0,1
Frequency

Angle/Torque--—--Frequence of Generator EZ4

sl
0,01

P |
0,1
Frequency
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7. Dynamic response on step load and simulation of the current in

the paralleling switch

(1) Worst parameterf(Rkq*2, Rs*2, Ls*1.4)

Load power

2.900 3.500 4.000 4.500 5.000
250,00 - —p - P

ooomM| Q

i

100.0M 100.0

0

2.900 3.500 4000 4.500 5000

Voltage

2.900 3.500 4,000 4.500 5.000

12.50k weff Ioad

10.00k

250k} . ; . I . . (IR . 1}

i

2500 3.500 4000 4.500 5.000

Power-distribution
2900 3.500 4.0_00 4.500 5.000

1000 0m K3n

KS
{7500

750.0m

0 ' 0
2900 3.500 4000 4500 5.000
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(2) Original parameters

(a) Rising time of step load is 1 second

Load power of EZ3 and EZ4
1950 2.500 3.250 5000 6.250 7000
2 ' 3
20000 ‘ Q4 ;z
150081 uf,{ U SEUR— 4
3 P3 - Q3
P4 i
1000 -1100.001
S0.0M | Q3 =50 .00
o| L , : 0
1950 2.500 3.150 5.000 6.250 7.000
Generator voltage
1950 2.500 3350 5.000 6.250 7.000
12.50k i weff lnad
10.00k —10.00k
?Suk TSRS, MO - e Ear—————————— ?sﬂk
L1 S S e A 500k
1) B et e 2,50k
0 0
1.950 2500 3.750 5.000 6.250 7.000
Power distribution
1950 2.500 3.750 5000 6.250 7.000
700.0m KSn
666 Tm JKS
5333m 633 3m
400 .0m 500 D
566.Tm —|566.Tm
53331’!1 . e S DR SO 5333m
5000 500 Ot
1950 2.500 350 5000 $5.250 7.000
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Generator current (EZ3 and EZ4)

1950 2.500 3150 5000 6250 7000
12.50k : ieff EZ3
off E 162 ot
10.00k e EZ3 ieff_E24
500k | 1500k
2.50k {250k
0 ] i 0
1.950 2.500 3.750 5.000 6.250 7.000
Load current
1950 2.500 3.750 5000 6.250 7.000
1250k - ieff_ load4 - : ieiY_and
ieff load3
750k} —17.50k
500k 1500k
2.50k |- -13.50k
0
1.950 2.500 3.750 5000 $.250 7.000
Switch current
1950 2.500 3.750 5.000 6.250 7.000
5.000k ieff sw...
3750k {3350k
1250k} 1.250k
0 0
1950 2.500 3750 5.000 6.250 7.000
Output power of EZ3 and EZ4
1950 2.500 3150 5.000 6.250 7.000
200.0M ’ P EFS
p Q _EZ3
T R T I e e s . o P_EZ-‘l
\ \ Q_EZ4
Qb | P_EZ3 _EZ3 _ 0
P EZ4
000N e e e - L.i0ooma
-200.00d : 200081
1950 2.500 3.750 5000 6.250 7.000
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Rotor angle of EZ3 and EZ4

1.950 2.500 3750 5.000 £.250 7.000
100.00 ! dei BZ4
del EZ3
50.00 50.00
-50004 - -50.00
-100.00 : . -100.00
1950 2.500 3350 5.000 6.250 7.000

(b) Oscillation when the rising time is 1 second and there is no power distribution controller

Load power
1.950 2.500 3.000 3.500 4.000 4500 5.000
200. — 4
oo s
15000 . : - =
’ P3 Q3
100.0M — P4 100.0M
50004 —=Q3 50.00
1/"
0 P 0
1.950 2500 3.000 3.500 4.000 4500 5.000
Voltage
1850 2.500 3.000 3.500 4,000 4500 5.000
12.50k uefT_Inad
10.00k —10.00k
150k o] S0k
L0 1) ' —— |5 00k
2.50k -2 .50k
0 0
1.950 2.500 3.000 3.500 4,000 4,500 5.000
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EZ3 and EZ4 current

1950 2,500 3,000 3.500 4000
12,50k
ieff EZ4
10,00k feff EZ
_ieff EZ
7.50k |- ,l?f'ru 3 : -
L1 E—
250k} e
U i
1050 2,500 3,000 3,500 4000

Switch current
1950 2.500 3.000 3.500 4.000

5.000k

2500k

1.250k

0

Rotor angle

1.950 2.500 3.000 3.500 4.000 4.500 5.000
100.00 : dsl BZ4
, ' del EZ3
SOO0 e . - del_EZ3 50.00
0= ' del_EZ4 0
SE0.00 e e : | : _50.00
-100.00 < -100.00
1.950 2.500 3000 3.500 4000 4.500 5000

