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Introduction



The Automation Intelligence Story Automation Intelligence was founded in 1983 as a control system integrator. We design and build high-speed machine controls with a particular emphasis on servo-driven machinery. Our early years focussed on machine controls for packaging machinery such as wrappers, infeeds, and cartoners. Inspired by deficiencies in commercially available motion controls and foreseeing the market trend for PC-based machine control, Automation Intelligence developed a software-based multi-axis motion control product that is called AMLÒ. Since its introduction in 1992, AML has been steadily advanced and applied in a large variety of general-purpose multi-axis machine control applications including packaging, printing, painting, winding, converting, material handling, and many other types of specialty machines. In late 1997, Sanyo Denki purchased Automation Intelligence shortly after completing a licensing agreement for AML products. Sanyo Denki and Automation Intelligence share a vision for openarchitecture control of factory machinery. Under Sanyo Denki ownership, Automation Intelligence is increasing investments in the advancement of AML and, as always, Automation Intelligence will keep close to the real world by continuing our 18 year history of control system integration. Why This Handbook? This handbook, which is authored by the employees of Automation Intelligence, is a way of sharing our accumulated experience and technical know-how. It is our desire to promote the continued growth of control and servo systems on industrial machinery. How To Use This Handbook? This handbook is divided into two basic segments. Chapters 2-4 focus on a review of the theory and operation of ac servo systems while chapters 5-6 focus on the application of ac servo systems. Please feel free to provide your feedback as we plan to periodically update and expand the practical information found in this handbook.



Issued: 18-Jun-01



Copyright Ó 1998-2001 Automation Intelligence, Inc.



Page 3



Handbook of AC Servo Systems



www.MotionOnline.com



How does the DC Servo Motor Produce Torque?



Understanding the operation of a high performance dc servo system is an excellent place to begin before we proceed with a discussion of the ac servo system. The control structure for a dc servo system is identical to the ac servo system and the principle of torque production in a dc servo motor will be used to draw the close parallel to torque production in the ac servo motor. 2.1 Cascade Control Structure The most common structure of a high performance dc servo system is shown in Figure 1. There is virtually universal agreement that the cascaded control structure is the most effective approach to high performance servo systems. The cascade control structure includes an innermost current (or torque) regulator, a speed regulator around the current (or torque) regulator, and an outermost position regulator around the speed regulator. The sequence of position, speed, and current (torque) is natural as it matches the structure of the process to be controlled. Position is the integral of speed while speed is proportional to the integral of torque. The 4 quadrant power supply just means that the power converter can handle operation of the motor for all combinations of torque (current) and speed (voltage). The cascade control structure will operate properly only if the bandwidth of the various regulators have the correct relationship. Bandwidth is the range of frequencies over which the controlled quantity tracks and responds to the command signal. In the cascade control, the current regulator has the highest bandwidth, then the speed regulator, and finally the position regulator has the lowest bandwidth. Therefore, the system is properly adjusted beginning with the innermost current regulator and working outward to the position regulator. The cascade control structure also has the benefit of easily limiting each variable by just limiting the commanded value for that variable. AC Supply
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Figure 1. Cascade Control Structure of High Performance DC Servo System
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2.2 Torque Production with a DC Servo Motor Understanding the principle of torque production with a dc servo motor (brush-type servo motor) is an excellent foundation for the later discussion of torque production with an ac servo motor (brushless servo motor). Please refer to the representation of a dc servo motor with a mechanical commutator as shown in Figure 2. IA



Represents Mechanical Commutator (the black bar is the brush)



Permanent Magnet Field



Current out of page Current into page



Magnetic Field Vector



q = 90



o



Torque



IA = Armature Current



Armature Current Vector



Figure 2. DC Servo Motor Principle of Operation



The magnetic field created by the permanent magnets is fixed in space and is represented by the vector labeled “Magnetic Field Vector”. A torque is produced by the interaction of the magnetic field and the current-carrying conductors. The torque is a maximum value when the magnetic field vector is perpendicular to the “Armature Current Vector”. The magnitude of the torque is described by the equation: Torque = K B IA sinq where K is a constant determined by the specific motor design, B is the magnetic flux density, IA is the armature current and q is the angle between the two vectors (the torque angle). The motor torque produced by the interaction of the current-carrying conductors in the magnetic field will cause rotation of the rotor until the torque angle is zero degrees and further motion would not be possible. The dc servo motor eliminates this condition by using a mechanical commutator on the rotor. The commutator causes the current in each conductor to be progressively reversed as the conductor connected to a commutator bar passes beneath the brushes. The physical location of the brushes in a dc servo motor is such that the torque angle is 90 degrees for both directions of rotation. The result is torque generation that is proportional to armature current.
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The classic equations that describe the dc servo motor are as follows: Torque = KT IA EG = BEMF Voltage = KE nM where KT is the torque constant, KE is the voltage constant, BEMF is back electro-motive force, and nM is the motor speed. The speed voltage EG is created by the armature conductors moving through the constant magnetic field. EG is referred to as BEMF (back electro-motive force) or CEMF (counter electromotive force) because the polarity is such that it will produce armature current that will interact with the magnetic field in such a way as to oppose motion. The complete block diagram for the dc servo motor including the armature resistance and inductance is shown below in Figure 3. Now we can see how the torque of a dc servo motor can be easily adjusted by accurately and rapidly controlling the armature current. RA = armature resistance LA = armature inductance
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nM = motor speed TM = motor torque JM = motor moment of inertia



Figure 3. DC Servo Motor Block Diagram



Unfortunately, while the control of torque with the dc servo motor is very straightforward, the mechanical commutator introduces many limitations. Some of these limitations include: ¨



periodic maintenance due to brush wear and brush replacement



¨



RFI (radio frequency interference) caused by brush arcing



¨



voltage (speed) and current (torque) limits caused by the mechanical commutation process



¨



higher rotor inertia due to armature windings and commutator located on the rotor



¨



a poor thermal situation due to I R losses in the armature windings on the rotor



¨



and the cost of the commutator system which needs to be very precise.



2



The ac servo system with an electronic commutator was developed to eliminate the limitations of the dc servo motor’s mechanical commutator. Issued: 18-Jun-01
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How does the AC Servo Motor Produce Torque?



