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INTRODUCTION
Electric motors play a main role in our daily life. The movement of any device is produced by electric motor.  Hair dryer, VCR, disk drive in a computer etc, move due to electric motor. The technology behind electric motors is the ability to convert electrical energy to mechanical energy. 
There are many different types and sizes of electric motors. Electric motors can be divided into two types: alternating current (AC) electric motors and direct current (DC) electric motors. A DC electric motor will not run when supplied with AC current, nor will an AC motor run with DC current. AC electric motors are further subdivided into single phase and three phase motors. Single phase AC electrical supply is what is typically supplied in a home. Three phase electrical power is commonly only available in a factory setting.

DC electric motors are also split into types. These include brush motors, brushless motors, and stepper motors. Of these types, brush electric motors are by far the most common. They are easy to build and very cost effective. Their major drawback is that they use carbon brushes to transfer electrical current to the rotating part, and these brushes wear over time and eventually result in the failure of the electric motor. The DC brushless motor eliminates the brushes, but is more costly and requires much more complicated drive electronics to operate. A stepper motor is a special type of brushless motor that is used primarily in automation systems.

CHAPTER 1

GENERAL ABOUT STEPPER MOTORS
1.1   INTRODUCTION
A stepper motor, also called stepping motor, pulse motor or digital motor, is an electromechanical device which rotates a discrete step angle when energized electrically. Stepper motors are synchronous motors in which rotor’s positions depend directly on driving signal. Rotary moment is defined by magnetic energy and is proportional to the tooth number of the rotor. 
The main difference between the stepping motor and a general motor is that the stepping motor only powered by a fixed driving voltage does not rotate. A stepping motor exhibits excellent functions such as accurate driving, rapid stopping, rapid starting and the like. The stepper motor provides controllable speed or position in response to input step pulses commonly applied from an appropriate control circuit. Stepping motors are driven by a pulse signal. When a digital pulse signal is inputted into the stepping motor, the rotor of the stepping motor is rotated by a fixed angle, that is, a well-known stepping angle. Since the stepper motor increments in a precise amount with each step pulse, it converts digital information, as represented by the input step pulses, to corresponding incremental rotation. By increasing the rate of the step pulses, it is possible to increase the speed of the motor.
Stepper motors provide many advantages over other types of motors, most notably the ability to rotate through controlled angles of rotation, called steps, based on command pulses from a driver circuit. The speed of stepping motors can be readily controlled based on the pulse frequency employed, enabling stepping motors to achieve variable speed synchronous movement of a load that is directly coupled to the drive shaft of the motor. A stepper motor can respond to a range of loads by providing a range of torque outputs at a fixed motor voltage for which the windings are sized. Thus, for each specific application of a stepper motor as an electromechanical actuator, the size of stepper motor selected is determined in large by the nominal operating load range to be encountered. Because the stepping motor is capable of receiving the digital signals to generate a corresponding angle variation in proportion to the total number of pulses, the stepping motor can be driven by an open loop without utilizing a feedback mechanism. Therefore, the stepping motor can be easily controlled when the stepping motor is driven to achieve a rotational speed within an acceptable range. Because stepping motors are driven by a simple control mechanism, the stepping motors have been applied on many control systems for controlling the velocity, the displacement, and the moving direction of loading devices.
