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Abstract

The modeling of both the synchronous generator and induction motor which is represented
by the rotor reference frame was studied where the modeling was established using
MATLAB /SIMULINK software package for an isolated synchronous generator direct-on-line
with different sized induction motors; 20, 50, and 100 Hp, at manually adjusted excitation
voltage values which were maintained constant at 3.35, 4.55, and 6.21 V, respectively. The
purpose of this work is to study the impact of a sudden increase in the load torque; from 0 DOI:

to 150 % with an increase of 25 %, of full load torque was studied at a constant motor speed 10.23967/j.rimni.2023.05.003
of 188.49 rad sec-1. On the other hand, the impact of a sudden decrease in the rotor speed
by about 20 % from its rated value; from 188.49 to 150.79 rad sec-1 was also studied at full
load torque of the same different-sized induction motors. These values were manually
recorded and response variables of the generator including terminal voltage, current,
output power, electromagnetic torque, and load angle were determined and represented as
a function of time. The results illustrated the Changes in the terminal voltage, the current,
the output power, the electromagnetic torque, and the load angle as parameters of a
synchronous generator for different-sized induction motors.
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torque, output power, load angle, and speed where these
responses are represented as a function of time.

1. Introduction

The induction motors are the most energy-consuming loads,

especially in isolated grids, such as emergency generation
plants, which are used for industrial power loads, shopping
centers, hospitals, conveyors, fans, and electric energy systems
of ships. Induction motors, especially the squirrel-cage type, are
the most common machines used in various industrial
applications owing to their simple design, rugged structure,
high accuracy, great self-starting ability, good efficiency, and
low maintenance requirements.

The direct-on-line starting is the simplest method used for
starting the squirrel-cage induction motor in isolated electrical
networks. Generally, a normal value of starting current is
between 6 to 7 folds the rated current which could reach in
large-size induction motors to up to 9 or 10 folds, will cause
supply voltage dips and torque disturbance were suggested
according to [1,2].

There are many parameters that affect the performance of the
synchronous generator such as the sudden changes in each of
mechanical input power, excitation voltages, load torque, and
also the nature of load type. These changes cause that the
performance of the synchronous generto paspasses by a
transient period until reaching the steady-state operative
conditions. The various loads of synchronous generators were
discussed by several authors but till now, there is no study
related to the sudden changes in both mechanical speed and
the load [3-8].

Thus, the aim of this work was to study the impact of a sudden
increase in the load torque at constant rotor speed as well as
the sudden decrease in the rotor speed at full load torque for
different sized induction motors on the behavior of the
synchronous generator with a constant voltage of excitation.
The response variables include the terminal voltage, current,

2. Materials and methods

21 The dynamic model of

generator

synchronous

The synchronous generator applied in this work is composed of
uniform three armature windings that are sinusoidally
distributed along the air gap, with only one field winding.
Additionally, Damper windings existed in the rotor; where one
of them is found along the direct-axis; d-axis, and the other one
along the quadrature-axis (Q) with 90 electrical degrees behind
the d-axis.

The field winding was put on the d-axis where the modeling of
the damper circuit was performed throughout a short-circuited
winding along the direct and quadrature axis representing the
impact of induced currents within the damper bars and further
in the rotor body, where the positive rotation direction was
opposite to that of clockwise. The positive angle 8 was then
determined from the axis of phase-A to the d-axis. Based on
this, some hypothesizes were suggested according to [8] in
order to improve the dynamic model of the synchronous
generator as shown below:

@ Representing the flux linkages as a function of the
rotor place,
* Magnetically connected all the windings,

@ Neglecting both copper losses and the slots in the
synchronous generator, and

@ The permeability of both stator and rotor is infinite,

The windings of phases A, B, and C are exemplified with the
inductances La, Lb, and Lc (self and mutual inductance)T the
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magnetic connections between the stator and the rotor parts,
as well as the flux linking of the windin,gs are both dependent
othe n rotor position. The electrical equations were derived
using Kirchhoff's voltage law to each winding, in other words, by
equalization of the voltage at the terminal of the winding with
the sum of all voltages drop (resistive and inductive) across the
winding. In addition, if damper windings are present, they are
always short-circuited, and their terminal voltage is always zero.
As a result, the equations of the dynamic voltage of the
synchronous generator were within the rotor reference frame
[8, 9] as follows:

