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The Single-Phase Transformer
Explanatory Notes

This case was developed to simulate, as closely as possible, the measurements and tests carried out by
students during a conventional, hands-on laboratory that takes place as part of an electrical machines course in
the first semester of third year. The faulted transformer model from RSCAD was used because this is the only
single-phase transformer model that allows saturation to be included, rather than because internal winding
faults were required for the case. Additional resistance was added external to the transformer in series with its
primary and secondary terminals to represent its winding resistances: winding resistance is not represented in
the RSCAD model of the transformer since it is typically negligible for large transformers, but measurement of
both the winding resistance and leakage reactance of a transformer is key to this particular laboratory and the
theory it is designed to reinforce.

The case also allows the students to test their results by entering their measured transformer equivalent circuit
parameters (via DRAFT sliders) into a simulation model of the equivalent circuit that runs in parallel with the
“actual” transformer that was tested. During the load test, both the actual test transformer and the parallel
equivalent circuit are fed from the same source and have the same loads applied to them by the RUNTIME
controls. This feature is put in a separate group component on the RUNTIME interface so that it can be kept
out of sight and out of the way whilst the initial parameter testing phase of the laboratory is carried out.



Laboratory Instruction Sheet
Introduction

The objectives of this laboratory are to measure the parameters of the RMS equivalent circuit model of a
single-phase transformer by means of the open-circuit and short circuit tests. You will then measure the
performance (voltage regulation and efficiency) of the transformer under load conditions and compare this
measured performance against that predicted by the RMS-equivalent circuit model of the transformer as
determined from your earlier tests.

RUNTIME Interface

You should start by familiarising yourself with the RUNTIME Interface used during this laboratory which
appears as shown below.
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Figure 1: RUNTIME Interface for Single-Phase Transformer Laboratory

The RUNTIME Interface shows a schematic diagram of the transformer to be tested in the centre of the picture.
The transformer is single-phase, rated 230:115 V, 2.3 kVA, 50 Hz.

The primary winding of the transformer has rated current of 10 A and is fed from a 0 — 300 V variable-voltage
supply shown as V,y on the RUNTIME Interface; the slider below Vy is used to adjust the voltage applied to the
primary winding of the transformer. The primary side of the transformer has a voltmeter V,, an ammeter I, and
a wattmeter P, to measure the voltage applied to the primary winding, and the current and active power
drawn by the primary winding; the units of these meters is RMS Volts, Amps and Watts respectively.

The secondary winding of the transformer has rated current of 20 A and is connected to two circuit breakers
and a variable-resistance load; the ammeter I, measures the current supplied by the secondary winding of the
transformer (units: RMS Amps) and the voltmeter V, measures the voltage at the output terminals of the
secondary winding of the transformer (units: RMS Volts). You can open or close either of the two circuit



breakers once the simulation is running by pressing the open or close buttons associated with that circuit
breaker on the RUNTIME Interface. The circuit breaker connected in shunt (parallel) with the transformer
secondary winding is used to apply and remove a short circuit on the secondary winding; the circuit breaker
connected in series with the secondary winding is used to connect or disconnect the load on the transformer
secondary winding.

Once the simulation is running, the appearance of each circuit breaker symbol on the RUNTIME Interface will
change depending on whether that circuit breaker is in the open or closed state — this feature provides you
with visual confirmation of the status of the breakers. NOTE: the RUNTIME Interface will not allow you to have
both circuit breakers closed at the same time, so before you try to close a particular breaker, you must make
sure other breaker is open first.

The dial component on the right-hand side of the RUNTIME Interface allows you to select between four
different values of resistive load on the secondary of the transformer when the load breaker is in the closed
position.

Finally, the sub-group component at the bottom of the RUNTIME Interface, labelled “Equivalent Circuit”
contains a test circuit that you can use to check the correctness of your measured parameters later on during
the assignment. When this sub-group is maximised, it has four sliders that can be used to adjust the parameter
values of a transformer equivalent circuit before the simulation starts. However once the simulation starts, the
sliders become dark grey to indicate that their values cannot be changed while the simulation is actually
running. This sub-group should be minimised at the beginning of the laboratory so that it does not get in the
way of the controls and meters on the main page of the RUNTIME Interface.

Transformer Short-Circuit Test

The objective of this test is to determine the values of the series impedance elements R; and X; in the
transformer equivalent circuit.

If the simulation is not already running, you should start the simulation by pressing the “Run Case” button in
the RSCAD RUNTIME programme.

Open both the circuit breakers on the secondary side of the transformer, and adjust the V,y slider so that zero
volts is applied to the transformer primary winding.

Apply a short circuit to the secondary side of the transformer by closing the shunt-connected circuit breaker.

Increase the input voltage V y at the primary winding of the transformer until rated current flows in the primary
winding — note, a very low input voltage is required for rated current to flow because of the short circuit
applied to the transformer secondary.

Write down the readings of the meters V4, P; and |; on the primary side of the transformer.



Table 1: Meter Readings — Short Circuit Test

Short Circuit Test Variables Meter Readings
Vs Vi = 1049V
Ps P, = 4897 W
Is I, = 10.00 A

Under the short-circuit test conditions, the voltage applied to the primary winding is sufficiently low that the
currents Ic and |y, can be assumed to be negligible, such that the equivalent circuit of the transformer can be

simplified as shown.
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Figure 2: Transformer Equivalent Circuit Under Short-Circuit Test Conditions

With these simplifying assumptions we have:

R, = Ps _ 4897 _ 0.489 Q
E = ISZ - 102 '
;- Ve _ 1049 049 0
E-7 1y 7 1000 7

Xg = [Z;2—R;* = 10492-04892 = 0.9280Q



Transformer Open-Circuit Test
(Part 1: Equivalent Circuit Parameters)

The objective of this first part of the open-circuit test is to determine the values of the shunt impedance
elements R¢ and Xy, in the transformer equivalent circuit.

Open the shunt circuit breaker to remove the short circuit on the transformer secondary winding. The series-
connected breaker should also be open for this test so that the secondary winding of the transformer is open
circuited (zero secondary load current I, supplied by the transformer)

Increase the input voltage V\y at the primary winding of the transformer until rated voltage is applied to the
primary winding.

Write down the readings of the meters V4, P; and |; on the primary side of the transformer.

Table 2: Meter Readings — Short Circuit Test

Open Circuit Test Variables Meter Readings
Vo Vi = 2300V
Po P, = 54.25W
lo I, = 0.246 A

Under the open-circuit test conditions, the equivalent circuit of the transformer simplifies as follows.
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Figure 3: Transformer Equivalent Circuit Under Open-Circuit Test Conditions

From which we have:

P 5425 0.236 4
© 7 v, — 2300 =



R, = = —— = 975120
¢ Ic 0.236 975

Iy = |1,2-1.2 = J02462-02362 = 0.0694
X, = Lo o 200 sa0870

Moo= 1y T 0069 '

Table 3: Summary Of Equivalent Circuit Parameters

Parameter Calculated Value
Re 0.489 Q
Xe 0.928 O
Re¢ 975.12Q
Xm 3312.87Q

(Part 2: Transformer Magnetising Characteristic)

The objective of this part of the open-circuit test is to measure the magnetising characteristic of the
transformer while its secondary terminals are open circuited.

With the secondary winding of the transformer still left open circuited, vary the input voltage Vi to the
transformer in 10 steps from 10% to 105% of rated value; you should take readings of no-load current I; and
input voltage V; at each step in this test.

Plot a graph of V, (y-axis) versus |, (x-axis) from the above test and comment on the shape of the graph.

Table 4: Meter Readings — Open-Circuit Voltage vs Magnetising Current

Vo (V) lo (A)
23 0.044
46 0.069
69 0.091
92 0.112
115 0.133
138 0.154
161 0.175
184 0.196
207 0.218
230 0.247
241 0.320
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Figure 4: Graph of Transformer’s Open-Circuit Magnetising Curve Vg versus lg

Transformer Load Test

The objective of this test is to measure the performance of the transformer as the load on its secondary
terminals is varied from no-load to 110% of rated load in five steps. The first of these steps requires the series-
connected circuit breaker to be open to disconnect the load; for the remaining four steps, the series-connected
breaker is closed, and four different load resistor values are selected using the dial component.

With the series-connected breaker in the open position, set the input voltage to the transformer primary
winding to its rated value of 230 V.

Write down the readings of the meters P; and |, on the primary side of the transformer and the readings of the
meters V, and |, on the secondary side of the transformer.

Close the series-connected circuit breaker to connect the variable load resistor to the transformer secondary
winding. With the input voltage to the transformer primary winding kept fixed at 230 V, write down the
readings on the meters Py, |3, V, and |, for each of the four positions of the load resistor selection dial (positions
1 through 4).



For each of these five sets of readings, calculate the transformer’s efficiency and voltage regulation as follows

vV, I
n = =2 x 100%
P4
Voo — V
Regulation = 20 "2 100%
V2o

Then plot graphs of transformer efficiency and voltage regulation against a base of transformer secondary load
current l,. Comment on the shapes of the graphs.

Table 5: Results — Transformer Load Test

1 (A) P1 (W) 2 (A) Va (V) n (%) Reg (%)
0.246 54.26 0.0 115.0 0.0 0.00
2.72 625.6 4.97 114.3 90.80 0.61
5.18 1190.0 9.89 113.7 94.50 1.13
7.58 1740.0 14.70 113.1 95.55 1.65
114 2622.0 22.40 112.0 95.68 2.61
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Figure 5: Graphs of transformer secondary voltage, efficiency and regulation versus load current.



Analysis of Results
Stop the simulation using the stop button in RSCAD RUNTIME if you have not already done so.

Once you have calculated the parameters of the transformer’s RMS equivalent circuit model from the
measurements you have just carried out, you can enter them into the test circuit in the RSCAD simulation to
verify them. Before you do this, you will need to convert the values of magnetising reactance Xy and referred
leakage reactance X; into units of inductance in Henries as follows:

Ly = Xg/w = 0.928/2n50 = 0.002954 H

Ly = Xy/w = 331287/2r50 = 10.545193 H

Once you have done this, return to the RUNTIME Interface in RSCAD and click on the Equivalent Circuit sub-
group to maximise it. Inside the Equivalent Circuit sub-group, you will see a mimic diagram of the equivalent
circuit with four sliders to allow you set the values of its parameters to match those that you have just
determined. Use the sliders to enter your own calculated values of Rc, Xy, Re and Xg. Start the simulation
again and compare the meter readings on the equivalent circuit model of the transformer against the meter
readings on the main RUNTIME Interface page.

If you have calculated the parameters of the equivalent circuit correctly, the meter readings on the Equivalent
Circuit mimic panel should closely agree with those in the main circuit of the RUNTIME Interface, but they are
not expected to agree exactly: this is partly because of certain standard assumptions that are made in the
method used to calculate the parameters of the equivalent circuit model of the transformer from open-circuit
and short-circuit tests. Discuss the assumptions made in these calculations and how they affect the parameters
that are obtained. What other limitations of the equivalent circuit model are likely to contribute to the
difference between the performance it predicts and the performance of a detailed model of the transformer?



The Three-Phase Induction Motor
Explanatory Notes

This case was developed to simulate, as closely as possible, the measurements and tests carried out by
students during a conventional, hands-on laboratory that takes place as part of an electrical machines course in
the first semester of third year. An additional star-connected resistance was added external to the motor in
parallel with it to represent the core losses in the motor’s magnetic circuit: core losses are not represented in
the RSCAD model of the induction motor since this is typically not a focus for larger motor studies, but
measurement of this component of the equivalent circuit is a standard part of this type of laboratory for
smaller-rated induction motors. Saturation has been deliberately ignored in the magnetising characteristic of
the induction machine by entering a linear characteristic curve. A small value of external loss torque has been
added so that the motor runs at a small, non-zero value of slip when no external load torque is applied, as
would be the case in a practical motor in the laboratory to overcome friction and windage. The load torque
applied to the motor during the tests (from the RUNTIME Interface) is in units of Newton-metres, which is
converted to the per-unit value of torque required for input to the RSCAD motor model within DRAFT.



Laboratory Instruction Sheet
Introduction

The objectives of this laboratory are to measure the parameters of the RMS equivalent circuit of a three-phase
induction motor by means of the no-load and locked-rotor tests. You will then measure the load (torque-slip)
characteristics of the motor and compare them to the characteristics predicted by the equivalent circuit model
just determined. Once the standard tests have been conducted, you will compare the torque-slip
characteristics of the motor for different values of rotor resistance. Finally, you will observe the transient
behaviour of the motor during a direct-on-line start, once again considering this behaviour for different values
of rotor resistance.

The RMS equivalent circuit model considered in this laboratory represents a three-phase induction machine on
a per-phase basis. It is possible to calculate the parameters of this model in two ways, either as the per-phase
equivalent circuit model of a star-connected three-phase motor, or as the per-phase equivalent circuit model
of a delta-connected three-phase motor. Here the approach taken is to calculate the per-phase model of a star-
connected three-phase motor.

RUNTIME Interface

You should start by familiarising yourself with the RUNTIME Interface used during this laboratory which
appears as shown below.
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Figure 1: RUNTIME Interface for Three-Phase Induction Motor Laboratory



The RUNTIME Interface shows a schematic diagram of the motor to be tested. The motor is a three-phase
induction machine, rated 400V, 4 kW, 50 Hz.