Compared with the DC motor, the stepping motor has a simpler and lower-cost driving mechanism and has the advantage upon circuitry design of the photo detection feedback and the magnetic detection feedback. Therefore, the stepping motor, replacing the DC motor, becomes more and more popularly as a sled control means for the optical storage devices. Stepping motors are also used factory automation (FA) equipment such as machine tools, automotive components, and a field of home appliances also employs a large number of stepping motors. For example, in controlling a throttle valve, the position of a valve head with respect to a valve seat must be adjustable over a range of head positions, typically from fully open to fully close. Stepper motors are well-suited to providing such valve control. This extensive use of the stepper motors is mainly thanks to a low cost, and simple operation realizing a speed control or a positioning control.
A stepper motor relies upon a winding mounted on a stator to conduct or block current based on the position of the rotor. The stepping motor is caused to make a stepping rotation by changing instantaneously excitation currents for windings at each time when an external command pulse is given. A stepping motor maintains a very large static torque in the stopped position compared to other motors while being rotated at a given angle without feedback for detecting the position of a shaft and stopping at a considerably high precision rate. A stepper motor rotates by a fixed angle in every changed state of excitation in each phase of the motor by clock pulse signals, and suspends at a fixed angle if the state of excitation does not change. The stepper motor rotates by the fixed angle or by a fixed step according to inputted pulse signals. Therefore, the stepping motor does not require a separate position-maintaining mechanism such as electromagnetic brake and the rotation speed thereof is proportional to pulse rate. Stepper motors are generally constructed without the brushes commonly found in electric motors. In place of brushes, the stepper motor depends on switches to control the flow of electrical charge through a particular phase winding.
 Stepping motors can be viewed as electric motors without commutators. Typically, all windings in a stepper motor are part of the stator, and a rotor is either a permanent magnet or, in the case of variable reluctance motors, a toothed block of some magnetically soft material or a hybrid of both. All of the commutation is handled externally by a motor controller, and typically, the motors and controllers are designed so that the motor may be held in any fixed position as well as being rotated one way or the other. In stepper motors, current is applied to the individual coils in order to advance the stepper motor a desired number of steps. Variation of current and its polarity moves a rotor of the motor through the steps, or to a fixed position at a particular step. Depending on how the current is applied, the stepper motor can be caused to move in full steps, half steps, or even microsteps. Since the motor windings comprise a continuous coil of wire, they exhibit both inductive and resistive characteristics and an associated time constant related to the rise and decay of the applied current. 
To regulate current, stepper motor drivers periodically apply and remove voltage to the motor windings. Stepper motor drivers provide a step clock to activate circuitry in the driver electronics to sample and apply current to the windings or "phases" of the associated stepper motor. The amount of current to be applied is a direct function of the desired position of the motor shaft. For rotational motion, current is applied to opposing windings in a stepper motor in a quadrature manner. A linear stepping motor operates on the same electromagnetic principles as a rotary stepping motor. Linear stepper motors are used for positioning applications requiring rapid acceleration and high speed moves with low mass payloads. Mechanical simplicity and precise open loop operation are additional features of the stepper linear motor systems. Most stepping motors can be stepped at audio frequencies. With an appropriate controller, they may be started and stopped at controlled orientations. A stepping motor controller typically comprises an excitation signal generator, a switching circuit, a winding of the stepping motor, a PWM (pulse width modulation) constant current control circuit, a current sensor and a current setting circuit. 
Most stepper motors are operated in an open-loop configuration in which a position feedback device such as an optical encoder or resolver is unnecessary. Closed-loop configurations use feedback to sense rotor position via a conventional shaft encoder. The rotor position information may be utilized to produce each motor commutation. Most such configurations employ a fixed switching angle commutation.


