SERVO DESIGN

Introduction

In this chapter, the basic concepts of closed-loop control system, servomechanism system, and motion control system will be introduced. The specifications and design considerations of high performance motion control systems have been addressed. Problems and difficulties of high-performance servo systems have also been discussed. Various servo system design methods have been classified and introduced.

1.1 The Closed-Loop Control System
A closed-loop control system is shown in Figure 1.1. In this system the output C is fed back through a functional block with a feedback transfer function H and compared to the reference signal R via a summing junction. The signal resulting from the difference between R and the feedback signal B is called the error or actuating signal E. The principle advantage of this form of system is that any change in C, with R remaining constant, causes a change in E, (E = R - B = R - CH). If the system is operating properly, the change in E forces C to return to the point where the value of B approaches the value of R. The effect is that the output is maintained at a desired value despite disturbance to the system. This type of control system is called a closed-loop control system and is defined as any control system in which the directly controlled variable has an effect upon the input quantity in such a manner as to maintain the desired output level.

1.2 The Servomechanism System
A servomechanism system is a closed-loop control system used to determine the position, velocity, and/or acceleration of mechanical loads. A typical motion control system (Figure 1.2) may contain the following subsystems:

1. Servo amplifier. 

2. Motor, may be dc, ac, stepping motors, or hydraulic, pneumatic devices, etc. 

3. Mechanical transmission system, such as gears, ball-screw, lead-screw, etc. 

4. Load, such as robot arm with grasping loads, CNC platforms, machining force in machine tools, etc. 

5. Sensors, such as encoder, resolver, load cell, tachometers, current sensors, etc. 

6. Host controller, usually a computer-based control system to generate the motion commands. 

There are four basic characteristics of a servo system: 

7. A servo is actuated by an error; this error is the difference between the desired output and the actual output. 

8. A servo must contain a power amplifier; a servo's output power is larger than that available from the input information; for instances, a potentiometer control knob takes only a finger touch for control, but an antenna weighing many tons may be controlled by this potentiometer as a part of a servo. 

9. The power applied to the load is proportional to a combination of the error signal, its derivatives, and its integrals. 

10. Practical servos are stable. 

Generalized Servomechanism Problem
A linear, time-invariant system described by the equations 
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is the state vector, [image: image7.png]u(t) € R"



is the input vector, [image: image8.png]y(t) eR?



is the output vector which is to be regulated, [image: image9.png]w(t) R’



is the disturbance vector which may or may not be measurable, [image: image10.png]y,(t) eR?



is the reference signal vector and [image: image11.png]e(f) eR?



is a vector denoting the error between the output [image: image12.png]1)



and the reference input [image: image13.png]¥,



. It is assumed that the disturbance vector [image: image14.png]w(t)



satisfies the following equations:
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is observable and the initial state [image: image19.png]z,(t,)



may or may not be known. The reference signal vector [image: image20.png]¥,



satisfies 
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is observable and the initial condition [image: image25.png]z,(t,)



is known. It is assumed further that all the eigenvalues of [image: image26.png]
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are in the closed right-half complex plane. 

The servomechanism problem is defined as to find a controller for the system (1.1 ~ 1.3) such that the resulting controlled system is stable and the error e(t) 0 as t for all [image: image28.png]x(t,) €R™



and for all disturbance and reference inputs satisfying (1.4 ~ 1.5) and (1.6 ~ 1.7).
A Practical Servo Example 

Figure 1.3a shows a dc servo motor drives an inertial load, Figure 1.3b shows the equivalent circuit of the dc servo motor, and Figure 1.3c is its block diagram. The transfer function of the dc servo motor with connected inductor choke and inertial load can be represented as 
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Figure 1.3　(a) A dc servo motor drives an inertia load. (b) The equivalent circuit diagram of the dc servo motor. (c) Block diagram of a dc servo motor with connected inductor choke La and inertial load Jd .
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Figure 1.4　Generalized digital dc servo controller.