3.1 History of Brushless Servo Systems The permanent magnet dc servo system or brush-type servo has served as the industry workhorse for many decades. While it is straightforward to control torque with a permanent magnet dc servo motor, the mechanical commutator introduces many serious limitations as listed in the previous section. The brushless servo system was developed to eliminate the limitations imposed by the mechanical commutator of a dc servo system. The first implementation of a brushless servo system used three-phase permanent magnet motors and square-wave or rectangular shaped currents. The back EMF waveform of the brushless motors ranged from sinusoidal to trapezoidal. The basic idea was to emulate the brush-type dc servo motor by electronically “commutating” the current from one pair of motor windings to another. Completing the analogy with a brush-type servo system, the motor-mounted feedback devices for a velocity controlled brushless servo system included a commutation encoder and brushless tachometer. The commutation encoder provided the position signals used to transition the current electronically from one pair of windings to another. The analogy to the dc servo system resulted in names for these early brushless servo systems such as brushless dc servo, ECM (electronically commutated motor), six-step servo, and trapezoidal brushless servo. With careful design, these early brushless servo systems had good performance and they demonstrated the possibility for replacing the brush-type servo motor with a brushless servo motor. However, the design challenges and extra cost of these early brushless servo systems limited application to larger power levels and situations where the extra cost could be justified. This early type of brushless servo is rarely used today in high performance servo systems. Fortunately, the analogy to a dc servo system can also be extended to sinusoidal current excitation of a permanent magnet motor with sinusoidal back EMF. This technology is commonly referred to as “field-oriented” or “vector” control. Compared to the first generation of brushless servo systems with square-wave currents, a brushless servo system with sinusoidal back EMF and sinusoidal current is much more practical to manufacture and inherently has much smoother torque production due to the gradual commutation process. This type of brushless servo system is commonly referred to as an ac servo, PM (permanent magnet) ac servo, or sinusoidal brushless servo. For the remainder of this handbook, we will refer to this state-of-the-art brushless servo system as an ac servo system. The field-oriented or vector control can also be extended to ac induction motors. Variable speed drives (VSDs) with this technology are referred to as vector drives. Vector drives can be applied as servo drives but the induction motors do not have the performance of the permanent magnet ac servo motors due to higher inertia and larger size. However, vector drives are adequate for some servo applications (particularly larger power applications where permanent magnet ac servo systems are not readily available). The details of vector control for ac induction motors will not be discussed further in this handbook. Issued: 18-Jun-01
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3.2 Torque Production with an AC Servo Motor The best way to understand the principle behind the ac servo system is to develop an analogy to the dc servo system. As discussed earlier, the dc servo motor has a magnetic field that is fixed in space and the mechanical commutator causes the armature current vector to be perpendicular to the field vector at any motor speed or position. The torque produced by the dc servo motor is easily adjusted by controlling the armature current level. As we will soon see, we have an analogous method for controlling the torque of an ac servo motor using vector or field-oriented control. Let’s start with the magnetic field of the ac servo motor. Figure 4 shows a simple representation of an ac servo motor with a permanent magnet rotor and three-phase stator where the windings are spaced by 120 degrees. The magnetic field vector established by the permanent magnets is labeled B. Unlike the dc servo motor where the permanent magnets are stationary, the magnets of the ac servo motor move as they are mounted on the rotor. The challenge of the field-oriented control strategy is to generate the three-phase stator currents in such a way as to keep the composite current vector perpendicular to the magnetic field vector at all times.
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Figure 4. AC Servo Motor with Permanent Magnet Field and Three-Phase Stator Now let’s review the generation of the composite current vector using Figure 5. The three-phase stator currents are represented as three sine waves that are displaced in space by 120 degrees with axes labeled as U, V, and W. As examples, the composite current vector is developed for angles of 60 and 90 degrees. Notice for every angle that the composite current vector has a magnitude equal to 1.5IT where IT is the amplitude of the phase currents and 1.5IT has an angular position equal to the angle d. o
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Figure 5. Current Vector for Three-Phase AC Servo Motor
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Let’s stop and review. We have a fixed amplitude magnetic field vector created by the permanent magnets that rotates synchronously with the rotor of the motor. We also have a composite current vector that rotates at the angular frequency of the phase currents and has an amplitude that is proportional to the peak value of the sinusoidal phase currents. Maybe you can see that we have our answer on how to simply control the torque of the ac servo motor. Let the angle of the motor rotor be called d and let d be the angular frequency of the sinusoidal 0 phase currents. Then, we just establish d = 0 so that the current vector is perpendicular to the magnetic field vector. In practice, this is accomplished by physically orienting the rotor position sensor (usually an encoder or a resolver) so that the composite current vector is perpendicular to the magnetic field vector. Actually, the motor BEMF signal is easier to measure and is uniquely related to the magnetic field vector so the position feedback device is oriented to the BEMF signals during the manufacturing process. In this way, no matter what motion the rotor might make, the current vector will always be perpendicular to the magnetic field vector. We now have an ac servo system where the torque can be controlled just like the dc servo system and where the ac servo motor “looks” just like the dc servo motor to the speed and position regulators. Let’s draw a picture of the vector control for an ac servo motor as shown in Figure 6.
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• Permanent magnets on the rotor create a field vector that rotates synchronously with the rotor of the motor • Composite current vector is located perpendicular to the field vector at all times by locking the angular frequency of the three phase stator currents to the properly defined rotor angle d • Torque is then directly proportional to the amplitude of the three-phase sinusoidal currents
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AC Servo System



• Field vector is fixed in space by the stationary permanent magnets • Current vector is located perpendicular to the field vector by proper location of the brushes on the commutator • Torque is then directly proportional to the armature current
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Figure 6. Cascade Control Structure of the High Performance AC Servo System with Field-Oriented Control
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Overview of the AC Servo System



4.1 Introduction The purpose of this section is to review some of the theory behind the major components of an ac servo system. Figure 7 repeats the block diagram of the ac servo system and highlights the five areas of discussion (with section number). The digital ac servo system is typically available with three modes of operation: Torque Control Mode Analog input is the current command signal which we know from earlier discussions is proportional to motor torque. No tuning is required but some adjustment may be required to scale the analog input to current or torque. Velocity Control Mode Analog input is the velocity command. The velocity regulator is tuned for the motor and load. Position Control Mode Step and Direction (stepper emulation) is the position command. Both the velocity regulator and the position regulator must be adjusted for a specific motor and load.
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Figure 7. Block Diagram of AC Servo System
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4.2 The AC Servo Motor The permanent magnet ac servo motor has a very straight-forward and rugged construction. The stator has three symmetrical windings, which are internally connected in a wye configuration. The neutral connection is not brought outside the motor so only three power wires are available from the motor. Compared to the dc servo motor, the construction of the ac servo motor is thermally more effective because almost all of the losses are in the stator where they can be more easily routed to the outside ambient. The rotor contains the permanent magnets, which can be mounted in different ways depending on a specific supplier’s technology. The permanent magnet material ranges from low cost ceramic (ferrite) to the more expensive rare-earth materials such as samarium cobalt or neodymium iron boron (“neo”). Most recent ac servo motor designs use “neo” as a good compromise between magnetic properties, availability, and cost. The rotor also includes a rotary position sensor. The multi-purpose position sensor is used for commutation (or generation of the sinusoidal current commands), velocity feedback, and position feedback. The block diagram of an ac servo motor is shown in Figure 8. It is very similar to the block diagram of the dc servo motor in Figure 3 except that the voltage and current values are sinusoidal. The block diagram in Figure 8 is very useful in developing an understanding of the relationship between voltage and current in the ac servo motor. R = per phase resistance (phase to phase resistance = 2 R) L = per phase inductance (phase to phase inductance = Ö3 L) R



L



VUV = Phase to Phase Voltage = Ö3 VUN



IU VUN Permanent Magnet Field



EG = nM KEf BEMF



nM = motor speed TM = motor torque JM = motor moment of inertia



Figure 8. Per Phase Block Diagram of an AC Servo Motor The vector control of the ac servo motor allows the phase current to be kept in phase with the BEMF at all times and by controlling the amplitude of the phase current we can adjust the level of motor torque. The voltage relationships and torque-speed curve for an ac servo system are shown in Figure 9 as developed from the ac servo motor block diagram in Figure 8.
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Figure 9. Voltage Relationships and Torque-Speed Curve for AC Servo System The voltage and current relationships are important because they determine the torque-speed operating boundary for the ac servo system. With vector control, the torque is adjusted by the level of phase current and by keeping the phase current in phase with the BEMF. The terminal voltage required to create the necessary phase current can be determined as shown in Figure 9. The current controlled power converter has a maximum available voltage as determined by the ac supply. When the maximum available terminal voltage has been reached due to requested torque (current) or speed, then the phase current can no longer be properly controlled and we no longer have the proper relationship between torque and current. The following equations can be used to calculate the ideal maximum voltage available from the power converter. The actual voltage will be lower due to various voltage drops in the system.