. diy dig di
Vg = ~Tsig = (L +Lmd)7 ’“Lmdd—]tc +Lmdd_,;d -—wrypg (1)
. di d iy
Vg = ~Tslq = (Lys +Lmq)d—tq +Lqu—tq + Wiy @
.od

Vo= —Ts.ig+ dl’i" (3)
. diy dig dirg @

Vg = Tralfa ~Lma-—g¢ * (Lya * Lma) —57 * Lma=—g;

. di i di
Vika = 0 =Tyglxa = Lipa dtd +Lmald—]tc + (Likg +Lmd)d_l;d ®)

diyg

+ (Liq * Imq) 2 (6)

dig
Vig = 0 = Tyqlig ~ Lmg—~ a

Where these mathematical equations represent the
synchronous generator equivalent circuit in the rotor reference
frame as illustrated in Fig. (1).
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Fig. 1 Equivalent circuit of a three-phase synchronous machine
in the rotor reference frame

2.2 The dynamic model of induction motor

The stator of the induction motor is made up of three-phase
windings where each of which is separated from the other two
by 120 degrees in space and a three-phase rotating magnetic
field is created when the current runs throughout these
windings. While the squirrel cage type is composed of a number
of bars which in turn form a number of symmetrical loops
where each is made up of two rotor bars that are joined by two
end ring parts. Owing to the coupling between the stator and
rotor windings along with the variation of coupling coefficient
with the rotor position, studying of the operative performance

https://www.scipedia.com/public/Mounir_et_al_2023b

of the machine is therefore very complicated. As a result, the
dynamic model of the induction motor was described by some
differential equations wite time-varying coefficients. Therefore,
a few assumptions should be applied when the mathematical
dynamic model used for a 3-phase squirrel cage induction
motor [10-12 and 15] as follows:

@ Stator windings are designed and arranged in such a
way that they can produce sinusoidal MMF
distributions along air gap;

@ Mutual inductances are equal value;

@ The harmonics in the voltages and the currents are
ignored;

*The effects of each saturation, eddy currents, and
hysteresis are ignored;

@ Uniform air gap;

»The iron parts permeability is unlimited.
To simplify the differential equations that describe the induction
motor, the two-axis theory is therefore applied where the

performance behavior of the induction motor is described by
the time- varying voltage and torque equations.

2.2.1 Voltage equations
2.2.1.1 Stator circuit

Provided the equations of stator voltage for a three-phase
induction motor according to [10-13] as follows:

as = Ras .Ias + lpﬂs = Ras . Ias + pwas )
d

bs = Rbs 'Ibs wb - Rbs Ibs pwbs ©)

cs = Res o Ies + Res . Ies + plﬁbcs ©)

2.2.1.2 Rotor circuit

Provided the following
according to [11-15]:

equations for the rotor voltage

ar = Rar Iar + lpar = Rar Iar +pYqr (10)
Vbr :Rbr~Ibr _Rbr Ibr+p¢br (11)
er = Res s + =Rer dor + pwcr (12)

Where, Y45, Upss VesWars Uprs e are the magnetic flux linkage
of phases a, b, and c.

2.2.2 Flux linkage equations

The stator and rotor mutual inductances, also the line currents
were used to develop the flux linkage equations between them
where the flux linkages were provided by [11-15] as shown
below:

lﬁ = Lasaslas + Lasbs lps T Lascsics + Lasarlar + Lasbr Uy +

13

Lascricr =y

l/) Lbsas las + Lbsbs lps + Lbscs les + Lbsar lar + Lbsbr Ly + (14)
L bscr lCT
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Yes = Lesaslas + LegpsUps + Lesesies + Lesarlar + Legpy lpr +

15

Lescricr )

l,bar = Laraslas + Larbs ibs + Laresics + Lararlar + Larbr ibr + (16)
Larcricr

wbr = Lbras las + Lbrbs ibs i Lbrgs les + Lbrar lar + Lbrbr ibr s 17)
L brer ler

Yer = Leraslas + Loppglps + Leresles + Lerarlar + Lgppy lpr + (18)

Lererier

Where: iy, iy i are the stator windings currents, iy, iy, i, are
the rotor windings currents and the inductances are described
below.

