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440V, 3-Phase Motor with Six Terminals: Connection Modes

Here's a breakdown of Delta and Star connections for your 440V, 3-phase motor with six terminals,
referencing the relationship between voltages and speed, and explaining how to configure it for
permanent Delta mode.

(a) Delta Connection:

● Description: In a delta connection, the three motor windings are connected end-to-end,
forming a triangular loop. Each winding connects between two line terminals.

● Voltage Relationship:
○ Line Voltage (VL): This is the voltage measured between any two of the three lines

feeding the motor (VAB, VBC, VCA). In your case, the line voltage is 440V.
○ Phase Voltage (VP): This is the voltage measured across each individual winding

(between any line terminal and the connection point of the other two windings). In a
delta connection, the phase voltage is equal to the line voltage (Vp = VL = 440V). This
is because the line voltage is applied directly across each winding.

(b) Star Connection:

● Description: In a star connection, the three motor windings are connected at one end (usually
internally within the motor), forming a star shape. The other ends of the windings are
connected to the three line terminals. This creates a neutral point at the center of the star.
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● Voltage Relationship:

○ Line Voltage (VL): Same as delta connection (VL = 440V).
○ Phase Voltage (VP): This is the voltage measured between any line terminal and the

neutral point. The phase voltage in a star connection is calculated by dividing the line
voltage by the square root of 3 (Vp = VL / √3). For a 440V line voltage, the phase
voltage is approximately 254V (Vp ≈ 440V / √3). This is because the windings are
connected in series, and the voltage is divided across them.

(c) Relative Speed:

● Starting Torque: Delta connections generally offer a higher starting torque compared to star
connections for the same motor. This is because the full line voltage is applied directly across
each motor winding phase in delta.

● Running Speed: The running speed of the motor remains approximately the same in both
delta and star connections, assuming the motor is designed for both configurations. This is
because the fundamental synchronous speed of the motor is determined by the number of
poles and the line frequency. The connection method primarily affects the starting torque and
current.

(d) Permanent Delta Connection:

Since your motor has six terminals (likely three for each winding - U1, U2, V1, V2, W1, W2),
configuring it for permanent delta doesn't require any jumpers or links. Here's why:

● In a delta connection, each winding connects between two line terminals.
● With six terminals, you already have three individual connection points for each winding.

Therefore, leave all six terminals unconnected. The internal configuration of the motor windings
will handle the delta connection without any additional modifications.

Important Note: Always refer to the motor's manufacturer's manual or data plate for specific
connection instructions. Modifying motor connections without proper knowledge can damage the
motor or pose safety risks. Consult a qualified electrician if you're unsure about the connection
process.

June 2021

March 2024



AUX Equipment Part 2 www. SVEstudy.com Full written solutions.

March 2020

June 2020

Induction Motor Star-Delta Starters

Star-delta starters are a type of reduced voltage starter commonly used with three-phase induction
motors. Here's a breakdown of their application, operation, and the reason for switching
configurations:

(a) When is a Star-Delta Starter Required?

Star-delta starters are particularly beneficial in situations where:

● The motor has a high starting current: Induction motors draw a significant surge of current
when starting, which can overload the power supply and cause voltage dips. A star-delta
starter helps to reduce this starting current.

● The application doesn't require high starting torque:While star-delta starters reduce
starting current, they also decrease the starting torque compared to a direct online connection.
So, they are suitable for applications where the motor doesn't need to overcome a high initial
load to get going.
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● Cost-effective solution: Compared to more sophisticated soft starters, star-delta starters are

a relatively inexpensive way to manage high starting currents.

(b) Operation of a Star-Delta Starter:

A star-delta starter has two main components:

1. Contactors: These are electromagnetic switches that connect or disconnect the motor
windings from the power supply. There are typically three contactors, one for each phase, in
both the star and delta configurations.

2. Timer: This device controls the switching sequence between star and delta connections.

Here's the typical operation sequence:

1. Start:When the motor is turned on, the star contactor energizes, connecting the motor
windings in a star configuration.

2. Reduced Starting Current: The star connection reduces the voltage applied to each motor
winding (by a factor of 1/√3) and consequently reduces the starting current drawn from the
supply.

3. Acceleration: The motor accelerates with the reduced voltage. The timer is set for a
predetermined time based on the motor's characteristics.

4. Delta Connection: After the timer elapses, the star contactor de-energizes, and the delta
contactor energizes. This connects the motor windings in a delta configuration, applying the
full line voltage to each winding.

5. Running: The motor operates at its normal speed and torque in the delta connection.

(c) Why Change from Star to Delta?

There are two main reasons for switching the motor configuration from star to delta:

● Reduced Starting Current: The primary objective is to limit the high inrush current during
motor startup. By initially connecting the windings in a star configuration, the starting current is
significantly reduced, protecting the electrical supply from overload.

● Improved Efficiency at Running Speed: Once the motor has accelerated and overcome the
initial load, the delta connection provides the full line voltage to each winding. This allows the
motor to operate at its designed efficiency and full torque capability.

In essence, a star-delta starter offers a balance between protecting the power supply during startup
and allowing the motor to run efficiently at its normal operating speed.
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AC Motor Connections: Star vs. Delta

Here's a breakdown of how to connect an AC motor in both Star and Delta configurations, along with
the consequences of using the wrong connection:

(a) AC Motor Connections:

(i) Star Connection:

1. Terminals: Most three-phase motors with star-delta capability have six terminals, likely
designated U1, U2, V1, V2, W1, and W2 (one set for each winding).

2. Connection: Connect the three ends of the motor windings together at a single point. This
creates a "star" shape.

3. Line Connections: Connect the remaining terminal of each winding (U1, V1, W1) to the three
individual lines (L1, L2, L3) from the power supply.

