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1 Introduction

This lab involves two tasks. Task one is to test the operation of a synchronous generator in an
isolated system. The generator will be connected to a three phase, star connected, resistive
bank. The aim is to supply 200V (line) at 50Hz to the resistive bank at three different
load settings [1]. The second task analyses the operation of a synchronous generator when
connected to a grid system. The aim is to synchronise the generator to the grid and generate
300W at 1.0 power factor, and 200W at 0.8 power factor [1].

2 Task 1: Operation in an Isolated Power System

2.1 Explanation of how the System Operates

Figure 1 shows a detailed diagram of the full system. We are going to be using an induction
motor to simulate our ’prime mover’. The induction machine acts as a steam turbine would
in a real world system. Since we are only simulating energy generation, we are going to use a
three phase inverter to drive our induction motor rather than a form of fuel like coal or gas
as we would in a real system.

This inverter converts from three phase AC, to DC (using a three phase bridge rectifer)
and then back to three phase AC (using a three phase inverter). A three phase, 400V (line),
50Hz power supply sends power to the inverter.

The inverter has a control circuit (figure 1) which sends timed ’on’ and ’off’ pulses to control
the amplitude and frequency of the three phase AC voltage sent to the induction motor. The
magnitude of this voltage is related to the airgap torque of the induction machine by the
following equation:
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The basic principle of an induction motor is it converts electrical power into mechanical power.
As we increase our inverter voltage, torque increases, power increases and the rotational speed
(ω) of the shaft also increases. The relevant formula here is:

P = T × ω (2)

Where P is mechanical power, T is airgap torque and ω is rotational speed. This mechanical
power rotates the shaft of the induction machine. Since the induction machine and the syn-
chronous generator share the same shaft, the induction machine drives the generator.

The synchronous generator output is connected to the resistive bank. In order for the syn-
chronous machine to generate electrical power a DC power supply is connected to the field
winding of the synchronous generator. A diode bridge is connected between the power supply
and the field winding to prevent any damage to the equipment due to a back EMF. The current
from the DC supply If magnetises the field winding so that the synchronous generator can
generate voltage and therefore power the resistive load. The back EMF of the synchronous
generator is given by:

E ∝ speed× φf (3)
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Where φf is the magnetic flux of the field winding and ’speed’ represents the speed of rotation
of the shaft (ω) linked to the induction machine . We also know that:

φf ∝ If (4)

Where If is the current in the field winding generated by the DC power supply. Thus, the
magnetic flux of the field winding is controlled by the DC power supply. Connecting these
two relationships we can say:

E ∝ speed× If (5)

Therefore, we can control the magnitude of the voltage that is fed to the resistive load in two
ways. One by altering the DC power supply voltage, and therefore the current If , and two by
changing the rotational speed of the shaft, which is controlled by the inverter.

Note that when we increase the voltage by increasing If we also increase the mechanical
load on the induction motor which decreases the ’speed’ and thus the frequency. Therefore,
if we want to increase both voltage and frequency to meet a high resistive load it is best
to increase the voltage of the inverter, supplying more torque and power from the induction
machine and increasing the shaft speed.

We can control the frequency of the voltage generated by the synchronous machine according
to the formula:

ω0 =
2πf

p
(6)

Where p is the number of pole pairs of the induction machine (which in our case is two). ω0

is the rotational speed of the shaft (in rads−1) which can be controlled by the inverter and f
is the frequency. So for our desired frequency of 50Hz we want an ω of ∼1500rpm.

2.2 Task Procedure

Now that we have outlined the full system and the flow of power we can give a brief explanation
of the procedure during the task. We have to supply 200V (line) at 50Hz to the resistive bank
for three different load settings. Once we have set up the power system as outlined above (and
in figure 1) we need to connect a power meter to one of the output phases of the synchronous
generator. This will allow us to measure the frequency and magnitude of voltage being supplied
to the resistive bank. The voltage we’ll be measuring will be phase voltage. We know that:

Vphase =
Vline√

3
=

200√
3
' 115V (7)

Therefore we want to measure 115V (phase voltage) on the power meter. Make sure the
outputs of the synchronous generator are connected to the resistive load. Adjust the voltage
of the inverter to generate an rpm in the shaft of ∼1500rpm (according to equation 6). Turn
on the DC power supply and the synchronous generator will begin to generate power due
to the field winding. Before turning on any resistive load adjust the inverter and DC power
supply to achieve a stable 115V (phase) at 50Hz. Whenever we adjust anything we should
wait and give the system time to stabilise before taking any readings. We can allow a very
small margin of error. Use the power meter to take readings. We can also use a handheld
tachometer to get accurate readings of the shaft rpm.
Once the stable supply of 115V (phase) has been achieved repeat for the three load settings
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on the resistive bank: low, medium and high. Each time adjust the inverter and DC power
supply to achieve 115V (phase) at 50Hz. Notice that when we increase the load the output
frequency and voltage go down. We must supply more power to bring the voltage back up.
Once the experiment is completed, turn everything off in the reverse order that it was turned
on. This is good practice for power systems.