VBUS = DC Bus Voltage = Ö2 VAC (VAC = AC Supply Voltage) Example: VBUS @ 325 VDC = (Ö2) (230 VAC r.m.s. line to line) Maximum VUN = Maximum available line to neutral volts = VBUS ÷ (Ö3 Ö2) Example: Maximum VUN = 133 Vrms = 325 ÷ (Ö3 Ö2)
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4.3 The Position Sensor The ac servo motor has a rotary position sensor, which is mounted on the non-drive end of the motor. As we have seen in Figure 6, the position sensor is used for the electronic commutation of current, speed feedback, and position feedback. The most common position sensor used with ac servo motors is the optical incremental encoder. In special cases, where homing the load on power-up is not acceptable, a more costly multi-turn absolute position feedback device is used instead of the incremental encoder. Today’s ac servo systems are almost all digital. Optical incremental encoders which provide digital information are easily interfaced to digital servo drives where they offer high resolution and accuracy at an attractive cost. The basic operation of a “wire saving” incremental encoder is shown in Figure 10. The low resolution absolute position start-up signals are only necessary during power-up to initialize the rotor angle inside the digital servo drive. The high resolution data tracks and marker pulse (C signal) are used after power-up and during normal operation of the system. By using the “wire-saving” design, the same 6 wires can be used for both start-up and normal operation which minimizes the cost and diameter of the cable running between the drive and motor. Including the dc supply wires, the “wire-saving” encoder only requires 8 total wires. However, in practice, small gauge wire is used so it is common to double or even triple-up on the supply lines in order to minimize voltage drop over longer cable lengths. As an alternative, some drives use a pair of voltage sensing lines to measure supply voltage at the encoder and then adjust the supply voltage at the drive to maintain the proper voltage at the encoder. +5 VDC
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Figure 10. Principle of Operation for a “Wire-Saving” Incremental Optical Encoder A representation of the signals from the incremental optical encoder is shown in Figure 11. For simplicity, the signals are shown without the complement signals from the line drivers. However, in practice, differential feedback signals are essential to eliminate noise problems and to facilitate long cable lengths.
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The encoder is attached to the ac servo motor in a very particular and precise way during the assembly of the motor. From earlier discussions, the rotor angle must be defined so that the composite current vector is kept perpendicular to the magnetic field at all times. The start-up signals provide low resolution absolute position information to initialize the rotor angle in the servo drive. The resolution of the start-up signals provide for ± 30 degree accuracy of the torque angle. As torque is proportional to the sine of the torque angle, we have at least 86% of maximum torque available to move the load up to one mechanical revolution until we pick-up the C signal or marker pulse. After we detect the marker pulse, the torque angle is set to the exact value necessary for a 90 degree torque angle. The marker pulse has a unique position relative to the start-up signals which is determined by the manufacture of the encoder and which is specified by the supplier of the servo system. The marker pulse also has a unique relationship to the motor BEMF signal and is precisely aligned during the installation of the encoder onto the motor. The accuracy of the marker pulse to the motor BEMF signal is usually at least ± 2 mechanical degrees which provides more than 99% of maximum torque for 4, 6, and 8 pole motors. Finally, the A and B data signals typically provide 2000 cycles per mechanical revolution. The servo drive encoder interface circuit is designed to detect all of the edge transitions for the data signals so the 2000 “line” encoder provides 8000 counts or pulses per revolution (ppr).



A B



C o



o



0



360



Mechanical Degrees



Start-Up 1 Start-up 2 Start-up 3



0o



60o



120o



180o



o



240



300o



360o



Electrical Degrees Electrical Degrees = (Mechanical Degrees) (Pole Pairs) (example: a 4 pole motor has 2 pole pairs)



Figure 11. Representation of the Incremental Encoder Signals
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4.4 The Current Controlled Power Converter As discussed earlier, the ac servo motor produces torque which is proportional to the amplitude of the composite current vector. As you can imagine, the ac servo drive must produce current accurately and with high response. This extremely important task is the work of the current controlled power converter as shown in Figure 12.
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Figure 12. Block Diagram of the Current Controlled Power Converter



The system is supplied by the ac mains which typically is required to be single phase or three phase voltage at 230 Vrms (+10%/-15%) and 60 Hz (± 3%). Sometimes the ac supply is buffered by a transformer in order to provide the correct voltage level. The primary attribute of the ac supply is that it needs to maintain the required voltage level even as it is loaded by the servo drive(s) or other items attached to the supply. The diode rectifier converts the ac input into a dc voltage, which is called the “dc bus”. Included with the diode rectifier is a circuit to control the inrush current(s) during power-up. Without the “soft start” or “soft charge” circuit there would be very large inrush currents to charge the dc bus capacitor. After initial power-up, the rectifier circuit is free to provide the necessary energy to the servo system as required.
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The dc bus capacitor has a large value, which serves two purposes. One purpose is to act as a large filter so that a smooth dc bus voltage is available to the inverter. The second purpose is to help absorb energy during regeneration or braking of the motor and load. While the diode rectifier can supply power during motoring or driving, it cannot return power to the ac supply during braking. The regeneration energy is absorbed by the dc bus capacitor until it charges to a maximum allowable voltage and then the regeneration circuit “dumps” excess energy in the regeneration resistor where it is eliminated in the form of heat. Most ac servo drives include a small built-in regeneration resistor while having the provision for adding an external resistor with a much larger wattage. The inverter is designed with power switches that are turned “on” or “off”. These power switches can be bipolar transistors or power FETs but most ac servo drives today use a newer switch referred to as an IGBT (insulated-gate bipolar transistor). The IGBT combines the rugged output of the bipolar transistor with the gate drive and fast turn-off time of the power FET. The inverter topology, with the six switches and the “flyback” diodes, provides four quadrant operation of the ac servo motor by allowing energy to flow to and from the motor. Let’s take a look at the current controller design for one of the three phases. The other two phases operate in an identical fashion. The desired current or current command is IU and it can be limited to a user defined value (up to a maximum as determined by design limits). The current command is compared to the current feedback to produce a current error. As you can imagine, the current sensors must be very accurate and responsive devices, as they must absolutely produce a faithful reproduction of actual current. The current error is processed by the current regulator to produce the voltage command. The current regulator has a high-gain to minimize the current error over the operating range of the system. The voltage command is compared to a triangle voltage to generate the PWM (pulsewidth-modulated) signals that command the power switches to turn-on and turn-off. The switching frequency of the PWM inverter is usually in the range of 5 to 20 kHz in order to support the high current loop bandwidth and to minimize the audible noise and level of current ripple. The –3dB bandwidth of the current loop is usually well over 1,000 Hertz. The power switches are not perfect and they do take some time (typically a few msecs) to turnoff after receiving the command to turn-off. Unfortunately, the switches respond to the turn-on signal more rapidly so the “on” and “off” commands are processed by some special circuitry to prevent the upper and lower switches from simultaneously conducting current. Such a condition is referred to as a “shoot-through” and it is as bad as it sounds. The “lock-out” circuitry introduces a small delay in the turn-on signal to prevent shoot-through conditions. Now for the best news of all. The current controller is the domain of the ac servo system manufacturer and requires no user adjustment at all! The operation of the current controller is absolutely critical to the performance of the servo system and the necessary adjustments only involve knowledge of the servo drive design and the motor design. Therefore, the servo system manufacturer has all the information necessary to provide for the optimum set-up with a minimum of user intervention. At most, the user will be asked to supply the drive with the motor model number or similar identifier. Finally, a dynamic brake (DB) circuit is shown between the inverter and the ac servo motor. The DB is used in the event of a servo drive fault condition to help brake the motor. Often, the DB circuit is included inside the servo drive which is very convenient. The DB circuit uses contactors to disconnect the motor from the inverter and to connect the motor windings together through resistors. If the motor is rotating, the BEMF causes current to flow in such a way as to retard rotation or to dynamically brake the motor.



Issued: 18-Jun-01



Copyright Ó 1998-2001 Automation Intelligence, Inc.