1.250k
; ’ - D
1.950 2.500 3.000 3.500 4.000 4500 5.000
|
|
|
|
|

(c). Open the parallel switch in load
(c1) load3---- Pn_EZ3, cos@=0.6; load4---- Pn_EZ4, c0sq=0.6
(c2) load3---- Pn_EZ3, cosq=0.93; load4----Pn_EZ4, cosq=0.49

(¢) Open the parallel switch in load

(c1) Load3, load4: cosq=0.6
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Power

1.950 2.500 3.750 5.000 6250 7000
250,01 ] P3
4
200,08 Q4 Ay
[ 00] ;P o P4 e
100 08 | —Q3 100.0M
S0OM |- B3 - |soom
0 0
1950 2.500 3.750 5.000 6250 7000
Voltage (EZ3 and EZ4)
1950 2.500 3.750 5.000 6250 7.000
12.50k weff, EZ3
10.00k ueff_EZ4
7.50k 17,50k
5.00k ~{5.00k
2.50k 12,50k
0 ; 0
1950 2.500 3,350 5,000 6250  7.000

Three phase voltage of EZ3 (expand)

3.950

3975

-10.000k |

3.850

Power distribution

1950 2.500 3.750 5.000 6250  7.000
1000.0m KSn
750 Om o~ KS\ 750 0m
500 0m} 1500 Ora
\ KSn
R 11} P R 250 Om
0 o
1950 2.500 3.750 5.000 6250  7.000
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Switch current

1.950 2.500 3.350 5.000 6250  7.000
2.500k ieff_sw...
LR 10)74 O S — 2 000k
1.500k} 1.500k
1.000k|- 1,000k
0.500k 0.500k
0 0

1850 2.500

3350 5.000

Three phase current of switch (expand)

6250  7.000

30%10 39850 39800 39850 40000 4.0030
2636k : ~ o B BN
P A B~, .C - . ’ AM s..
1.250k \\ N / y\ < , 7 I AM s
0 AN N/ \ LN N 0
NS 7 S, / Xe‘
4250k AN /( S A f/"'., {1350k
e N e R
3050k| , |-3.059k
3.9810 3.9850 3.9900 39950 40000 4.0030
Generator current
1950 2.500 3350 5.000 5.250 7.000
20.00k : i EZ3
, ieff BZ4
15.00k| - -- . 1leff EZ4 1500k
10.00% |- effEZ3 T 1000k
0] D——
U Rl H D
1950 2.500 350 5.000 6.250 7.000
Rotor angle
1950 2.500 3750 5.000 6.250 7.000
100.00 !
5000 o..del EZ3 S )

0 del_EZ4 0
-5000] - {5000
-100.00 -100.00

1950 2.500 3750 5.000 6.250 7.000
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(c2) Load3 , cosq=0.93; load4, cosq=0.49

Load power
1950 2.500 3.150 5.000 6.230 7.000
25000 P3
Q4 B4
200 .00 S 04
150 DI":“I S NS P4 e emeaasoc s aren Pttt sttt Qi
100.0M - P3 100001
50004 B O 5000
0 0
3.750 5.000 6.250 7.000
Voltage (EZ3 and EZ4)
1.850 2.500 3.350 5.000 6.250 7.000
12.50k il EZ4
1000k p——— fe 10.00k
PSOR|—m e e 750k
5 U[jk T — SODk
0 0
1950 2.500 3.750 5.000 6.250 7000
Power distribution
1950 2500 3.750 5.000 6.250 7.000
1000.0m KSn
KS ¥E
750 Dm :
7
500 O H S ~|500.0m
25001 e 50 L
0 il
1950 2.500 3.750 5.000 6.250 7.000
Three phase voltage of EZ3 (expand)
40000 40050 40100 40150 40200 40260
9761k - TN O p— e, JVN E..
iy D AN B /C AN ST Ao
sssnl SIS ANA DS ONS NS AL
3333k | /’ f\ i / (f\ i;’iﬁ R
kY ! / Y g \

U &'\. ‘l‘{ "“-‘_& ){(’ ' ;f 4,.;\ ;,; , \(&x‘ / ‘*.SG
3333k ,A"h._/ . s £ A ’y"’ B \* ‘)( 3333k
BE67% S SN \, SN 6667k

-10.000k ~ — <~ 10000k
4,0000 40050 40100 40150 40200 40260
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Switch current