(ii) Delta Connection:

1. Terminals: Use the same six terminals (U1, U2, V1, V2, W1, W2).
2. Connection: Connect the end of winding U1 (U1) to the end of winding V2 (V2). Similarly,

connect the end of V1 (V1) to W2 (W2), and the end of W1 (W1) to U2 (U2). This forms a
closed triangular loop (delta) with the windings.

3. Line Connections: Connect each corner point of the delta formed by the windings (U1-V2,
V1-W2, W1-U2) to the three individual lines (L1, L2, L3) from the power supply.

Important Note: Always refer to the motor's manufacturer's manual or data plate for specific
connection instructions. Modifying motor connections without proper knowledge can damage the
motor or pose safety risks.

(b) Consequences of Star vs. Delta Connection:

Connecting a motor in star instead of delta, or vice versa, can have significant consequences:

● Incorrect Voltage: If a motor designed for delta is connected in star, each winding will only
receive a fraction (1/√3) of the intended voltage. This will lead to:

○ Reduced Speed: The motor will not be able to achieve its full designed speed because
it's not receiving the necessary voltage to generate the required magnetic field strength.
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○ Lower Torque: The motor will also have a significantly lower torque output, making it

incapable of handling the intended load. This could lead to overloading and potential
motor damage.

● Overheating: In some cases, if the motor is forced to operate under a heavy load in a star
connection, it may try to draw excessive current to compensate for the lower voltage. This can
lead to overheating and potential damage to the motor windings.

Conversely, connecting a motor designed for star in delta can be even more dangerous:

● High Starting Current: The motor windings will be subjected to the full line voltage, resulting
in a much higher starting current than intended. This can overload the power supply and
potentially damage the motor windings due to excessive current flow.

Therefore, it's crucial to ensure the motor connection (star or delta) matches the configuration it's
designed for to avoid compromising performance, safety, and motor longevity.

Sept 2021Nov 2020

AC Motor Connections and Star-Delta Starters

Here's a breakdown of AC motor connections for star and delta configurations, along with the reason
why a motor might need a star-delta starter:

(a) AC Motor Connections:

(i) Star Connection:

1. Terminals: Most three-phase motors with star-delta capability have six terminals, likely
designated U1, U2, V1, V2, W1, and W2 (one set for each winding).

2. Connection: Connect the three ends of the motor windings together at a single point. This
creates a "star" shape. You can imagine the three windings coming together like the spokes of
a wheel at a central hub.

3. Line Connections: Connect the remaining terminal of each winding (U1, V1, W1) to the three
individual lines (L1, L2, L3) from the power supply. These remaining terminals are like the
individual wires coming out from the rim of the wheel to connect to the power supply.

(ii) Delta Connection:

1. Terminals: Use the same six terminals (U1, U2, V1, V2, W1, W2).
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2. Connection: Connect the end of one winding (e.g., U1) to the beginning of another winding

(e.g., V2). Do this for all three windings, creating a closed triangular loop (delta) with the
windings. Imagine connecting the ends of the three spokes of the wheel together, forming a
triangle.

3. Line Connections: Connect each corner point of the delta formed by the windings (U1-V2,
V1-W2, W1-U2) to the three individual lines (L1, L2, L3) from the power supply. These
connection points are like the corners of the triangle connecting to the power supply.

Important Note: Always refer to the motor's manufacturer's manual or data plate for specific
connection instructions. Modifying motor connections without proper knowledge can damage the
motor or pose safety risks.

(b) Why Star-Delta Starter?

AC motors, particularly larger ones, can draw a very high surge of current when they first start up.
This high starting current can overload the electrical supply and cause voltage dips, potentially
affecting other equipment. Additionally, the motor itself may not be designed to handle such a high
current for an extended period.

A star-delta starter addresses these issues by providing a reduced voltage startup for the motor:

1. Star Connection at Startup: During startup, the star-delta starter connects the motor
windings in a star configuration. This reduces the voltage applied to each winding by a factor
of 1/√3 (approximately 58%). Consequently, the starting current is also significantly reduced,
protecting the power supply and the motor windings.

2. Transition to Delta: After a short delay (set by a timer), the starter reconfigures the motor
windings to a delta connection. This applies the full line voltage to each winding, allowing the
motor to operate at its designed efficiency and full torque capability.

In essence, a star-delta starter offers a compromise:

● Reduced Stress During Startup: Limits the initial current surge, protecting the electrical
supply and the motor.

● Full Power Operation: Allows the motor to run at its full capacity after overcoming the initial
load.

This is particularly beneficial for applications where the motor doesn't require high starting torque but
can benefit from reduced strain during startup.

Diesel Generator Electronic Governor with Speed & Load Sensing

A diesel generator's electronic governor with speed and load sensing is a crucial control system that
ensures stable power output. Here's a breakdown of its operation and main components:

Main Components:
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1. Speed Sensor: This sensor (often magnetic or electronic) monitors the engine's rotational

speed (RPM) by detecting the rotation of a flywheel or gear on the engine.
2. Load Sensor: This component measures the electrical load on the generator. It can be:

○ Current Transformers (CTs): These measure the current flowing in the generator's
output lines.

○ Voltage Sensing: By monitoring the generator's output voltage, the governor can infer
the load based on the voltage regulation principle.

3. Electronic Control Unit (ECU): This is the brain of the governor. It receives signals from the
speed and load sensors, processes the information, and controls the actuator.

4. Actuator: This device physically adjusts the engine's fuel injection system to regulate the
engine speed. It can be:

○ Solenoid Valve: Controls the flow of fuel by opening or closing based on the ECU's
signal.

○ Electronic Fuel Pump Control: Electronically adjusts the speed of the fuel pump to
regulate fuel delivery.