1.2   HOW STEPPER MOTORS WORK
Stepper motors consist of a permanent magnet rotating shaft, called the rotor, and electromagnets on the stationary portion that surrounds the motor, called the stator. Figure 1.1 illustrates one complete rotation of a stepper motor. At position 1, we can see that the rotor is beginning at the upper electromagnet, which is currently active (has voltage applied to it). To move the rotor clockwise (CW), the upper electromagnet is deactivated and the right electromagnet is activated, causing the rotor to move 90 degrees CW, aligning itself with the active magnet. This process is repeated in the same manner at the south and west electromagnets until we once again reach the starting position.
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                                      Figure 1.1: one complete rotation of a stepper motor.
In the above example, we used a motor with a resolution of 90 degrees or demonstration purposes. In reality, this would not be a very practical motor for most applications. The average stepper motor's resolution -- the amount of degrees rotated per pulse -- is much higher than this. For example, a motor with a resolution of 5 degrees would move its rotor 5 degrees per step, thereby requiring 72 pulses (steps) to complete a full 360 degree rotation.

You may double the resolution of some motors by a process known as "half-stepping". Instead of switching the next electromagnet in the rotation on one at a time, with half stepping you turn on both electromagnets, causing an equal attraction between, thereby doubling the resolution. As you can see in Figure 1.2, in the first position only the upper electromagnet is active, and the rotor is drawn completely to it. In position 2, both the top and right electromagnets are active, causing the rotor to position itself between the two active poles. Finally, in position 3, the top magnet is deactivated and the rotor is drawn all the way right. This process can then be repeated for the entire rotation. 
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                                            Figure 1.2: rotation of stepper motor.
There are several types of stepper motors. 4-wire stepper motors contain only two electromagnets; however the operation is more complicated than those with three or four magnets, because the driving circuit must be able to reverse the current after each step. For our purposes, we will be using a 6-wire motor.

Unlike our example motors which rotated 90 degrees per step, real-world motors employ a series of mini-poles on the stator and rotor to increase resolution. Although this may seem to add more complexity to the process of driving the motors, the operation is identical to the simple 90 degree motor we used in our example. An example of a multipole motor can be seen in Figure 1.3. In position 1, the north pole of the rotor's permanent magnet is aligned with the south pole of the stator's electromagnet. Note that multiple positions are aligned at once. In position 2, the upper electromagnet is deactivated and the next one to its immediate left is activated, causing the rotor to rotate a precise amount of degrees. In this example, after eight steps the sequence repeats. 

The specific stepper motor we are using for our experiments (5 degrees per step) has 6 wires coming out of the casing. If we follow Figure 1.4, the electrical equivalent of the stepper motor, we can see that 3 wires go to each half of the coils, and that the coil windings are connected in pairs. This is true for all four-phase stepper motors.
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                                           Figure 1.3: An example of a multipole motor.
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                             Figure 1.4: the electrical equivalent of the stepper motor.
However, if you do not have an equivalent diagram for the motor you want to use, you can make a resistance chart to decipher the mystery connections. There is a 13 ohm resistance between the center-tap wire and each end lead, and 26 ohms between the two end leads. Wires originating from separate coils are not connected, and therefore would not read on the ohm meter.

1.3   DC MOTORS VS. STEPPER MOTORS 

•Stepper motors are operated open loop, while most DC motors are operated closed loop. 
•Stepper motors are easily controlled with microprocessors; however logic and drive electronics are more complex. 
•Stepper motors are brushless and brushes contribute several problems, e.g., wear, sparks, electrical transients. 
•DC motors have a continuous displacement and can be accurately positioned, whereas stepper motor motion is incremental and its resolution is limited to the step size. 
•Stepper motors can slip if overloaded and the error can go undetected. (A few stepper motors use closed-loop control.) 
•Feedback control with DC motors gives a much faster response time compared to stepper motors.
1.4   ADVANTAGES OF STEPPER MOTORS 

•Position error is noncumulative. A high accuracy of motion is possible, even under open-loop control. 
•Large savings in sensor (measurement system) and controller costs are possible when the open-loop mode is used. 
•Because of the incremental nature of command and motion, stepper motors are easily adaptable to digital control applications. 
•No serious stability problems exist, even under open-loop control. 
•Torque capacity and power requirements can be optimized and the response can be controlled by electronic switching. 
•Brushless construction has obvious advantages. 
1.5   DISADVANTAGES OF STEPPER MOTORS 

•They have low torque capacity (typically less than 2,000 oz-in) compared to DC motors. 
•They have limited speed (limited by torque capacity and by pulse-missing problems due to faulty switching systems and drive circuits). 
• Large errors and oscillations can result when a pulse is missed under open-loop control.
•They have high vibration levels due to stepwise motion.
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                        Figure 1.5: Exploded View of a Five-Phase Hybrid Stepping Motor.
1.6   CHARACTERISTICS 
Stepper motors are rugged and inexpensive because the rotor contains no winding slip rings, or commutator. The rotor is a cylindrical solid, which may also have either salient poles or fine teeth. More often than not the rotor is a permanent magnet. Determine that the rotor is a permanent magnet by unpowered hand rotation showing detent torque, torque pulsations. Stepper motor coils are wound within a laminated stator, except for can stack construction. There may be as few as two winding phases or as many as five. These phases are frequently split into pairs. Thus, a 4-pole stepper motor may have two phases composed of in-line pairs of poles spaced 90o apart. There may also be multiple pole pairs per phase. For example a 12-pole stepper has 6-pairs of poles, three pairs per phase. 