The stator windings of the motor have a rated current (in each line) of 8.16 A and are fed from a 0 — 400 V
variable-voltage, three-phase supply shown as V|y on the RUNTIME Interface; the slider below V,y is used to
adjust the voltage applied to the primary winding of the transformer. The stator circuit of the motor has
meters to measure the line-to-line voltage V., the line current I, and the total three-phase active power P
supplied to the motor; the units of these meters is RMS Volts, Amps and Watts respectively.

The motor has a variable-torque load applied to its shaft by means of a slider on the right-hand side of the
schematic diagram, and the measured speed of motor is displayed next to the shaft on the diagram. Before the
motor is energised on the stator side, its shaft can either be held locked at zero speed, or allowed to respond
normally to the selected load torque by means of a selector switch located near the load-torque slider. An
arrow on the RUNTIME Interface will change position to indicate which mode the motor is being tested in
(BRAKE LOCKED or LOAD TORQUE) once the simulation starts running.

The three-phase circuit breakers connecting the supply voltage to the stator are opened and closed by means
of a switch in the centre of the RUNTIME Interface. Once the simulation is running, the appearance of the
circuit breaker symbol on the RUNTIME Interface will change depending on whether the breaker is in the open
or closed state — this feature provides you with visual confirmation of the status of the breaker.

Finally, there are three sub-group components at the bottom of the RUNTIME Interface, labelled “DC
Resistance Test”, “Time Plots” and “Rotor Resistance”. The DC Resistance Test sub-group is used to measure a
particular parameter (the stator resistance) in the motor equivalent circuit that requires a different circuit
connection for the motor than that shown in the main RUNTIME page. The Time Plots sub-group is used later
on in the assignment to compare the transient characteristics of the motor during direct-on-line starts. The
Rotor Resistance sub-group allows the torque-slip characteristics of the motor to be compared at different
values of rotor resistance that can be entered via a slider before the simulation is started; once the simulation
starts, the rotor-resistance slider becomes dark grey to indicate that its value cannot be changed while the
simulation is actually running. Both of these sub-groups should be minimised at the beginning of the laboratory
so that they do not get in the way of the controls and meters on the main page of the RUNTIME Interface.

Locked-Rotor Test

The objective of this test is to determine the values of the series impedance elementsr = ri+r,and x = x; +
X," in the induction motor equivalent circuit.

If the simulation is not already running, you should start the simulation by pressing the “Run Case” button in
the RSCAD RUNTIME programme and the switch the Motor Circuit Breaker switch so that the breaker is in the
open position.

Using the slider, set the input voltage V\y to zero volts and use the Select Test switch to put the motor into the
BRAKE LOCKED condition.

Now, close the Motor Circuit Breaker and increase the input voltage Vy to the stator of the motor until rated
current (8.16 A) flows in the stator winding — note, a very low input voltage is required for rated current to flow
whilst the rotor is held stationary.



Write down the readings of the meters V,_, P and | in the stator circuit of the machine

Table 1: Meter Readings — Locked-Rotor Test

Locked-Rotor Test Variables Meter Readings
Vs V. = 80.09V
Ps P = 668.8W
s I, = 8.16A

Under the locked-rotor test conditions, the voltage applied to the stator windings is assumed to be sufficiently
low that the currents I, and Iy can be neglected, such that the equivalent circuit of the motor can be simplified

as shown.
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Figure 2: Induction Motor Equivalent Circuit Under Locked-Rotor Test Conditions

With these simplifying assumptions we have:

Active power per phase

P; 6688
= 22293W

Fs1e = 3 = 3
Psio 222.93

= = = 3.348Q
r 142 8.167

_ Vs/3 O 8009NE
B I B 8.16 T

4572 Q

7%—r2 = . 56672—3.3482



DC Resistance Test

The objective of this test is to determine the value of the stator resistance r; in the induction motor equivalent
circuit, in order to allow separation of the individual parameter values r; and r,’ from the total series resistance

r measured in the locked rotor test.

For this test you need to maximise the DC Resistance Test sub-group by clicking on it with the left mouse
button, without first stopping the simulation (you do not need to make any changes to the main RUNTIME
simulation page, which can be left as it is while this test is performed). The DC Resistance Test sub-group has a
mimic diagram showing the connection of a variable-magnitude DC voltage source connected across the A and
C stator phases of the motor, with the motor’s B stator phase winding left open circuited, as indicated in the

diagram below.
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Figure 3: DC Resistance Test sub-group on the RUNTIME Interface

While the simulation is running, adjust the magnitude of the DC input voltage, taking readings of the applied
voltage Vpc and the current Ipc at three values of input voltage, namely 5, 10 and 15 V. Tabulate these readings
and use them to calculate the resistance of one phase of the stator winding. (Using three different readings
allows one to determine the stator winding resistance from the slope of a graphical plot of V¢ versus Ipc, but
the calculation can also be made using a single Vpc — Ipc reading if desired).



Table 2: Meter Readings — DC Resistance Test

Voc (V) loc (A) Rin = Voc/ loc (Q)
5.0 1.725 2.899
10.0 3.450 2.899
15.0 5.175 2.899

Once you have completed the measurements, minimise the DC Resistance Test sub-group (left-click the circle
in the top right-hand corner of the sub-group window) and return to the main RUNTIME page without stopping
the simulation.

For a star-connected per-phase equivalent circuit model:

R = 2rp = r3= —& = 14500
r,, = r—1r, = 3348 — 1450 = 1.8980Q

No-Load Test

The objective of this test is to determine the values of the shunt impedance elements R, and X\ in the
induction motor equivalent circuit.

If the simulation is not already running, you should start the simulation by pressing the “Run Case” button in
the RSCAD RUNTIME programme and the switch the Motor Circuit Breaker switch so that the breaker is in the
open position.

Reduce the input voltage V,y to zero volts, then open the Motor Circuit Breaker, and use the Select Test switch
to put the motor into the LOAD TORQUE condition.

Now, increase the input voltage V) to the rated value of stator voltage (400 V) and check that the load torque
to be applied to the motor is set to zero with the Tmech slider. Close the Motor Circuit Breaker to start the
motor on full voltage and zero load (this is known as a direct-on-line start).

Once the motor has run up to its steady-state speed (i.e. all the metered values have stopped changing) write
down the readings of the meters V. , P and | in the stator circuit of the machine.

Table 3: Meter Readings — No-Load Test

No-Load Test Variables Meter Readings
Vo V. = 400.0V
Po P =2220W
lo I, = 4.82A

Under the no-load test conditions, the slip of the motor is assumed to be negligible such that the equivalent
circuit of the motor can be simplified as shown.
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Figure 4: Induction Motor Equivalent Circuit Under No-Load Test Conditions

From the equivalent circuit and meter readings under no-load conditions, we then have:

72.072 Q)

(Vo /3?2 (400/v3)?
= Poie 740

R
k Py

400/v3
= 32044

L Vo /N3
L™ R, T 72072
Iy = [I,2-1,2 = 4822-32042 = 3.601A

Vo /N3 _ 400/V3 64.133 Q
- 3601 '
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Table 4: Summary Of Equivalent Circuit Parameters

Parameter Calculated Value
ry 1.450Q
ry’ 1.898 Q
X 4572 Q
R, 72.072Q
Xwm 64.133 Q

Load Test

The objective of this test is to measure the load (torque-slip) characteristics of the motor and compare them to
the characteristics predicted by the equivalent circuit model just determined. To start conducting the test, the
motor should be running at no-load (Tmech slider set to 0.0) and with rated voltage (400 V) applied to the
stator winding. The procedure for bringing the motor to this condition is the same as that described in the
instructions for the no-load test just conducted.

Once the motor has been brought to its steady-state speed (i.e. all the metered values have stopped changing)
at rated stator voltage and zero load torque, write down the readings of the meters I, and P in the stator
circuit, and record the motor speed in rpm, and the load torque in Newton-metres (the numerical reading
shown in the window at the bottom of the Tmech slider). This set of readings constitutes the first row in a table
of readings that will be made as the load on the motor is increased.

Once the no-load values of the motor variables have been recorded, increase the load torque applied to the
motor to 2.0 Nm using the Tmech slider; you should see a decrease in the motor speed and an increase in the
stator current as the motor increases its electrical output torque to match the increased mechanical load
torque. Record the readings of meters I, and P in the stator circuit, the motor speed in rpm, and the load
torque in Nm in the second row of your table of load test results.

Keep increasing the load torque applied to the motor in steps of 2.0 Nm, in each case allowing the motor to
reach steady state before recording the stator current and active power, the motor speed and load torque as
before. Repeat this procedure until you reach a load torque of 18.0 Nm, which should correspond
approximately to rated stator current for this particular motor being tested.

Table 5: Meter Readings — Load Test (Nominal Rotor Resistance)

Tioap (Nm) speed (rpm) P (W) I (A)
0 1495 2220 4.82
2 1488 2535 5.12
4 1482 2855 5.47
6 1476 3175 5.83
8 1469 3495 6.22
10 1463 3820 6.62
12 1456 4150 7.04
14 1449 4475 7.48
16 1442 4810 7.93
18 1435 5145 8.39




Plot a graph of load torque (y-axis) versus motor slip (x-axis) from the readings you have taken. On the same
axes, plot a graph of the load torque predicted by the equivalent circuit of the machine at each value of slip
(speed) for which you have taken a reading during this test, and compare the two plots.

Comparison Of Direct On-Line Starts And Load Tests At Different Values Of Rotor Resistance

The objective of this test is to measure the load characteristics of the motor at two additional values of rotor
resistance in the induction motor and to compare them to the characteristics just obtained for the motor at its
nominal value of rotor resistance in the previous test. In addition, later on you can examine the effect of
increasing rotor resistance on the transient start up characteristics of the motor during the direct-on-line start
procedure used at the beginning of each test.

Stop the simulation and open the Rotor Resistance sub-group at the bottom right of the main RUNTIME
Interface page. You should see a mimic diagram showing a variable three-phase rotor resistance, and a slider
allowing you to adjust the value of the motor’s rotor resistance parameter (if the simulation is still running, this
slider will be dark grey in appearance — it’s value can only be changed when the simulation is halted). Change
the rotor resistance slider from its nominal value (0.06763 per unit) to a value of 0.13526 per unit
(corresponding to a value of rotor resistance twice the nominal value).

Start the simulation running again by pressing the “Run Case” button in the RSCAD RUNTIME programme; you
will see a dialogue box advising you that a setting has been changed, and asking if you want to re-compile —
press the button marked “Yes” so that the simulation re-compiles with the new value of rotor resistance you
have just selected.

The simulation should now be running. Open the Motor Circuit Breaker, and use the Select Test switch to put
the motor into the LOAD TORQUE condition.

Increase the input voltage V,y to the rated value of stator voltage (400 V) and check that the load torque to be
applied to the motor is set to zero with the Tmech slider. Close the Motor Circuit Breaker to start the motor on
full voltage and zero load (direct-on-line start).

Before proceeding with the load test measurements, open the Time Plots sub-group at the bottom right corner
of the main RUNTIME page. You should see three sets of graph windows showing the transient behaviour of
the stator currents, speed and electrical torque of the motor recorded during the direct on-line start that you
have just carried out. All three sets of graph windows show plots of the same variables in each case: the reason
that three instances of the same graphing window have been provided is so that you can lock one plot window
after carrying out a direct on line start of the motor at a particular value of rotor resistance. In this way, you
can repeat the direct on line start for three different values of rotor resistance (nominal, twice-nominal, and
three-times nominal), locking one of the three plots after each direct-on-line start, and then compare the
measurements of the start up transients after all three rotor resistance values have been tested.

Repeat the procedure carried out previously during the load test at the nominal value of rotor resistance,
taking steady-state readings of the meters I, and P in the stator circuit, the motor speed in rpm, and the load
torque in per unit for values of load torque between Tmech = 0.0 and 18.0 Nm in steps of 2.0 Nm.



Table 6: Meter Readings — Load Test (Twice Nominal Rotor Resistance)

Tioap (Nm) speed (rpm) P (W) I (A)
0 1489 2220 4.82
2 1477 2535 5.13
4 1464 2855 5.46
6 1451 3174 5.83
8 1439 3495 6.22
10 1425 3825 6.62
12 1412 4147 7.05
14 1399 4479 7.48
16 1385 4810 7.94
18 1371 5145 8.38

Once you have taken all the necessary readings, stop the simulation, change the rotor resistance slider to a
value of 0.20289 per unit (rotor resistance three times the nominal value).

Start the simulation running again by pressing the “Run Case” button in the RSCAD RUNTIME programme; you
will see a dialogue box advising you that a setting has been changed, and asking if you want to re-compile —
press the button marked “Yes” so that the simulation re-compiles with the new value of rotor resistance you
have just selected.

The simulation should now be running. Open the Motor Circuit Breaker, and use the Select Test switch to put
the motor into the LOAD TORQUE condition.

Increase the input voltage V| to the rated value of stator voltage (400 V) and check that the load torque to be
applied to the motor is set to zero with the Tmech slider. Close the Motor Circuit Breaker to start the motor on
full voltage and zero load (direct-on-line start).

Once again, repeat the procedure carried out during the previous two load tests, taking steady-state readings
of the meters I, and P in the stator circuit, the motor speed in rpm, and the load torque in per unit for values of
load torque between Tmech = 0.0 and 18.0 Nm in steps of 2.0 Nm.

Table 7: Meter Readings — Load Test (Three Times Nominal Rotor Resistance)

Tioap (Nm) speed (rpm) P (W) I (A)
0 1484 2220 4.81
2 1465 2535 5.13
4 1446 2855 5.47
6 1427 3175 5.83
8 1408 3498 6.22
10 1388 3822 6.62
12 1368 4148 7.05
14 1348 4480 7.48
16 1327 4810 7.93
18 1306 5147 8.38




Once you have taken all the necessary readings, stop the simulation.