2.2.3 Inductances equations
2.2.3.1 Stator inductances

The main components of the self-inductance of the stator
windings are magnetizing and leakage inductance. As the
windings are symmetrical, the self-inductance of all stator
windings is thus equal, as given by the following relationships
[11-14]:

Lasas = Lpgps = Leses = Lms + Lig (19)

Where Lj: is the stator leakage inductance identical for all
phases and L,,: is the stator magnetizing inductance.

Because of consistency of the stator windings, the mutual
inductance of any two stator windings is equal.

Lasps = Lpsas = 0.5Lms (20)
Lpses = Lesps = ~ 0.5Lims (21)
Lesas = Lascs = = 0.5Lms (22)

Where, L, is the inductance of the stator
windings.

2.2.3.2 Rotor inductances

magnetizing

As with the stator, the rotor self-inductance is equal as shown
by the following relations presented by [11-14]:

Larar = Lbrbr = Lerer = Llr + Lmr (23)

Where L. is the rotor leakage inductance which symmetrical for
all phases and L,,, is the rotor magnetizing inductance.

The mutual inductances are then calculated as follows:

Larpr = Lyrar = = 0.5Lmr (24)
Lyrer = Legpr = = 0.5Lmr (25)
Lecrar = Larer = = 0.5Lmr (26)

Where L,,, is the magnetizing inductance of the rotor
2.2.3.3 Mutual inductances between stator and rotor windings

It was observed that the mutual inductance between a stator
winding and any rotor winding changes sinusoidally with the
rotor position according to [11-14] as follows:

Lasar = Lbsbr = Leser = Lmsrcos (6r) (27)
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Lascr S Lbsar S Lcsbr = LmsrCOS (er - 2?7-[ ) (28)
Laspr = Lyser = Lesar = Lmsr COS (er + 2?” ) (29)

Where 6,: is rotor angle, L,,,: is the mutual inductance between
a rotor and stator winding when the rotor angle is such that the
rotor and the stator magnetic axes are aligned, and the
subscripts indicate which rotor and stator windings defining the
mutual inductance between them. As a result, the derivatives of
such these inductances related to the time are implicitly existthe
machine equations where the three-phase squirrel-cage
induction motors in the rotating DQ axis were described as
follows according to [12]:

Vas = Re -igs + L5 - g (30)
Ves = Rs s + B0 4 g, 31)
Var =0 =Ry i + L (32)
Vgr = 0= Ry . igr + L (33)

Therefore, figure (2) illustrates the equivalent circuits of a 3-
phase squirrel cage induction motor by the rotor reference
frame with ignored zero sequence components according to
[10] as follows:

wds = Ls ids + Lm idr (34)
l,bqs = Ls iqs + Lm iqr (35)
Yar = Lrigy + Lmigs (36)
l,bqr =Ly iqr +Lm iqs (37)
Vs (38)
Vgs | _
0
0
Rs + pLs - (L)rLs me _(JJer ids
(L)rLs Rs + pLs (Uer me iqs
PLm 0  Rr+pLr 0 lar
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R, @rYys L, L, R,
N\
— + <
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R @y Ys Ly 75 R,
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Fig. 2 The induction motor equivalent circuit in the rotor
reference frame


https://www.scipedia.com/public/File:Review_645038150437-image2.png
https://www.scipedia.com/public/File:Review_645038150437-image2.png

SCUIPEDIA

N. Mounir, F. Said and M. Enany, Behaviour of self excited synchronous generator loaded by different sizing
induction motors, Rev. int. métodos numér. calc. disefio ing. (2023). Vol. 39, (2), 15

2.3 The dynamic model of
generator D.O.L induction motor

synchronous

Figure (3) illustrates the equivalent circuit of the isolated
synchronous generator direct online by the squirrel cage
induction motor by the rotor reference frame. In addition, the
equation (18) represents all equations of stator voltage, and
current of the synchronous generator D.O.L by induction motor
in the rotating DQ axis, indicating that they are on the same
voltage and current.