1850 2.500 3750 5.000 6.250 7.000
2761k ieff swr...
6667k el 66T
1] 0
3333k | 3333k
6667k} —4-6.66Tk
-10.000k : -10.000k
1850 2500 37150 5.000 6.250 7.000
Three phase current of switch(expand)
39840 3.59900 3. 9950 4UUDD 40050 40100
S.BU?k ........................................ &I,‘/I—s 3
B -~ C AM s..
2,500k} 5/ / \ A &M 5.
0 /\ \ 0
e
-5.000k -5.000k
-6.985k -6.985k
39860 3.9000 38950 40000 40050 40100
Generator current
1.950 2.500 3750 5.000 5.250 7.000
20,00k & BZ3
ieff EZ4 ieff EZ4
1500k} {1500k
10.00k “ieff_EZ3 -110.00k
P o
500k} ‘-’;f’ff ................................... 500k
opr 0
1.850 2.500 3.750 5.000 6.250 7.000
Rotor angle
1.950 2.500 3.150 5.000 6.250 7.000
100,00
del_EZ4
s0.00 N — B O - i
0 del_EZ4 0
-5000 -50.00
-100.00 -100.00
1.950 2500 3750 5.000 6.250 7.000
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(d) Behaviour at step function and changing power factor load (P3=P4,Q3=Q4)
(d1) S= 140MVA, cosq=0.8

(d2) S=140MVA, cosq=0.6

(d3) S=140MVA , cosq=0.4

(d4) S=280MVA, cosq=0.8

(d5) S=280MVA, c0sq=0.6

(d6) S=280MVA, cosq=0.4

(d7) S=280MVA, cosq=0.8, worst parameters

(d8) S=280MVA, cosq=0.6, worst parameters

(d9) S=280MVA, cosq=0.4, worst parameters, modified condition of control

ALoad3 ijad4
Q3 Q4
P3
X
power(MVA) 140 280 280 ( worst par.)
COSQ 0.8 0.6 0.4 0.8 0.6 0.4 0.8 0.6 0.4

switch current (0) | 0.863 | 0.812 | 0.817 | 1.707 1.638 | 1.621 | 1.722 | 1.653 | 1.616

switch current (n) 1309 | 1.155 | 1.197 | 1.884 | 1.742 | 1.777 | 1.955 | 1.73 1.796

EZ3 rotor angle (0) | 28.31 | 20.29 | 13.28 | 36.67 2536 | 17.48 | 34.76 |25.89 | 17.63

EZ3 rotor angle (n) | 36.60 | 27.75 | 20.90 | 41.41 30.46 | 22.39 | 39.09 | 30.30 |22.39

EZ4 rotor angle (0) | 21.41 | 15.18 | 10.32 27.10 | 20.25 | 13.85 [ 24.81 | 19.39 | 13.50

EZ4 rotor angle (n) | 24.17 | 21.07 | 16.25 30.30 [ 23.39 | 17.99 [ 28.27 |23.55 |17.63

Note: current unit is kA; angle unit is deg. ; o-- before step power; n--after step power, read:
maximum of angle.

(d) Behaviour at step function and changing power factor load
(d1) S= 140MVA, cosq=0.8

Power
1.950 2.500 3750 5.000 $.250 7.000
100.00M ' P4 — o3
P4
75.00M . : - Y
P3 Q3
— i - -

50.0001 . , 0,000
25.00M o e S ST SU— o LY ]
0 / 0

1.950 2.500 3350 5.000 6250  7.000
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Bus voltage

1.950 2.500 3.750 5000 $.250 7.000
12.50k ; ueff EZ4
ook = 10.00k
7.50k 7.50k
500k} ~15.00k
250k |- 2.50k
0 0
1850 2.500 3.750 5.000 6.250 7.000
Power distribuation
1.950 2.500 3750 5.000 6.250 7.000
1000 Om KSn
1500 KSn | KS
/ =,
500 .0mp- AN - 500 Ora
KS
250 0m ) -4250.0m
0 { i 0
1950 2.500 3.150 5.000 6.250 7.000
Generator current
1550 2.500 3350 5000 6.250 7.000
10,000k ! ieff EZ3
ieff EZ4
7.500k} -
5000k} ~15.000k
2.500k}- - 12500k
0 : 0
1.850 2.500 3.750 5.000 6.250 7.000
switch current
1.950 2.500 3.750 5.000 65.250 7.000
5.000k il sw...
L 1 S i ~ 13750k
2,500k} ="} {2,500k
1250k f L e 1250k
0 ]
1.950 2.500 3750 5.000 6.250 7.000
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Three phase current of switch

49850 5.0000 50125 5.0250 50375 5.0500
5000k AM 5.
AM 5.