Page 16



Handbook of AC Servo Systems



www.MotionOnline.com



4.5 The Velocity Regulator Let’s begin with a block diagram of the velocity controlled servo system as shown in Figure 13. The most common choice for the velocity regulator is a PI controller (proportional plus integral controller). The proportional gain (Kvp) and the integral gain (Kvi) are adjusted to achieve the desired response. The well-damped current controller can be approximated at the lower frequencies as a first order lag. Recall from the previous section that the current controller is set-up by the servo system supplier and no adjustments are required by the user. The load and motor are modeled as a pure inertia but can be complicated as required to model any actual load. Also, notice that the velocity controller has two inputs to consider: the speed command and the often overlooked load or disturbance torque.
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Figure 13. Block Diagram of the Velocity Regulator The Kvp term is increased to achieve faster response but unfortunately also has the effect of simultaneously slowing down the response of the integrator. The Kvi term is raised to increase the response of the integrator (reduce the integrator time constant). This unfortunate interaction is better seen by rearranging the block diagram of the PI regulator into a form equal to Kvp (1 + 1/Tvis) where the integrator time constant is Tvi = Kvp/Kvi. The interaction of Kvp and Tvi makes it difficult to intuitively tune the PI controller. Fortunately, the digital ac servo drive is able to perform the math so that the proportional gain and the integrator time constant can be independently adjusted without the interaction. Figure 14 shows the revised block diagram of the velocity regulator with independent adjustment of gain and integrator time constant where we have also assumed perfect current control for additional simplicity.
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Figure 14. Block Diagram of PI Controller with Kvp and Tvi Adjustments Issued: 18-Jun-01
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In practice, the velocity regulator is tuned or adjusted to result in a well-behaved control system as defined by stability, steady-state accuracy, transient response, and frequency response. Let’s discuss these design objectives in some more detail: Stability: The most common method of manually tuning the velocity controller is to observe the speed response to a small-signal step change in the speed command. For best results, this must be done with the motor connected to the actual mechanical load. Small-signal means that the current command is not reaching a limit condition during the tuning process. The desired response is one that reaches the setpoint with acceptable risetime, overshoot, and settling time. The objective is to find values for Kvp and Tvi that minimize risetime, overshoot, and settling time while still allowing for some safety margin in the stable operation. It is not good practice to tune the system with gain values that leave the system on the verge of instability. Figure 15 shows some examples of velocity responses to small-signal step changes in the velocity command as we make various changes to Kvp and Tvi.
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Figure 15. Velocity Response to Small Signal Step Change in Velocity Command
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Steady-State Accuracy: The well-tuned servo system should not have any steady-state error for a step change in the velocity command or load torque. The closed loop transfer functions developed from Figure 13 are shown below (where we have also assumed an ideal current controller):
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Using the final value theorem, the steady-state error for step-command inputs can be determined. The first two equations show that the velocity error is zero for a step change in the velocity command or the torque disturbance. However, the last equation shows that there is a steadystate position error for a step change in load torque where d/TLOAD = 1/Kvi. The static position error or “stiffness” of the velocity loop is improved with higher Kvi values or a smaller value integration time constant. Do not be concerned at this time with the static position error as we will show in the next section that when the position loop is closed, the static position error for a step change in load torque will also be zero. So, we can conclude that the PI controller as a velocity regulator provides excellent attributes for steady-state accuracy. Transient Response: The transient response is analyzed in much the same manner as the relative stability. We are looking for a response to a step change in command or load torque that has acceptable rise time, overshoot, and settling time characteristics. The closed-loop response of a well-tuned control loop often has characteristics that are dominated by a pair of underdamped complex poles. For this case, a useful rule of thumb that relates the rise time and closed loop bandwidth is as follows: (Rise Time) (Closed Loop Bandwidth in Hertz) @ .45 Once again, the objective for the tuning is to provide just enough response and stiffness without leaving the system on the verge of instability as in Figure 16. We want a safety margin to allow for any changes in a particular system and to provide standard tuning values that can be reapplied on multiple systems.



Figure 16. Velocity Response Bordering on Instability Issued: 18-Jun-01
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Frequency Response: As we discussed earlier, the cascade control system works properly when the bandwidth of the control loops have the proper relationship to one another. The inner current loop must have the highest bandwidth and the velocity loop must have a bandwidth that is higher than the position regulator. In fact, when the outer loop is position, it has been shown that the relevant velocity loop bandwidth is the “useful” bandwidth which is defined as the frequency where the actual velocity lags a sinusoidal commanded velocity by 45 degrees (as opposed to the more common definition of bandwidth as the frequency where the amplitude of the controlled quantity has dropped –3 dB). The rule of thumb is that the useful bandwidth of the velocity loop must be at least 3 times the required position loop bandwidth. This avoids overshooting in the position loop. Unfortunately, actual loads that are connected to the servo system seldom behave like an ideal inertia. The actual loads can have friction, damping, compliance, backlash, variable inertia, and other possible non-linearities. This is why the set-up of the ac servo system is best when attached to the actual load. The better ac servo systems also have additional features that help the user in dealing with the variety of possible load conditions. Figure 17 shows the block diagram of a velocity regulator with some of the additional features that many digital ac servo systems offer to help deal with difficult load conditions.
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Figure 17. Velocity Controller for a Typical Digital AC Servo Drive Many digital ac servo drives also have an auto-tune mode that estimates the value of load inertia and initially sets the tuning parameters to reasonable values for user specified targets such as low, medium or high response. The auto-tune values usually provide a stable system that is often sufficient for the application or at least serves as a starting point for fine-tuning by the user. Let’s take a look at the extra functions provided in Figure 17. The optional acceleration/deceleration (Acc/Dec) function is a programmable slew rate limit if the speed command were to change too abruptly. This is a very common feature for adjustable speed drives as the only means of acceleration and deceleration limiting. This feature is not usually used when the velocity servo is connected to an external position controller because the position controller already has acceleration and deceleration limits. The optional low pass filter for the speed command (VLPF) is adjusted by the user. Be aware that the low pass filter will introduce additional phase shift into the position controller as the filter frequency is reduced. The resolution of the velocity command is high so the low pass filter should not be necessary unless there is an unusual amount of noise or jitter on the speed command signal.
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The optional low pass filter for the current command (ILPF) is programmed by the user and can be very useful when the gain of the velocity regulator is high. Any jitter in the velocity error signal is multiplied by the high gain of the velocity regulator to cause high frequency oscillations in the current command signal. The result is audible noise, which can be eliminated or reduced by filtering the current command signal. However, once again, do not lower the frequency of this filter more than necessary as it will introduce additional phase shift into the velocity controller which reduces stability. The final optional feature is the notch filter. The notch filter is used when the resonant frequency of the motor and load system is amplified by the servo system. Figure 18 shows a simple model of the motor inertia and load inertia which are connected together by a shaft with a stiffness coefficient labeled KSHAFT (torque/radian). The center frequency of the notch filter can be programmed to cancel or minimize the gain at the resonant frequency.
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Figure 18. Model of Motor and Load with Compliant Connection We have reviewed many aspects of the velocity regulator for the high performance ac servo system. However, the best way to become proficient at tuning the PI controller is to spend time tuning actual systems while observing the effect of changing Kvp and Tvi. Tuning the PI regulator is a skill that is learned somewhat like riding a bike. While the concepts discussed here are important to understand, to really master the skill, you must spend hands-on time tuning the PI controller under various load conditions. With a little theory and a lot of experience, you will be able to intuitively tune the PI controller under the most demanding load conditions.
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4.6 The Position Regulator Position control applications fall into two basic categories: contouring and point-to-point. In general, contouring applications are focused on following a path. Contouring applications require the actual position to follow the commanded position in a very predictable manner and to have high stiffness to reject the effect of any load torque disturbances. Point-to-point applications are not usually concerned with path control but are concerned with move time, settling time, and the velocity profile. Independent of the positioning application, the basic position controller is shown in Figure 19. The velocity controller is modeled as a first order lag where the time constant is determined by the useful bandwidth.
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Figure 19. Block Diagram of the Position Regulator



Understanding the operation of the position regulator with only proportional gain is a good first step. The gain of the open loop frequency response for the system in Figure 19 crosses 0 dB at a value equal to K. Therefore, the bandwidth of the position loop can be expressed as follows:



K = 16.66 rad/sec = 2.65 Hz = 1 inch/min/mil = 1 meter/min/mm = velocity/position error The actual position controller contained within the ac servo drive will have a gain KP that has useful units such as rad/sec. This is very helpful when tuning the position loop. Now, let’s take a look at the static stiffness of the simple position loop. From Figure 19, we can see that the steady-state position will equal the commanded position due to the effect of the velocity integration into position. The effect of a step change in load torque is a little more difficult to analyze. However, referring to Figure 20, we can laboriously develop the transfer function between position and load torque as having the form: 2



q = (1/J)/(s +(1/J)(GC)(s+KP) ) TLOAD
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If the velocity controller (GC) is a PI controller then we can now demonstrate using the final value theorem that there is no position error in the steady-state condition when there is a step change in load torque. This is another good feature of the PI controller in the velocity loop.
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Figure 20. Block Diagram of Position Loop with Torque Disturbance The actual position regulator can be more complicated than a simple proportional gain. A more general position controller is shown in Figure 21.
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Figure 21. General Structure of Position Regulator
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Let’s quickly review the features of the general position regulator shown in Figure 21. The proportional gain remains the most important term. The proportional gain will generate a velocity command that is proportional to position error. In other words, with only a proportional gain, motion will occur only if there is a position error. In fact, the position error will increase with increasing speed. The dynamic position error or following error can only be reduced by increasing the proportional gain. However, there is a limit on position loop gain (determined by the useful bandwidth of the velocity loop) and if the gain is increased too much then the actual position will begin to overshoot the commanded position which is normally not acceptable. However, recall that the static position error is zero if the position command is not changing. The feedforward gain is used to reduce the following error. The feedforward gain generates a velocity command signal that is proportional to the derivative of the position command. Ideally, 100% feedforward would generate the exact velocity command without the need for a position error. However, in practice, the system is not ideal and it is prudent to use less than 100% feedforward since too much feedforward will cause the actual position to go farther than the commanded position. In any event, the use of feedforward will significantly reduce the following error even though the proportional gain is at a level for proper stability as shown in Figure 22.
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Figure 22. Actual Velocity for a Ramped Velocity Command and the Effect of Velocity FeedForward on Following Error
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How to Size and Apply the AC Servo System



5.1 Basics of Sizing a Servo System The primary purpose of the servo system is to control the motion of the load. In order to accomplish this purpose, the servo system must be sized to deliver the required torque and speed. Figure 23 shows a model of the motion control system. In order to select the proper size servo system, we need to completely define the mechanical transmission, the load, and the required motion of the load.
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Figure 23. The Complete Motion Control System Let’s review the case of a direct driven load to demonstrate the basic process. We will also begin to discuss various application tips that will help in making any application more successful. Figure 24 shows a load that is driven directly by the servo motor. The motor is connected to the load with a coupling and the load has a friction torque that acts on it with a value of Tfriction. The desired velocity profile of the load is also shown in Figure 24.



Application Tip – Coupling Considerations The selection of the coupling has a dramatic impact on the success of your application. First, do not use a coupling with set screws. Always use a clamp or compression style coupling such as a taper lock bushing. Second, the coupling is often the least stiff portion of the drive train and will have a primary effect on the resonant frequency (see Figure 18). Therefore, carefully consider the stiffness (lb-in/rad.) of the coupling. Usually, the best choice of a coupling is a metal bellows style coupling with a taper lock bushing or keyless clamp-type mounting. Try to avoid helical, disc, oldham, split beam, and jaw type couplings. Finally, do not forget the inertia and torque rating of the coupling. Lower inertia is usually better but this needs to be weighed against stiffness in the final selection. The torque rating of the coupling should have a safety factor of 1.3 to 1.5 over the peak torque delivered by the servo system. Issued: 18-Jun-01
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The first thing that we need to do is to determine the required torque profile to make the load follow the desired velocity profile. We will need to know the “reflected” inertia of any mechanical elements put in motion by the motor so we can calculate acceleration torque and the “reflected” value of other sources of torque such as the friction torque. Reflected just means that we need to translate everything back to quantities as “seen” by the motor shaft. This simplifies the calculations and directly results in the values that are needed to properly choose the right size servo system. With the reflected inertias and load torques, we can then determine the required torque profile as shown in Figure 24. The required torque will need to offset the potential combination of torques such as torque to accelerate and decelerate the inertia, friction torques, viscous torques, and other torques that could result from gravity or any other source of external torque applied to the motor shaft. Now, from the torque and speed profile, we can determine two very important pieces of information: 1) Required peak motor torque and peak motor speed 2) Required r.m.s. motor torque and r.m.s. motor speed (average speed is usually an acceptable approximation). V
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Figure 24. Example of Direct Driven Load In this simple example, the motor is directly coupled to the load so there is a one to one relationship between load quantities and motor quantities. Therefore, the peak required motor torque is T3 while the peak required motor speed is V. The required r.m.s. motor torque will be called Tr.m.s. and the average motor speed will be called naverage.
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The operating points for required torque and speed need to be compared to the servo system torque-speed curve as shown in Figure 25. We need to make sure that the peak intermittent operating point (s) is within the capabilities of the servo system and that the r.m.s. operating point (l) is within the continuous operating region.
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Figure 25. Typical Torque-Speed Curve for an AC Servo System



Application Tip – Torque-Speed Curves The performance of a servo drive and servo motor is represented by the torque-speed curve. It is very important to understand the test conditions that have been used to determine the torquespeed curve so that a servo system can be selected to work in a given application under worse case conditions. First, the torque-speed curve should be valid with the ac supply specified at low line conditions (typically 15% less than nominal voltage). Secondly, the torque-speed curve O O should be valid for maximum ambient temperatures (usually 40 C for the motor and 55 C for the drive). Finally, it is common practice to represent the torque-speed curve where the motor is mounted to an aluminum plate of a specified size (the plate often approximates heatsinking when the motor is mounted on the machine). So, when selecting your servo system, use torque-speed curves that represent worse case operating conditions. Also, select a system that has at least a 15% to 25% safety margin on required torque and speed. By using worse case operating conditions and applying a reasonable safety margin, you will avoid application problems in the field that can occur with load variations from machine to machine and with seasonal variations in ambient temperatures. Finally, test your selection of a servo system under actual load conditions and with a worse case motion profile. Make sure you have some operating headroom and that you do not experience any overheating or other fault conditions. If you follow these guidelines, you will have a robust servo system that will work in the real world without any degraded performance.
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5.2 Mechanical Transmissions Most applications are more complicated than directly driving a load. Common mechanical transmissions include timing belts, gears, conveyors, leadscrews, and rack & pinion mechanisms. The application may require linear motion of the load so a leadscrew, rack & pinion, or conveyor is used to translate the motor’s rotary motion into linear motion. A speed reducer such as a timing belt or gearbox can be used for reasons such as: 1) Reduction of Reflected Load Inertia The general rule is to design the system so that the reflected load inertia is equal to the motor inertia, a 1:1 ratio. This is a necessary objective for a high performance system (high bandwidth) even though ratios as high as 5:1 can work if the mechanical transmission is kept stiff enough. On the other hand, lower performance applications are possible with mismatches as high as 100:1. As you investigate the effect of different reduction ratios (the reflected load inertia is reduced by the square of the reduction ratio!), don’t forget to include the added inertia of the couplings, pulleys, or gearbox. These can be significant and could offset the reduction in reflected load inertia due to the speed reducer ratio. 2) Low Speed and High Torque Applications It is good practice to let the ac servo system operate over its full speed range which is commonly up to 4500 r.p.m.. If the application requires high torque and low speed then a speed reducer should be introduced to raise the motor speed. This can reduce the size and cost of the servo system (through torque multiplication), reduce the reflected inertia, increase the number of encoder counts at the load, and let the kinetic energy of the motor help in rejecting any load disturbances. Fundamentally, the physical size and cost of a motor are related to the torque rating of the motor (not the power which is torque times speed). 3) Space Limitations Finally, reducers can allow the use of a smaller motor or allow the motor to be repositioned. Various types of reducers allow for parallel, right-angle, or in-line mounting of the motor. Let’s review the key equations that are used with these various mechanisms when calculating the required motor torque or reflecting the load inertia for a given load profile and mechanical system.