Since stepper motors do not necessarily rotate continuously, there is no horsepower rating. If they do rotate continuously, they do not even approach a sub-fractional hp rated capability. They are truly small low power devices compared to other motors. They have torque ratings to a thousand in-oz (inch-ounces) or ten n-m (Newton-meters) for a 4 kg size unit. A small “dime” size stepper has a torque of a hundredth of a Newton-meter or a few inch-ounces. Most steppers are a few inches in diameter with a fraction of a n-m or a few in-oz torque. The torque available is a function of motor speed, load inertia, load torque, and drive electronics as illustrated on the speed vs. torque curve. (Figure 1.6) An energized, holding stepper has a relatively high holding torque rating. There is less torque available for a running motor, decreasing to zero at some high speed. This speed is frequently not attainable due to mechanical resonance of the motor load combination. 
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                                            Figure 1.6: Stepper speed characteristics.

Stepper motors move one step at a time, the step angle, when the drive waveforms are changed. The step angle is related to motor construction details: number of coils, number of poles, and number of teeth. It can be from 90o to 0.75o, corresponding to 4 to 500 steps per revolution. Drive electronics may halve the step angle by moving the rotor in half-steps. 

Steppers cannot achieve the speeds on the speed torque curve instantaneously. The maximum start frequency is the highest rate at which a stopped and unloaded stepper can be started. Any load will make this parameter unattainable. In practice, the step rate is ramped up during starting from well below the maximum start frequency. When stopping a stepper motor, the step rate may be decreased before stopping. 

The maximum torque at which a stepper can start and stop is the pull-in torque. This torque load on the stepper is due to frictional (brake) and inertial (flywheel) loads on the motor shaft. Once the motor is up to speed, pull-out torque is the maximum sustainable torque without losing steps. 

There are three types of stepper motors in order of increasing complexity: variable reluctance, permanent magnet, and hybrid. The variable reluctance stepper has s solid soft steel rotor with salient poles. The permanent magnet stepper has a cylindrical permanent magnet rotor. The hybrid stepper has soft steel teeth added to the permanent magnet rotor for a smaller step angle. 

CHAPTER 2

STEPPER MOTORS BASICS

 2.1   APPLICATIONS
Stepper motors can be found almost anywhere. Most of us use them every day without even realizing it. For instance, steppers power "analog" wristwatches (which are actually digital), disc drives, printers, robots, cash points, machine tools, CD players, profile cutters, plotters and much more. Unlike other electric motors they do not simply rotate smoothly when switched on. Every revolution is divided into a number of steps (typically 200) and the motor must be sent a separate signal for each step. It can only take one step at a time and each step is the same size, thus step motors may be considered a digital device.
· Automotive and Aircraft: Stepper motors help enable cars, SUV’s and RV’s to receive telecommunication signals. Stepper motors are also used for cruise control, military antenna positioners, automated sensing devices, and automated cameras. In aircrafts, stepper motors are used in aircraft instruments, sensing devices, antennas, scanning equipment. 
An aircraft control system includes a propeller governor in which a stepper motor is used to apply a compression force on a speeder spring, and a turbocharger in which a stepper motor is used to actuate a needle valve associated with a diaphragm cell. An electronic control unit may be used to control the stepper motor in the propeller governor and the stepper motor in the turbocharger. The integration of the propeller governor and the turbocharger into a single control system decreases the number of individual adjustments that must be performed manually by the pilot.
· Office Equipment: Stepper motors are incorporated inside PC based scanning equipment, data storage tape drives, optical disk drive head driving mechanism, printers, bar-code printers, scanners. 

Hard disk drive: Originally, hard disk drives used a stepper motor to control the movement of the heads over the surface of the platters. A regular motor turns in a rotary fashion continuously; it can stop at any point in its rotation as it spins around, kind of like the second hand on a wind-up wristwatch. A stepper motor can only stop at predefined "steps" as it turns around, much the way the second hand turns on an electronic, quartz wristwatch. A hard drive using a stepper motor for an actuator attaches the arms to the motor, and each time the motor steps one position clockwise or counterclockwise, the arms move in or out one position. Each position defines a track on the surface of the disk. Stepper motors are also commonly used for both turning the spindle and positioning the head on floppy disk drives. In Figure 2.1.1 are shown a stepper motor using in hard disk drive.
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Figure 2.1.1: stepper motor using in hard disk drive.