For each of the three values of the rotor resistance considered, plot graphs of the following variables on the y-
axis against motor slip on the x-axis: load torque; stator current; motor efficiency; stator power factor.
Comment on the graphs, explaining how (and why) each variable changes as a function of slip, and how the
value of rotor resistance affects this behaviour as a function of motor slip. From your results, comment on how
additional rotor resistance can be used in an induction motor, its advantages and disadvantages.

Sample Graphical Results For Induction Motor Load Tests

Sample graphical results from the above load tests are shown below.
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Figure 5: Induction motor torque-slip curves as predicted for different rotor resistance values using the
measured equivalent circuit parameters (top window); comparison of torque-slip curves under load for
nominal rotor resistance, prediction from measured equivalent circuit model versus detailed RTDS model test
results (bottom window).



Figure 6: Comparison of steady-state measurements of induction motor torque, efficiency, stator current and

Load Characteristics versus Rotor Resistance
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stator power factor versus load for three different values of rotor resistance.

Speed (rpm)

Speed (rpm)

DOL Start- T .. =0Nm

20
E sl ]
E 15 ; :
- : r,’ = 1*nominal
o 10 : ' L
g ——r_' = 2*nominal
g s : 2
S : ——r," = 3*nominal
= i 2

0 I

0 0.1 012 0.14
. 6o T T
® :
> 40| : —
8 20 :
2 - ERS —
= :
w | |

0

0 0.1 012 0.14
< 10 T T T T T T
= :
@ 8- —
=
3
- 61— —
o
2
2 s
] 0.14
]
s 1
S T T T \ T \
= ;
i

08 . —
=
[ :
s 07— : —
2 :
i | |
|
n 0 01 012 014

1600

1400

1200

1000

¢ = 1*nominal
= Z*nominal

3*nominal

0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time (sec)

DOL Start - T .. =18 Nm

1600

1400

1200

1000

1*nominal

Z*nominal

3*nominal

0.05 0.1 0.15 0.2 0.25 0.3 0.35

Time (sec)

0.4

Figure 7: Comparison of transient response of induction motor speed following direct on-line starts at no-load
and full-load torques for three different values of rotor resistance; the motor’s acceleration is greater at low
speeds as a result of adding resistance to the rotor because of the higher torque developed under starting
conditions (cf. top window of Fig. 5) but the motor’s acceleration then becomes poorer for higher values of
rotor resistance once the motor has passes through the maximum pull-out torque region and starts running in
the near-linear region of the torque-slip curve in each case (cf. top window of Fig. 5).



The Synchronous Generator Feeding A Passive Load
Explanatory Notes

This case was developed to simulate the measurements and tests typically carried out by students during a
conventional, hands-on laboratory that takes place as part of an electrical machines course in the second
semester of third year. However the parameters and ratings of the generator used in the simulation case are
not intended to correspond to those of and actual laboratory generator, but rather are based (as closely as
possible) on those of an example generator (Unit F1) from the well-known text book Power System Control and
Stability, by Anderson & Fouad; some adjustments to one machine inductance value from the data in this text
book was necessary to pass the compiler checks in RSCAD.

Over and above the measurements that would typically be carried out during the hands-on laboratory on
which this case is based, the case has been set up to show time plots of generator speed, terminal voltage and
field current in order to illustrate the time constants associated with changes in these variables in larger
generators, particularly the large open-circuit field time constant typical of a large generator without closed-
loop excitation control. Also, a vector display is provided to show the generator terminal voltage and current
and its internal (generated) EMF as a function of active and reactive loading, and excitation, so that the
students can gain a better insight into the behaviour of the generator phasor diagram under different practical
conditions.

NOTE: the generator terminal voltage has been found exhibit dynamic voltage collapse at larger values of
current during the unity and 0.9 lagging power factor load tests, possibly as a consequence of using the
dynamic load component to apply the constant power factor load. The case could either have the generator
parameters modified (to those of a generator with a more forgiving value of synchronous impedance) or
possibly modified to use switched passive resistor, inductor and capacitor banks as the load, although this
approach has other disadvantages.



Laboratory Instruction Sheet

Introduction

The objectives of this laboratory are to measure the parameters of the steady-state RMS equivalent circuit
model of a synchronous generator, and to measure the voltage regulation characteristics of a synchronous
generator for variations in the magnitude and power factor of the load current supplied by the generator when
its excitation (field current) is kept constant.

The laboratory will also give you further insight into the phasor diagram of the synchronous generator, and in
particular the relationship between the variables in the phasor diagram and the active and reactive loading on
the generator.

RUNTIME Interface

You should start by familiarising yourself with the RUNTIME Interface used during this laboratory which
appears as shown below.

Synchronous Generator
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Figure 1: RUNTIME Interface for Synchronous Generator Laboratory

The RUNTIME Interface shows a schematic diagram of the generator to be tested. The generator is rated 25
MVA, 13.8 kV, 60 Hz.

The generator is equipped with a governor to regulate its speed. The governor has two slider inputs: the Wref
slider is used to bring the generator up to rated speed under no-load conditions; the Lref slider is then adjusted
to maintain the speed of the generator under varying load-conditions. The speed of the generator is indicated
in rpm via the meter located next to the prime mover shaft on the RUNTIME Interface mimic diagram. The
generator has a Lock/Free switch located next to the governor input sliders: this Lock/Free switch must be kept



in the Lock position whenever the simulation is started, and then immediately moved to the Free position
before any tests are carried out using the case in order to ensure that the generator model in the simulation
initialises correctly.

The generator is excited by means of a variable DC voltage whose value is set by the user by means of the
Efield slider located next to the mimic diagram of the generator field circuit; the generator field current (in per
unit) is indicated via the meter located next to the field circuit diagram.

The stator circuit of the generator is connected to two circuit breakers and a variable load; the ammeter I,
measures the current supplied by the generator stator (units: RMS kA) and the voltmeter V, measures the line-
to-line voltage at the stator terminals (units: RMS kV). You can open or close either of the two circuit breakers
once the simulation is running by pressing the open or close buttons associated with that circuit breaker on the
RUNTIME Interface. The circuit breaker connected in shunt (parallel) with the stator winding is used to apply
and remove a short circuit on the stator winding; the circuit breaker connected in series with the stator
winding is used to connect or disconnect the load on the generator.

Once the simulation is running, the appearance of each circuit breaker symbol on the RUNTIME Interface will
change depending on whether that circuit breaker is in the open or closed state — this feature provides you
with visual confirmation of the status of the breakers. NOTE: the RUNTIME Interface will not allow you to have
both circuit breakers closed at the same time, so before you try to close a particular breaker, you must first
make sure the other breaker is open.

There are two sliders and a switch at the right-hand side of the RUNTIME Interface that allow you to select the
MVA and power factor values of the variable load applied to the generator, and whether the load power factor
is leading or lagging in nature. The measured values of active and reactive power in the load are indicated via
two meters located above the mimic diagram of the load (units: MW and MVAr).

Finally, there are two sub-group components at the bottom left corner of the RUNTIME Interface, labelled
“Meters vs Time” and “Generator Phasor Diagram”. The Meters vs Time sub-group is used to watch the
dynamic response of selected generator variables as the controls are used to bring the generator to full speed
and rated output voltage. The Generator Phasor Diagram sub-group is used later on in the assignment to watch
changes in the generator variables under different loading and excitation conditions.

Open-Circuit Test

The objective of this test is to measure the magnetising characteristics of the generator by plotting its open
circuit voltage as a function of its field current.

Check that the Lock/Free switch is set to the Lock position, and that the governor and field circuit inputs
(Sliders Wref, Lref and Efield) are all set to zero.

Start the simulation by pressing the “Run Case” button in the RSCAD RUNTIME programme. After the
simulation has started running, move the Lock/Free switch into the Free position.

Both of the circuit breakers in the generator stator circuit should be in the open state when the simulation first
starts, but if either breaker is closed, you should use the appropriate push button in the breaker controls group
of the RUNTIME Interface to open it before proceeding with the next step.



Generator Run-Up

You are now going to use the governor to bring the generator up to rated speed, and the field voltage to bring
it up to rated stator voltage on open circuit. However, before doing this, click the left mouse button over the
Meters vs Time sub-group so that you can observe the dynamic response of the generator variables as this
process is carried out.

Change the value of the Wref slider input to the governor from zero to 1.0 and observe the response of the
generator speed as it increases and settles, at steady-state, at the value of synchronous speed for this
particular generator; this shaft speed of 1800 rpm is the speed required to generate voltages at 60 Hertz for
the case of a four-pole generator considered in this example.

Change the value of the Efield slider input from 0.0 to 1.0 and observe the response of the generator field
current and stator terminal voltage. You should see that the generator’s field current and terminal voltage take
several seconds to increase and settle at their final steady-state values: large generators typically have time-
constants in their field windings of between 1.0 and 10.0 seconds (Tg‘ = 4.75 seconds in the case of this
generator), so that the response of the field current to changes in field voltage is very slow in the absence of
any closed-loop control of the field excitation, particularly when the generator stator is under open circuit
conditions. In this laboratory, the generator has no excitation control circuits (you will be setting the field
current manually with the Efield slider) so you should allow sufficient time for the field current to settle at its
steady-state value before recording each reading during the open circuit tests.

Open-Circuit Magnetising Characteristic

Using the Efield slider, change the field current in steps from 0.0 to 2.0 per unit, in steps of 0.1 per unit,
recording the steady-state value of field current (in per unit) and stator line-to-line voltage in kV (from meter
V2) at each step.

Short-Circuit Test

The objective of this test is to determine the short-circuit characteristics of the generator by plotting the
magnitude of the current in its short-circuited stator windings as a function of its field current.

You will need to minimise the Meters vs Time sub-group for this test (click the left mouse button over the small
circle in the top right-hand corner of the sub-group window to do this).

Reduce the generator field current back to zero by setting the Efield slider to 0.0. When the generator stator
voltage has returned to zero, close the circuit breaker connected in parallel (shunt) with the generator stator
winding to apply a short circuit at the generator stator terminals.

Using the Efield slider, increase the field current from 0.0 per unit, in steps of 0.1 per unit, to some maximum
value at which rated stator current (1.046 kA) is flowing in the short circuit (as indicated by meter 12). Record
the steady-state value of field current (in per unit) and stator short-circuit current in kA (from meter 12) at each
step.



Table 1: Meter Readings — Open-Circuit Test Table 2: Meter Readings — Short-Circuit Test

I (pu) Voc (L-L kV) I (pu) Isc (KA)
0.0 0.00 0.0 0.00
0.1 1.38 0.1 0.084
0.2 2.77 0.2 0.167
0.3 4.15 0.3 0.251
0.4 5.53 0.4 0.335
0.5 6.91 0.5 0.419
0.6 8.29 0.6 0.502
0.7 9.68 0.7 0.586
0.8 11.01 0.8 0.670
0.9 11.91 0.9 0.753
1.0 12.56 1.0 0.837
1.1 13.05 1.1 0.921
1.2 13.49 1.2 1.004
1.3 13.88 13 1.088
1.4 14.24
1.5 14.56
1.6 14.87
1.7 15.16
1.8 15.43
1.9 15.69
2.0 15.95

At each value of field current considered during the short-circuit test, calculate the value of the synchronous
impedance of the generator as follows:

7 Voc-n)
S M=k I'scp—my | Ir =K

Then plot the measured values of the generator’s open-circuit voltage, short-circuit current and synchronous
impedance on the same graph against a basis of field current on the x-axis.



Generator Magnetisation Characteristics
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Figure 2: Graph of generator open-circuit voltage Vg, short-circuit current | sc and synchronous impedance Z
versus field current.

Load Test
The objective of this test is to determine the regulation characteristics of the generator terminal voltage under
different load conditions when the generator excitation is kept constant.

If you did not already do this at the end of the previous test, start by removing the short circuit from the
generator stator terminals by opening the shunt-connected circuit breaker.

With the generator stator now open circuited (both circuit breakers on the RUNTIME Interface panel in the
open position), use the Efield slider to increase the field current until the generator’s open circuit stator
terminal voltage (as indicated by meter V2) is steady at its rated value of 13.8 kV RMS L-L. Check that the
generator is running at synchronous speed (1800 rpm); with the generator stator open circuited, the governor
settings required for synchronous speed are Wref = 1.0 and Lref = 0.0.

Check that the load control settings are adjusted as follows: LoadMVA = 0.0; LeadLag = LAG; LoadPF = 1.0. Now
close the series-connected circuit breaker to connect the load to the generator stator; there should be no
change in the generator terminal voltage, since although the load breaker is now closed, the generator is still
delivering zero stator current to the load and its terminal voltage should be equal to the open-circuit value of
13.8 kV for the chosen level of fixed field excitation.

You are now going to record the value of the stator terminal voltage as the unity-power-factor load on the
generator is increased, starting with this initial value of terminal voltage V2 at zero stator current 12.

Record the readings of meters 12 and V2 for this no-load starting condition, and then increase the LoadMVA
slider to a value of 2.5 MVA.