Operation:

1. Continuous Monitoring: The speed sensor constantly monitors the engine's RPM, while the
load sensor monitors the electrical load on the generator.

2. Signal Processing: The ECU receives these signals and compares them to pre-programmed
setpoints for desired engine speed and acceptable load range.

3. Deviation Detection: If the engine speed deviates from the desired setpoint (due to changes
in load or other factors), the ECU detects the difference.

4. Adjustment Signal: Based on the deviation and load information, the ECU calculates the
necessary adjustment and sends a signal to the actuator.

5. Fuel Regulation: The actuator then adjusts the fuel injection system (e.g., by opening the
solenoid valve or adjusting the fuel pump speed). This increases or decreases fuel delivery to
the engine.

6. Speed Regulation: As the fuel delivery changes, the engine speed adjusts accordingly,
working towards the desired setpoint.

7. Continuous Feedback Loop: The process is a continuous feedback loop. The ECU
constantly monitors speed and load, adjusts fuel delivery as needed, and maintains a stable
engine speed and generator output even with varying electrical loads.

Benefits of Electronic Governors:

● Precise Control: Electronic governors offer more precise speed and load regulation
compared to mechanical governors.

● Fast Response: They can respond quickly to changes in load, ensuring stable power output.
● Multiple Features: Modern electronic governors can also offer additional features like engine

protection functions, data logging, and remote monitoring capabilities.

By utilizing these components and operating principles, the electronic governor with speed and load
sensing ensures the smooth and efficient operation of a diesel generator, providing reliable power
even with fluctuating electrical demands.
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Impact of Sudden Load on AC Generator Output Voltage

When a large load is suddenly applied to a steady-state AC generator, the output voltage will
experience a temporary dip before returning to a new steady state. Here's a breakdown of the
phenomenon:

Initial State:

● The generator is running at a constant speed, driven by a prime mover (e.g., diesel engine,
turbine).

● The magnetic field strength in the generator remains constant.
● The generator is supplying a steady electrical load, resulting in a stable output voltage (V) and

frequency (f).

Sudden Load Increase:

● A large additional load is suddenly applied to the generator.
● This creates an increased demand for electrical current (I) from the generator.

Voltage Dip:

● According to Faraday's Law of electromagnetic induction, the generated voltage (V) in an AC
generator is proportional to the rate of change of magnetic flux (Φ) linked with the windings: V
= -N * dΦ/dt (where N is the number of turns in the winding).

● Initially, the magnetic field strength remains constant. However, the sudden increase in current
demand requires the generator to produce more magnetic flux to maintain the same voltage.

● There's a momentary mismatch between the required and generated magnetic flux.
● Due to this lag, the rate of change of magnetic flux (dΦ/dt) temporarily decreases, resulting in

a dip in the output voltage (V).

Generator Response:

● The governor system of the prime mover (e.g., engine governor) senses the decrease in
engine speed caused by the increased load.

● The governor responds by increasing the fuel supply to the engine.
● This increases the engine's torque and speed, ultimately leading to a stronger magnetic field in

the generator.
● As the magnetic field strength increases, the rate of change of magnetic flux (dΦ/dt) increases,

counteracting the initial dip.

New Steady State:
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● With the increased engine speed and stronger magnetic field, the generator produces a higher

voltage to meet the new load demand.
● The governor eventually reaches a new equilibrium point, adjusting the fuel supply to maintain

the desired engine speed and the required generator output voltage.

Overall, the output voltage experiences a transient dip followed by a rise to a new steady-state
value to accommodate the increased load.

Additional Notes:

● The severity of the voltage dip depends on the size of the load increase, the generator's
capacity, and the governor's response time.

● Large generators with robust governor systems can minimize the voltage dip and quickly
recover to a stable output.

● In critical applications, additional voltage regulation systems might be employed to further
minimize voltage fluctuations.

Nov 2023

Two Identical Generators in Parallel with Automatic Load Sharing

Here's an explanation of the effects you requested regarding two identical generators operating in
parallel with a load-sharing switchboard:

(a) Effect of Reduced Excitation on One Generator:

If the excitation (field current) of one generator reduces while the total load remains constant, the
following will happen:

● Reduced Voltage Generation: The generator with reduced excitation will start producing less
voltage due to a weaker magnetic field in its rotor.

● Automatic Load Sharing: The switchboard's load-sharing mechanism will detect the voltage
difference between the generators.

● Increased Load on Other Generator: To compensate for the reduced output of the first
generator, the switchboard will automatically adjust to shift more of the load onto the second
generator. This ensures the total power delivered to the switchboard remains constant.
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● Increased Current in Second Generator: As the second generator takes on a larger share of

the load, the current flowing through its windings will increase.
● Governor Response (Potential): If the engine speed of the second generator starts to drop

due to the increased load, its governor system might react by increasing fuel supply to
maintain the desired speed. This will indirectly compensate for the reduced excitation in the
first generator.

Important Note: The specific response of the system may vary depending on the design and control
characteristics of the generators and the switchboard.

(b) Closing Main Circuit Breaker with Out-of-Phase Conditions:

Closing the main circuit breaker (MCB) that connects the generators to the switchboard when the
frequency and voltage are equal but the phases are out of sync can have several detrimental effects:

● Circulating Currents: Due to the phase difference, the currents generated by the two
machines will not be perfectly aligned. This can create circulating currents between the
generators. These circulating currents do not contribute to useful power delivery and can
cause:

○ Increased Heating: Excessive heat generation in the windings of both generators due
to the additional current flow.

○ Reduced Efficiency:Wasted energy as heat instead of being delivered as usable
power.

○ Potential Damage: In extreme cases, the circulating currents can lead to mechanical
stress and potential damage to the generators.

