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Understanding the operation and design of induction motors is essential for electrical engineers, technicians, and
students involved in motor applications. Among various types of induction motors, the wound-rotor induction
motor stands out due to its controllability and adaptability in industrial settings. In this article, we explore
the detailed aspects of a typical 208-volt, two-pole, 60-Hz Y-connected wound-rotor induction motor
rated at 15 horsepower, focusing particularly on its equivalent circuit. This analysis provides insight into
how the motor functions, how its parameters are modeled, and how these models are used for performance
prediction and troubleshooting.

Overview of Wound-Rotor Induction Motors

What Is a Wound-Rotor Induction Motor?

A wound-rotor induction motor is a type of squirrel-cage motor where the rotor windings are made of
insulated wire coils, similar to the stator windings. These rotor windings are connected to external resistors
or controllers via slip rings and brushes, allowing for variable resistance in the rotor circuit. This
configuration enhances starting torque, reduces starting current, and provides a means for speed control.

Advantages of Wound-Rotor Motors

- High starting torque
- Adjustable speed operation
- Reduced starting current
- Flexibility in controlling motor performance

Applications

- Heavy-duty hoists and cranes
- Conveyors
- Crushers
- Pumps requiring adjustable speed and high torque

Specifications of the Motor

Before delving into the equivalent circuit, it’s important to understand the key parameters and specifications
of the motor under consideration:

Voltage: 208 V (Line-to-line)



Number of Poles: 2

Frequency: 60 Hz

Connection: Wye (Y)

Power Rating: 15 Hp

Type: Wound-rotor induction motor

Given these specifications, the motor operates at a synchronous speed that can be calculated, and its
equivalent circuit parameters can be modeled accordingly.

Calculating Synchronous Speed

The synchronous speed (Ns) for a motor is given by:

Ns = (120 × Frequency) / Number of Poles

Plugging in the values:

Ns = (120 × 60 Hz) / 2 = 3600 / 2 = 1800 rpm

This is the theoretical maximum speed of the motor in the absence of slip.

Understanding the Equivalent Circuit

What Is an Equivalent Circuit?

An equivalent circuit is a simplified electrical model that represents the complex inductive and resistive
behaviors of the motor's stator and rotor. It allows engineers to analyze performance characteristics such
as torque, power factor, efficiency, and starting behavior.

Components of the Wound-Rotor Equivalent Circuit

The typical equivalent circuit of a wound-rotor induction motor includes:

- Stator Resistance (Rs) and Reactance (Xs): representing the stator winding losses and leakage reactance.
- Rotor Resistance (Rr) and Reactance (Xr): representing the rotor's equivalent resistance and leakage
reactance referred to the stator side.
- Magnetizing Branch: representing the magnetizing current and core losses.
- External Resistance (Rg): connected in series with the rotor circuit via slip rings for control.

These components are interconnected to simulate the motor’s behavior at various slip values.



Deriving the Equivalent Circuit Parameters

Stator Parameters

- Stator Resistance (Rs): accounts for the copper losses in the stator windings.
- Stator Reactance (Xs): accounts for leakage flux associated with the stator winding.

Rotor Parameters

- Rotor Resistance (Rr): reflects the rotor copper losses.
- Rotor Reactance (Xr): accounts for leakage flux in the rotor circuit.

Magnetizing Branch

- Magnetizing Reactance (Xm): models the magnetizing current necessary to establish the magnetic flux.
- Core Loss Resistance (Rc): represents core losses such as hysteresis and eddy currents.

External Resistance (Rg)

This is the resistance added in series to control starting torque and current. It can be varied during motor
startup and operation.

Constructing the Equivalent Circuit

The equivalent circuit can be represented as follows:

- The stator impedance (Rs + jXs) in series with
- The parallel magnetizing branch (Rc and Xm)
- The rotor branch (Rr / s + jXr) referred to the stator side
- External rotor resistance Rg in series with the rotor branch

The circuit diagram facilitates the calculation of various operational parameters at different slips.