2.3 Relation to Real World Power Systems

In this task an off-grid, isolated power system was simulated. Isolated power systems have
a number of specific use cases. Many island communities make use of such systems where
connecting to the grid is often not possible. One such example is the Canary Islands [2].
Power generation costs can often be higher for these systems than on the mainland and there
can also be issues with stability. In the past hospitals often used isolated power systems as a
backup option in the event of a power failure, however less hospitals employ this option now [3].

Isolated power systems are also used in developing nations where a large interconnected grid
system does not exist. In India for example: ’many villages have been electrified through the
use of renewable isolated power plants’ [4]. Numerous studies have been conducted on the
merits of using isolated power systems to electrify small villages.

The induction motor or “prime mover” in our experiment is driven by a three phase in-
verter drive and is not a steam turbine powered by some form of fuel or renewable energy. In
the lab we can use the inverter drive to alter the torque and speed of the induction machine
to affect the output frequency. In real world systems if power demand changes we can release
more or less steam to change the speed of rotation of the turbine and keep the output fre-
quency constant (equation 6). The low, medium and high load settings on the ‘MOD-6020-R
ITALTEC’ resistive bank can simulate the expected variation in load throughout the day that
we would likely get in a real world power system. There is lower power demand while people
are at work and higher power demand in the evenings when people are at home, cooking,
watching TV, etc.

3 Task 2: Operation when Connected to the Grid

3.1 Explanation of how the System Operates

Figure 2 shows a detailed diagram of the second system. The setup is very similiar to the
setup in task one. The three phase inverter connects to the induction machine which is tied
to the synchronous generator along the same shaft. The field winding of the generator is con-
nected to a DC power supply, with a diode bridge between them. However, the resistive load
has been replaced and the output of the synchronous generator now passes through a three
phase switch and connects to the grid (see figure 2) which is a three phase, 200V (line), 50Hz
supply. This corresponds to a 115V phase voltage, which is what we need to achieve on the
generator side for synchronisation. Lights are connected in parallel across the synchronising
switch box. These can be used to check whether the voltage from the generator has the same
frequency, magnitude and phase as the grid. They can also help us check whether the phase
rotation of the three phases is correct. If all the lights don’t flash on or off together we know
the rotation is wrong.
We use the lights in combination with some instrumentation devices to synchronise our genera-
tor to the grid. A multimeter is connected to one of the three output phases of the synchronous
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generator so we can measure voltage, power, and power factor. A three channel oscilloscope is
also used. One channel is used to measure the generator side voltage and another to measure
the grid side voltage. We also run one of the phases through a current transformer coil and
the third channel is used to measure the voltage output of the current transformer, which
is equivalent to the current of that phase. Its important to remember when connecting the
probes that the same phase should be measured by all three oscilloscope channels.

3.2 Task Procedure

Now that the set up of all componentry and instrumentation is complete we can move onto
the task procedure. The first step is to synchronise the generator to the grid. Increase the
inverter voltage to increase the speed of the induction machine to ∼1500rpm as before. Turn
on the DC power supply. Now observe the oscilloscope. With the grid off the oscilloscope
channel showing current from the current transformer will be zero, since there is no load. The
two other channels will be identical since the grid is off which means the generator side and
grid side voltage is the same (the switch box acts as an open circuit).

Now we turn on the grid. Since the voltage, frequency and phase from the generator are
not synchronised to the grid there will be a relative speed between the two voltages on the
oscilloscope indicating a difference in frequency. This will also be indicated by a flickering of
the lamps. We can now adjust the frequency and voltage to achieve 115V (phase) at 50Hz as
we did in task one by adjusting the inverter which adjusts the speed of the induction machine.
Speed is correlated to the output voltage’s magnitude and frequency by equations 5 and 6
respectfully. We must also ensure that the phase rotation is correct. If all the lamps are
flickering together then the phase sequence is correct but if they are not then this means the
phase rotation must be corrected as described in the answer to question 7 in Section 4.

Once we know the phase rotation is correct we can adjust the frequency and magnitude
of the generator output voltage to bring it in line with the grid. Once the oscilloscope and
multimeter indicate we have achieved this we flick the switch on the three phase switch to
connect the generator to the grid. The lamps should be off and the two voltage channels on the
oscilloscope should be in phase with each other. The generator is now synchronised to the grid.