2.500k -C AM s..

m**x\ ” “n(“x /“f ”’Y\”‘\fW

O

Dh ‘/ R ; (Y
-2.500k | - 2. 500k
-5.000k -5.000k
49850 5.0000 50125 50250 50375 50500
Rotor angle
1.950 2.500 3.350 5.000 6250  7.000
100.00 del BZ4
del EZ3
EZ =
000 del_EZ3
[—
q_.-::f:"‘d’;wu
0 == del EZ4 —8
-50.00 S B 25000
-100.00 _ ' , -100.00
1950 2.500 3.750 5.000 4250  7.000

(d2) S=140MVA, cosq=0.6

Bus voltage

1.950 2.500 3.750 5.000 6250  7.000
1250k ‘ =it E&4
1000k ' 1000k
500k ~15.00k
DOk fmme e USSP B i 250k
1] 0
1950 2.500 - 3750 5.000 6.250 7.000
Power distribuation
1950 2.500 3750 5.000 6250 7.000
1000 D1 : KSn
KSn XS
[ ﬂb A
KS
250 O . T — 250 0m
0 0
1950 2.500 3750 5.000 A.250 7.000
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Generator current

1950 2.500 3350 5.000 $.250 7.000
10,000k ieff EZ3
ieff EZ4
ieff EZ4
5000k} - ' 5000k
0 0
1950 2500 3350 5.000 $.250 7.000
Switch current
1.50 2.500 3.750 5.000 6250  7.000
5000k . fY sw...
3750k S L 113
2.500k 2.500k
1250k - - L_{ {1250k
a { » 0
1950 2.500 3.750 5.000 6.250 7.000
Three phase current of switch
49850 50000 50125 50250 503175 50500
5.000k AM s...
LM 5.
2.500k -.C | AM s...
— f“\,
DK;{W*C /I\V’/\X& 0.00.00.0.0:
RAIXXAN ,,f\,\% SO XA
-3.500k - -1-2.500k
-5000k -5.000k
49850 5.0000 50125 50250 50375 50500
Rotor angle
1950 2.500 3.750 5.000 6.250 7.000
100.00 ' del EZ4
., del EZ3
s000| - e de]_EZ3
o :
S
o : 0
del EZ4
13 e S -50.00
-100.00 { -100.00
1.950 2.500 3.750 5000 $250  7.000
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(d3) S=140MVA , cosq=0.4

Bus voltage

1550 2.500 3750 5.000 6.250 7.000
1250k ueff EZ4
ook 10,00k
5.00k 1500k
2.50k 2.50k
0 0
1950 2.500 3350 5.000 6.250 7.000
Power distribuation ,
1.950 2.500 3.750 5.000 6250  7.000
1000 .0m KSn
750.0m
1{]11
500 O f/ 500.0m
BSOOM| e 250 Ora
] 0
1.950 2.500 3.350 5.000 6.250 7.000
Generator current
1.950 2500 3.350 5.000 6.250 7.000
10.000k ieff EZ3
ieff EZ4
7.500k
ieff EZ4
5.000k 5.000k
-~ ieff EZ3 2.500k
0
1.950 2500 3350 5.000 6.250 7.000
Switch current
1.950 2.500 3.750 5.000 6.250 7.000
5.000k isff sw...
3.750k e A 1] 4
2500k}, 13,500k
1250k L\__,_ 1250k
0 0
1850 2.500 3350 5.000 6.250 7.000
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Three phase current of switch
49350

5.0000

50125

5.0250

5.0375

5.0500

5.000k

2.500k

s aceadl ot f‘f 3@("

AM 5.
&M_s...
-l AM s

[

) : "“}{“f( "‘<“
AAANN

U \' 7 5, \ “f v
COCEX O IIXXX.

-2.500k| -2.500k
-5.000k ; : -5.000k
49850 5.0000 50125 5.0250 50375 5.0500

Rotor angle
1.950 2.500 3,750 5.000 5.250 7.000
100.00 del EZ4
el EZ3
5[] DD - — del_EZ3 ,,,,,,,,,,
1] — : 0
del_EZ4
-50.00 —1{-50.00
-100.00 « -100.00
1.950 2.500 3750 5.000 6.250 7.000
(d4) S=280MVA, cos q=0.8
Power
1850 2.500 3.150 5.000 6250  7.000
20000 ' P
P4
1500811 P4 - — 04
Qs
IDOUNI I N < S P3 W 1000M
Q3 Q4
o SN[ e - e b 111
1] 0
1550 2.500 3750 5.000 6.250 7.000
Bus voltage
1.850 2.500 3.150 5.000 6.250 7.000
12.50k : ueff EZ4
1000k —10.00k
750k 7.50k
5 ng s R——— joﬂk
250k ~{2.50k
] 0
1.950 2.500 3350 5.000 6.250 7.000