Before taking any readings, observe what has happened to the generator as a result of placing this load on its
stator: the stator is now providing non-zero current 12 to the load, and its terminal voltage V2 has changed



from its no-load (open-circuit) value as you might expect. However, note also that the speed of the generator
has decreased from 1800 rpm as a result of the addition of the active power load on the output of the
generator. Although the generator is equipped with a governor on its prime mover to regulate its speed, this
governor is not designed to automatically regulate the generator speed with zero steady-state error under load
conditions: this is standard practice on generator governors to allow them to work properly in the presence of
other generators that are also speed-governed. As the active power load on the synchronous generator stator
is varied, it is necessary to adjust the setting of the load reference input of its governor (the Lref slider) to
return the generator to exactly synchronous speed.

NOTE: At each new load condition applied to the generator, you must adjust the Lref slider of the governor to
return the speed of the generator to a value as close as possible to 1800 rpm before recording the V2 and 12
meter readings for that load condition. The field voltage slider should not be changed at any time during the
load test.

At modest values of generator loading, the Lref slider setting required to return the generator to synchronous
speed should correspond to the value of the active power component of the generator load expressed as a
fraction of the generator MVA rating (i.e. the active power load in per unit). For this load of 2.5 MVA at unity
power factor, the active power load on the generator is 2.5 MW, or 0.1 per unit of the generator’s rating of
25.0 MVA. Adjust the Lref setting of the generator governor to 0.1 and you should see the generator speed
return to a value very close to 1800 rpm (note, there is some overshoot in the governor’s response, so you
should wait for the speed to settle properly at steady state). At higher values of generator loading during this
test, when the generator terminal voltage drops considerably below its rated value, the Lref settings required
to return the generator speed to 1800 rpm may start to decrease with increased MVA loading, so you will need
to adjust Lref in small steps and check whether the speed is increasing or decreasing for a particular setting
change.

With the power factor of the load kept constant at unity, increase the load on the generator from zero to 25
MVA in steps of 2.5 MVA; at each step in the load, ensure that the generator speed is returned to 1800 rpm
( £ 5 rpm) using the Lref slider before recording the values of stator current 12 and stator terminal voltage V2.
Mark your table of readings to record that these measurements correspond to a unity power factor load.

When the above test is complete, decrease the load to 0.0 MVA and return the Lref slider to 0.0 and allow the
generator to return to its steady-state, no-load condition (1800 rpm, V2 = 13.8 kV). Set the Leadlag switch in
the load controls to LAG, and the LoadPF slider to 0.9. Repeat the procedure carried out above to measure the
stator voltage V2 and stator current |12 as the load is increased from zero to 25.0 MVA in steps of 2.5 MVA at a
constant load power factor of 0.9 lagging, keeping the generator speed as close as possible to 1800 rpm at each
reading. Mark your table of readings to record that these measurements correspond to a lagging power factor
load.

When the above test is complete, decrease the load to 0.0 MVA and return the Lref slider to 0.0 and allow the
generator to return to its steady-state, no-load condition (1800 rpm, V2 = 13.8 kV). Set the Leadlag switch in
the load controls to LEAD, and the LoadPF slider to 0.9. Repeat the procedure carried in the previous two steps
to measure the stator voltage V2 and stator current |2 as the load is increased from zero to 25.0 MVA in steps
of 2.5 MVA at a constant load power factor of 0.9 leading, keeping the generator speed as close as possible to



1800 rpm at each reading. Mark your table of readings to record that these measurements correspond to a
leading power factor load.

Table 3: Meter Readings — Load Test

Unity pf 0.9 pf lag 0.9 pf lead

1, (KA) V2 (kV) I, (kA) Va (kV) I, (KA) V2 (kV)
0.000 13.80 0.000 13.80 0.000 13.80
0.104 13.83 0.110 13.56 0.103 14.08
0.207 13.92 0.218 13.32 0.200 14.41
0.309 14.00 0.333 13.00 0.293 14.79
0.410 14.08 0.466 12.39 0.380 15.20
0.513 14.08 0.500 12.13 0.463 15.61
0.626 13.84 0.542 11.73 0.541 16.02
0.654 13.68 0.618 16.37
0.688 13.44 Note_: voltage collapses_for Q.9 pf 0.691 16.71
Note: voltage collapses for 1.0 pf load /agg/ng load beyonq this point 0.764 17.02

beyond this point ( Tf.us case. needs rgfmement tf) address : :
this, possibly passive Z loads instead) 0.836 17.27

On the same set of axes, plot graphs of generator stator voltage (y-axis) versus generator stator current (x-axis)
for each of the three load power factors considered above. Calculate the percentage regulation of the stator
voltage between no load and full load for each of these values of load power factor and indicate this on the
graphs. Explain the reason for the different voltage regulation characteristics under different power factor
loading conditions using the RMS equivalent circuit model and phasor diagram of the synchronous generator.
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Figure 3: Graphs of generator stator terminal voltage versus generator stator current for fixed excitation and
loads of unity power factor, 0.9 power factor lagging and 0.9 power factor leading.



Generator Phasor Diagram Under Load

When you have completed the measurements of stator voltage versus load, reduce the LoadMVA slider to 0.0,
adjust the LoadPF slider to 1.0 and set the LeadlLag switch in the load controls to LAG. Return the Lref slider of
the governor to 0.0, so that the generator is running at 1800 rpm with V2 = 13.8 kV.

Now maximise the Generator Phasor Diagram sub-group on the RUNTIME Interface. You should see three
vectors plotted on the diagram: the generator stator terminal voltage (red vector), the generator stator current
(blue vector) and the internal (generated) voltage in the stator winding (sometimes referred to as the
excitation voltage, because the magnitude of this generated AC voltage within the stator winding is determined
by the size of the field current, or excitation, at a given rotational speed of the generator).

Under the present conditions (no-load) the generator’s stator terminal voltage is equal to the AC voltage
generated in the stator winding, so the red and green vectors are of identical magnitude and phase, and there
is no current flowing so the blue vector is of zero length.

For the following tests, the loads placed on the generator are relatively modest, so you can ignore the changes
in generator speed and focus solely on how the generator phasor diagram changes under different load
conditions.

Unity Power Factor Load

Increase the load on the generator to 5 MVA at unity power factor and observe the response of the generator
phasors: you should see the generated (excitation) voltage in the stator winding (green) advance to a new
phase angle ahead of the stator terminal voltage (red). The stator terminal voltage has been set as the
reference phasor in this vector plot, with its angle fixed at 90 degrees so that the generator phasor diagram
appears with the terminal voltage drawn vertically under all conditions. The positive direction of rotation is
anticlockwise, so the generated (excitation) voltage is seen to lead the terminal voltage when the synchronous
machine operates as a generator.

Observe more closely the key characteristics of the phasor diagram when the generator is delivering active
power into a unity-power factor load: the stator current (blue) must stay in phase with the generator terminal
voltage (red) because the load connected to the generator terminals is fixed at unity power factor in this case.
The magnitude of the excitation voltage generated within the stator winding (green) is determined by the field
current, and this voltage is (approximately) constant for a given field current. Finally, the volt drop between the
internally generated voltage (green) and the stator terminal voltage (red) is determined by the stator current
passing through the synchronous impedance of the generator, which is almost entirely reactive in nature; this
means that the internal volt drop across the synchronous impedance of the generator lies, to a good
approximation, 90 degrees ahead of the current phasor and connects the top of the red vector with the top of
the green vector (recall that the difference between the internally generated voltage and the stator terminal
voltage is the volt drop across the generator’s synchronous impedance, satisfying Kirchhoff’s voltage law).
Thus, as the generator delivers a larger and larger amount of power into a unity power factor load, the load
angle between the excitation voltage vector (green) and the terminal voltage vector (red) will increase as the
internal volt drop across the synchronous impedance becomes larger, but the magnitude of the generator
terminal voltage vector (red) has to change as this happens, so that it always remains the same length as the
projection of the excitation voltage vector (green) onto the vertical axis of the phasor diagram.



Verify for yourself the above behaviour by slowly increasing the magnitude of the unity power factor load on
the generator from zero to 10 MVA and studying the response of the vectors in the phasor diagram plot: as you
increase the active power output from the generator, the excitation voltage vector (green) advances to a larger
load angle, and the stator current increases (blue vector); the red stator terminal voltage vector adjusts its
length so as always to remain equal to the length of the vertical component of the green excitation voltage
vector for this special case of generator terminal voltage and current in phase (unity power factor load).

Lagging Power Factor Load

With the load on the generator set at 10 MVA, and the LoadPF switch set to LAG, change the LoadPF slider
from 1.0 to 0.9 and observe the response of the phasor diagram. The generator stator current vector (blue)
now lags the generator terminal voltage vector (red) as you would expect for a lagging power factor load.
However, now you should observe that the generator stator voltage vector is noticeably shorter in length than
the internally-generated excitation voltage within the stator winding (green vector). As before, this can be
understood by recognising that the volt drop across the synchronous impedance of the machine is a vector
connecting the end points (arrowheads) of the red and green vectors, and that this internal volt drop is 90
degrees ahead of the stator current because of the almost purely reactive nature of the synchronous
impedance. From the phasor diagram you should be able to see that a straight line connecting the end points
of the green and red phasors lies perpendicular to the blue stator current vector. Because of the orientation
(i.e. phase angle ) of this internal volt drop across the synchronous impedance for a lagging stator current,
there is a much larger drop in the magnitude of the generator terminal voltage for the same amplitude of
stator current than is the case for a unity power factor load.

Observe this effect for yourself as you increase and decrease the size of the load (with the LoadMVA slider)
with the load power factor fixed at 0.9 power factor lagging.

Leading Power Factor Load
With the load on the generator set again at 10 MVA, and the LoadPF slider at 0.9, change the LoadPF switch to
the LEAD setting and observe the response of the phasor diagram.

The generator stator current vector (blue) now leads the generator terminal voltage vector (red) as you would
expect for a leading power factor load. However, now you should observe that the generator stator voltage
vector is larger in amplitude than the internally-generated excitation voltage within the stator winding (green
vector). As before, this can be understood by recognising that the volt drop across the synchronous impedance
of the machine is a vector connecting the end points (arrowheads) of the red and green vectors, and that this
internal volt drop is 90 degrees ahead of the stator current because of the almost purely reactive nature of the
synchronous impedance. From the phasor diagram you should be able to see that a straight line connecting the
end points of the green and red phasors lies perpendicular to the blue stator current vector. In the case of a
load with a sufficiently low leading power factor, the orientation of the internal volt drop across the
synchronous impedance is such that it results in a generator terminal voltage that is larger than the internally-
generated voltage, so that the generator terminal voltage actually increases with increasing stator current if
the excitation remains constant.

Observe this effect for yourself as you increase and decrease the size of the load (with the LoadMVA slider) at
0.9 power factor leading.



Understanding the characteristics of the phasor diagram of the synchronous generator at different power
factors should enable you to understand, and explain, the results obtained in the load tests carried out earlier
in the assignment.



Parallel Operation Of Synchronous Generators Into A Passive Load
Explanatory Notes

This case was developed as an example of how the RTDS simulator can be used to provide realistic hands-on
exercises that allow students to gain deeper insight into concepts taught in an introductory course in power
systems, but that would be beyond the scope of traditional hands-on practical laboratory sessions. The
intention in this example is therefore not to recreate a typical laboratory-measurement style of exercise, but
rather to allow students to verify concepts and hand-calculations on the kind of theoretical problems they
would otherwise be expected to solve as tutorial questions in an introductory power systems course.

The subject chosen is governor droop characteristics and load sharing between parallel synchronous
generators feeding into a common, passive load.



Laboratory Instruction Sheet
Introduction

The objectives of this laboratory are to study the performance of parallel synchronous generators feeding into
a common, passive load. The exercises should assist you in understanding how the individual droop
characteristics of the governors on parallel-connected generators, and the reference inputs to these governors,
influence the load sharing and speed (frequency) regulation of the machines as the common load on the
generators changes.

RUNTIME Interface

You should start by familiarising yourself with the RUNTIME Interface used during this laboratory which
appears as shown below.
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Figure 1: RUNTIME Interface for Parallel Synchronous Generator Laboratory

The RUNTIME Interface shows a schematic diagram of the parallel-connected synchronous generators and
their governor settings, and the common load fed by the generators.

Generator G1 is rated 25 MVA, 13.8 kV, 60 Hz. Generator G2 also operates at 13.8 kV, 60 Hz, but its MVA rating
can be adjusted before the simulation is started using the G2MVA slider located just below the generator’s
transformer; it is not possible to change the rating of Generator G2 while the simulation is running (slider
G2MVA will become dark grey to indicate that its value is fixed while the simulation runs). To start with, the
G2MVA slider should be left at its default setting of 25.0 MVA, so that both generators G1 and G2 have
identical ratings.



The active and reactive powers of the common load can be set with individual sliders located next to the load
component; a panel of meters and lights indicates the measured characteristics of the load once the simulation
starts running.

Each generator is equipped with a governor to regulate its speed. The governor on each generator has two
slider inputs: the Wref slider sets the speed of the generator under no-load conditions; the Lref slider on each
generator is then adjusted to maintain the speed of the generator under varying load-conditions, and/or to
influence the relative share of the common load picked up by that generator. The speed and active power
output of each generator are indicated by meters located below each generator’s mimic diagram.

The common frequency of the system is displayed via a meter at the load bus bar.

The generator initialisation at the start of the simulation is controlled by means of a single Lock/Free switch
located at the bottom right-hand corner of the RUNTIME Interface page. This Lock/Free switch must be kept in
the Lock position whenever the simulation is started, and then immediately moved to the Free position before
any tests are carried out using the case in order to ensure that the generator models in the simulation initialise
correctly.

This case is designed to start up with the generators initialised and running in parallel at synchronous speed, so
the Wref sliders of each generator’s governor should always remain set at 1.0.