● System Instability: Depending on the severity of the phase difference and the system's
capacity, the out-of-sync connection can lead to voltage and frequency instability, potentially
causing disruptions or equipment damage.

Safety Precaution:

● Modern synchronization systems are designed to ensure the generators are in phase before
connecting them to the switchboard. These systems prevent connecting the MCB when the
phases are out of sync.

In conclusion, maintaining proper excitation and synchronizing phases are crucial for safe and
efficient operation of generators running in parallel.
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Load Sharing and Speed Droop in AC Generators

Here's a breakdown of speed droop and its effect on load sharing in parallel AC generators:

(a) Speed Droop Definition:

Speed droop, also known as governor droop, is a characteristic of a generator's governor system that
relates the change in engine speed (RPM) to the change in electrical load. It's expressed as a
percentage of the rated speed.

Here's the basic principle:

● No Load:When there's no electrical load on the generator, the engine runs at a slightly higher
speed (rated speed + droop).

● Increased Load: As the electrical load on the generator increases, the engine speed starts to
slow down due to the increased demand for power. The governor system detects this
decrease in speed.

● Governor Response: To maintain the desired frequency, the governor automatically adjusts
the fuel supply to the engine. This increases the engine's torque and tries to bring the speed
back up towards the no-load speed.

Key Point: The speed droop setting determines how much the engine speed is allowed to droop
(decrease) with increasing load.

(b) Effect of Different Speed Droop Settings:

(i) Equal Load Sharing:

● Scenario: Two generators with different speed droop settings are initially sharing the load
equally.

● Unequal Response:When the load remains constant, the generator with a higher speed
droop setting will experience a larger speed decrease compared to the one with a lower
droop setting. This is because the governor of the higher droop generator allows the speed to
sag more before increasing fuel supply.

● Automatic Adjustment (Potential): The load-sharing switchboard (if equipped) might detect
the unequal speed and adjust internal controls to compensate. It could slightly shift load to the
generator with the lower droop to maintain a more balanced distribution.
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Important Note: Not all load-sharing switchboards have the capability to actively adjust load based
on speed droop.

(ii) Sudden Load Increase:

● Scenario: Both generators are operating in parallel, and the total load suddenly increases.
● Governor Response: The governors of both generators will react by increasing fuel supply to

their respective engines.
● Impact of Droop Settings: The generator with the lower speed droop setting will

experience a smaller speed dip compared to the one with a higher droop setting. This is
because the governor with the lower droop responds more aggressively to maintain speed
with a smaller allowable deviation.

● Load Sharing Adjustment: As a result of the unequal speed response, the load-sharing
switchboard (if equipped) will automatically adjust to shift more of the additional load onto the
generator with the lower droop setting. This is because this generator can handle the
increased load while maintaining a speed closer to the desired value.

Overall:

● Generators with lower speed droop settings tend to take on a larger share of the load,
especially during sudden load increases, as their governors prioritize maintaining speed with
minimal droop.

● Conversely, generators with higher speed droop settings will contribute less to sudden load
increases but may experience larger speed dips.

In practice: Speed droop settings are carefully chosen to ensure stable operation and balanced load
sharing between parallel generators. The specific settings depend on the characteristics of the
generators and the overall system requirements.

3 phase induction motors
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Variable Speed Control for 3-Phase AC Induction Motors: Why
Both Voltage and Frequency Matter

Here's a breakdown of why neither constant voltage nor constant frequency is ideal for variable
speed control of 3-phase AC induction motors, and why both should be varied for optimal operation:

(a) Limitations of Single Variable Control:

(i) Variable Voltage, Constant Frequency:

● Reduced Starting Torque:While reducing voltage can lower motor speed, it also weakens
the magnetic field strength in the motor. This leads to a significant decrease in starting torque,
making it difficult for the motor to overcome initial load.

● Increased Current Draw: In an attempt to maintain torque at lower voltages, the motor will
draw higher current. This can lead to overheating and potential motor damage.

● Poor Efficiency at Low Speeds: At very low speeds with reduced voltage, the motor's
efficiency drops significantly, resulting in wasted energy.

(ii) Variable Frequency, Constant Voltage:

● Flux Saturation at High Speeds: If the voltage remains constant while increasing frequency,
the motor's magnetic field strength can become excessively strong (flux saturation) at high
speeds. This can lead to:

○ Increased Iron Losses: Energy wasted due to heating in the motor's iron core.
○ Increased Noise: Higher operating noise levels due to the stronger magnetic field

interacting with the motor's structure.
○ Potential Motor Damage: In extreme cases, flux saturation can damage the motor's

insulation.

(b) Importance of Variable Voltage and Frequency:

To achieve efficient and controllable variable speed operation in a 3-phase AC induction motor, both
voltage and frequency need to be adjusted in a specific relationship:

● Constant V/f Ratio: This principle states that the ratio of voltage (V) to frequency (f) should be
maintained constant for optimal motor operation. As you vary the frequency to adjust speed,
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you must also proportionally adjust the voltage to maintain the magnetic field strength within a
desirable range.

● Benefits:
○ Consistent Torque: By maintaining the V/f ratio, the motor's magnetic field strength

remains relatively constant, resulting in consistent torque across a wide speed range.
○ Reduced Current Draw: Operating at the appropriate voltage for the speed prevents

excessive current draw, improving efficiency and motor health.
○ Reduced Iron Losses and Noise: Maintaining the V/f ratio avoids flux saturation at

high speeds, minimizing iron losses and noise generation.

Modern Variable Speed Drives:

Modern variable speed drives (VSDs) or inverters utilize this principle. They convert the
fixed-frequency AC supply into a variable-frequency and voltage output to control the speed of the
AC induction motor efficiently. They ensure the V/f ratio is maintained throughout the speed range for
optimal performance.