Vg = Vas (39)
Vq = Vgs (40)
lq = lgs (41)
iq = lgs (42)

Fig. 3 Equivalent Circuit of an isolated synchronous generator
D.O.L induction motor in rotor reference frame

3. Results and discussion
3.1 Matlab/Simulink model

Figure (4) illustrates the performed dynamic modeling of an
isolated synchronous generator direct online by induction
motor using MATLAB /SIMULINK software package where the
synchronous generator was loaded with different sized
induction motors loads (20, 50, and 100 Hp). In manual mode,
the excitation voltage is set with the required values of 3.36,
4.64, and 6.21 V, respectively to maintain the generator's
terminal voltage equal to the estimated value of 460 V at full
load. Subsequently, the simulated values of each terminal
voltage, current, output power, torque, load angle, and speed
as a function of time were determined. The performance of the
synchronous generator with a constant excitation voltage is
affected by several operative parameters like the sudden
increase in the load torque at a constant rotor speed of 188.49
rad sec-1 and as well as the sudden decrease in rotor speed at
full load torque. The specifications of the synchronous
generator and the differen- ized induction motors used in this
work exist in the Appendix.
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Fig. 4 MATLAB / SIMULINK model of an isolated Synchronous
Generator D.O.L Starting Induction Motor load

3.2 Effect of the sudden increase in the load
torque at constant the rotor speed

With different-sized induction motors (20, 50, and 100 Hp), the
synchronous generator was firstly connected direct-on-line with
the induction motor without load torque (T;=0) in the period (0-
2 s) and the load torque was then suddenly applied in a step
form in the periods 2-4, 4-6, 6-8, 8-10, 10-12, and 12-14 s, where
the load torque ranged from 25% to 150 % of full load torque
with a gradual increase of 25 %, respectively, Figure 5(a). The
values of starting currents were obtained to be 163.35, 470.4,
and 989 A, respectively for different sized induction motors of
20, 50, and 100 Hp, which increased by about 6 - 9 folds of full
load current, and in some cases, it could attain 10 folds. The
current drawn by the induction motor in the period of 0-2 s
which was just after starting the period with no-load (T, =0) is
known as the no-load current which represents about 40-50 %
of full load currents of 9.72, 27.65, and 54.78 A, respectively.

Moreover, it was found that when these loads were applied
during the mentioned periods, the current drawn (withdrawn)
by the induction motor gradual increased, and it reaches to the
full load current of 27.6 and 54.7 A, respectively for induction
motors with sizes of 20 and 50 Hp at full load torque in the
period 8-10 s. on the other hand, it was also observed that the
current drawn by an induction motor with size of 100 Hp did not
meet the full load current as in Fig. 5(b). While, it increased
greatly versus the dip in voltage in a 50, and 100 Hp- induction
motors, as in Fig. 5(b).

Also, the field current instantaneously increased when the load
torque increased, and it return to maintain onstant value at
99.06 and 134.35 A, respectively for induction Imotors with sizes
of 20, 50 and100 Hp at full load torque in the period 8-10 s this
because the excitation system employed is a battery with a
constant voltage. While, it increased as similar to stator current
greatly versus the dip in voltage in a 50, and 100 Hp- induction
motors, as in Fig. [5(c).

The voltage at the generator terminals declined with each
increase in the load torque until the voltage-dip. The voltage dip
occurred after loading by 125, 100, and 75 % of full load torque
for induction motors with sizes of 20, 50, and 100 Hp,
respectively. The voltage dip is due to the load torque become
greater than the generation torque, and there is no procedure
(voltage regulator) to bring the terminal foltage back to the
setpoint by increasing the fieldjas in Fig. 5(d).

