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Figure 0-1: Amplifiers are used in by commercial servos to provide consistent predictable power to the actuator

Industrial automation and manufacturing systems use a wide range of DC motors for a wide variety of applications. The power systems that are used to generate the appropriate power for these actuators are equally varied in their specifications and performance. The two main approaches to power amplifiers that are used to run DC motors are Pulse-Width-Modulated (PWM) amplifiers and linear amplifiers. This lab will explore their performance, and the relative design considerations that must be made when using the two approaches to drive DC motors.


[bookmark: _Toc521484898]Learning Objectives

After completing this lab, you should be able to complete the following activities.

1. Understand the operation of a PWM and linear amplifier
2. Describe design of an amplifier, and how they are used
3. Characterize the performance of an amplifier
4. Understand how amplifiers can affect the performance of an actuator system
5. Contrast PWM and linear amplifiers in terms of major design criteria
6. Evaluate the suitability of PWM and linear amplifiers given example applications


[bookmark: _Toc521484899]Required Tools and Technology
	Platform: NI ELVIS III
	· View User Manual 
http://www.ni.com/en-us/support/model.ni-elvis-iii.html

	Hardware: Quanser Mechatronic Actuators Board
	· View User Manual
http://www.ni.com/en-us/support/model.quanser-mechatronics-actuators-board-for-ni-elvis-iii.html

	Software: LabVIEW
Version 18.0 or Later
Toolkits and Modules:
· LabVIEW Real-Time Module
· LabVIEW FPGA Module
· NI ELVIS III Toolkit
	· Before downloading and installing software, refer to your professor or lab manager for information on your lab’s software licenses and infrastructure
· Download & Install for NI ELVIS III
http://www.ni.com/academic/download
· View Tutorials
http://www.ni.com/academic/students/learn-labview/




[bookmark: _Toc521484900]Expected Deliverables

In this lab, you will collect the following deliverables:

· Analysis of the operational characteristics of a PWM amplifier
· A procedure for testing the linearity of an amplifier
· Comparative analysis of the performance of a linear and PWM amplifier
· Design considerations and suitability analysis of amplifier designs

Your instructor may expect you complete a lab report.  Refer to your instructor for specific requirements or templates.




[bookmark: _Toc521484901]Section 1: DC Motor Amplifiers

[bookmark: _Toc521484902]1.1 Theory and Background

Amplifiers are essentially an electrical network that have a single input and a single output. The voltage gain of the amplifier is defined as the ratio of the output and input voltages when each is measured relative to earth ground. The operational amplifier (op-amp) forms the basis of many approaches to signal conditioning. An op-amp is a high-gain DC amplifier that has two inputs known as the inverting input (-), and the non-inverting input (+).
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Figure 1-1: Operational amplifier (op-amp) symbol

The output from the amplifier depends on the way in which the inputs and outputs are interconnected. Typically, op-amps are supplied on a silicon chip and have the four inputs shown in Figure 1-1, and a voltage offset.

Linear Amplifier

The brushed DC motor on the Mechatronic Actuators board uses a linear amplifier circuit to scale the voltage and current supplied by the NI ELVIS III. The linear amplifier circuit uses two op-amps configured as non-inverting amplifiers, shown in Figure 1-2a. In the case of an op-amp connected as a non-inverting amplifier, the output can be interpreted as being taken across a potential divider circuit consistent of R1 in series with R2. Therefore, the voltage Vx, can be expressed as

Equation 1-1

Given that there is virtually no current through the op-amp between the two inputs, there is virtually no potential difference between them. Viewing the op-amp as ideal, we can let Vx = Vin in which yields

Equation 1-2
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(a) Non-inverting amplifier
[image: ]

(b) Voltage follower
Figure 1-2: Mechatronic Actuators linear amplifier configuration

Using the ideal non-inverting configuration shown in Figure 1-2a, we connect one side of the motor to the amplifier, and the other to ground. Ideally, we would then be able to drive the motor using ±10V. In the case of the Actuators board, the ELVIS III is able to provide an adequate voltage range. As such, the configuration that is used to drive the Actuators board has no R1 and a short circuit where the feedback resistor would normally be included (R2 = R1 = 0). This configuration, shown in Figure 1-2b, is called a voltage follower. It has a voltage gain of one. This configuration is used to power the DC motor at a voltage range of ±10V. The voltage is then divided down to ±5V to ensure that the motor does not become hot or damaged if it is stalled. 