where qm(s) and wm(s) are the load-shaft angular position (rad) and velocity (rad/sec) respectively, va(t) is the applied armature voltage, [image: image34.png]=(L,+L)/R,




is the electrical time constant, La is the dc motor armature inductance, and Lc is the external added choke inductance. [image: image35.png]=R,(J,+J /K, K,




is the mechanical time constant (this is assumed the motor has two distinct real poles) [ECC 80], Jm and Jd are the motor shaft inertia and the equivalent load inertia respectively. MKS units are used through out in this book. It should be noted that in MKS unit, KE = KT. The nomenclature and value of the parameters of the dc servo motors, PWM voltage amplifier are given in the appendix A. 

The block diagram of a generalized dc servo motion control system is shown in Figure 1.4. Programmable pulse generator is usually used in a computer numerically controlled motion control system. Suppose this dc servo motor is driven by a PWM amplifier with its output voltage limiter set at [image: image36.png]a(maz)



volts and the current limiter set at [image: image37.png]a(maz)



amperes. The ideal motion profile of this servo system is shown in Figure 1.5. The motor is running at full speed with maximum available acceleration rate when received a distance to go command from the host computer. The maximum acceleration rate usually depends on the surge current withstanding capability of the power amplifier, peak torque of the servo motor, and connected mechanical load. 

In a motion control system, it is usually desired to design a controller with its resulted motion profile as close as possible to the specified. It is the aim of this book to study various servo system design methods applicable to high-performance servo systems. The design problems such as available feedback signals, necessity of observer, feedback processor structure, compensator structure, complexity of processing algorithm, are considered when choosing various design methods. The disturbances rejection capability and insensitivity to parameters variation of the controller are mainly concerned.

2 Goals of Servo System Design

A well-designed control system should have desirable performances. Moreover, a well-designed control system will be tolerant of imperfections in the model or changes that occur in the system. This important quality of a control system is called robustness. In the design of a control system, defining suitable performance specifications is always the first step to toward successful control system design.
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Figure 1.5　Ideal motion profiles of a motion control system. (a) The position, (b) velocity, and (c) current or torque profile.

2.1 Performance Specifications
Performance specifications describe how the closed-loop system should perform. Examples of performance specifications are:

· Good regulation against disturbances. The disturbances or noises that act on the system should have little effect on some critical variables in the system. For example, an aircraft may be required to maintain a constant bearing despite wind gusts, or the variations in the demand on a power generation and distribution system must not cause excessive variation in the line frequency. The ability of a control system to attenuate the effect of disturbances on some system variables is called regulation. 

· Desirable responses to commands. Some variables in the system should respond in particular ways to command inputs. For example, a change in the commanded bearing in an aircraft control system should result in a change in the aircraft bearing that is sufficiently fast and smooth, yet does not excessively overshoot or oscillate. 

· Critical signals should not be too big. Critical signals always include the actuator signals, and may include other signals in the system. In an industrial process control system, for example, an actuator signal that goes to a pump must remain within the limits of the pump, and a critical in the system must remain below a safe limit. 

2.2 Robustness Specifications
Robustness specifications limit the change in performance of the closed-loop system that can be caused by changes in the system to be controlled and its model. Such perturbations of the system to be controlled include:

· The characteristics of the system to be controlled may change, perhaps due to component drift, aging, or temperature coefficients. For example, the efficiency of a pump used in an industrial process control system may decrease, over its lift time, to 70% of its original value. 

· The system to be controlled may have been inaccurately modeled or identified, possibly intentionally. For example, certain structural modes or nonlinearities may be ignored in an aircraft dynamics model. 

· Gross failures, such as a sensor or actuator failure, may occur. 

Robustness specifications can take several forms, for example: 

· Low differential sensitivities. , The derivative of some closed-loop quantity, with respect to some system parameter, is small. For example, the response time of an aircraft bearing to a change in commanded bearing should not be very sensitive to aerodynamic pressure. 