Power distribuation

1950 2.500 3.350 5000 6.250 7000
1000 .0ra ¥5n
KS
75000 T
fn‘l
S500.0m —fl --1500.0m
250 0m |- et 350 Ord
0 , 0
1950 2.500 3.750 5000 $.250 7.000
Generator current
1950 2.500 3.750 5000 6.250 7.000
12.50k R ieff EZ3
1€ :
1000k = ieff EZ4
7.50k { -7 50k
-
500k e 16fE_BZ3 S — ' )
250k £ % 12,50k
0 0
1950 2.500 3.750 5000 6.250 7.000
Switch current
1.950 2.500 3.750 5000 6.250 7.000
5.000k : i sw...
3.750k|- 13.750k
2.500k |- : - 2.500k
4 |
L2st| | I 11 250K
0 0
1950 2.500 3.350 5.000 $.250 7.000
Three current of switch :
49850 50000 50125 50250 50375 50500
5.000k ! AM s
2.500k f'_\-"A Ao
0 1\ x ;’L e ‘\‘. ’g
\/ xf \f“ Vi \J’ \* Y \r’ U Vi \; \ \f U ‘xf‘ |
P \ ‘”‘
_2_500Lf\— \*—" \-/\j ‘}" \_/ \J/\—' \-,f}..\w—wf'f RN, 2 500k
-5.000k .5.000k
49850 50000 50125 50250 50375 50500
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Rotor angle

1950 2.500 37150 5.000 6.250 7.000
10000 ‘ del B4
del EZ3
50.00 o del EZ3 JERS——
=== del EZ4 0
-5000 B
-100.00 : -100.00
1950 2.500 3.750 5.000 6250 7.000
(d5) S=280MVA, cosq=0.6
Bus voltage
1.950 2.500 3750 5.000 6.250 7.000
12.50k ! - 1eff BZ4
10.00k [~ ~10.00k
750k fromeee 4750k
500k -~ 500k
2.50k ~12.50k
] : n}
1950 2.500 3.750 5.000 6250 7.000
Power distribuation
1950 2.500 3.750 5.000 6.250 7.000
1000 .0m KSn
KS
150 Oraf-
s
500.0m j’ : 500.0m
250 .0m - 1250.0m
0 0
1950 2.500 3750 5.000 $.250 7.000
Generator current
1950 2.500 37150 5000 £.250 7.000
12.50k 73 ieff EZ3
qQel ks, :
10.00k o -} = il E24
1
2.50k - --2.50k
0 : 0
1.950 2.500 3.150 5.000 6.250 7.000
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Switch current

1850 2.500 350 5.000 6.250 7.000
2.500k ieff sw..
2000k -2 000k
ljuuk b B e e e e e R i i 1500]5.
1.000k 11.000k
0.500k 0.500k
] , 0
1.950 2.500 3150 5.000 6250  7.000
Three phase current of switch
49850 5.0000 50125 5.0250 5.03?5 5.0500
5000k AM s..
' &M s
el W’W’Y W’”ﬂ(\
0 \ /f\ Y[ /o

-2.500K/ X KVXJ}\ J( cd \j( )/ MJ\ 2,500k

-5.000k -5.000k
4.9850 5.0000 50125 50250 50375 5.0500

Rotor angle

1.950 2.500 3350 5.000 6.250 7.000
10000 dal EZ4
del_EZ3 del EZ3
0= del Ez4 — 0
-100.00 -100.00
1.850 2.500 3750 5.000 6.250 7.000
(d6) S=280MVA, cosq=0.4
Power
1850 2500 3.750 5.000 6.250 7.000
20000 =3
)
150,00 b R S ; H 4
- Q3 Q4 03
IUUDM : . 'WM“NIP4 e e e TN - IUU Dhtl
SO.0M S ——— . S —————— AV
. / ’
1.850 2.500 3750 5.000 6.250 7.000
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Bus voltage

1850 2.500 3350 5000 6230 7.000
12.50k weff EZ4
10.00k 710.00k
7.50k f-- 7.50k
300k -5 00k
2.50k 13 50k
0 0
1850 2.500 3.750 5000 6.250 7.000
Power distribuation
1.950 2.500 3.750 5.000 6.250 7.000
1000 O : KSn
s
750 0m e -
ﬂr
500 0t P e 500.0m
250 0m 12350 0m
1] ' ; 0
1950 2500 3.750 5.000 6.250 7.000
Generator current
1950 2.500 3.750 5000 6250 7000
12.50k : ot 15523 ieff EZ3
1€ 1
10.00k|- = ieff_E24
7.50k ) 7.50k
T
250k : 3.50k
0 0
1950 2.500 3.350 5000 6.250 7.000
Switch current
1950 2.500 3350 5000 6.250 7.000
2500k iaff sw...
2000k {11~ 2.000k
P e BT
1.500k e ~11.500k
1.000k |- A1 D00k
0.500k 01.500k
0 ; 0
1950 2.500 3.750 5000 6.250 7.000
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Three phase current of switch