PWM Amplifier

In mechatronic systems, brushed DC motors are often controlled using the output from a microprocessor. The most common technique to allow a microprocessor to drive and control a DC motor is using a technique known as pulse width modulation (PWM). This technique generally involves rapidly chopping a DC supply voltage such that the commanded voltage is represented by the average value of the signal. The commanded voltage can thus be varied by modulating the width of the pulse supplied.
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Figure 1-3: PWM signal

To create a PWM signal that is appropriate for driving a DC motor, a basic transistor circuit known as an H-circuit or H-bridge is used. Figure 1-4 shows a typical full H-bridge configuration for bi-directional DC motor control as it is most commonly configured using transistors. Using the PWM signal to turn the transistors on and off at different rates, we can control the average voltage that the motor sees as a function of the duty cycle and source voltage.

For example, with a 10V source, a duty cycle of 25% is equivalent to an applied voltage of 0.25 × 10 = 2.5V, whereas a duty cycle of 50% results in a voltage of 0.5 × 10 = 5V.

[image: ]

Figure 1-4: H-bridge

The Mechatronic Actuators board uses a full H-bridge driver in an integrated circuit. This reduces the required components and provides additional protection, including over-current protection, thermal protection, and shoot-through protection. Shoot-through occurs when two of the adjacent transistor switches are open at the same time, shorting the voltage supply to ground. The H-bridge driver used in the Mechatronic Actuators board contains MOSFET transistors, as shown in Figure 1-5, which is taken from the block diagram in the data sheet.

[image: ]
Figure 1-5: MOSFET-based full H-bridge configuration

[bookmark: _Toc521484903]1.2 Implement

1. Open the project Mechatronics Actuators Board.lvproj, and under ELVIS III > Labs, open Power Amplifiers.vi.
2. Set the Amplifier selection to PWM.
3. Make a note of how the motor responds to different amplifier commands. Make note of the maximum speed achieved.
4. The PWM command represents the percent of the cycle time when the PWM output is on. The FPGA counts from 0 to 2000, and if the command value multiplied by 2000 is greater than the count value then the output is high, otherwise it is low. Given that the FPGA clock is 40 MHz, calculate the frequency of the PWM signal.
5. Click the PWM Reverse button and record the effect. Given that the PWM drive works by activating one pair of transistors in the H-bridge, explain what the switch changes to reverse the direction.
6. Design and implement a procedure to test the linearity of the PWM amplifier. Record the steps you followed and your results.
7. Switch the Amplifier selector to Linear.
8. The linear amplifier uses the digital to analog converter in the ELVIS III to generate a reference voltage equal to the command value. This voltage is divided by two, and a power amplifier configured as a buffer drives the motor. Record the response of the system to varying the amplifier command between positive and negative 1 volt.
9. The PWM amplifier drives the motor from a 5 volt source. Adjust Linear Amplifier Command Gain so that the linear amplifier drives the motor with a range of ±5 V.
10. Record the maximum speed achieved at commands of positive and negative 5V.
11. Repeat step 6 using the linear amplifier recording the results.
12. Compare your results from the linear amplifier testing to the PWM amplifier tests. Record your observations.
13. Experiment with small command signals (less than ±2 V or less than 40% PWM duty cycle) Record the relationship between amplifier command and motor speed in these regions.

[bookmark: _Toc521484904]1.3 Analyze

1-1 What did you observe in step 3? Given that the PWM generator works by comparing unsigned integers, why might the system behave like it does?

1-2 What PWM frequency did you calculate in step 4?

1-3 What effect does the PWM Reverse switch have on the motor? What effect did it have on the motor speed? What do you think the switch is doing to the system to effect this change? 