Mathematical Representation of the Equivalent Circuit

The key equations involve calculating the motor's torque, power factor, and efficiency. The main variables
include:

- Slip (s): s = (Ns - Nr) / Ns
- Rotor Circuit Impedance (Zr): Rr / s + jXr
- Rotor Current (Ir): V2 / Zr
- Electromagnetic Torque (Te): proportional to the rotor current squared and the rotor flux

The approximate expression for the torque is:



Te � (s × Rr × |Ir|^2)

This relationship indicates that torque varies with slip and resistances in the rotor circuit.

Performance Analysis Using the Equivalent Circuit

Starting Conditions (Slip s = 1)

- Rotor resistance dominates the impedance
- High starting torque achievable with minimal rotor resistance
- Large rotor current, leading to high starting torque

Running Conditions (Slip s < 1)

- Rotor impedance decreases as slip decreases
- Power transfer from stator to rotor adjusts accordingly
- Efficiency is maximized at a certain slip

Impact of External Rotor Resistance

Adding external resistance Rg affects starting torque and speed control:

- Increased Rg improves starting torque
- Excessive resistance reduces maximum torque and efficiency
- Proper sizing of Rg is essential for optimal performance

Application of the Equivalent Circuit in Motor Analysis

The equivalent circuit serves as an essential tool for:

- Predicting starting torque and current
- Analyzing speed-torque characteristics
- Calculating power losses and efficiency
- Designing control schemes for variable speed applications

Conclusion

The 208-V, two-pole, 60-Hz wound-rotor induction motor rated at 15 Hp exemplifies the practical use of
equivalent circuit modeling. By understanding and analyzing its equivalent circuit, engineers can optimize
performance, enhance control strategies, and troubleshoot operational issues effectively. The equivalent
circuit provides a bridge between the complex electromagnetic phenomena in the motor and the simplified
electrical models necessary for practical analysis. Whether designing new systems or maintaining existing ones,
mastering the equivalent circuit of wound-rotor induction motors is vital for efficient and reliable motor
operation.

---
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Frequently Asked Questions

What is the significance of the 208-V rating in a two-pole, 60-Hz Y-
connected wound-rotor induction motor?

The 208-V rating indicates the line-to-line voltage supplied to the motor, which influences the motor's
voltage, current, and power ratings, ensuring proper operation and performance within specified limits.

How does the two-pole design affect the performance of the 15 Hp wound-
rotor induction motor?

A two-pole design results in a high synchronous speed (around 3600 RPM at 60 Hz), enabling the motor to
achieve high rotational speeds suitable for applications requiring rapid acceleration and high-speed operation.

What is meant by the motor being Y-connected, and how does this impact its
equivalent circuit?

Y-connected (wye-connected) means the motor's stator windings are connected in a star configuration, which
affects the phase voltage, line-to-line voltage, and the calculation of the motor's equivalent circuit
parameters, including impedance and magnetizing reactance.

How is the rated power of 15 Hp reflected in the equivalent circuit
parameters?

The rated power influences the motor's impedance values, core losses, and magnetizing reactance in the
equivalent circuit, which collectively determine the motor's operational characteristics at rated load.

What components are typically included in the equivalent circuit of a
wound-rotor induction motor?

The equivalent circuit generally includes stator resistance and reactance, magnetizing reactance, rotor
resistance and reactance referred to the stator side, and the core loss resistance, representing all main energy
transfer and loss mechanisms.

Why is the equivalent circuit important for analyzing the performance of a
15 Hp wound-rotor induction motor?

The equivalent circuit allows engineers to calculate key performance parameters such as starting torque,
maximum torque, slip, efficiency, and power factor, facilitating effective design, control, and troubleshooting.

How does the operating frequency of 60 Hz affect the impedance components
in the equivalent circuit?

The frequency influences the inductive reactances in the circuit, as reactance (X) is proportional to frequency
(X = 2πfL), impacting the impedance and thus the motor's torque and current characteristics.



What role does the wound-rotor design play in the equivalent circuit
analysis of this motor?

The wound-rotor allows external resistance to be added in the rotor circuit, affecting the rotor impedance,
slip, and torque characteristics, which are represented in the equivalent circuit to analyze starting
performance and speed control.