5.2.1 Timing Belts A timing belt (or toothed belt gear) is an economical way to provide speed reduction. The timing belt qualifies as parallel orientation for motor mounting (note that the motor can also be reverse mounted if desired) and ratios up to 3:1 are practical with a single stage. The timing belt can also accommodate motor speeds of 4500 r.p.m. if there is good mechanical alignment. The only type of timing belts that should be used with servo systems are ones with high tensile stiffness and low backlash such as those that use arimid tensile members and a modified curvilinear tooth profile. The properly applied timing belt reducer will have outstanding efficiency (>95%), high stiffness, excellent frequency response, and a very low reversing error (backlash). The stiffness of a timing belt reducer can be as high as when the load is coupled directly to the motor with a coupling. However, the timing belt has additional damping. So, the system may have the same resonant frequency but with considerably more damping (reduction of higher frequencies). This means that the servo system can be set for a higher gain or bandwidth before the resonant frequency will become a problem as compared to the direct coupled load. Issued: 18-Jun-01
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Equations describing a timing belt are shown in Figure 26. motor velocity
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Figure 26. Timing Belt Relationships



Application Tip – Timing Belt Considerations Consider the following to successfully apply the timing belt speed reducer: 1) Pay attention to the inertia of the pulleys! The pulleys should be constructed from aluminum or plastic. Use the smallest diameter that the manufacturer will allow for the drive pulley. Remember, the inertia of a disk is proportional to the fourth power of the diameter! Sometimes, the pulleys will have excess material removed to reduce inertia (spoked effect). 2) Only use a belt with high tensile strength and with a curvilinear tooth profile. Try to avoid the use of V-belt drives, chain drives, and standard timing belts with high performance servo systems. 3) The timing belt needs to be preloaded (so allow for the adjustment of belt tension) to improve accuracy and to compensate for manufacturing tolerances of the belt. However, remember that the preload introduces a radial load on the motor shaft and the impact of bearing life needs to be determined. If necessary, a separate jack shaft with its own bearing system can be used to isolate the motor from the radial load. 4) Finally, tension rollers may need to be used when the length of the belt begins to exceed 10 times the width of the belt. The tension rollers are used to dampen any belt oscillations that may occur. If tension rollers are not used, the gain or bandwidth of the velocity controller may need to be reduced to eliminate any belt oscillations.
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5.2.2 Gear Reducers Similar to the timing belt, a gear reducer may be used in a servo system: 1) to adapt the speed of the servo motor to the lower speed of the load such as a conveyor, leadscrew, or rack & pinion 2) to reduce the inertia reflected to the motor 3) to increase the torque delivered to the load 4) or to change the orientation of the motor within the design of the machine. Compared with a timing belt, a gear reducer will be more expensive but offers much higher ratios and a full range of motor alignment options. There are many choices of gear reducers. The most common in-line reducer for servo systems is a precision planetary reducer with low backlash (3-10 arcminutes). There are many vendors for planetary reducers that mount integral to the servo motor with a clamp-on pinion (no extra coupling). Planetary reducers are commonly available with ratios from 3:1 to 100:1 and the normally small reflected inertia does not vary significantly with the reduction ratio. Try to avoid the use of lower cost spur gear reducers and stay with the precision planetary reducers instead. Harmonic and cycloidal reducers are in-line options that are particularly well-suited for high torque and high ratios (greater than 40:1). These eccentric-type reducers can have cyclic transmission anomalies, which should be considered for the application. Right-angle reducers include worm gears and bevel gears. Worm gears have very low backlash and are well-suited to higher ratios. On the other hand, spiral bevel gears used in combination with planetary output stages are similar in performance to in-line planetary reducers and can be very useful in reducing the profile of the machine. If possible, it is usually best to use a timing belt over a gear reducer due to lower cost with better accuracy and lower noise. However, a gear reducer is often the only reasonable choice. The best advice is to stick with products that are designed specifically for servo systems. These products will have low backlash, high speed, high torque, quiet operation, high efficiency, low inertia, and high stiffness. motor velocity
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Figure 27. Gearing Relationships
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5.2.3 Leadscrews While leadscrews are very complex mechanical transmissions involving feed screw, feed screw nut, bearings, and feed table, the basic concept is to precisely translate the rotary motion of the motor into linear motion of the load. The most common type of leadscrew used with servo systems is the ball screw. The relationships describing a leadscrew are shown in Figure 28. Fexternal
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Figure 28. Leadscrew Relationships The balls cannot be manufactured completely without some free-play. Therefore, the ball nut is split into two halves so that a preload force can be applied similar to preloading a ball bearing. The preload increases stiffness and reduces the backlash of the leadscrew. Of course, the preload torque must be included in sizing the servo system. Many vendors offer complete linear actuators and x-y tables that include ball screw mechanisms that are ready for mounting the servo motor. Compared with the tangentially driven load, ball screws are more expensive and they operate over shorter distances at lower linear speeds (from 400 to 4,000 in/min depending on stroke and pitch) but they can move much larger payloads more accurately. Ball screws with typical pitches in a range from 2.5 to 5 provide substantial reduction between the motor and payload. Often, the primary component of total inertia is the screw itself so selection of the screw diameter should be carefully considered. In some cases, no additional speed reduction is necessary. If speed reduction is used it is usually a single-stage timing belt or gearhead. As always, the choice of any coupling is very important to keep the stiffness high. Issued: 18-Jun-01
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5.2.4 Tangentially Driven Loads (Conveyor, Rack & Pinion, Belt/Cable & Pulley) In addition to the leadscrew, another common method of converting the rotary motion of the motor into linear motion of the load is tangentially driving the load. This can be done with belt & pulleys, cable & pulleys, chain & sprockets, or rack & pinion. The relationships for a tangentially driven load are shown in Figure 29. g = gravity constant = 386 in/s2



Ftotal = Fexternal + Ffriction + Fgravity



Wtotal = weight (lbs) = Wload + weight of moving parts v = linear velocity (in/min)



Fexternal Fgravity Ffriction



x = linear distance (in) qL = x/r , wL=



Load (Wload)



v , n (r.p.m.) = v 60 r 2pr



Fgravity = Wtotal sinq , Ffriction = m Wtotal cosq



[



TL = Ftotal r + Tacc , Tacc = Jpulleys/pinion + Wtotal r2 g



r = drive radius (in)



] dndt



q



Incline angle



N:1 Motor qm , wm , Jm , Tm



Optional Timing Belt or Gear Reducer



Load Side qL , wL , JL , TL



Figure 29. Tangentially Driven Load Relationships As with the ballscrew actuators, there are now many suppliers with complete assemblies that utilize beltdrives that are ready for mounting the servo motor. Compared with ball screw actuators, these beltdrives feature very high linear speeds and low cost but carry smaller payloads over longer distances with some reduced accuracy. The tangentially driven mechanism does not provide much mechanical reduction compared to the leadscrew and a separate reducer is almost always necessary to properly match the reflected load inertia to the motor and to operate the motor over the available speed range. The most common reducer is a precision planetary gearhead (in-line or right-angle configuration) with ratios typically in the 10:1 range. If the application can be performed with a linear actuator using a beltdrive, this is usually preferred over the ballscrew or rack & pinion due to simplicity and cost.
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5.2.5 Relationships for Common Shapes In addition to knowing the relationships for common mechanical transmissions, it is also very useful to know the relationships for some common shapes as follows: L