· Guaranteed margins. , The control system must have the ability to meet some performance specification despite some specific set of perturbations. For example, we may require that the industrial process control system mentioned above continue to have good regulation of product flow rate despite any decrease in pump effectiveness down to 70%. 

2.3 Control Law Specifications
In addition to the goals and specifications described above, there may be constraints on the control law itself. These control law specifications are often related to the implementation of the controller. Examples include: 

· The controller has a specific form, e.g., PID. 

· The controller is linear and time-invariant (LTI). 

· In a control system with many sensors and actuators, we may require that each actuator signal depend on only one sensor signal. Such a controller is called decentralized, and can be implemented using many non communicating control processors. 

· The controller must be implemented using a particular control processor. This specification limits the complexity of the controller. 

2.4 The Controller Design Problem
Once the system to be controlled has been designed and modeled, and the design goals (consisting of performance goals, robustness requirements, and control law constraints), we can pose the controller design problem:

The controller design problem: Given a model of the system to be controlled (including its sensors and actuators) and a set of design goals, finds suitable controller, or determine that none exists. 

Controller design, like all engineering design, involves tradeoffs; by suitable, we mean a satisfactory compromise among the design goals. Some of the tradeoffs in controller design are intuitively obvious, such as, in a mechanical system, it takes larger actuator signals (forces, torques) to have faster responses to command signal. Many other tradeoffs are not so obvious. In our description of the controller design problem, we have emphasized the determination of whether or not there is any controller that provides a suitable tradeoff among the goals. This aspect of the controller design problem can be as important in control engineering as finding or synthesizing an appropriate controller when one exists. If it can be determined that no controller can achieve a suitable tradeoff, the designer must: 

relax the design goals, or 

redesign the system to be controlled, for example by adding or relocating sensors or actuators. 

In practice, existing controller design methods are often successful at finding a suitable controller, when one exits. These methods depend upon talent, experience, and a bit of luck on the part of the control engineer. If the control engineer is successful and finds a suitable controller, then of course the controller design problem has been solved. However, if the control engineer fails to design a suitable controller, then he or she cannot be sure that there is no suitable controller, although the control engineer might suspect this. Another design approach or method (or indeed, control engineer) could find a suitable controller.

3 Servo System Performance Measures

The primary objective in designing a control system is to construct a system that achieves the desired output as fast as possible and follows the desired output as close as possible. Two techniques are usually used to measure a control system's compliance with these design goals, i.e. the time domain step response and frequency domain response.

3.1 Time Domain Performances
The step response is the measured reaction of the control system to a step change in the input. A typical step response and its associated parameters are illustrated in Figure 3.1. The step response has several favorable characteristics which have maintained its universal acceptance and popularity:

· The step stimulus is easy to generate. 

· The step stimulus is easily modeled making the solution to the differential equation much less complicated. 

· Several measurement techniques are available for recording the time domain response to the step input. 
· Key aspects of the control system's performance can be derived from the step response. 
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Figure 3.1　Typical time response of a control system to a step input.
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Figure 3.2　Typical frequency response of a control system.

3.2 Frequency Domain Performances
A typical frequency response and its associated parameters are illustrated in Figure 3.2. The following frequency-domain specifications are often used in practice.

Peak resonance Mp : The peak resonance Mp is defined as the maximum value of the amplitude frequency response. In general, the magnitude of Mp gives an indication of the relative stability of a feedback control system. Normally, a large Mp corresponds to a large peak overshoot in the step response. For most design problems it is generally accepted that an optimum value of Mp should be somewhere between 1.1 and 1.5. 

Resonant Frequency: The resonant frequency wp is defined as the frequency at which the peak resonance Mp occurs. 

Bandwidth: The bandwidth, BW, is defined as the frequency at which the magnitude drops to 70.7% of its zero-frequency level, or 3-dB down from zero-frequency gain. In general, the bandwidth of a control system indicates the noise-filtering characteristics of the system. Also, bandwidth gives a measure of the transient response properties, in that a large bandwidth corresponds a faster rise time, since higher-frequency signals are passed on to the outputs. Conversely, if the bandwidth is small, only signals of relatively low frequencies are passed, and the time response will generally be slow and sluggish. 