March 2021

Variable Speed Control for 3-Phase AC Induction Motors:
Importance of V/f Ratio

Here's a breakdown of why neither constant voltage nor constant frequency is ideal for variable
speed control of 3-phase AC induction motors, and why both should be varied for optimal operation:

(a) Limitations of Single Variable Control:

(i) Variable Voltage, Constant Frequency:

● Reduced Starting Torque:While reducing voltage can lower motor speed, it also weakens
the magnetic field strength in the motor. This directly impacts the motor's ability to generate
torque. The motor will struggle to overcome the initial load (starting torque) at lower speeds
due to the weaker magnetic field.
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● Increased Current Draw: To compensate for the weakened magnetic field and maintain

torque at lower voltages, the motor will try to draw a higher current. This excessive current can
lead to:

○ Overheating: Increased current flow generates more heat in the motor's windings,
potentially causing damage if not properly managed.

○ Reduced Efficiency: A significant portion of the electrical energy gets wasted as heat
due to the higher current draw, decreasing overall efficiency.

(ii) Variable Frequency, Constant Voltage:

● Flux Saturation at High Speeds: If the voltage remains constant while increasing frequency,
the motor's magnetic field strength will also increase proportionally. However, at high speeds,
this can lead to a phenomenon called "flux saturation." The iron core of the motor can no
longer effectively support the increasing magnetic field, leading to several problems:

○ Increased Iron Losses: Energy is wasted due to increased eddy current and
hysteresis losses in the motor's iron core.

○ Increased Noise: The stronger magnetic field interacting with the motor's structure can
cause higher operating noise levels.

○ Potential Motor Damage: In extreme cases, severe flux saturation can damage the
motor's insulation.

(b) Importance of Variable Voltage and Frequency (V/f Ratio):

To achieve efficient and controllable variable speed operation in a 3-phase AC induction motor, both
voltage and frequency need to be adjusted in a specific relationship:

● Constant V/f Ratio: This principle states that the ratio of voltage (V) to frequency (f) should be
maintained constant for optimal motor operation. As you vary the frequency to adjust the
speed, you must also proportionally adjust the voltage to maintain the magnetic field strength
within a desirable range.

● Benefits:
○ Consistent Torque: By maintaining the V/f ratio, the motor's magnetic field strength

remains relatively constant, resulting in consistent torque across a wide speed range.
This ensures the motor has the necessary power to handle the load even at varying
speeds.

○ Reduced Current Draw: Operating at the appropriate voltage for the speed prevents
excessive current draw at lower speeds and avoids flux saturation at higher speeds.
This improves overall efficiency and motor health.

○ Reduced Iron Losses and Noise: Maintaining the V/f ratio avoids flux saturation at
high speeds, minimizing iron losses and noise generation, leading to quieter operation.

In conclusion, modern variable speed drives (VSDs) or inverters utilize this principle. They convert
the fixed-frequency AC supply into a variable-frequency and voltage output to control the speed of
the AC induction motor efficiently. They ensure the V/f ratio is maintained throughout the speed range
for optimal performance.
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A Variable Frequency Drive (VFD), also known as an Adjustable Speed Drive (ASD), is a device that
controls the speed of a 3-phase AC induction motor. It achieves this by manipulating both the
frequency and voltage of the power supply delivered to the motor. Here's a breakdown of its
operation:

Components:

1. Rectifier: This circuit converts the incoming 3-phase AC mains supply into a pulsating DC
voltage.

2. DC Link Capacitor: This capacitor stores the DC voltage from the rectifier and smooths out
the pulsations, providing a more stable DC voltage level.

3. Inverter: This section converts the DC voltage back into a 3-phase AC output, but with
variable frequency and voltage control. It employs switching devices like Insulated-Gate
Bipolar Transistors (IGBTs).

4. Control Unit: This is the brain of the VFD. It receives a control signal (e.g., from a
potentiometer, keypad, or external control system) representing the desired motor speed. The
control unit processes this signal and generates control pulses that determine the switching
pattern of the inverter's IGBTs.

5. Gate Drive Circuit: This circuit amplifies and isolates the control unit's low-power signals and
uses them to control the switching of the IGBTs in the inverter.

6. Motor: The 3-phase AC induction motor whose speed is being controlled by the VFD's
variable frequency and voltage output.

Operation:

1. The AC mains supply (3-phase) is fed into the VFD.
2. The rectifier converts the AC voltage into a pulsating DC voltage.
3. The DC link capacitor stores the DC voltage and smooths out the pulsations.
4. The control unit receives a speed control signal and generates control pulses based on the

desired motor speed.
5. The gate drive circuit uses these control pulses to rapidly switch the IGBTs in the inverter on

and off.
6. By varying the switching pattern of the IGBTs, the inverter generates a new 3-phase AC output

with a controlled frequency and voltage. This output follows the V/f (voltage-to-frequency) ratio
principle, ensuring the motor's magnetic field strength remains relatively constant for optimal
torque across a wide speed range.

7. The controlled 3-phase AC output from the inverter is then supplied to the motor, which adjusts
its speed based on the applied frequency and voltage.

Benefits of VFDs:
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● Precise Speed Control: VFDs offer precise control over the speed of 3-phase AC induction

motors, allowing for more efficient operation in applications requiring variable speeds.
● Improved Efficiency: By operating the motor at its optimal speed for the load, VFDs can

significantly improve overall system efficiency and reduce energy consumption.
● Soft Start and Reduced Stress: VFDs can provide a "soft start" function, gradually increasing

the motor's speed and voltage during startup. This reduces the inrush current and mechanical
stress on the motor and driven equipment.

● Extended Motor Life: Improved control and reduced stress during operation contribute to a
longer lifespan for the motor.

In summary, VFDs play a crucial role in various industrial applications where precise control
and efficient operation of 3-phase AC induction motors are critical.