The two generators are equipped with closed-loop excitation control to adjust their field currents automatically
so as to keep the generator terminal voltages close to their rated values under all load conditions. The
excitation controls do not need to be adjusted for this assignment, but the settings and variables can be
observed in the Generator Excitation Controls sub-group at the bottom right-hand corner of the RUNTIME
interface page.

Finally, each generator’s governor droop parameter can be set by the user before the simulation starts using
the GovlGain and Gov2Gain sliders located next to each generator’s mimic diagram. The droop characteristic
R; of governor i is the reciprocal of its proportional gain (i.e. R1 = 1 / Gov1Gain). The default values of the two
governor gains in this simulation case is 20.0, giving a default governor droop factor in each case of 0.05, or 5%.
The actual percentage droop factor of each governor is displayed via a meter next to its controls once the
simulation starts running, so that you can confirm that your parameters have been set as you intended.

It is not possible to change the gains of the governors (and hence their characteristic droop parameters) while
the simulation is running (sliders GovlGain and Gov2Gain will become dark grey to indicate that their values
are fixed while the simulation runs). To start with, the Gov1Gain and Gov2Gain sliders should be left at their
default settings of 20.0 so that both governors have identical droop factors of 5%.

Generators of Equal Rating And Identical Governor Droop Factors
Before starting the simulation in RUNTIME for this part of the assignment, check that the initial conditions for
the simulation case are set up as described below.

The governor gain sliders should be set to GovlGain = 20.0 and Gov2Gain = 20.0 (This sets both generators’
governors to the same droop factor of 1/20 = 0.05, or 5%).



The MVA rating slider for generator G2 should be set to G2ZMVA = 25 MVA (This sets generator G2 to the same
MVA rating as generator G1).

The governors’ reference set point sliders should be set to: Wrefl = 1.0; Wref2 = 1.0; Lrefl =0.0; Lref2 =0.0.
The load’s set point sliders should be set to: PLoad = 0.0; QlLoad =0.0.
The Generator Lock / Release switch should be in the Lock position.

Start the simulation and then switch the Generator Lock/Release switch to the Release position. The
generators should now be running freely under the influence of their governors and the shared load (currently
zero load).

Without changing either governor’s Load reference slider settings, increase the active power component of the
load from 0 to 50 MW in a few steps, each time observing the response of each generator’s active power and
speed (you can also observe the transient response of these two generator variables by clicking the left button
of the mouse over the relevant meter display to change it to a graph). As you increase the total load on the
two generators from 0 to 50 MW, you should see the two generator speeds decreasing to a progressively
smaller common (shared) speed as the load increases, but with the active power demanded by the load shared
equally between the two generators. At full-load output for this case (identical generators with governor droop
factors of 5%) if there has been no change in the Load Reference inputs to either generator’s governor, the
generators should slow down to a common speed, and hence common frequency that is 5% lower than the
nominal value (i.e. 1710 rpm / 57 Hz).

When the generators have reached steady state at full active power output (each generator at PMACH = 25.0
MW) increase the reactive power component of the common load from 0 to 10 MVAr. You should observe no
change in the common speed (frequency) of the generators at steady state, because no additional active
energy is required at the generator shafts (i.e. no additional mechanical input torque is required at the
generator shafts) to deliver reactive power to the load; rather, the reactive power delivered by the generator is
determined by its excitation (field current). These two generators are equipped with closed-loop excitation
control to adjust their field currents automatically to keep the generator terminal voltages near their rated
values under all load conditions; left-click on the Generator Excitation Controls sub-group at the bottom right-
hand corner of the RUNTIME interface page and observe the generator field current as you increase / decrease
the reactive power required at the load: a large amount of lagging MVArs delivered to the load requires the
generator to be strongly over-excited (large field current) whereas a large amount of leading MVArs requires
the generator to be strongly under-excited (reduced field current).

Minimise the Generator Excitation Controls sub-group and set the load to 30 MW and 0 MVAr. You can now
use the Load reference inputs of the two governors to increase the common frequency back up towards the
nominal value of 60Hz at this load condition. This can be done in different ways, for example:

(i) Increasing both governor load reference inputs by the same amount forces both generators to share
equally the burden of increasing the common generated frequency, so their active power outputs
will remain the same once the frequency has been returned to nominal (60 Hz). Verify this for
yourself by increasing both the Lref 1 and Lref 2 sliders to 0.6 and confirm that the common
frequency returns to 60 Hz, with both generators sharing the 30 MW load equally between them.



(ii)  Increasing the governor load reference inputs by different amounts forces the burden of increasing
the common frequency to be spread asymmetrically between the generators. For example, you can
set the load reference input of governor 1 to 1.0 and set the load reference input of governor 2 much
lower at 0.21. This change in settings increases the common frequency to 60 Hz but forces generator
1 to run at nearly rated output power while generator 2 only operates at 0.21 per unit of its rated
output.

In practice an asymmetrical loading of the generators might be desirable for two reasons: either to allow
selected generators to carry the burden of restoring the system frequency, or to allow larger, more economical
generators to be allowed to reach full output capacity first, before scheduling generation output from other
generators that are more expensive to operate. As an example of this latter control option, reduce the
combined load to 25 MW and 0 MVAr, and change the settings of the governor load reference inputs to Lrefl =
1.0, Lref2 = 0.0. This setting forces generator G1 to output the entire 25 MW required by the load, while
generator G2, although synchronised to the system, generates no output no power. In this situation generator
G2 is referred to as spinning reserve, since it can immediately be used to meet any further increase in load
without having to be brought up to speed and synchronised to the system, a process that can take considerable
time for certain types of generation.

Finally, set the load to 50 MW and 0 MVAr, and set both the governor load reference sliders Lrefl and Lref2 to
1.0. The two generators should now once again be sharing the load equally, with both units at full capacity and
the common frequency of the system at the nominal value of 60 Hz. Now, without changing the governor load
reference inputs, reduce the load to 0 MW and 0 MVAr. The generator speeds should now increase to a
common value equal to 5% above nominal (1890 rpm) and the system frequency should likewise increase to
5% above nominal (63 Hz).

In summary, for generators with equal ratings and the same governor droop factors feeding a common, passive
load:

If no change is made in the load reference settings of the governors, the percentage change in speed (and
hence system frequency) from no-load to full-load is determined by the governor droop factor in percent.
Under load conditions, if the common frequency of the generators has to be brought back closer to the
nominal value than is achieved by the automatic action of the governors, the load reference inputs to the
governors have to be adjusted. The generators will share a common load equally between them as long as their
load reference settings are kept the same. Different load reference settings at the inputs to the governors can
be used to change the share of the load supplied by the generators.

Generators of Different Ratings And Identical Governor Droop Factors

Stop the simulation in RUNTIME and change the rating of generator G2 to 50 MVA using the G2MVA slider.
Before re-starting the simulation in RUNTIME for this part of the assignment, ensure that the other sliders on
the RUNTIME Interface are set up as described below.

The governor gain sliders should be set to GovlGain = 20.0 and Gov2Gain = 20.0 (This sets both generators’
governors to the same droop factor of 1/20 = 0.05, or 5%).

The governors’ reference set point sliders should be set to: Wrefl = 1.0; Wref2 = 1.0; Lrefl =0.0; Lref2 =0.0.



The load’s set point sliders should be set to: PLoad = 0.0; QlLoad = 0.0.
The Generator Lock / Release switch should be in the Lock position.

Start the simulation and then switch the Generator Lock/Release switch to the Release position. The
generators should now be running freely under the influence of their governors and the shared load (currently
zero load).

Without changing either governor’s Load reference slider settings, increase the active power component of the
load from 0 to 50 MW in a few steps, each time observing the response of each generator’s active power and
speed. As you increase the total load on the two generators from 0 to 50 MW, you should once again see the
two generator speeds decreasing to progressively smaller common (shared) speeds as the load increases, but
with the active power demanded by the load now shared between the two generators according to their
relative ratings (in other words, the output of generator G2 remains twice that of generator G1 as the two
generators slow down together under increasing loads).

Increase the load to 37.5 MW and you should see the generator outputs adjust to 12.5 MW from generator G1
and 25 MW from generator G2, with the common frequency reduced to 58.5 Hz. The two generators are now
each operating at half of their rated outputs, and the common frequency has decreased by half the value of the
generators’ (identical) governor droop factors.

As with identical generators, the load reference inputs of the two governors can be used to return the common
frequency to its nominal value under load conditions. Although the generators have different ratings, the
governor load reference inputs are, in each case, defined in per unit on their own generator’s rating. Hence, if
the Lref inputs of the two governors are kept at the same numerical values, the system frequency can be
increased under load while maintaining the load share between the two generators in proportion with their
ratings. To see this, adjust both Lrefl and Lref2 to 0.5 while the load is set to 37.5 MW, and you should see the
system frequency increase back to 60 Hz, with no change in the relative MW outputs of the two generators.

Alternatively, you can force the larger generator (generator G2) to deliver all of the active power required by
the 37.5 MW load, and force the output of generator G1 to zero, by adjusting Lrefl to 0.0 and Lref2 to 0.75 for
this load condition of 37.5 MW.

In summary, for generators of unequal MVA ratings, but with identical governor droop factors feeding a
common, passive load:

If no change is made in the load reference settings of the governors, the percentage change in speed (and
hence system frequency) from no-load to full-load is determined by the droop factor of the governors in
percent, and the generators share load in proportion to their individual ratings as their common speed
decreases. Under load conditions, if the common frequency of the generators has to be brought back closer to
the nominal value than is achieved by the automatic action of the governors, the load reference inputs to the
governors have to be adjusted. The generators will continue to share load in proportion to their MVA ratings as
long as their load reference settings are kept the same. Different load reference settings at the inputs to the
governors can be used to change the share of the load supplied by the generators.



Generators of Different Ratings And Different Governor Droop Factors

For the generalised case of two parallel-operating generators of differing MVA ratings and differing governor

droop factors, the governors can just as readily be set up to force the generators to share a given load in a

specified manner at a specified frequency, but it is necessary to simultaneously solve the governor

characteristic equations to predict how the load will be shared between the generators as conditions change

from the initial set point.
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Figure 2: Simplified diagram of the governor and its steady-state characteristics for different values of its Lref

(speed-changer) settings.

Considering the diagrams in Figure 2, the equation describing the steady-state operation of each generator’s

governor is as follows:

w = 14+ Ly Ri — R;P;
Where
L reri is the load reference input to governor 7
R ; isthe governor droop factor of governor 7
P ; isthe active power output of generator 7

w is the common speed of the parallel generators



For this part of the assignment, consider two generators with ratings and governor characteristics as follows.

Table 1: Conditions for Generalised Parallel Operation of Generator Examples

Generator Machine Rating Governor Droop Factor [Governor Parameters]
G1 25 MVA 4% [R1 = 0.04 ; K; = 25.0]
G2 10 MVA 6 % [R; = 0.06 ; K; = 16.67]

Example 1 — Theoretical Calculations
In the first example, the governors will be set up in order to allow these two generators to share a common
load of 10 MW in proportion to their respective ratings, at a common frequency of 60 Hz.

The required settings can be calculated as:

w = 1pu

P, = 25 10 = 7143 MW = 7143 _ 0.286

1 25 + 10 - 7 T Tp5 T Uecopu

P, = 10 10 = 2857 MW = 2857 _ 0.286

2 25+ 10 -~ T R
w— 14+ R,P, 1 — 0+ 0.04-0.286

= Lyep1 = R, = 0.04 = 0.286pu
w—- 1+ R,P, 1 — 0 + 0.06-0.286

> Lyess = = = 0.286 pu

R, 0.06

With these settings, the governor droop characteristics of the two generators can then be plotted on a single
set of axes to predict how the generators will respond as the load changes from this initial set point.
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Figure 3: Governor characteristic curves for Example 1.



The diagram in Figure 3 shows that with the two reference settings calculated for the governors (Lrefl = Lref2 =
0.286) both generators deliver 0.286 pu power at a common speed of 1.0 per unit.

The dashed horizontal line labelled A in Figure 3 shows that if these particular load reference settings were
maintained and the load on the two generators were gradually to decrease, then generator G1 would reach no-
load first as the common speed of the generators gradually increased. The value of this common speed when
generator G1 reaches no-load (P 1 = 0) can be calculated and used to determine the load on generator G2 at
that point as follows:

s = 1+ Lygg Ry — RyPy = 1+ 0286:004 — 0.04-0 = 101144 pu

14 Lyegss Ry — @ 1+ 0.286-0.06 — 1.01144
P, = "”f; 24 - e = 0.09533 pu
2 .

At this point the total load is then

Pioap = Py + P, = 0+ 0.09533-10 = 095 MW
and the common frequency is

wy = 1.01144-60 = 60.686 Hz

Thus, based on the above calculations, generator G1 would reach zero active power output when the common
load reduces to 0.95 MW, at which point the common frequency would be 60.69 Hz.

Likewise, the dashed horizontal line labelled B in Figure 3 shows that if these particular load reference settings
were maintained and the load on the two generators were gradually to increase, then generator G1 would also
reach full-load before generator G2 as the common speed of the generators gradually decreased. The value of
this common speed when generator G1 reaches full-load (P ; = 1.0) can be calculated and used to determine
the load on generator G2 at that point as follows:

wg = 14 Lysy Ry — RiPy = 1+ 0286-0.04 — 0.04-1 = 097144 pu
1+ Lyess Ry — g 1+ 0.286-0.06 — 0.97144

P, = = ~ 0.762

2 R, 0.06 pu

At this point the total load is then
Pioap = P1+ P, = 25+ 0.762-10 = 32.62 MW
and the common frequency is

wg = 097144-60 = 5829 Hz



Thus, based on the above calculations, generator G1 would reach its rated active power output when the
common load increases to 32.62 MW, at which point generator G2 would output 7.62 MW and the common
frequency would be 58.29 Hz.