· Medical: Step motors are used inside medical scanners, multi-axis stepper motor microscopic or nanoscopic motion control of automated devices, dispensing pumps, samplers, and chromatograph auto-injectors. Also found inside digital dental photography, fluid pumps, respirators, and blood analysis machinery. 

· Industrial machines: Stepper motors are used in automotive gauges, machine tooling automated production equipment (single/multi axis stepper motor controllers) and also in retrofit kits [stepper motor controllers and motors] for CNC machine control.

· Scientific Instrumentation:  Scientific Equipment Spectographs, observatory telescope positioning.

· Consumer Electronic:  Stepper motors in cameras for automatic digital camera            focus and zoom functions. Stepper motors as actuators for mobile phones camera modules.
· Chemical: Mixing and sampling devices utilizing stepper motor controllers and single/multi axis stepper motor controlled environmental testing equipment.

· Security: New surveillance products for the security industry.

· Gaming industry: Stepper motors are used in the motors that power slot machines, wheel spinners and card shufflers. 
Reel type slot machine: A reel-type slot machine includes a microprocessor driven game control circuit for randomly determining a game result and three reel assemblies each including a symbol-bearing reel driven by a stepper motor for displaying the game results. The stepper motors each include a permanent magnet rotor and four stator windings which respond to quadrature phase motor drive signals generated by the game control circuit to incrementally rotate the reels. A reel motion monitoring circuit senses back EMF on each stator winding to generate an error signal which inhibits play in the event a motor fails to respond to an applied drive signal or a reel is moved by tampering. 
In Figure 2.1.1 are shown some sample stepper motor applications:
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Figure 2.1.1: Sample stepper motor applications.

 2.2   VARIABLE RELUCTANCE STEPPER MOTOR
A variable reluctance stepper motor relies upon magnetic flux seeking the lowest reluctance path through a magnetic circuit. This means that an irregularly shaped soft magnetic rotor will move to complete a magnetic circuit, minimizing the length of any high reluctance air gap. The stator typically has three windings distributed between pole pairs, the rotor four salient poles, yielding a 30o step angle.  In Figure 2.2.1 a de-energized stepper with no detent torque when hand rotated is identifiable as a variable reluctance type stepper.
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 Figure 2.2.1: Three phase and four phase variable reluctance stepper motors.

The drive waveforms for the 3-φ stepper can be seen in the “Reluctance motor” section. The drive for a 4-φ stepper is shown in Figure below. Sequentially switching the stator phases produces a rotating magnetic field which the rotor follows. However, due to the lesser number of rotor poles, the rotor moves less than the stator angle for each step. For a variable reluctance stepper motor, the step angle is given by: 

       ΘS = 360o/NS
       ΘR = 360o/NR
       ΘST = ΘR - ΘS
where:  ΘS = stator angle,  ΘR = Rotor angle,  ΘST = step angle