Moreover, the power drawn by the induction motor increased
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provisionally after the no-load period reaching thereafter a 700 p————
steady state condition for each increase in the load applied on 500 — vsomp
the induction motor as mentioned above where it approaches m ity
almost zero after the voltage-dip, Fig. 5(e). There is a direct 500 x
relation between the electrical torque and the output power
and an inverse relation between the electrical torque and rotor < 400
P . It
speed where Tem = wL'S“ . As a result, the torque increased ?g’w 300 |-
temporally reaching thereafter a stable condition with each s ol
increment in the load applied on the induction motor with a
similar trend of output power. It is due to the constant speed 100 |
and approaching near zero after voltage dip, Fig. 5(f). In
addition, the load angle increased with an increase in the load % 2 7 o s 1 2 1
torque, but it increased instantaneously and then decreased Time (Sec)
thereafter when the voltage-dip occurred, Fig. 5(g). (d)
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Fig. 5 Impact of a sudden increase in the load torque at a
constant rotor speed on an isolated synchronous generator
D.O.L by different sizing induction motors (20, 50, 100 Hp) at
constant the rotor speed (a) Load torque, (b) Stator Current, (c)
Field Current (d) Voltage, (e) Output Power, (f) Torque and (g)
Load Angle.
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3.3 Effect of the sudden decrease in the rotor
speed

It was found that decreased mechanical input power results in a
smaller turbine torque passed to the synchronous generator
decreasing the rotor speed. Figure (6) illustrates the impact of
the sudden decrease in rotor speed from 188.49 rad/sec to
150.72 rad sec-1 in the period of 2-4 s on the behavior of an
isolated synchronous generator direct-on-line by different sized
induction motors of 20, 50, and 100 Hp at full load torque.

The current drawn by the induction motor declined when the
rotor speed decreased from 22.89, 53.66, and 103.95 A to 22.5,
53.09, and 105.4 A respectively, reaching thereafter a stable
condition in the two sized induction motors of 20, 50 Hp. While,
it increased greatly versus the dip in voltage ina 100 Hp-
induction motor, as in Fig. 6(a). Also, the field current decreased
slightly when the rotor speed decreased from 99.37, 137.72,
and 197.51 A to 98.95 136.39, and 195.76 A [respectively
reaching thereafter a stable condition in the two sized induction
motors of 20, 50 Hp,because the excitation system employed is
a battery with a constant voltage. While, it increased as similylar
to stator current greatly versus the dip in voltage in a 100 Hp-
induction motor, as in Fig. B(b).

Furthermore, it was found that the generator terminal voltages
declined when the rotor speed decreased from 467.7, 496.9,
498.8V to 372.4, 387.6, 366.and 09 V, respectively, reaching
thereafter a stable condition in two sized induction motors of 20
and 50 Hp. While, the voltage-dip occurred in a 100 Hp-
induction motor, as in Fig. 6(c). The voltage dip is due to the
decrease in the rotor speed as a result of decreasing the fuel
amount which in turn decreases the generating torque, jand
also this model there is no contains (voltage regulator) to bring
the terminal foltage back to the setpoint by increasing the ffield.

Manually, the excitation voltage was adjusted to (3.36, 4.64, and
6.21 V), respectively to keep the flux of the field constant. As a
result, the internal generated voltage EA= Kew decreased.
Therefore, a decrease in output power was observed with a
decrease in the terminal voltage where Py =

”%EA) «siné , it declined from 16.19, 39.05, 78.83 Kw to

12.59, 30.45, and 59.47 Kw, respectively reaching thereafter a
stable condition in two sized induction motors of 20 and 50 Hp.
while in a 100 Hp- induction motor, the output power
approached almost zero after occurring the voltage-dip as Fig.
6(d).