Example 2 — Theoretical Calculations

In the second example, an alternative setting will be determined for the governors in order to allow the two
generators to share the same common load of 10 MW considered in the previous example, but with the load
now shared equally between the generators at a common frequency of 60 Hz.

The required settings can be calculated as:

w = 1pu
5
P, = o5 = 0.2pu
5
P, = 0 = 0.5 pu
w— 1+ R{Py 1 -0+ 0.04-0.2
= Lyep1 = R, = 0.04 = 02pu
w— 1+ R,P, 1 -0+ 0.06-0.5
= Lyepz = = = 05pu

R, 0.06

With these settings, the governor droop characteristics of the two generators can then be plotted on a single
set of axes to predict how the generators will respond as the load changes from this initial set point.
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Figure 4: Governor characteristic curves for Example 2.



The diagram in Figure 4 shows that with the two reference settings calculated for the governors (Lrefl = 0.2,
Lref2 = 0.5) generators G1 and G2 deliver 0.2 pu power and 0.5 pu power respectively at a common speed of

1.0 per unit.

The dashed horizontal line labelled A in Figure 4 shows that if these particular load reference settings were
maintained and the load on the two generators were gradually to decrease, then generator G1 would reach no-
load first as the common speed of the generators gradually increased. The value of this common speed when
generator G1 reaches no-load (P 1 = 0) can be calculated and used to determine the load on generator G2 at

that point as follows:

Wi = 1+ Lygs Ry — RyPy = 1+ 02-004 — 0.04-0 = 1.008 pu

1+ Lyesa Ry — wy 1+ 05-0.06 — 1.008
p, = _ = 03667
2 R, 0.06 e

At this point the total load is then

Pioap = Py + P, = 0+ 03667-10 = 3.67 MW
and the common frequency is

wy = 1.008-60 = 60.48Hz

Thus, based on the above calculations, generator G1 would reach zero active power output when the common
load reduces to 3.67 MW, at which point the common frequency would be 60.48 Hz.

Likewise, the dashed horizontal line labelled B in Figure 3 shows that if these particular load reference settings
were maintained and the load on the two generators were gradually to increase, then generator G2 would
reach full-load before generator G1 as the common speed of the generators gradually decreased. The value of
this common speed when generator G2 reaches full-load (P, = 1.0) can be calculated and used to determine
the load on generator G1 at that point as follows:

wg = 1+ Lygsy Ry — RyP, = 1+ 05:006 — 0.06-1 = 097 pu

1+ Lyess Ry — wp 1+ 02-0.04 — 097
L R, 0.04 pu

At this point the total load is then
Pioap = P+ P, =095-25 + 10 = 33.75 MW
and the common frequency is

wp = 097-60 = 58.2Hz



Thus, based on the above calculations, generator G2 would reach its rated active power output when the
common load increases to 33.75 MW, at which point generator G1 would output 23.75 MW and the common
frequency would be 58.2 Hz.

You can now verify the predicted characteristics for these two worked examples using the simulation case.

Example 1 — Real-Time Simulator Verification
Before starting the simulation: Set the rating of generator G2 to 10 MVA using the G2MVA slider, set the
governor droop factor of generator G2 to 6% (Gov2Gain slider to 16.6667) and the governor droop factor of
generator 1 to 4% (GovlGain slider to 25.0).

Set Lrefl and Lref2 to 0.286 and the load to 10MW 0 MVAr.
Set the Generator Lock/Free switch to the Lock position.
Start the simulation and change the Generator Lock/Free switch to the Free position

Verify that the common frequency comes to steady state at 60 Hz with the generators sharing the 10 MW load
as intended (generator G1 at 7.14 MW, generator G2 at 2.86 MW)

Without changing the Lref settings of either governor, decrease the load to 0.95 MW and verify that the
common frequency increases to a steady value of 60.69 Hz, with generator G2 supplying the entire load of 0.95
MW and generator G1 at no load

Again without changing the Lref settings of either governor, increase the load to 32.62 MW and verify that the
common frequency decreases to a steady value of 58.29 Hz, with generator G1 at full load (25 MW) and
generator G2 supplying the remainder of the load (7.62 MW)

Example 2 — Real-Time Simulator Verification
Set Lrefl to 0.2 and Lref2 to 0.5 with the load set back to 10MW 0 MVAr.

Verify that the common frequency comes to steady state at 60 Hz with the generators sharing the 10 MW load
equally as intended in the Example 2 hand calculations (generators G1 and G2 at 5.0 MW).

Without changing the Lref settings of either governor, decrease the load to 3.67 MW and verify that the
common frequency increases to a steady value of 60.48 Hz, with generator G2 supplying the entire load of
3.67 MW and generator G1 at no-load

Again without changing the Lref settings of either governor, increase the load to 33.75 MW and verify that the
common frequency decreases to a steady value of 58.2 Hz, with generator G2 at full-load (10 MW) and
generator G1 supplying the remainder of the load (23.75 MW).



Manual Synchronisation Of A Generator & Generator Characteristics On Infinite Bus bars
Explanatory Notes

This case was developed as an example of how the RTDS simulator can be used to provide further insight into
fundamental concepts in electrical machines and power systems, rather than to mimic a typical laboratory
from an undergraduate curriculum. However, the case could also be adapted and extended to include a more-
typical, measurement-based laboratory assignment in which the students could investigate the characteristics
of a generator synchronised to infinite bus bars under constant-excitation and constant-power conditions (i.e.
carry out measurements of the generator V-curves and P-& curves).

The case was adapted from part of the work in a thesis project carried out by a student on an RTDS simulator in
the final year of an electrical engineering degree: the student was required to design a control scheme to
automatically run up and synchronise a generator (and then multiple generators) on the simulator. However,
this case is specifically designed to require the user to run the generator up manually using its governor and
excitation system controls, and then visually check that the various conditions necessary for synchronisation of
the generator are satisfied before closing the breaker to connect the generator to an infinite bus bar. The case
illustrates to students not only the practical conditions needed for synchronising a generator, but also provides
insight into how a generator has to be controlled in order to satisfy these conditions. The case also provides
examples of older visualisation/metering methods used by operators when synchronising a generator manually
(synchronising lamps, synchroscope) as compared to direct measurement of the voltage vectors on either side
of the circuit breaker to be closed.

Finally, the concepts of synchronisation checking have application in areas other than generator controls: many
transmission line protection schemes are required to perform similar synchronisation checking before re-
closing a circuit breaker to return a transmission line to service. As such, the concepts demonstrated in this
simple example are of wider application, and the case could be adapted to a range of different demonstration
and teaching examples.

Laboratory Instruction Sheet
Introduction

The objectives of this assignment are to manually run up and synchronise a synchronous generator to an
infinite bus bar, and then to examine the characteristics of the generator once it is synchronised to an infinite
bus bar. The example case will help you develop an understanding of the conditions that have to be satisfied
before a generator can be connected to an infinite bus bar (or in parallel with other generators already feeding
a load), how the generator’s governor and excitation system controls are used to ensure that these conditions
are met, and the techniques for observing the mismatch between two near-synchronous systems prior to
connecting them together. The example case will also allow you to gain insight into how generators respond
differently to their input controls (governor and excitation controls) before and after they are synchronised to
other generators, and how these controls are used to determine the generator outputs once the machine is
synchronised to a larger power system in parallel with other generators.



RUNTIME Interface

You should start by familiarising yourself with the RUNTIME Interface used during this example which appears
as shown below.
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Figure 1: RUNTIME Interface for Generator Run Up & Synchronisation Laboratory

The RUNTIME Interface shows a schematic diagram of the synchronous generator and its excitation and
governor controls (on the left hand side), an infinite bus bar (on the right-hand side) and a circuit breaker
connecting them. The circuit breaker is manually opened and closed by the user via a switch that appears
directly above the diagram of the breaker on the RUNTIME Interface. The user is able to see whether the
conditions necessary to close the breaker are satisfied in several different ways:

A set of three LED-type lights appear directly below the circuit breaker mimic diagram, indicating whether the
voltages on either side of the circuit breaker are, to within acceptable tolerances, of the same magnitude,
frequency, and phase.

Two sets of synchronising lamps are provided in the sub-groups labelled “SYNCH LAMPS 1” and “SYNCH LAMPS
2” at the bottom left of the RUNTIME Interface.

A synchroscope is provided in the sub-group labelled “SYNCHROSCOPE” at the bottom left of the RUNTIME
Interface.

Once the simulation is running, the appearance of the circuit breaker symbol on the RUNTIME Interface will
change depending on whether the breaker is in the open or closed state — this feature provides you with visual
confirmation of the status of the breaker.



The generator governor has two slider inputs: the Wref slider is used to control the speed of the generator
under no-load conditions before the generator is synchronised to the infinite bus bar. The Lref slider is then
adjusted to adjust the active power output of the generator once it is synchronised. The speed (in radians per
second) and active power output of the generator (in MW) are indicated by meters located next to the
generator mimic diagram.

The generator’s excitation (field) is controlled by an automatic voltage regulator (AVR). The AVR measures the
voltage at the terminals of the generator stator, and adjusts the generator field current to maintain the stator
terminal voltage at the value set by the reference input to the AVR (slider Vref). The terminal voltage (in per
unit) and the reactive power output of the generator (in MVAr) are indicated by meters located next to the
generator mimic diagram.

The generator initialisation at the start of the simulation is controlled by means of a Lock/Free switch located
next to the AVR and governor control inputs. This Lock/Free switch must be kept in the Lock position whenever
the simulation is started, and then immediately moved to the Free position before any tests are carried out
using the case in order to ensure that the generator model in the simulation initialises correctly.

This case is designed to start up with the generator initialised at standstill (zero speed and zero excitation), so
the Wref and Lref sliders of the governor, and the Vref slider of the AVR should be all be set to 0.0 at the
beginning of the simulation.

Once the generator has been synchronised, the sub-group entitled “Phasor Diagram & PQ Chart” can be
maximised to view the behaviour of the generator when delivering power to an infinite bus bar. The phasor
diagram and PQ chart are of interest later on in the assignment, but this sub-group should be kept minimised
at the beginning of the assignment when running up and synchronising the generator.

Finally, the magnitude of the infinite bus bar voltage can be adjusted via the slider on the right-hand side of the
RUNTIME Interface page. Once again, this facility is of interest later on in the assighnment, but to start with this
slider should be left in its default position of 400.0 kV.

Unsynchronised Generator Behaviour — Run Up

Before starting the simulation in RUNTIME, check that the initial conditions for the simulation case are set up
as described below.

The generator controller sliders should be set to: Wref = 0.0; Lref =0.0; Vref =0.0.
The Generator Lock / Free switch should be in the GenLock position.

Infinite Bus Voltage controls: ABCmag = 400.0.

The generator circuit breaker should be in the OPEN position.

Start the simulation and then switch the Generator Lock/Free switch to the GenFree position. The generator
should now be running freely and responding to its governor and excitation control inputs, which are currently
set to zero (generator standing still, with no field excitation).



Increase the setting of the governor frequency reference input to Wref = 0.5: you should see the speed of the
generator rise to 157 rad/s (i.e. one-half synchronous speed for a two-pole, 50 Hz generator).

Now increase the setting of the AVR reference input to Vref = 0.5 pu: you should see the generator terminal
voltage rise to 0.5 per unit (note, also, that with high-gain, closed-loop excitation control, the generator
terminal voltage responds to changes in set point very quickly in comparison to manual excitation control).

Maximise the “Voltage Vectors” sub-group at the bottom left of the RUNTIME Interface page. This vector plot
shows the three voltages (A, B and C phases to neutral) on the infinite bus side of the open circuit breaker, and
the three voltages (A, B and C phases to neutral) on the generator side of the open circuit breaker. The A-phase
voltage vector of the infinite bus has been chosen as the reference phasor in this vector plot, so the voltages on
the infinite bus side appear to be stationary, and have equal magnitudes of 1.0 per unit.

Because the generator is at present only travelling at half synchronous speed, and has only 0.5 per unit stator
terminal voltage, the voltage vectors on the generator side of the open breaker are only half the amplitude of
the infinite bus voltage vectors, and they travel backwards (clockwise) at half synchronous frequency (25 cycles
per second) relative to the infinite bus voltage vectors (the vector plot is not updated fast enough to depict this
25 Hz relative movement very accurately, but it is sufficient to confirm the basic behaviour; as you bring the
generator closer to the frequency of the infinite bus, the vector plot will become more accurate).

Increase the setting of the governor frequency reference input to Wref = 0.99: you should see the speed of the
generator rise to 311 rad/s (approximately 99 % of synchronous speed for a two-pole, 50 Hz generator). The
AVR should still be maintaining the generator terminal voltage at 0.5 per unit, so now the voltages on the
generator side of the open breaker are still at half the magnitude of those on the infinite bus side of the
breaker, but they now rotate in the same direction as the infinite bus voltages (anticlockwise) at a frequency of
0.99*50 = 49.5 Hz. Hence, on this vector plot drawn relative to the infinite bus voltages, the generator-side
voltages appear to be rotating backwards (clockwise) at 0.5 Hz; the refresh rate of the vector plot is sufficiently
high that you should now be able to see this behaviour quite accurately.