49250 5.0000 50125 50250 50375 5.0500
5000k AM s
B AWM s..
2.500%| /\/ A ',; AN -‘\‘ /‘*\ | AM 5.
9 /\ \ X A A
0 ‘ ' f 0
\/ \( OO0
L '\J )
2,500k ‘«-f —' '\/ W A AN SN NS NN 2500k
-5.000k 1 .5.000k
49850 50000 50125 50250 50375 5.0500
Rotor angle
1.950 2.500 3750 5.000 6.250 7.000
100.00 gzl BTA
del EZ3
"_‘:,TJ«""“M’— e ..—*“ S——— —
0F del_EZ4 0
_soool - L S—— 1y 1
-100.00 ; ‘ -100.00
1.950 2.500 350 5.000 6.250 7.000
(d7) S=280MVA, cos q=0.8 (worse parameter of generator)
Power
1950 2.500 3350 5.000 £.250 7.000
200,001 , P3
P4
150.0M B ~ , - P4 04
33
10001 P k 1[50 Ol
) ' S Q4 Q3 ’
W
50 00 et 111
o) & n
1950 2.500 3750 5.000 6250 7.000
Bus voltage
1.950 4000 6.000 8.000 10.000
12.50k ueff EZ4
500k - 5.00k
250k 2.50k
0 : 0
1950 4,000 6.000 8.000 10.000
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Power distribuation
1950 4,000 4.000 3.000 10.000
1000 0 KSn
7500m| 75000
500.0mp- 5000
250 0m | ~1250 0m
0 : 0
1.950 4000 6.000 8.000 10.000
Generator current
1.950 4000 6.000 3,000 10.000
. : ieff EZ3
12.50k ieff EZ4 sy,
10.00k =
1.50k [ 750k
i i
2' Sok . SO sw— 2.50k
0 :
1850 4000 6.000 8.000 10.000
Switch current
1950 4000 6.000 8000 10.000
5.000k Bff sw...
3750k 3.750k
2.500k
1 250k
-0.100k
1950 4000 6.000 8.000 10.000

Three phase current of switch

59930 6.0000 60150 60200 60250
3248k1 . o A i TY e
SN r/"'ﬁ"‘\ =
1 667k} / B(
P Y F)‘f \‘a: g‘f \ K
o N R A
>(f "/ v
1667 N / oy
- 40291{ B ‘ SO SO _.ﬂ_ 02 gk
59930 6.0000 6.0050 60100 6.0150 60200  6.0250
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Rotor angle

1.850 4.000 6.000 8.000 10.000
100.00 del BZ4
~del_EZ3 del EZ3
5000 oo 15000
oL ‘
del_EZ4
-50.00 . : S : -50.00 ;
-100.00 i -100.00 1{
1.950 4,000 6.000 8.000 10.000 }
|
(d8) S=280MVA, cosq=0.6 (worse parameter of generator) 1‘
Power
1950 2.500 3.750 5.000 6.250 7.000
125.0M 0 o P4 P3
100 084 | - S—— : ; , ; - | P4
;‘; . P3 Q4
- - oL :
SO.0M |- 50,00 1
25 00 e S S F— 171 ;
0 0
1950 2.500 3.750 5.000 6.250 7.000 ‘
Bus voltage ‘
1.950 2.500 3350 5.000 6.250 7.000 :
12.50k ueff E24
1000k T p— p— . 1000k
"}.Sok PN v s mrn - o ek N  —— ?'501{
500k} o5 00K
0 i ]
1950 2.500 3.750 5.000 6,250 7.000
Power distribuation
1.950 2500 3.150 5.000 6,250 7.000
1000 .0m KSn
XS
750 0mf - - : : — - T50 O
5000ml I500.0m
250 Dra N S . —— L3 Yy Y
0 . - 0
1950 2.500 3.950 5.000 6.250 7.000
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Generator current

1950 2.500 3.750 5.000 6.250 7.000
12.50k off 73 ieff EZ3
10,00k il EZ4
._q‘fL
jUUk . i S R— SDUk
0 0
1950 2.500 3.750 5.000 6.250 7000
Switch current
1.950 2.500 3.750 5.000 6.250 7.000
5.000k Boff sw...
3750k |- - R ¢ 3 111 |
12,500k

et | 250K

. : 0
1.950 2.500 3750 5000 6250  7.000
Three phase current of switch
4.94660 49833 5.0000 5.0167 50333 50440
3 246k o — S
' : AM s...
166?}{ '\{ AI‘)‘I_S...
D
-lﬁé?k \ _,J’ \/’
-3.821k
49660 49833 5.0000 50187 50333 50440