How can the equivalent circuit be used to determine the starting torque of
the motor?

By analyzing the equivalent circuit at zero slip (start), where rotor impedance is purely resistance, you can
calculate the starting torque using the motor's parameters, providing insights into its initial acceleration
capabilities.

What are common methods to derive the parameters of the equivalent
circuit for a 15 Hp wound-rotor induction motor?

Parameters are often obtained through no-load and locked-rotor tests, using standard test data and rated
operating conditions to calculate resistances, reactances, and magnetizing components for accurate modeling.

Additional Resources
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Introduction to Wound-Rotor Induction Motors

Wound-rotor induction motors are a specialized class of induction motors distinguished by their external
rotor windings connected via slip rings and brushes. They are widely used in applications requiring high starting
torque, controlled acceleration, or adjustable speed. Understanding their equivalent circuit is fundamental
for analyzing performance, diagnosing faults, and optimizing operation.

The specific motor in focus is a 208-V, two-pole, 60-Hz Y-connected wound-rotor induction motor rated at
15 Hp. This configuration offers insights into the motor's operational characteristics, electrical parameters,
and performance modeling.

---

Basic Construction and Operating Principles

Physical Structure
- Stator: Contains three-phase windings connected in a Y-configuration, supplied with 208 V, 60 Hz power.
- Rotor: Wound with conductors and connected to external resistances via slip rings and brushes, facilitating
control over torque and speed.
- Air Gap: Critical for magnetic flux linkage; influences magnetizing current and core losses.



Operating Principle
- When three-phase AC supply energizes the stator, a rotating magnetic field is produced.
- This magnetic field induces currents in the rotor conductors (via electromagnetic induction), which in turn
produce their own magnetic fields.
- The interaction between stator and rotor magnetic fields produces torque.
- The rotor's slip, defined as \( s = \frac{N_s - N_r}{N_s} \), determines the rotor frequency and consequently
the torque and power flow.

---

Electrical Specification and Ratings

- Voltage: 208 V line-to-line in a Y-connection
- Frequency: 60 Hz
- Poles: Two, which implies a synchronous speed of approximately 3600 RPM (assuming no load and negligible
slip)
- Horsepower: 15 Hp (approx. 11.19 kW)
- Rated Power: Power delivered at rated conditions, considering efficiency and power factor

The rated voltage, frequency, and pole count are essential for calculating the synchronous speed and
understanding the motor's performance envelopes.

---

Understanding the Equivalent Circuit Concept

An equivalent circuit simplifies the complex electromagnetic phenomena within the motor into an electrical
circuit model. This model captures the essential parameters influencing torque, current, power factor,
efficiency, and starting characteristics.

Objectives of the equivalent circuit:
- Facilitate analysis of motor performance
- Predict responses under varying load conditions
- Assist in fault diagnosis and optimization

---

Components of the Wound-Rotor Induction Motor Equivalent
Circuit

The equivalent circuit typically comprises several key elements:

1. Magnetizing Branch
- Magnetizing Reactance (\(X_m\)): Represents the magnetizing current needed to establish the magnetic flux.
- Core Loss Resistance (\(R_c\)): Accounts for core hysteresis and eddy current losses.



2. Stator Impedance
- Stator Resistance (\(R_s\)): Resistance of the stator winding conductors.
- Stator Leakage Reactance (\(X_s\)): Represents leakage flux around the stator winding.

3. Rotor Circuit (Reflected to Stator Side)
- Rotor Resistance (\(R_{r}^{'}\)): Resistance of the rotor conductors, reflected to the stator side.
- Rotor Leakage Reactance (\(X_{r}^{'}\)): Rotor leakage reactance, also reflected to the stator side.
- Rotor Resistance with External Resistance (\(R_{r}^{'} + R_{ext}\)): Adjustable for starting torque
control.