Now change the settings of the governor frequency reference input to Wref = 1.0 and the AVR reference input
to Vref = 1.0 and observe the voltages on the vector plot. You should now see that both sets of three-phase
voltage vectors have the same amplitude, and that the voltages on the generator side of the breaker now move
only very slowly relative to those on the infinite bus side of the breaker.

In this condition, two of the three requirements for synchronising the generator to the infinite bus (by closure
of the interconnecting breaker) have now been met: the voltages on either side of the breaker are, to within
acceptable tolerances, of the same magnitude and frequency. However, by watching the two sets of voltage
vectors, and the time plot displayed underneath them for a period of time, you should be able to appreciate
why there is also an important additional requirement that must be met before the generator can safely and
successfully be synchronised to the infinite bus: the voltages on either side of the breaker must also have a
sufficiently small phase difference between them before the breaker can be permitted to close.

Even if the voltages on either side of the open breaker are of exactly the same magnitude, if they are not also
exactly in phase there will be a non-zero voltage across the poles of the circuit breaker as it is closed. For
sufficiently small phase differences this voltage across the circuit breaker is tolerable but, in the worst case,
when the phase difference between the voltages is 180 degrees, twice the rated voltage of the system will



appear across the poles of the breaker — severe damage would be done to the generator if the breaker were to
be closed under these conditions.

As you watch the voltage vectors on the generator side of the breaker rotate slowly relative to the voltage
vectors on the infinite bus side of the open breaker, observe the graph that is continually being updated below
the vector plot: this graph shows the per unit voltage developed across the middle pole (B phase) of the open
breaker as the voltages on either side of the breaker rotate past one another. The voltage across the open
breaker decreases to zero once in each cycle of the rotation of the generator-side voltages past the infinite bus
side voltages that continually occurs at the difference in frequency (slip frequency) between the two systems.
Likewise, the voltage across the breaker increases to 2.0 per unit once in each cycle of the slip-frequency
rotation of the two sets of system voltage vectors relative to one another. In order to safely and successfully
synchronise the generator, the voltages on either side of the breaker must therefore be first brought to a
condition in which they are sufficiently close in magnitude and rotational frequency; when these two
conditions are satisfied, the generator breaker can then only be closed when the phase between the voltages
on either side of the open breaker is sufficiently close to zero.

(There is also another, more-fundamental requirement for successful synchronisation of a generator that must
be satisfied before the three requirements just discussed are even considered, namely that the generator
voltages must have the same phase sequence as the voltages of the system to be connected to. However, in
this simulation example, the generator is configured only to operate with the same phase sequence (A,B,C) as
the infinite bus, so there is no need to check this requirement explicitly).

Each of the three LEDs located below the circuit breaker on the RUNTIME Interface page is programmed to
light up when one of the three conditions for synchronisation of the generator is met: you should see that the
two left-most LEDs are now continuously lit as the voltage magnitudes and frequencies on either side of the
breaker are sufficiently close to allow synchronisation. You should also see the right-hand LED light up briefly
during the time that the generator’s voltage vectors are situated within a tolerance band of + 5 degrees on
either side of the exact in-phase condition with the infinite bus voltage vectors.

Synchronising The Generator: Consequences of Within-Tolerance Speed/Frequency and Voltage Mismatches

You should now synchronise the generator by closing the breaker when the LEDs indicate that all three
conditions are met. Note that when the circuit breaker closes, the generator-side voltages are pulled into step
(synchronism) with the infinite-bus-side voltages and there is no longer any slip between the two sets of
voltages. In order for this pulling-into-step to occur, transfer of active synchronising power has to occur
between the two systems, so you should now see a small, non-zero value of active power output indicated on
the meter at the generator terminals: if the generator (or, strictly-speaking the synchronous machine) was
running slightly slower than the frequency of the infinite bus before synchronisation took place, active power
has to be transferred from the infinite bus to the synchronous machine to pull the machine up to the same
frequency as the infinite bus, so the machine will import a small amount of active power (running in
synchronous motor mode) following synchronisation; conversely, if the machine was running slightly faster
than the frequency of the infinite bus before synchronisation took place, active power has to be transferred
from the machine to the infinite bus to slow it back down to the frequency of the infinite bus, so the machine
will export a small amount of active power (in synchronous generator mode) following synchronisation.



Because there is an allowable tolerance on the mismatch between generator and infinite bus frequencies prior
to synchronisation, you can verify the above fundamental characteristics yourself using the simulation case.
Once the generator is synchronised, you can simply open the breaker again to study the effect of synchronising
it again under slightly different conditions, while remaining within the set tolerances.

Open the breaker, and adjust the Wref slider to 0.9999, so that the generator runs very slightly slower than the
frequency of the infinite bus voltages. (Note, the meters on either side of the generator breaker indicate the
frequencies of the two systems prior to synchronisation). When all three LEDs light up, and you synchronise the
machine, you should see its active power meter displaying a small negative value, indicating motoring
operation of the synchronous machine.

Open the breaker again, and adjust the Wref slider to 1.0001, so that the generator runs very slightly faster
than the frequency of the infinite bus voltages. When all three LEDs light up, and you synchronise the machine,
you should see its active power meter displaying a small positive value, indicating generating operation of the
synchronous machine. Although, in principle, synchronous machines can run in either motoring or generating
mode, large synchronous generators at power stations are not designed to run efficiently in motoring mode, so
it is often desired to synchronise them at a speed slightly faster than the system frequency, but still within the
required tolerances, to ensure that the machine does not motor immediately following synchronisation.

You should also notice that following synchronisation there is non-zero reactive power output from the
generator. This is caused by the generated voltage being close to, but not exactly the same as the system
voltage prior to synchronisation. If the generated voltage is slightly higher than the system voltage prior to
synchronisation, the generator will be slightly over-excited and export reactive power (positive VAr output)
following synchronisation; conversely, if the generated voltage is slightly lower than the system voltage prior to
synchronisation, the generator will be slightly under-excited and import reactive power (negative VAr output)
following synchronisation.

Once again, because there is an allowable tolerance on the mismatch between generator and infinite bus
voltage magnitudes prior to synchronisation, you can verify the above fundamental characteristics yourself
using the simulation case.

Open the breaker, and adjust the Wref slider to 1.0 and the Vref slider to 0.999, so that the voltage on the
generator side of the breaker is slightly lower than 1.0 per unit, but still ensuring that the voltage magnitude
check LED stays lit up. (Note, the meters on either side of the generator breaker indicate the voltage
magnitudes of the two systems prior to synchronisation). When all three LEDs light up, and you synchronise the
machine, you should see its reactive power meter displaying a small negative value, indicating under-excitation
mode of the synchronous machine and import of reactive power into the machine from the infinite bus (note
that the machine will import reactive power when under-excited irrespective of whether it is operating as a
synchronous motor or as a synchronous generator) .

Open the breaker, and adjust the Vref slider to 1.02, so that the voltage on the generator side of the breaker is
slightly higher than 1.0 per unit, but still ensuring that the voltage magnitude check LED stays lit up. When all
three LEDs light up, and you synchronise the machine, you should see its reactive power meter displaying a
small positive value, indicating over-excitation mode of the synchronous machine and export of reactive power
from the machine into the infinite bus (note that the machine will export reactive power when over-excited
irrespective of whether it is operating as a synchronous motor or as a synchronous generator) .



Synchronising The Generator With Synchronising Lamps / Synchroscope

The approach used so far to determine whether or not the generator is ready to be synchronised to the infinite
bus bar is based on direct measurement of the instantaneous voltages on either side of the open breaker,
followed by signal processing to convert these instantaneous voltages into two sets of three-phase voltage
vectors in a common reference frame; the magnitude, frequency and phase of these two sets of voltage
vectors is then compared to specific, pre-set tolerances in order to determine whether the systems can be
synchronised. This is basis of most modern approaches used to synchronise generators automatically, and in
modern transmission line protection relays when automatically re-closing the line breakers following clearance
of a fault.

However, before such measurement methods were possible, simple measurement and visualisation tools were
used to ensure safe and successful synchronisation of generators. The use of three synchronising lamps
connected across the open poles of the circuit breaker is one simple, and very effective method to determine
(indirectly) whether all three conditions necessary for synchronisation of a generator have been met.

Synchronising Lamps

Consider a lamp connected across the middle pole (phase B) of the open breaker in the system you have just
been synchronising. An instantaneous voltage would appear across this lamp as the voltages on either side of
the breaker move in and out of phase with one another at the slip frequency between the two systems. As the
voltages of the two systems move into phase, the voltage across this lamp would decrease to zero and the
lamp would go dim. Later on, as the voltages of the two systems move into exact phase opposition, the voltage
across the lamp would reach its maximum value, and it would glow brightly. Provided that the correct voltage
magnitude exists on either side of the open breaker, this simple method (a lamp across an open pole of the
breaker) provides a visual indication of two of the three conditions that must be satisfied for synchronisation of
the generator: the rate at which the lamp alternately glows bright and becomes dark indicates the frequency
mismatch between the two systems, and the moment when the light is completely dark indicates the condition
of exact phase match between the voltages. The requirement that the voltages of the two systems are
sufficiently close in amplitude can likewise be checked very easily, simply by measurement using a voltmeter
on either side of the open breaker before using the lamp as a guide.

Hence, in principle, it is possible to check whether all three of the conditions needed to synchronise a
generator are met using a voltmeter and a lamp (assuming, again, that both systems have the same phase
sequence). In practice, this simple approach is made more robust by using three lamps connected across the
poles of the circuit breaker to be closed. One of the lamps is connected exactly as described above (directly
across the poles of one phase of the circuit breaker, e.g. phase B to phase B’ in the diagram of Figure 2 below),
whilst the other two lamps are cross-connected between the remaining two phases on either side of the circuit
breaker, e.g. phase A to phase C’, and phase C to phase A’ in the diagram of Figure 2).

With the lamps as arranged in Figure 2, all three lamps alternately glow bright and become dark at the
difference in frequency between the two systems, and the order in which the lamps glow bright and become
dark indicates whether the generator frequency is higher or lower than that of the infinite bus. The exact phase
match condition between the two sets of voltages on either side of the breaker is indicated when the middle
lamp (Lamp 2) is dark, and the outside lamps (Lamp 1 and Lamp 3) are both of equal (although not maximum)
brightness.
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Figure 2: Arrangement of synchronising lamps for Generator Run Up & Synchronisation Laboratory

Synchroscope

A synchroscope is another type of measurement device used to check some of the conditions required to
connect a generator to an existing AC system. A synchroscope measures the voltages on either side of the
circuit breaker to determine the instantaneous difference in phase angle between the two systems to be
connected. The visual indication provided by the synchroscope is in the form of a needle which rotates
according to the difference in frequency between the voltages of the two systems. If the frequency of the
generator matches that of the system voltages then the synchroscope needle remains stationary and its
angular position indicates the phase difference between the two systems. If the generator is running faster
than the system it is to be connected to, the synchroscope needle rotates in a clockwise direction, whereas if
the generator is running slower than the system frequency the needle rotates counter-clockwise. The ideal
condition before closing the breaker would therefore be with the needle stationary at the 12 o’ clock mark on
the synchroscope where the phase angle difference would be zero. As with the method of synchronising lamps,
when using a synchroscope it is necessary to check that the amplitudes of the voltages on either side of the
system are within tolerance using voltmeter measurements.

Amongst the minimised sub-groups at the bottom left of the RUNTIME Interface, there are a two alternative
formats of a set of synchronising lamps and a synchroscope. You can minimise the Voltage Vectors sub-group,
and maximise either of the two synchronising lamps sub-groups (both sets of synchronising lamps function in
the same way, they differ only in the shape of the lights themselves). Repeat the entire procedure of running
up the generator from standstill and zero excitation, to the point where it is synchronised, using only the three
synchronising lamps and the measurement of voltage magnitude on either side of the breaker as your guide.
Strictly speaking, you should not even need to watch the three red LED indicators, as the synchronising lamps
and voltmeters provide you with sufficient feedback to correctly synchronise the generator; the required
illumination pattern for in-phase synchronisation is marked below the lamps. You should be able to observe,
and confirm, the behaviour of the lights as the generator voltages slip slowly in phase relative to those of the
infinite bus (for both slightly low and high generator speeds) as you did with the voltage vector diagram.

You can then maximise the synchroscope sub-group and repeat the run up and synchronisation procedure
using this measurement method. Once again, you should be able to observe, and confirm, the behaviour of the
synchroscope needle as the generator voltages slip slowly in phase relative to those of the infinite bus (for both
slightly low and high generator speeds) as you did with the voltage vector diagram and the synchronising
lamps.



Performance Of The Generator Once Synchronised To Infinite Bus bars

In the previous stage of the assignment, the focus was on the process of synchronising the generator to the
infinite bus bars, and the use of different tools to determine the readiness of the generator for synchronisation.
In this next stage of the assignment, the focus is on the behaviour of the generator once it has been
successfully synchronised, so you should minimise the sub-groups on the RUNTIME Interface that are intended
for use during run up and synchronisation (i.e. the synchronising lamps, synchroscope, and the vector plots of
the three-phase generator and infinite bus voltages should all now be minimised).

Once the generator is synchronised and running at approximately zero active and reactive power output, you
can then use the displays within the Phasor Diagram & PQ Chart sub-group to study the performance of the
generator in response to its governor and AVR controls when synchronised to infinite bus bars.