1-4 How might you modify the system to make the PWM amplifier work for both positive and negative commands?

1-5 Describe your procedure for testing the linearity of the amplifier. How did you avoid the non-linearities of the motor skewing your results?

1-6 What response did you observe to the ±1 volt signal in step 8?

1-7 What command signal gain was required to achieve the desired ±5 V output in step 9?

1-8 Compare the linearity of the two amplifiers. What do your observations on the performance of the two amplifiers indicate about the relative performance of the two approaches to DC motor power? Illustrate your observations with graphs of experimental data.

1-9 How did the maximum speed of the motor compare with the two amplifiers? How would you have to adjust the control signals for one amplifier if you were to swap it out for the other?

1-10 How did the behavior of the two amplifiers compare in step 13? Illustrate your observations with graphs of experimental data.

1-11 Design and describe a compensation algorithm which could be used to counteract the non-linear behavior of the system with small amplifier commands.


[bookmark: _Toc521484905]Section 2: Power Amplifier Design Considerations

[bookmark: _Toc521484906]2.1 Theory and Background

Amplifier Specifications

The core specifications that are important when selecting an amplifier are generally same specifications that are universally important when selecting an electrical device. The H-driver current, electrical limits, logic voltage, and resistance properties are all important considerations. For op-amp selection, the output current, voltage, deadband, slew rate (transient response), and max power dissipation are equally important.

Generally, protection and surge current rating are also a critical specification to consider in order to insure that the DC motor under load, or user error does not damage the amplifier. 

Major Design Criteria

Given the specification data discussed above, and the usage of an amplifier, there are several design criteria that come into play when selecting an amplifier.

Available Power
This is the power that is available to drive the amplifier, as well as the required power needed to drive the DC motor. Depending on the circumstances, various approaches to the configuration of a linear amplifier can accommodate the availability of various power sources. PWM amplifiers, on the other hand, can be configured using other structures including a half-bridge configuration but are generally more dependent on the characteristics of the power available.

Heat
Heat is the major byproduct of power amplification. Depending on the application, and requirements on the enclosure used for the power electronic portion of a design the heat generated by an amplifier can be a major issue. While op-amp driven linear amplifiers are more susceptible to heat, amplifiers generally suffer if thermal dissipation is not properly accounted for. Linear amplifiers are also more prone to generate heat than PWM amplifiers, since any excess power must be constantly dissipated though heat. PWM amplifiers on the other hand only dissipate excess power when changing state.

Controllability
Generating an appropriate duty cycle to drive a PWM amplifier can be an important consideration when choosing an amplifier configuration. Creating a duty cycle at a high enough frequency to ensure a reasonable DC motor response without ringing can be taxing on a controller. Linear amplifiers, on the other hand, do not require any particular control performance.

Common Design Decisions

Cost
Cost will often be the principal driver in a design. Linear amplifiers have gradually been replaced over the past few decades as the cost of components used in PWM amplifiers has come down. Modern PWM amplifier circuits using H-Bridge integrated circuits are very inexpensive, and require less additional components than equivalent linear amplifier circuits further reducing their comparative cost. 

Efficiency
As discussed in the design criteria section, PWM amplifiers are more efficient than linear amplifiers because unused power is only converted into heat when they are switching between states. Linear amplifiers must constantly convert any excess power into heat when in operation. 
 
Emissions
The most significant advantage of a linear amplifier over a PWM amplifier comes into play when a design requires low EM emissions. The high-frequency switching that is inherent in the operation of a PWM amplifier can cause unwanted emissions which can interfere with sensitive instrumentation and measurement equipment. Medical applications will therefore often use linear amplifiers which have comparatively far less EM radiation.

[bookmark: _Toc521484907]2.2 Analyze

2-1 What type of amplifier would you use to design an amplifier for a servo system used in surgical robotics?

2-2 You are designing an amplifier to power brushed DC motors for a small quadcopter, what are your main design considerations? What amplifier would you use?

2-3 Based on the characteristics outlined in the laboratory and design considerations, which amplifier scheme would you guess is most commonly used to drive DC motors?
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