Due to the direct relationship between the electrical torque and
the output power and the inverse relation between the electrical
torque and the rotor speed (Tem=Pout/ws), it declined as rotor
speed was decreased from 86.12, 211.5, and 428.17 Nm to
84.18, 204.9, and 406.67 Nm respectively reaching thereafter a
stable condition in two sized induction motors of 20, 50 Hp. But
in a 100 Hp- induction motor, the torque approached almost
zero after occurring the voltage-dip, as Fig. 6(e).

Conversely, as the rotor speed decreased, the load angle (8)
increased from 7.6, 14.48, and 24.73 ° to 8.18, 15.95, and 28.34°

where ‘é—‘f = we — pwm, reaching thereafter a stable condition in

two sized induction motors of 20, 50 Hp. However, it increased
greatly versus the dip in the voltage in the 100 Hp- induction
motor, as Fig. 6(f).
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1000 e The synchronous generator applied in this work was 100 KVA,
= —.50m 460 V, 125.5-A, 60 Hz, 4 pole 3-phase cylindrical pole
E a0 T, 100 Bp synchronous generator, star-connected
% 600 Per phase stator resistance (Rs): 0.055 Q
)
™4
2 400 Per phase stator reactance (Xs): 21.6317 Q
o
c
E’ 200 —_— Resistance of the field windings Rf = 0.03386 Q
o
g . The generator moment of inertia J = 0.7136 kg.m2
w

20 . . . . . The generator's friction factor B = 0.06 N-ms
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Fig. 6 Effect of the sudden change in the rotor speed on an Moment of inertia (J): 0.1 kg m2

isolated synchronous generator D.O.L by different sizing Friction factor (F): 0.01771 N'm's
induction motors (20, 50, 100 Hp) at full load torque on (a)
Stator Current, (b) Field Current (c) Voltage, (d) Output Power, Induction motor 2 specifications
(e) Torque, and (f) Load Angle.
Three-phase squirrel cage Yconnected, 50 HP, 460-V, 52-A, 60
4. Conclusion Hz, 4 poles

In this study, the mathematical dynamic model of the Speed (N):1780 rpm

synchronous generator direct-on-line by an induction motor is

analyzed in case of rotoa r reference frame. The modeling of an Per phase stator resistance (R1): 0.09961 Q
isolated synchronous generator direct-on-line by different sizes

induction motors (20, 50, 100 Hp) was performed using MATLAB Per phase stator reactance (X1): 0.32685 Q
/SIMULINK software package with constant and adjusted the
excitation voltage at (3.35, 4.55 an,d 6.21V), respectively. The
generator parameters were experimentally measured and the
generator simulated values (terminal voltage, current, output
power, electromagnetic torque and, load angle as funca tion of Magnetizing inductance (Xm): 11.4567Q
time) were subsequently calculated.

Referred rotor per phase resistance (R2): 0.05837 Q

Referred rotor per phase reactance (X2): 0.32685 Q

Moment of inertia (J): 0.4 kg m2
The obtained results show that the current, the output power,

the electromagnetic torque and the load angle increased with Friction factor (F): 0.02187 Nm's
increasing the load torque at ca onstant speed. While,the ) o
terminal voltage decreased with increasing the load torque at Induction motor 3 specifications

ca onstant speed. In case of sa udden decrease in the rotor
speed at full load torque, only the load angle increased. In this
study, the voltage dip may be due to

Three-phase squirrel cage Y-connected, 100 HP, 460-V, 117-A, 60
Hz, 4 poles

1) The load torque was greater than the generation torque, Speed (N): 1780 rpm

2) The decrease in the rotor speed as a result of decreasing the "€ Phase stator resistance (R1): 0.03957 Q

fuel amount which in turn decreases the generating torque. Per phase stator reactance (X1): 0146649 Q

Appendix Referred rotor per phase resistance (R2): 0.02215 Q
The specifications of the synchronous generator as well as the Referred rotor per phase reactance (X2): 0.146649 Q

induction motors applied in the simulation were as follows:

Magnetizing inductance (Xm): 6.2731322 Q
Synchronous generator specifications
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Moment of inertia (J):1.3 kg m2

Friction factor (F):0.05543 Nms
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