The Phasor Diagram & PQ Chart sub-group contains the following displays:

A vector display showing the phasor diagram of the generator (stator terminal voltage — red vector; internal
generated (excitation) voltage — green vector; stator current — blue vector);

An operating chart showing active and reactive power output of the machine in its generating region of
operation, with the maximum MVA and MVAr (excitation) boundary limits drawn onto the chart;

Meters showing the active and reactive power output of the machine, and its field current.

Generator Operating As A Synchronous Condenser

In the first part of the study into the generator’s behaviour when synchronised to an infinite bus bar, you will
examine the response of the generator to changes in its excitation when no active power is being delivered to
the infinites bus bar, i.e. with the generator operating as a synchronous condenser.

If you have not already done so, adjust the Lref slider input to the governor to 0.0 to ensure that there is zero
active power output (in MW) from the generator.

Now adjust the Vref input to the AVR carefully so that the generator’s internal voltage (excitation voltage),
depicted by the green vector on the phasor diagram, and its stator terminal voltage (the red vector on the
phasor diagram) have the same amplitude; this should correspond to a setting of approximately Vref = 1.01 if
you have the infinite bus voltage set at 400.0 kV. Note the readings of the active and reactive power meters at
the generator terminals: the generator is now exporting almost zero active and reactive power; in this
condition the generator is referred to as “floating on the bus bars”, meaning that it is synchronised to the rest
of the AC power system, but it exchanges no active or reactive power with the rest of the AC system. Note the
value of the generator field current for this particular condition.

From the above condition, with the generator floating on the bus bars, increase the value of the Vref input to
the AVR to the maximum value that the slider will allow (Vref = 1.1). Note the active and reactive power output
from the generator, the value of the generator field current, and the change in the generator phasor diagram
at this new condition. By increasing the value of Vref to 1.1, you have commanded the generator’s AVR to
increase the voltage at its stator terminals to 1.1 per unit. The conditions external to the generator are now
such that the generator terminal voltage is larger in amplitude than the infinite bus voltage, so a voltage
gradient exists between the generator terminals and the infinite bus bar; this voltage gradient is developed



across the reactance of the generator transformer that connects the two systems, and reactive power is
therefore exchanged between the generator and the infinite bus bar as a result. Furthermore, because the
generator terminal voltage is larger than the infinite bus voltage, lagging (positive) reactive power is output
from the generator and supplied to the infinite bus bar in this condition (you can confirm that the VAr meter at
the generator terminals is now indicating a large, and positive, value of reactive power output).

Note also the particular nature of the generator phasor diagram and the size of the generator field current in
this condition. The voltage generated internally within the generator stator winding (the excitation voltage
shown by the green vector) is now much larger than the generator’s terminal voltage (red vector) and the field
current has increased in order to establish this increased magnitude of excitation voltage. In this state the
generator is now strongly overexcited, creating a voltage gradient internally within the generator between its
excitation voltage and its terminal voltage; because this voltage gradient appears across the almost purely
reactive synchronous impedance of the generator, the result is a flow of reactive power from the generator’s
internally generated voltage to its terminal voltage in the direction of the decrease in voltage gradient. (As just
discussed, this voltage gradient continues downwards from the generator terminal voltage to the infinite bus
bar voltage). Finally, note the stator current (blue vector) lags both the excitation voltage vector and the
terminal voltage vector, confirming that the generator is sourcing lagging reactive power to the external
system.

Now carefully decrease the value of the Vref input to the AVR to 0.95 (you should be careful not to reduce Vref
any lower than this, as the generator may lose synchronism if it is not sufficiently strongly excited). Note the
active and reactive power output from the generator, the value of the generator field current, and the change
in the generator phasor diagram at this new condition. By decreasing the value of Vref to 0.95, you have
commanded the generator’s AVR to decrease the voltage at its stator terminals to 0.95 per unit. The conditions
external to the generator are now such that the generator terminal voltage is smaller in amplitude than the
infinite bus voltage, so a voltage gradient again exists between the generator terminals and the infinite bus bar
and reactive power is therefore exchanged between them. However, because the infinite bus voltage is now
larger than the generator terminal voltage, lagging (positive) reactive power is output from the infinite bus and
supplied to the generator in this condition; alternatively, the generator can be considered as supplying leading
reactive power to the infinite bus bar in this condition (you can confirm that the VAr meter at the generator
terminals is now indicating a negative value of reactive power output).

Note also the particular nature of the generator phasor diagram and the size of the generator field current in
this condition. The excitation voltage within the generator stator winding (green vector) is now much smaller
than the generator’s terminal voltage (red vector) and the field current has decreased in order to establish this
reduced magnitude of excitation voltage. In this state the generator is now strongly underexcited, creating a
voltage gradient internally within the generator between its terminal voltage and its excitation voltage, and
resulting in a flow of reactive power from the terminal voltage to the generator’s internally generated voltage
in the direction of the decreasing voltage gradient. (As just discussed, this voltage gradient is likewise
downwards from the generator infinite bus bar voltage towards the generator terminal voltage). Finally, note
the stator current (blue vector) now leads both the excitation voltage vector and the terminal voltage vector,
confirming that the generator is sourcing leading reactive power to the external system (or, alternatively
stated, the generator is absorbing lagging reactive power from the external system).



The above two conditions illustrate how the reactive power output of a generator synchronised to an AC power
system is adjusted by means of its excitation controls, and how the exchange of reactive power between the
generator and the external AC system is linked to the establishment of a gradient in the voltage magnitudes
between them (and the direction — either increasing or decreasing — of this voltage gradient). This mode of
operation (generator used solely to exchange reactive power with the external AC system) is referred to as the
synchronous condenser mode operation of the generator. In general, however, the synchronous generator is
used to either provide reactive power or absorb reactive power as required by conditions within the AC
transmission system it feeds into, whilst also generating active power into that system. Before considering
combined active and reactive power output of the generator, it is necessary to understand the practical limits
on changes in the generator’s excitation, and hence in its reactive power exchange with the external AC
system.

The lower limit on the generator excitation (field current) is in practice determined by the fact that at
excessively leading power factors, large synchronous machines can experience damage due to stator end ring
heating, although the generator also requires a minimum level of excitation in order to be able to generate
enough synchronising (active) power output so as to be able to remain in step with the external AC system
following disturbances.

The upper limit on the generator excitation is determined by the maximum field current that can be permitted
before the field winding becomes damaged due to overheating. This maximum permissible field current limits
the amount of lagging reactive power that can be output from the generator and this limit is investigated next
for the particular generator in this example.

Maximum Excitation Limit Of The Generator

With the Lref slider input to the governor still set at 0.0, return the Vref slider input to the AVR to its maximum
value of Vref =1.1. Observe the x-y plot of the generator’s P and Q output that is located next to the generator
phasor diagram (the PQ Chart of the generator): you should see the locus of the generator’s power output
move vertically up the positive Q axis of the PQ Chart in response to the increase in Vref as the lagging reactive
power output of the generator increases, while its active power output remains zero. The magenta-coloured
circular arc on the PQ Chart indicates the maximum reactive power output for this generator, which in turn is
determined by the maximum permissible value of field current. Note that even for this maximum value of the
Vref slider setting the generator reactive power output is still well below the limit; in other words, even though
the generator terminal voltage is as high as it is allowed to be (10% above rated), the generator reactive power
output is still within permissible limits.

Because the exchange of reactive power between a generator and the rest of the system is determined by
voltage gradients, the amount of reactive power output from the generator is influenced not only by its own
voltage magnitudes but also by conditions in the rest of the system. In order to further increase the reactive
power output from the generator, slowly decrease the amplitude of the infinite bus bar voltage using its
ABCMag slider. Continue decreasing the amplitude of the infinite bus bar voltage from 400.0 kV, in steps of 0.5
kV (or less as required) until the end point of the locus plotted on the generator PQ Chart arrives at the
magenta curve. You should see the reactive power output of the generator at approximately 455 MVAr for this
condition, and its field current equal to approximately 2.75 pu (the value set as the maximum excitation limit
for this exercise).



If the Lref input to the governor is now used to schedule active power output from the generator, the locus of
the generator power output should move to the right of its current location, as both the active power (P) and
reactive power (Q) output from the generator become positive. From the shape of the magenta maximum-
excitation boundary, you can see that this will immediately result in the generator’s current reactive power
output becoming larger than permissible. To verify this, increase the Lref slider input from 0.0 to 0.2 (without
changing the Vref slider input) and observe the locus plotted on the PQ chart, the change in the generator
phasor diagram, and the change in the field current. You should see the green excitation voltage vector
advance counter-clockwise relative to the red terminal voltage phasor, so as to move out to a positive load
angle in order to generate the required active power output. In addition, note that in order to keep the
magnitude of the generator terminal voltage vector constant at the set point commanded by the Vref slider
(which has not been changed) despite the increased internal volt drop across the generator’s internal
impedance at this new operating condition, the AVR has to increase the field current to increase the length of
the excitation voltage vector as it opens out to the new angle ahead of the terminal voltage.

When you observe the generator active and reactive power output plotted on the PQ Chart, you should see
that it has moved nearly horizontally from its previous location, which was at the upper limit of the magenta
curve on the +Q axis, and that this horizontal move has taken it outside the maximum reactive power
boundary. In other words, even though there has been almost no change in the generator reactive power
output, because of the increase in active power output the generator reactive power is now larger than is
allowable. By watching the response of the generator phasor diagram to this increase in active power output,
you can understand why the AVR’s action to regulate the terminal voltage requires an increase in the field
current, so that even though there is no substantial change to the reactive power output from the generator,
the new non-zero value of active power requires a larger value of excitation for the same reactive power
output; consequently, the value of reactive power output that was on the limit at zero active power output,
now exceeds the maximum permissible field current.

In order to bring the generator back within the permissible area of the PQ Chart at this value of active power
output, it is therefore necessary to reduce its excitation (by reducing its terminal voltage magnitude via the
AVR’s Vref slider) and hence reduce its reactive power output. Note that only a very small change in the AVR
set point is required, so it is advisable to change the Vref slider setting by typing in a new value into the
number window at the bottom of the slider (followed by hitting the Enter key) rather than attempting to use
the mouse to change the slider position. Reduce the value of the Vref slider input to the AVR until the
generator field current returns to 2.75 pu and confirm that the locus of the generator power output returns to
within the magenta boundary on the PQ Chart.

You can repeat this procedure at progressively larger values of active power output from the generator,
increasing Lref to 0.4, 0.6 and finally 0.73, each time carefully reducing the Vref slider input to the AVR until the
locus plotted on the PQ Chart returns within the magenta boundary. In this way, you can confirm that the
position of the magenta boundary is defined by the maximum permissible field current (equal to 2.75 pu in this
example) as the generator active power output is varied.

Note that when you find the value of Vref needed to return the generator’s power output to the magenta
boundary for the particular value of Lref = 0.73, the generator is then also situated on the second boundary
shown on the PQ Chart, indicated by the red circular arc. This red second boundary is the rated MVA limit on
the PQ Chart, which corresponds to a circle of radius equal to the MVA rating of the generator, centred on the



origin of the PQ Chart. The MVA rating of the generator is determined by the maximum value of allowable
stator current in the generator. The point at which the rated MVA circle and the maximum excitation limit
curve intersect determines the nameplate MVA and power factor rating of the generator (i.e. the rated power
factor of a synchronous generator is its power factor at rated MVA and maximum field current).

Up till now you have been moving the generator along the maximum excitation curve (field current limit) on
the PQ Chart, which lies below the generator’s MVA limit until rated power factor is reached. For any further
increases in generator active power output from this point on the PQ Chart, the maximum MVA curve (stator
current limit) becomes the limiting factor on the generator output.

Increase the value of the governor load reference input to Lref = 0.98 and change the Vref input to the AVR to
0.97. You should now see the locus on the PQ chart move very close to the MVA circle on horizontal axis. The
generator phasor diagram should show the stator terminal voltage (red vector) and stator current (blue vector)
to have almost the same magnitude (both near rated values of 1.0 per unit) and to be almost in phase since the
generator is operating at near-unity power factor. Note that at close to rated output, this generator is prone to
become oscillatory as it has a high gain in its AVR but no supplementary excitation controls.



NOTES ON IDEAS FOR FURTHER RTDS LABS

Induction Motors

Dynamic braking and plugging experiments

Starting techniques for induction motors (soft starters, star-delta starters, regulators, variable rotor resistance)

Simple V/f frequency control (using power electronics or just a simple controllable AC source to introduce the
concepts, or both)

Fundamentals of AC Power

Active & reactive power fundamentals, measuring power in three-phase systems (single phase versus three-
phase wattmeters, three-wire and four-wire systems, measuring reactive power)

Fundamentals of power factor correction — improvement in active and reactive losses in distribution network,
voltage regulation etc.

Performance of AC transmission systems

Transmission line parameters, surge impedance, surge impedance loading, performance characteristics of AC
lines under varying load (current, voltage profile, reactive power requirements at varying loads for radial and
meshed lines). This could be done with three different levels of line model: simple series impedance, nominal
Pl, then distributed parameter.

PV curves, maximum power transfer theorem.
Reactive compensation of AC transmission systems.

Leading on from previous experiment on performance of AC lines, introducing series and shunt reactive power
sources to remove burden of supplying (or absorbing) VARs from generators at each end, comparison of line
performance etc.

QV curves
Synchronous Machines
Measuring V-curves and P-delta curves.

Asymmetrical faults (measuring positive, negative and zero sequence parameters of generator and
transformer, predicting fault currents, verifying by simulation; this would require access to all windings of the
phase-domain machine model, which is not currently possible but noted here for future reference).