Rotor angle

1.950 2.500 3.750 5000 6250  7.000
100.00 : del E74
del EZ3
5000 e e ER— 1< O 2/ T | 5000
Op—— del E74 —— 0
.s0.001- . _— - SUT— 5 Y 1
-100.00 -100.00
1.950 2.500 3.750 5000 6250  7.000
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(d9) S=280MVA, cosq=0.4 (worse parameter of generator)

Power
1950 2.500 3750 5000 6.250 7.000
20001 P3
P4
15000 e ol
Q3___ Q4 o3
100,014 P4 {100,014
50,08 —P3- —{50.00
0] . : 0
1.950 2.500 3.750 5.000 6.250 7.000
Bus voltage
1950 2.500 3.750 5,000 6.250 7.000
12.50k ' ueff EZ4
1000k —10.00k
7.50k ~|7.50k
500k |- 500k
2.50k} 12.50k
0 { 0
1.950 2.500 3.750 5.000 5.250 7.000
Power distribuation
1.850 2.500 3.350 5000 6.250 7.000
1000.0m ¥in
A
500 0mb 500.0m
250 0m|- 250.0m
Q 0
1.950 2.500 3.750 5.000 6.250 7.000
Generator current
1.950 2.500 3.750 5000 §.250 7.000
1250k ieff EZ3 R B2
1000k b ELL_Ba
7 50k |- — _eff EZ4 sk
2.50k 2.50k
0 0
1950 2.500 37150 5.000 6.250 7.000
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Switch current

1950 2.500 2750

5.000

6250  7.000

5000k

3.750k |

2500k}

1eff swr...

“ 3.750k

1 250k -

0

1950 2.500 3750

Three phase current of switch
49790 49875

5.0000

5.0125

6250 7000

50250

4328k

2000k |-+

/\11 3 : ;_’ xlj—\ - fm‘x‘:;“ f

O

~12.500k

1250k

5.0380

AM 5.
AN 3.

[=]

0

-2.000k

P

Y

'i\ }J’ 3: ".l ;:f : -,1
I v ¢f T, \.\j

-2.000k

147192k

49790 49875 3.0000

Rotor angle

1050 2,500 3.750

5.0125

5.000

50250 50320

7.000

50.00

2500)

del EZ4

del EZ3

—-[25.00

5001

-50.00

1-25.00

-50.00

1950 2.500

5.000

6.250

7.000

119




(¢) Behaviour in step function and changing power factor load

(el) Step power near EZ4(p3=P4, Q3=Q4, S=140MVA, cosq=0.8)

JLoad3 Load4
Q3 40MW
P3
Tt > t
Power
1.850 2.500 3.750 5.000 6.250 7.000
100 .00 =3
Q4 P4
75 00T : : : 4
: : Q3
Q3
] 0
1950 2.500 3.750 5.000 6.250 7.000
Bus voltage
1.950 2.500 3.150 5.000 6.250 7.000
12.50k ueff EZ4
ok : : : » —10.00k
jjuk s oot S . oo 4 - e e e ety e e 8 . ?'Snk
gjﬂk . i . e senee - ————— i o1 250k
0 i 0
1950 2.500 350 5.000 6.250 7.000
Power distribution
1.950 2.500 3.750 5.000 6.250 7.000
1000.0m ) KSu
750 D - R S - , S A——
! H
— ¥ - T
a0 0
1850 2.500 3.750 5.000 6.250 7.000
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Current of generators

1.850 2.500 3.750 5000 6.250  7.000
10.000k : ieff EZ3
ff EZ4
500k |- e o
L ieff EZ4 ‘
5.000k - 5 000k
2.500k e ieff BZ3 2.500k
0 ! |
1.950 2.500 3.750 5.000 6250  7.000
Switch current
1.950 2.500 3.750 5,000 6250  7.000
5000k Y sw...
3.750k|~ et 3 TS50k
2.500k -2 500k
1.250k — 1250k
1] L’"_'— ; 0
1.950 2.500 3.750 5000 6250 7000
Three phase switch current
49800 49875 5.0000 50125 50250 5.0400
5.000k AM_switch a
AM_switch b
2500k . ,;,;,N.A'.JA ~°:&B 'o c —-— Bl\'l-switch_c
0 KJ\/ _ Z 2 (’\{ /—ﬂ“\m 0
M .,Jx\_/\(\., % _,\Q)(W
2500k 2,500k
-5.000k -5.000k
49800 49875 5.0000 50125 50250 50400
Rotor angle
1950 2.500 3.750 5.000 6250  7.000
100.00 del EZd
del EZ3
s0.00 e 4ol B3
,.4“’:::-:'::::”—:-::-_ :
im—— del_EZ4 0
-50.00 - -50.00
-100.00 -100.00
1950 2500 3.750 5000 6250 7000
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(e2) Step power near EZ3 side (S=140MVA, cos@=0.4 , P3=P4, Q3=Q4)

I oad 3

of

oad4

Q4

P4

Power
1950 2.500 3.750 5.000 6.250 7.000

12500 P4

L , e Q3 Q4
100.0M ; : ha

03

75.001

SOLOM e : - : 50.00I

of £ ; ; 0
1950 2.500 3750 5.000 6250  7.000

Voltage
1.950 2.500 3.750 5.000 6250  7.000
1250k , il B3

jook . 3 P . . : B — :,..w¢...~,\.,,.ww.«.MM.M.w5-[]0]:{

0 0
1.950 2.500 3.750 5.000 6250  7.000

Power distribuation
1950 2.500 3.750 5.000 6.250 7.000
12.50k ' v 10k* ...