Nov 2018

Solid-State (Inverter) Starter for a 3-Phase Induction Motor

A solid-state starter, also known as an inverter starter, utilizes power electronics to control the starting
and operation of a 3-phase AC induction motor. Here's a breakdown of its starting characteristics,
advantages, and disadvantages compared to conventional methods.

(a) Starting Characteristics:

● Controlled Voltage Ramp: Unlike a direct-on-line (DOL) start where full voltage is applied to
the motor, an inverter starter gradually increases the voltage and frequency applied to the
motor during startup. This "soft start" approach offers several benefits:

○ Reduced Inrush Current: The gradual voltage ramp limits the initial surge of current
drawn by the motor during starting, reducing stress on the electrical system and
potential voltage dips.

○ Limited Torque Control: In some models, the inverter starter can provide limited
control over the starting torque delivered by the motor. This can be beneficial in
applications where excessive torque during startup is undesirable.

● Smooth Acceleration: The controlled voltage and frequency increase result in a smoother
acceleration of the motor, minimizing mechanical stress on the motor and driven equipment.

(b) Advantages compared to Conventional Methods (DOL Start):

● Reduced Stress on Electrical System: The lower inrush current during starting with a soft
start helps protect electrical components like transformers and cables from wear and tear.
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● Improved Power Quality: By limiting the inrush current, inverter starters can minimize voltage

dips on the power line, improving overall power quality for other equipment connected to the
system.

● Reduced Mechanical Stress: The smooth acceleration minimizes mechanical stress on the
motor's bearings, shaft, and couplings, leading to potentially longer motor life.

● Limited Torque Control (in some models): The ability to control starting torque can be
beneficial in applications such as conveyors or pumps where high starting torque might cause
issues with the driven load.

(c) Disadvantages compared to Conventional Methods (DOL Start):

● Higher Initial Cost: Inverter starters typically have a higher initial cost compared to a simple
DOL starter due to the more complex power electronics involved.

● Increased Complexity: The inverter starter requires additional control circuitry and
components, introducing a potential single point of failure compared to a simple
contactor-based DOL starter.

● Potential for Harmonic Distortion: Depending on the design of the inverter starter, the
switching of the power electronics can introduce harmonic distortion into the power supply.
This might require additional filtering to meet power quality standards in some cases.

In conclusion, solid-state starters offer significant advantages over conventional DOL starts
for 3-phase induction motors. However, their higher cost and increased complexity need to be
considered when making a selection for a specific application.

March 2024

In the context of AC induction motor speed control, Pulse Width Modulation (PWM) isn't directly
applied to control the motor's speed itself. However, it plays a crucial role within the Variable
Frequency Drive (VFD) that regulates the motor's speed. Here's how:

VFD and the Role of PWM:

1. AC Mains Input: A VFD receives the 3-phase AC mains supply (fixed frequency and voltage).
2. Rectification: The VFD first converts the AC voltage into a pulsating DC voltage using a

rectifier circuit.
3. DC Link Capacitor: This capacitor stores the DC voltage and smooths out the pulsations,

providing a more stable DC voltage level.
4. Inverter: This is where PWM comes into play. The inverter section uses IGBTs

(Insulated-Gate Bipolar Transistors) as electronic switches. By rapidly switching these IGBTs
on and off using PWM technique, the inverter controls the output voltage delivered to the
motor.
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PWM for Voltage Control:

● Pulse Width Modulation: PWM works by varying the duty cycle of the control signal sent to
the IGBTs. The duty cycle refers to the percentage of time the IGBT remains switched on
within a single switching cycle.

● Impact on Output Voltage:
○ High Duty Cycle:When the duty cycle is high (IGBT on for a longer duration), the

average voltage delivered to the motor is also high (think of it as a longer "on" time for
the voltage).

○ Low Duty Cycle: Conversely, a low duty cycle (IGBT on for a shorter duration)
translates to a lower average voltage delivered to the motor (shorter "on" time for the
voltage).

VFD - The Bigger Picture:

1. Speed Control via V/f Ratio:While PWM controls the output voltage, the VFD also regulates
the frequency of the inverter's output. This is crucial because, for optimal motor operation, the
VFD maintains a constant V/f (voltage-to-frequency) ratio.

2. Speed Adjustment: To control the motor's speed, the VFD adjusts both the output voltage
(using PWM) and frequency together, following the V/f principle. By increasing or decreasing
the V/f ratio, the motor's speed is adjusted accordingly.

In essence, PWM within a VFD allows for precise control of the output voltage, which, in
conjunction with frequency control, enables the VFD to regulate the speed of the AC induction
motor efficiently while maintaining optimal operating conditions.

May 2021 14th

Solid-State (Inverter) Starter for 3-Phase Induction Motor

A solid-state starter, also known as a soft starter or inverter starter, utilizes power electronics to
control the starting and operation of a 3-phase AC induction motor. Here's a breakdown of its starting
characteristics, advantages, and disadvantages compared to conventional methods.

(a) Starting Characteristics:

Solid-state starters offer a significant improvement over traditional methods like direct-on-line (DOL)
starting by providing a "soft start" for the motor. This translates to several key advantages:
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● Controlled Voltage and Frequency Ramp: Unlike DOL, which applies full voltage abruptly, a

solid-state starter gradually increases both the voltage and frequency applied to the motor
during startup. This controlled ramp offers several benefits:

○ Reduced Inrush Current: The gradual voltage increase limits the initial surge of
current drawn by the motor during starting. This reduces stress on the electrical system
and minimizes potential voltage dips on the power line.

○ Limited Torque Control (Optional): Some solid-state starters offer the ability to control
the starting torque delivered to the motor. This can be beneficial in applications where
excessive torque during startup might cause issues with the driven load.