Do = 2ro J=



Hollow Di = 2ri



m (Do2 + Di2) W (ro2 + ri2) p L r(ro4 - ri4) = = 2g 2g 8 p (Do2 - Di2) L 4



Volume =



L



Solid



D = 2r



J=



m D2 = 8



p L r r4 W r2 = 2g 2g



Volume = p r2 L circumference = 2pr



w



Solid



J=



h



Volume = L h w



L



Material Densities Aluminum Brass Bronze Copper Plastic Steel Hard Wood



W 2 (h + w2) 12 g



r 1.57 4.96 4.72 5.15 0.64 4.48 0.46



(oz/in3)



r .098 .31 .295 .322 .04 .28 .029



(lb/in3)



r 2.72 8.6 8.17 8.91 1.11 7.75 0.8



(gm/cm3)



Volume (in3) L = length (in) h = height (in) w = width (in) J = inertia (lb in s2) m = mass (lbm) W = weight (lb) D = diameter (in) r = radius (in) g = gravity = 386 in/s2 r = density (lb/in3) p @ 3.14



Figure 30. Relationships for Common Shapes
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5.2.6 Mechanical Transmission Requirements We have reviewed the most common types of mechanical transmissions used with servo systems. It is very important to carefully consider the mechanical transmission design in combination with the available servo systems. The requirements for the mechanical transmission can be summarized in five general points: 1) High Stiffness The stiffness of the mechanical system must be kept high in order to have the resonant frequency outside the bandwidth requirement of the servo system and to maintain high accuracy in controlling the position of the load. Pay particular attention to the any single element in the transmission system that may have the lowest stiffness (such as a coupling). One element with a low stiffness can undermine an otherwise good design. 2) High Resonant Frequency The resonant frequencies of the mechanical system are a combination of springs and masses. The design or selection of the mechanical elements needs to consider inertia, mass, and stiffness so that the lowest resonant frequency is outside the required response of the servo system. Otherwise, there will be stability and vibration problems. 3) Sufficient Damping Damping is like the shock absorber on a car. Some damping provided by the mechanical system can help improve stability and accuracy. 4) Linear Transfer Function Between Motor and Load Most systems use indirect control of the load. This means that the position feedback is actually on the motor shaft and the load is controlled through the mechanical transmission. This method is very cost effective compared to measuring position at the motor and the load. Therefore, the mechanical transmission should minimize backlash, reversing errors, and lost motion between the motor and load. These nonlinearities, in addition to excessive speeddependent friction, can also cause instabilities and hunting. 5) Low Inertia of Moving Parts As discussed earlier, ac servo systems have low inertia motors to enhance responsiveness. For proper operation, the load inertia reflected to the motor shaft should be less than 5:1 with 1:1 being ideal. Careful selection of the transmission elements is necessary to reduce the reflected inertia. Fortunately, the ac servo motors are also capable of high speeds such as 4500 r.p.m. so speed reduction should be used to take advantage of the available speed range of the servo system. Also, the diameter and material used for couplings, pulleys, etc. need to be considered to reduce the overall inertia.
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5.3 Regeneration Considerations When the drive is braking the motor, as shown in Figure 31, the power flow is back into the drive. The drive is not able to return this energy to the ac power line. If the regeneration energy is low enough then the energy is absorbed by the large bus capacitor and returned to the motor during the next motoring period. On the other hand, if the regeneration energy is large enough then it will charge the capacitor to a voltage that causes the dump circuit to turn-on. The dump circuit dissipates the excess energy in the regen resistor until the voltage reaches a safe level. This cycle can repeat itself until the regeneration energy falls to a low enough level such that the dump circuit stays off. The dump circuit is rated to handle a certain amount of peak power and average power. Figure 31 includes some equations, which can be used to estimate the peak regen power and average regen power if you know the velocity and torque profiles. The actual regen power will be a little less than this estimate due to losses in the motor and drive and the ability of the bus capacitor to absorb some of the energy. If the peak regen power is exceeded then the voltage on the capacitor will rise to a level that causes the drive to fault on an overvoltage condition. The solution to this problem is to use a drive with a larger peak regen power rating or determine if the application can tolerate a longer deceleration time or a lower current limit. If the average regen power is being exceeded then the regen resistor will overheat and cause the drive to fault or to issue a warning. This can happen in applications that start and stop frequently from a high speed and with a high load inertia. In this case, an external regen resistor (same ohmic value) that will handle more wattage will extend the rating of the average regen power. Vertical applications need to be carefully studied for potential excessive average regen power. A Velocity



Peak Regen Power (watts) = where



Torque (Current)



745 T n 63024



T = torque (lb in) at point B n = motor speed (r.p.m.) at point A



Average Regen Power (watts) = (Peak Regen Power) t1 2 t2



B



Regeneration Power



t1



t2



Figure 31. Estimate of Regen Power for an Incremental Motion Profile
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5. 4 Transformer Considerations While most ac servo systems are designed for direct connection to the ac mains, a transformer needs to be used if the ac mains is not at the correct voltage level. For example, if the drive requires 230 vac but the plant supply is 460 vac then a step-down transformer will be needed. Electrical isolation is usually not required (check the servo drive specifications) and an autotransformer will be the most cost-effective and smallest package. However, the larger and more expensive isolation transformer provides some extra benefit by providing some common mode filtering of conducted noise into and out of the drive. Adding a ground-connected Faraday shield inside the transformer greatly increases the level of common mode noise rejection. The isolation transformer improves the drives immunity to low frequency and high energy transients (surges). However, the main point to consider when using a transformer is selecting the size (kVA). You must consider the peak power over the continuous power when sizing the transformer for a servo system application that requires peak torque at high speed. Transformers are not ideal, as the load current from the transformer increases; the output voltage will drop. From earlier discussions, the voltage supplied to the servo drive is one of the main factors that limit available torque at high speeds. If the voltage falls enough, the top speed capability of the servo can even be reduced. An undersized transformer can often be difficult to diagnose as well. During acceleration, the servo system may fault as the load calls for more torque at high speed. The fault may be excessive following error because the servo was not able to follow the command. If the supply voltage is checked after the fault occurs it will look ok because the voltage from the transformer only droops when a large current is called for. The output voltage of typical three-phase transformers may drop 15-20% when loaded at about three times their continuous current rating (single-phase transformers even more). A transformer that is 2-3 times larger than the continuous rating of the servo system is usually sufficient. Often, the transformer supplier can provide voltage regulation curves as a function of loading to help in the selection process. However, if you absolutely need peak torque and peak speed, use the largest transformer that is practical even if the continuous rating is much larger than you require. Finally, remember that power is conserved through the servo system (except for losses). If the servo drive is providing large currents to the servo motor that is stalled, the transformer will not have a large output current at all (power is torque (current) times speed). Only when the servo drive is providing large currents at high speed will there be high currents required from the transformer.



Issued: 18-Jun-01



Copyright Ó 1998-2001 Automation Intelligence, Inc.



Page 36



Handbook of AC Servo Systems



www.MotionOnline.com



5.5 Electrical Noise Considerations There are two considerations for electrical noise: generation or emission of electromagnetic interference (EMI) and the response or immunity to EMI. Electromagnetic Compatibility (EMC) is the measure of a system’s immunity to and emission of EMI. Figure 32 shows the commonly used EMI source-victim model.