The final part of the task is to control the synchronised generator to produce 300W at 1.0
power factor and 200W at 0.8 power factor into the grid. We can use the multimeter to
measure power and power factor. First we will control power. Since frequency is now fixed
by the grid, the speed of the induction machine is also fixed (see equation 6). However, by
increasing the torque we can increase the mechanical power input to the synchronous gen-
erator, (equation 2), which will increase our active power. Remember we have three phases
so we want to measure 300/3 = 100W for the first part and 200/3 = 66.6̇W for the second part.

The power factor can be controlled by altering the current of the field winding (If ) by chang-
ing the DC voltage coming from the power supply. The power factor is represented on the
oscilloscope by the phase difference between the voltage channels and the current transformer
channel. At 1.0 power factor they should appear perfectly in phase, however due to instru-
mentation we might observe a slight difference. Adjust the power and power factor to achieve
both specifications and then switch everything off in reverse order as we did in task one.
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3.3 Relation to Real World Power Systems

In this task, a grid connected system was simulated. Large scale power networks in the UK
and other countries utilise a grid connected system. When connected to the grid each indi-
vidual generator has little to no control over the voltage and frequency of the overall system.
We saw this in the laboratory as once we were synchronised to the grid we could no longer
alter the speed and thus the frequency of the generator. We achieved a power factor of both
1.0 and 0.8. In a real world scenario it is desirable to achieve a unity power factor as there
are lower power losses, less voltage drop in the line and systems operating at a higher power
factor are more efficient [5].

In the laboratory we had two options to correct the generator phase rotation (see the an-
swer to question 7 in Section 4). We could swap two of the three phases of the generator or
swap two of the three phases of the induction motor/ prime mover. However in a real world
system it would not be possible to swap the phases of the ’prime mover’ so normally we only
have the first option.

4 Answers to Lab Manual Questions

1. How will you control the speed of the induction motor?
We use the three phase inverter drive to control the speed of the induction motor. The
inverter has a control circuit that can send “on” and “off” signals to control the three
phase voltage output of the inverter. This voltage changes the torque of the induction
motor (equation 1) which directly affects the speed (equation 2).

2. At what speed (in rpm) should the prime mover drive the generator?
We can calculate this using equation 6:

ω0 =
2πf

p
=

2π(50)

2
= 50π ' 1500rpm (8)

3. When supplying the resistive load, how can you control the generator output frequency?
We can control frequency using the three phase inverter drive. Altering the voltage of
the inverter output, using the control circuit, alters torque and power which changes
the speed of the induction motor (equation 2). This change in ω alters the frequency
according to equation 6.

4. When supplying the resistive load, how can you control the generator output voltage?
We can control output voltage by increasing the DC power supply voltage, this will
increase the field current If which according to equation 5 is proportional to the output
voltage. Note though that increasing voltage this way also decreases frequency. There-
fore, we can also increase the output voltage as outlined in question 3: altering the speed
of the induction motor changes voltage as well as frequency (equation 5).

5. What will happen if the resistive load on the generator is increased?
An increase in the resistive load causes an increase in output current. This leads to
an increase in the reverse torque in the induction motor. The speed of the shaft drops
causing a decrease in frequency and voltage according to equations 6 and 5 respectfully.

6. When synchronising to the grid what will happen to the synchronising lights when:
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(a) The voltages are correct but the generator frequency is 49Hz?
The grid is supplying 50Hz while the generator is supplying 49Hz. This will result
in the lamps flickering on and off.

(b) The voltages and frequency are correct, and the generator voltage is in phase with
the grid voltage?
The generator is synchronised to the grid. All three lamps will therefore be off,
given that the phase rotation is correct.

(c) The voltages and frequency are correct but the generator voltage is 180°out of phase
with the grid voltage?
All three lamps will be on in this case, given that the phase rotation is correct.

(d) The voltages, frequency and phase are correct, but the generator phase rotation is
wrong (i.e: phase a leads phase b by 120°etc.)?
In this case, all three lamps will not be on or off together (i.e: they will be out of
sync with each other). Two lamps may be on while one is off.

7. If the generator phase rotation is wrong, how would you correct it?
We have two methods in the laboratory. The first option is to swap two out of the
three phases of the generator. The second option is to swap two out of three phases
of the induction motor/ prime mover. This second option is not available in real world
applications.

8. When synchronised to the grid how can you control the real power fed into the grid?
When synchronised, since the frequency of the grid and the generator are in sync, the
speed of the induction motor cannot change (equation 6). However by changing the
voltage output of the inverter and thus the induction motor torque, we can increase the
mechanical power being fed to the generator according to equation 2. This increases the
real power fed into the grid.

9. When synchronised to the grid how can you control the generator power factor?
A big advantage of synchronous machines is how easy it is to control power factor. To
do this we use the field winding current If . By changing the current of the rotor, which
is controlled by the DC power supply, we can alter the power factor of the generator.
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Figure 1: Isolated Power System
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Figure 2: Grid Connected Power System
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