10.00k 10x * XS

500k ?,— LIS . S O 500k

gsgk . - . . - T .mww.w-w..w‘.ﬂww2.5[]1(
0

1.950 2.500 3.750 5.000 6250  7.000

122




e

Generator current
1950 2.500 3750 5000 6250 7.000

10.000k

7.500k ieff EZ3

2.500k e o BZA {2500k

1]

1.950 2.500 3750 5.000 6250  7.000

Switch current

1.950 2.500 3.750 5.000 6250 7.000
5.000k ff 5w

0| = ! ' 0
1950 2.500 3.750 5.000 6250  7.000

i

2.500k

Switch current of three phase
49900 50000 o 30400 30600 50800 50000

5000k

AM swieh b

2500

250k Ao

-3.000k -3 000k

4900 50000 50200 50400 50600 30800 50000

Rortor angle
1950 2.500 3.750 5.000 6250  7.000

100,00 del EZ4

e WY
i3 S PSP

5000 SR — [

-50.00 ' e : - oo 150,00

-100.00 -100.00
1950 2.500 . 37350 5.000 §.250  7.000
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(e3) Negativestep power near EZ3 side (S=140MVA, cosp=0.4, P3=P4, Q3=Q4)

Toad 3

4

Power

1950 250

Load4

Q4

P4

3750

300

6.250

100

100,000

15000}
J000M}---

HIM

| £

P4
o

vinmsimesossnsanrneo] P

——P3 ——P4

Q4

i
A

S — 111}

Q3

== Il

o0 250

Voltage

3750

3000

6250

100

1930 2300
12.30k '

3750

5000

weff EZ4

10.00k

500k

0

T Ok

750k
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 5 00k

50k
D

1950 2500

Power distribuation
1950 2500

3730

5000

5000

6.250

6.250

7000

1000

10000

7500m

3750

KSn

5000+

250.0m

0

5000

S 2 Snnm

1950 2500

3730

500

6.250

7000

124



W

Generator current

1950 2500 3750 5000 6250 1000
5000k : : : .
ieff EZ4
350k : -
/ ieff EZ3
1250}: B e e sttt ssssnp st 1250k
o ; )
1950 2500 3750 5000 6250 2000
Switch current
1950 2500 3750 5.000 6.250 7.000
5.000k/ ieff switch
1) F—— 3750k
pE [ LD . 500k
0 v 0
1950 2500 3750 5000 6.250 7000
Switch current of three phase
48900 5.0000 5.0200 5.0400 5.0600 50800 50000
5000k 8 s s
AM switch b
2.500k]- 1 i
il
11 e 12500k
-5.000k 5000k
49900 50000 50200 50400 5.0600 50800 50900
Rotor Angle
1950 2300 3750 5000 6.250 7000
10000 '
del_EZ3
[ ————
del_EZ4
50001 - S —— ]
-10000 v -100.00
1950 2500 3750 5000 6.250 1000
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Supplement to the simulation results shown

on pages 121 and 125

The results shown on pages 121 and 125 can only be interpreted as approximate results. The
transient behaviour is not shown correctly because problems with the automatic time
incrementation scheme occured. A new simulation with more realistic input data (rise time of
power 10 ms instead of 1 ps) leads to the following results (case (el), see page 120- 121):

Switch current
195% 230 3350 5000 6250 7000
5000k ff switch
3’750k I — :,, P . R L SRS S— R ; S — " 3750k
250K}~ S 500k
125ﬂk S DU—— T —— BUSUUNS NU————— e ——————“— 12§0k
0 ' " I
1950 2300 370 5000 6.250 7000
Three phase switch current
49500 49875 30000 pJiivA] 30030 30400
5000k | ‘ : § | AM smich &
‘ AM switch b
2500k : e B AM switch ¢

m mwx\w%

)
— ;«\_-,n A_,‘:._\:_
J )&)& JU" S
S0k | | 5 S0k
4B SO0 SO0 SIS0 S0
Rotor angle
L0000 11_9& 2.500 3350 5.000

50.00

0f=

-100.00 -100.00
1950 2500 37350 5.000 6250 7.000
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