---

Constructing the Equivalent Circuit for the 15 Hp Wound-Rotor
Motor

Step 1: Determine Rated Parameters
- Line-to-line Voltage (\(V_L\)): 208 V
- Line-to-line Voltage in Y-connection: Convert to phase voltage:

\[
V_{ph} = \frac{V_L}{\sqrt{3}} \approx \frac{208}{1.732} \approx 120 V
\]

- Rated Power: 15 Hp ≈ 11.19 kW

Step 2: Calculate Synchronous Speed
- For a two-pole motor:

\[
N_s = \frac{120 \times f}{P} = \frac{120 \times 60}{2} = 3600 \text{ RPM}
\]

Step 3: Obtain or Estimate Parameters
- The actual parameters such as \(R_s\), \(X_s\), \(R_{r}^{'}\), \(X_{r}^{'}\), \(R_c\), and \(X_m\) are
typically obtained from manufacturer datasheets, test data, or standard estimations based on motor size.

Step 4: Model Simplifications
- Assume a steady-state sinusoidal operation.
- Use typical ratios for similar motors if specific data isn't available.
- For a 15 Hp motor, typical values might be:
- \(R_s\): small, around 0.1 Ω
- \(X_s\): around 0.3 Ω
- \(R_{r}^{'}\): variable depending on external resistance, initially around 0.2 Ω
- \(X_{r}^{'}\): approximately 0.3 Ω
- \(R_c\): high, around 50 Ω



- \(X_m\): large, around 30 Ω

---

Formulating the Equivalent Circuit

The equivalent circuit for a wound-rotor induction motor, viewed from the stator, is typically drawn as
follows:

- A series branch containing \(R_s\) and \(X_s\).
- A parallel magnetizing branch with \(R_c\) and \(X_m\).
- A rotor branch reflected to the stator side with \(R_{r}^{'} + R_{ext}\) and \(X_{r}^{'}\).

Diagrammatic Representation:

```
V_ph --- R_s --- X_s ---+--- R_{r}^{'} + R_{ext} --- X_{r}^{'} --- Ground
|
R_c + jX_m
|
Ground
```

Note: The rotor resistance \(R_{r}^{'}\) is adjusted for external resistances during starting or control
conditions.

---

Analyzing Performance Using the Equivalent Circuit

1. Starting Torque
- Maximal at a certain rotor resistance.
- Controlled by adding external resistance in rotor circuit.
- The model predicts initial torque by calculating the current when slip \(s\) is near 1.

2. Running Conditions
- As the motor reaches near synchronous speed, slip decreases, and rotor frequency drops.
- Power transfer and torque depend on the rotor resistance and reactance at operating slip.

3. Power and Torque Calculations
- Power transferred across the air gap:

\[
P_{r} = 3 \times I_{2}^{2} R_{r}^{'}
\]

- Electromagnetic torque:



\[
T = \frac{P_{r}}{\omega_s} = \frac{3 R_{r}^{'} \times I_{2}^{2}}{\omega_s}
\]

- Where \(I_2\) is the rotor current, and \(\omega_s\) is the synchronous angular velocity in rad/sec.

4. Efficiency and Power Factor
- Efficiency depends on the ratio of output power to input power.
- Power factor is influenced by the magnetizing reactance and resistances.

---

Implications for Design and Operation

Starting and Control
- External rotor resistance can be adjusted to optimize starting torque and current.
- Wound-rotor motors allow for smooth acceleration and controlled torque curves.

Efficiency Considerations
- Proper parameter selection ensures minimal losses.
- Overdesigning magnetizing reactance can cause higher magnetizing currents, reducing efficiency.

Thermal and Mechanical Aspects
- Resistance heating in rotor and stator conductors must be managed.
- Adequate cooling and material choices are essential for sustained operation.

---

Practical Application and Testing

Testing Methods
- No-load test: determines \(R_c\) and \(X_m\).
- Locked-rotor test: estimates \(R_s\), \(X_s\), \(R_{r}^{'}\), and \(X_{r}^{'}\).
- Efficiency calculations involve load tests measuring input power, torque, and losses.

Performance Curves
- Torque vs. slip.
- Power factor vs. slip.
- Efficiency vs. load.



Adjustments and Tuning
- Adding external resistances during startup.
- Using variable resistance to optimize torque and current.

---

Conclusion
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