● Smooth Acceleration: The controlled voltage and frequency increase result in a smoother
acceleration of the motor. This minimizes mechanical stress on the motor's bearings, shaft,
and couplings, potentially leading to longer motor life.

(b) Advantages compared to Conventional Methods (DOL Start):

● Reduced Stress on Electrical System: The lower inrush current during starting helps protect
electrical components like transformers and cables from wear and tear.

● Improved Power Quality: By limiting the inrush current, inverter starters can minimize voltage
dips on the power line, improving overall power quality for other equipment connected to the
system.

● Reduced Mechanical Stress: The smooth acceleration minimizes mechanical stress on the
motor and driven equipment, potentially leading to longer lifespans.

● Limited Torque Control (in some models): The ability to control starting torque can be
beneficial in applications such as conveyors or pumps where high starting torque might cause
problems with the driven load.

(c) Disadvantages compared to Conventional Methods (DOL Start):

● Higher Initial Cost: Inverter starters typically have a higher initial cost compared to a simple
DOL starter due to the more complex power electronics involved.

● Increased Complexity: The inverter starter requires additional control circuitry and
components, introducing a potential single point of failure compared to a simple
contactor-based DOL starter.

● Potential for Harmonic Distortion: Depending on the design of the inverter starter, the
switching of the power electronics can introduce harmonic distortion into the power supply.
This might require additional filtering to meet power quality standards in some cases.

In conclusion, solid-state starters offer significant advantages over conventional DOL starts
for 3-phase induction motors. However, their higher cost and increased complexity need to be
considered when making a selection for a specific application.
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April 2021

Storage Batteries and Power Systems:
Here's an explanation of the terms you requested regarding storage batteries:

(a) UPS (Uninterruptible Power Supply):

A UPS is an electronic device that provides backup power when the primary power source (usually the utility
grid) fails or experiences fluctuations. It protects critical equipment from power outages, surges, and sags.
Here's its basic operation:

1. Normal Operation: During normal operation, the UPS receives power from the utility grid.
2. Power Conditioning: The UPS may filter and condition the incoming AC power to provide a cleaner

and more stable power supply to the connected equipment.
3. Battery Charging: The UPS also uses the AC power to charge its internal battery bank.
4. Power Outage: In the event of a power outage, the UPS seamlessly switches to battery power.
5. Battery Backup: The stored energy in the batteries provides power to the connected equipment until

the utility power is restored or a backup generator can be started.
6. Power Return: Once the utility power returns, the UPS automatically switches back to using the grid

and resumes battery charging.

(b) Inverter:

An inverter is an electronic circuit that converts DC (direct current) power from a source like a battery into AC
(alternating current) power. This AC power can then be used to operate equipment that normally runs on AC
electricity.

Why Inverters are Required with UPS:

Most electronic equipment utilizes AC power. However, storage batteries provide DC power. An inverter within
the UPS is necessary to convert the stored DC battery power into usable AC power for the connected
equipment during a power outage.

(c) 150 Ah (Ampere-hour):

150 Ah (Ampere-hour) is a unit that specifies the capacity of a battery. It indicates the amount of current a
battery can deliver over a specific time. Here's how to interpret it:

● 150 Amperes: This represents the current the battery can provide.
● Hours (h): This represents the duration for which the battery can deliver this current.
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In simpler terms, a 150 Ah battery can theoretically deliver a current of 1 ampere for 150 hours, or 2 amperes
for 75 hours (as long as the voltage remains within the specified operating range). However, battery capacity is
not always perfectly linear, and discharge rates can affect the total usable capacity.

In conclusion, UPS systems with inverters and storage batteries play a crucial role in safeguarding
equipment from power disturbances and ensuring continued operation during outages.

March 2020

When a large load is suddenly applied to an AC generator in a steady-state condition, the output
voltage will initially experience a dip followed by a potential stabilization or slight increase. Here's
a breakdown of the process:

1. Sudden Load Increase:When a large load is suddenly applied to the generator, it demands
more electrical power.

2. Generator's Inertia: The rotating parts of the generator (rotor) have inertia and resist any
sudden change in speed.

3. Torque Imbalance: The increased load demand creates a temporary torque imbalance
between the driving torque (engine) and the load torque (electrical demand).

4. Generator Speed Drop: Due to the inertia, the generator's speed will initially slow down
slightly as it tries to deliver more power to meet the increased load demand.

Impact on Voltage:

● Generator Voltage and Speed Relationship: The output voltage of an AC generator is
directly proportional to its speed (following Faraday's law of electromagnetic induction).

● Voltage Dip: As the generator's speed dips momentarily due to the torque imbalance, the
output voltage will also experience a corresponding dip.

Response Mechanisms (Governor and Voltage Regulator):

Modern generators are equipped with control systems like governors and voltage regulators:

● Governor: The governor senses the decrease in speed and responds by increasing the fuel
supply to the engine (prime mover). This injects more mechanical power into the generator's
shaft.

● Voltage Regulator: The voltage regulator also detects the voltage dip and may adjust the
generator's field current to maintain the output voltage within a specific range.

Voltage Recovery and Stabilization:

● Increased Engine Torque: As the engine's fuel supply increases, the torque delivered to the
generator shaft starts to rise.
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● Speed Recovery:With the increased torque counteracting the increased load, the generator's

speed gradually recovers towards its original steady-state value.
● Voltage Stabilization: As the speed recovers, the output voltage also stabilizes and may even

slightly increase if the voltage regulator actively adjusts the field current.

Overall:

The initial voltage dip is a transient response due to the inertia of the generator's rotating parts. The
control systems work to restore the speed and voltage to their steady-state values, ensuring
continued power delivery to the connected load.