Cutoff rate: Often, bandwidth alone is inadequate in the indication of the characteristics of the system in distinguishing signals from noise. Sometimes it may be necessary to specify the cut off rate of the frequency response at the high frequencies. However, in general, a steeper cutoff characteristic may be accompanied by a larger Mp, which corresponds to a system with a lower stability margin. Let's choose the following performance indices as the comparison standard for various types of controllers.

3.3 Servo System Performance Specifications
1. Integral Square of Error Je: 
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　　　　　(3.1)

where qc(t) is the command reference and qo(t) is the controlled output. If Je is a finite value, then the output will have no steady-state error.

2. Percent Maximum Overshoot Op(%):The maximum overshoot is defined as the largest deviation of the output over the step input during the transient state. The percent maximum overshoot Op is defined as:
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3. Steady-State Error [image: image43.png]
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4. Rise Time tr (sec): The rise time tr is defined as the time required for the step response to rise from 10% to 90% of its final value. 

5. Settling Time ts (sec): The settling time ts is defined as the time required for the step response to decrease and stay within 5% of its final value. 

6. Position, Velocity, and Acceleration Error Constants. 

7. Maximum allowable feedrate and corresponding following error. 

8. Stiffness 

9. Closed-loop Bandwidth BW(3dB) (rad/sec) 

10. Gain Crossover Frequency, Gain Margin, and Phase Margin 

11. Loop Gain Specifications 

12. Disturbance Frequency Response 

13. Command Frequency Response 

14. Disturbance Rejection Capability 

15. Noise Reduction Capability 

16. Robustness Measures 

3.4 Servo System Design Constraints
· The maximum allowable actuating signal is usually limited by the power amplifier. Of course, the motor ratings and mechanical limitations will also limit the maximum actuating signals. 

· The allowable maximum rms value of actuating signal is usually limited by the plant heat dissipation capability. 

· In the design of digital controllers, it will be further limited by the finite word length, sampling rate, and interface signal resolutions. 

· Unmodeled dynamics and nonlinearities are also problems in design servo system. 

3.5 Servo System Requirements 

Some basic requirements for servo drives used in high-performance machine-tools and industrial robots are: 

1. Four-quadrant operation and high bandwidth: Servo drives used in machine-tools and industrial robots require four-quadrant operation and also have very demanding requirements for current loop bandwidth, speed loop bandwidth, torque smoothness, and high static and dynamic stiffness in a closed position loop. High-performance servo drive usually has a closed current loop bandwidth larger than 6.28K rad/sec (1000 Hz). The closed velocity loop should have a small signal bandwidth of about 300 rad/sec (50 Hz) for contouring applications and about 1000 rad/sec (160 Hz) for high hit rate applications such as punch press. 

2. Stiffness: The closed-position loop must have a static stiffness of essentially infinity, while the dynamic stiffness (typical lead screw pitch 4-10 mm) is between 10 and million Nm/mm. 

3. Braking method: Dynamic braking for fractional hp (horse power) drive and regenerative braking capability for integral hp drive. 

4. Power: Power level for machine-tool feed drive applications typically range from 1 Kw to 7.5 Kw. 

5. Following error: Typical following error for machine-tool is limited within 2mm under a feedrate of 6m/min. This requires a velocity error constant of 50sec-1 for the position servo and the bandwidth of the velocity servo must be greater than 150 rad/sec (23.87 Hz) with a damping ratio of 0.707. 

6. PWM Switching frequency: PWM chopping frequency is usually 2 to 10 KHz for transistorized drive and 20 KHz to 100 KHz above for MOSFET drive. 

7. Peak/Rated torque ratio: Acceleration torque capability should be at least 3 times of rated torque over the full speed range. This torque ratio is typical for horse power range industry drives. This ratio will be higher for smaller size servo drive and lower for larger size servo drive. 