Conducted EMI EMI Source



EMI Victim



Radiated EMI



EMI Victim



Figure 32. EMI Source-Victim Model



The model in Figure 32 includes an EMI source, a coupling mechanism, and the EMI victims. The mechanism for coupling the energy between the source and victim is conduction and radiation. The model provides for three options to eliminate any EMC problem: 1) Reduce the source of EMI 2) Reduce EMI at the victim by reducing the coupling mechanism 3) Increase the victim’s immunity to EMI. Therefore, the most important consideration for a robust system is the selection of equipment that has been designed and tested for industrial environments. Servo drives (and any other industrial control equipment) should carry the CE mark which requires testing for both emissions and immunity. Installation of the drives is very important and the installation guidelines supplied by the manufacturer should be followed. Secondly, follow good industrial design practices and do not use single-ended electrical connections that will be susceptible to EMI. Use differential connections for analog signals and differential line-drivers for digital signals such as encoders. Field-wired inputs and outputs should be optically isolated from the servo drive to prevent problems with ground loops. Finally, we cannot overlook the realistic approach of reducing the coupling mechanisms between source and victim. This can be done with filtering, shielding, and grounding as follows:
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Filtering: AC Power Wiring The ac power wiring is a primary coupling mechanism for both conducted and radiated EMI. While the addition of an isolation transformer with ground-connected Faraday shield is beneficial, the best practice is to include an ac line filter. In fact, the ac line filter is necessary to meet the CE requirements. The specifications and/or recommended suppliers for the ac line filters will be provided by the drive manufacturer. The installation of the ac line filter is also very important. First, mount the ac line filter where the ac supply enters the enclosure. Multiple ac supplies will each require a filter. Also, shield the ac supply wires and keep them physically separated from the other power wires in the enclosure (motor power and wires from ac line filter to drive). Secondly, the filter needs to be mounted close (less than 1 foot) to the drive input terminals. If the filter is too far away from the drive then it may be necessary to connect the ground between the filter and drive with a strap (rather than a wire) or to mount the filter on a grounded conductive surface (such as the paint-free surface of the enclosure so that there is a good high frequency connection from filter to ground). Motor Power Wiring The addition of a common mode choke to the motor power cable (close to the drive) is helpful in reducing the drive emissions. Some servo drives already have a common mode choke included inside the drive. Once again, it is very important to keep the motor power cable away from the ac supply cable.



Grounding: The best grounding technique is to use a single-point ground with parallel connections. The single-point ground should be a bus-bar or ground plane. The single-point ground needs to be connected to the ac supply ground and the enclosure. All the servo drives and other circuits within the enclosure should be directly connected to the single-point ground with a separate connection. Do not daisy-chain the ground connections to a single-point ground. The ground connections should be as short as possible and straps will provide a better high frequency connection than a wire. The motor ground connection should go to the companion drive and not directly to the single-point ground.



Shielding & Segregation: The following suggestions are inexpensive to implement and are recommended for all installations: 1) Signal cables (encoder, serial, analog) should be routed away from power wiring. It is best to use separate steel conduit for power and signal wires. Do not route signal cables with power cables through common junctions or raceways. Remember to keep the ac supply cable (on the supply side of the ac line filter) by itself and not with the motor power wires. 2) Distance is an effective deterrent for radiated noise so keep maximum physical distance between parallel cable runs. 3) Cable intersections should always occur at right angles. 4) If possible, use cables that are constructed by the drive supplier. These cables have been tested for EMC and they will already include any twisting, special shielding, or termination requirements that are recommended by the supplier.
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Summary: Selection of CE marked components and using the recommended installation should result in a system with excellent EMC characteristics. However, if EMI problems occur anyway, some additional suggestions are as follows: 1) A signal cable can be wrapped around and through a ferrite torroid. The torroid will attenuate common mode noise which could be helpful with RS-232 communication problems. 2) Solenoids, relay coils, starter coils, ac motors (such as motor driven timers), and any other switched inductive loads need to be suppressed. a) DC coils should be suppressed with a free-wheeling diode connected across the coil. The manufacturer of the device containing the coil will usually recommend or offer the correct suppression device. b) AC coils should be suppressed with RC filters (a 200 ohm ½ W resistor in series with a ½ mF, 600 V capacitor is common). Once again, the manufacturer of the device containing the ac coil usually recommends an appropriate suppression device.
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General Information



6.1 Engineering Unit Conversion Tables, Formulae, & Definitions Conversion of Length (to convert A to B, multiply A by the entry in the table)



A mm mm m mil in ft



B



mm



mm



m



mil



in



ft



1 1.000E+03 1.000E+06 2.540E+01 2.540E+04 3.048E+05



1.000E-03 1 1.000E+03 2.540E-02 2.540E+01 3.048E+02



1.000E-06 1.000E-03 1 2.540E-05 2.540E-02 3.048E-01



3.937E-02 3.937E+01 3.937E+04 1 1.000E+03 1.200E+04



3.937E-05 3.937E-02 3.931E+01 1.000E-03 1 1.200E+01



3.281E-06 3.281E-03 3.281E+00 8.330E-05 8.330E-02 1



Conversion of Torque (to convert A to B, multiply A by the entry in the table)



A Nm kpm(kg-m) kg-cm oz-in lb-in lb-ft



B



Nm



kpm(kg-m)



kg-cm



oz-in



lb-in



lb-ft



1 9.810E+00 9.810E-02 7.060E-03 1.130E-01 1.356E+00



1.020E-01 1 1.000E-02 7.200E-04 1.150E-02 1.380E-01



1.020E+01 1.000E+02 1 7.200E-02 1.150E+00 1.383E+01



1.416E+02 1.390E+03 1.390E+01 1 1.600E+01 1.920E+02



8.850E+00 8.680E+01 8.680E-01 6.250E-02 1 1.200E+01



7.380E-01 7.230E+00 7.230E-02 5.200E-03 8.330E-02 1



Conversion of Moment of Inertia (to convert A to B, multiply A by the entry in the table)



A kg-m2 kg-cm-s2 oz-in-s2 lb-in-s2 oz-in2 lb-in2 lb-ft2



B



kg-m2



kg-cm-s2



oz-in-s2



lb-in-s2



oz-in2



lb-in2



lb-ft2



1



1.020E+01



1.416E+02



8.850E+00



5.470E+04



3.420E+03



2.373E+01



9.800E-02



1



1.388E+01



8.680E-01



5.360E+03



3.350E+02



2.320E+00



7.060E-03



7.190E-02



1



6.250E-02



3.861E+02



2.413E+01



1.676E-01



1.130E-01



1.152E+00



1.600E+01



1



6.180E+03



3.861E+02



2.681E+00



1.830E-05



1.870E-04



2.590E-03



1.620E-04



1



6.250E-02



4.340E-04



2.930E-04



2.985E-03



4.140E-02



2.590E-03



1.600E+01



1



6.940E-03



4.210E-02



4.290E-01



5.968E+00



3.730E-01



2.304E+03



1.440E+02



1



Formulae & Definitions gravity = 9.8 m/s2 , 386 in/s2



Equations for Straight-Line Velocity & Constant Acceleration



T = J a , a = rad/s2



vf = vi + at



xf = final position xi = initial position



P (W) = T (Nm) w (rad/s)



xf = xi + ½(vi + vf)t



vf = final velocity vi = initial velocity



P (Hp) = T (lb-in) n (r.p.m.) / 63,024



xf = xi + vit + ½at2



1 Hp = 746 W



vf2 = vi2 + 2a(xf - xi)



a = acceleration t = time



1 rev = 1,296,000 arc-sec / 21,600 arc-min
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“FaxBack” Sizing Worksheet Fax to:



Fax from:



Date: Project/Machine/Axis



1.888.531.8213 fax: 770.497.8666 Sketch Velocity Profile of Load versus Time/Distance (specify all units & include any dwell time)



Additional Information



Sketch Mechanical Transmission and Identify Elements Below (include all moving parts)



Mechanical Transmission Elements



Units



1st Element



2nd Element



3rd Element



Coupling Inertia Load Inertia Ratio (input:output): Timing Belt



Input Pulley Inertia: Output Pulley Inertia: Efficiency: Ratio (input:output):



Gearbox



Inertia: Efficiency: Pitch: Diameter: Length: Preload:



Ballscrew



Efficiency: Coefficient of Friction: Table & Load Weight: External Force on Load: Inclination: Drive Pulley or Pinion Radius: Drive Pulley or Pinion Inertia: Idler Pulley Inertia:



Tangentially Driven Load



Losses: Belt or Rack & Load Weight: External Force on Load: Inclination:
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