Important Note:

The severity of the voltage dip depends on various factors like the generator's size, the magnitude of
the sudden load increase, and the response time of the control systems. In most well-regulated
systems, the voltage dip is temporary and quickly recovers within a short timeframe (milliseconds).

Nov 2018 23rd

June 2020

Automatic Voltage Regulator (AVR) in Generators:

(a) Purpose:
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An AVR (Automatic Voltage Regulator) is a vital component in a generator that automatically
regulates the output voltage. It ensures the generator maintains a consistent voltage level within a
specified range, regardless of changes in load or engine speed. Here's how it works:

● The AVR continuously monitors the generator's output voltage.
● It compares the monitored voltage to a setpoint value (desired voltage level).
● Based on the difference between the actual voltage and the setpoint, the AVR sends a control

signal to the generator's voltage regulator (e.g., field current regulator).
● The voltage regulator adjusts the generator's excitation system (e.g., field current) to increase

or decrease the output voltage and bring it closer to the setpoint.

This closed-loop control system ensures the generator maintains a stable and predictable voltage
output, which is crucial for powering electrical equipment without damaging them due to voltage
fluctuations.

(b) Effects of Low AVR Output:

A low output from an AVR can have different consequences depending on whether the generator is
running alone or in parallel with another healthy generator:

(i) Generator Running Alone:

● Reduced Output Voltage: The generator's output voltage will drop below the desired setpoint.
This can lead to:

○ Dimming of lights: Lights powered by the generator will become dimmer.
○ Reduced performance of electrical equipment: Motors and other equipment may

struggle to operate efficiently or may not start at all if the voltage drops significantly.
○ Potential damage to sensitive electronics: Extremely low voltage could damage

sensitive electronic equipment.

(ii) Generator Running in Parallel with a Healthy Generator:

● Unequal Load Sharing: The generator with the faulty AVR will contribute less real power
(kW) to the total load because of its lower voltage output.

● Increased Load on Healthy Generator: The healthy generator with a functioning AVR will
have to compensate for the low output of the faulty one, taking on a larger share of the total
load.

● Potential System Instability: If the load imbalance is significant, it can lead to voltage and
frequency fluctuations in the entire system, potentially causing further problems.

Additional Considerations:

● In some cases, a very low AVR output might cause the generator to completely lose voltage
regulation, leading to a rapid rise or fall in voltage depending on the specific fault.

● Modern AVR systems may have built-in alarms or fault indicators to alert operators to potential
issues with voltage regulation.

By understanding the purpose and potential consequences of low AVR output, operators can identify
potential problems early on and take necessary actions to maintain a stable and reliable power
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supply. This may involve taking the faulty generator offline for repair or adjusting the load distribution
between generators in a parallel system.

April 2021

Power Relationships in AC Electrical Generation:

(a) Relationship Between Power Components:

In AC electrical generation, we deal with three main types of power:

● True Power (P / kW): This is the real or usable power delivered by the generator, measured in
kilowatts (kW). It represents the actual amount of electrical work being done (e.g., powering
lights, motors).

● Apparent Power (S / kVA): This reflects the total electrical load placed on the generator,
measured in kilovolt-amperes (kVA). It considers both the true power and the reactive power.

● Reactive Power (Q / kVAr): This is the non-productive power used to create the magnetic
fields necessary for the operation of motors, transformers, etc. It does not contribute to actual
work performed but is required for proper functioning.

These three power components are related by the power triangle equation:

S^2 = P^2 + Q^2

Power Factor (cosφ): This is a dimensionless value (between 0 and 1) that represents the efficiency
of real power transfer in an AC system. It's calculated as:

cosφ = P / S

A high power factor (closer to 1) indicates efficient use of apparent power, as most of it is delivered
as true power. Conversely, a low power factor (closer to 0) indicates a larger portion of the apparent
power is consumed as reactive power, reducing the available true power.

(b) Power Sharing Between Parallel Generators:

When two generators are connected in parallel, they share the total load based on their governor
settings and inherent droop characteristics. Here's how it works:
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● Governor Settings: Each generator's governor controls its prime mover (engine, turbine) to

maintain a specific frequency (e.g., 50 Hz or 60 Hz).
● Droop Characteristic: This is an inherent property of a generator that relates its real power

output to its speed (frequency). As the generator's load increases, its speed (and frequency)
slightly decreases. This is known as "droop."

Power Sharing Process:

1. Initial Load: The generators initially share the load based on their droop characteristics. The
generator with a steeper droop (larger speed decrease with load increase) will take on a larger
portion of the load.

2. Governor Response: The governors of each generator sense any deviation from the setpoint
frequency.

3. Adjustments: The governor of the generator with a lower load (higher frequency) will adjust
its prime mover to increase power output, raising its frequency closer to the setpoint.
Conversely, the governor of the overloaded generator (lower frequency) will adjust to reduce
power output, bringing its frequency back to the setpoint.

This process continues until a stable equilibrium is reached where both generators share the load
proportionally to their droop characteristics.

(c) Load Sharing Stability:

Maintaining stable load sharing between parallel generators is crucial for reliable power generation.
Here are some factors that contribute to stability:

● Governor droop settings: Properly matched droop settings ensure each generator
participates proportionally in load changes.

● Speed regulation: Precise speed regulation minimizes frequency deviations during load
fluctuations.

● Transient response: Generators need to respond quickly to changes in load to maintain
system stability.

● Synchronization: Generators must be synchronized in terms of frequency and phase angle
before paralleling to avoid large current surges.

Additional Considerations:

● Load sharing may also involve communication protocols between generators and control
systems for more sophisticated load management strategies.

● Protection systems are essential to isolate a malfunctioning generator from the system to
prevent cascading failures.

By understanding these relationships and implementing proper control strategies, engineers can
achieve stable and efficient power generation with multiple generators operating in parallel.