         NS = number stator poles,    NP = number rotor poles
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          Figure 2.2.2: Stepping sequence for variable reluctance stepper.
In Figure 2.2.2, moving from φ1 to φ2, etc., the stator magnetic field rotates clockwise. The rotor moves counterclockwise (CCW). Note what does not happen! The dotted rotor tooth does not move to the next stator tooth. Instead, the φ2 stator field attracts a different tooth in moving the rotor CCW, which is a smaller angle (15o) than the stator angle of 30o. The rotor tooth angle of 45o enters into the calculation by the above equation. The rotor moved CCW to the next rotor tooth at 45o, but it aligns with a CW by 30o stator tooth. Thus, the actual step angle is the difference between a stator angle of 45o and a rotor angle of 30o. How far would the stepper rotate if the rotor and stator had the same number of teeth? Zero-- no notation. 
Starting at rest with phase φ1 energized, three pulses are required (φ2, φ3, φ4) to align the “dotted” rotor tooth to the next CCW stator Tooth, which is 45o. With 3-pulses per stator tooth, and 8-stator teeth, 24-pulses or steps move the rotor through 360o.
By reversing the sequence of pulses, the direction of rotation is reversed above right. The direction, step rate, and number of steps are controlled by a stepper motor controller feeding a driver or amplifier. This could be combined into a single circuit board. The controller could be a microprocessor or a specialized integrated circuit. The driver is not a linear amplifier, but a simple on-off switch capable of high enough current to energize the stepper. In principle, the driver could be a relay or even a toggle switch for each phase. In practice, the driver is either discrete transistor switches or an integrated circuit. Both driver and controller may be combined into a single integrated circuit accepting a direction command and step pulse. It outputs current to the proper phases in sequence. 
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                               Figure 2.2.3: Variable reluctance stepper motor.
Disassemble a reluctance stepper to view the internal components. Otherwise, we show the internal construction of a variable reluctance stepper motor in Figure 2.2.3. The rotor has protruding poles so that they may be attracted to the rotating stator field as it is switched. An actual motor is much longer than our simplified illustration. 
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Figure 2.2.4:  Variable reluctance stepper drives lead screw.
The shaft is frequently fitted with a drive screw. (Figure 2.2.4) This may move the heads of a floppy drive upon command by the floppy drive controller. 

Variable reluctance stepper motors are applied when only a moderate level of torque is required and a coarse step angle is adequate. A screw drive, as used in a floppy disk drive is such an application. When the controller powers-up, it does not know the position of the carriage. However, it can drive the carriage toward the optical interrupter, calibrating the position at which the knife edge cuts the interrupter as “home”. The controller counts step pulses from this position. As long as the load torque does not exceed the motor torque, the controller will know the carriage position. 

 2.3    PERMANENT MAGNET STEPPER MOTOR 

A permanent magnet stepper motor has a cylindrical permanent magnet rotor. The stator usually has two windings. The windings could be center tapped to allow for a unipolar driver circuit where the polarity of the magnetic field is changed by switching a voltage from one end to the other of the winding. A bipolar drive of alternating polarity is required to power windings without the center tap. A pure permanent magnet stepper usually has a large step angle. Rotation of the shaft of a de - energized motor exhibits detent torque. If the detent angle is large, say 7.5o to 90o, it is likely a permanent magnet stepper rather than a hybrid stepper.
Permanent magnet stepper motors require phased alternating currents applied to the two (or more) windings. In practice, this is almost always square waves generated from DC by solid state electronics. Bipolar drive is square waves alternating between (+) and (-) polarities, say, +2.5 V to -2.5 V. Unipolar drive supplies a (+) and (-) alternating magnetic flux to the coils developed from a pair of positive square waves applied to opposite ends of a center tapped coil. The timing of the bipolar or unipolar wave is wave drive, full step, or half step. 

2.3.1   Wave drive
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              Figure 2.3.1: PM wave drive sequence (a) φ1+ ,  (b) φ2+,  (c) φ1- , (d) φ2-.

Conceptually, the simplest drive is wave drive. (Figure 2.3.1) The rotation sequence left to right is positive φ-1 points rotor north pole up, (+) φ-2 points rotor north right, negative φ-1 attracts rotor north down, (-) φ-2 points rotor left. The wave drive waveforms below show that only one coil is energized at a time. While simple, this does not produce as much torque as other drive techniques.
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                     Figure 2.3.2: Waveforms: bipolar wave drive.
The waveforms (Figure 2.3.2) are bipolar because both polarities, (+) and (-) drive the stepper. The coil magnetic field reverses because the polarity of the drive current reverses.
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Figure 2.3.4: Waveforms: unipolar wave drive.
The (Figure 2.3.4) waveforms are unipolar because only one polarity is required. This simplifies the drive electronics, but requires twice as many drivers. There are twice as many waveforms because a pair of (+) waves is required to produce an alternating magnetic field by application to opposite ends of a center tapped coil. The motor requires alternating magnetic fields. These may be produced by either unipolar or bipolar waves. However, motor coils must have center taps for unipolar drive. 
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Figure 2.3.5: Stepper motor wiring diagrams.
The 4-wire motor can only be driven by bipolar waveforms. The 6-wire motor, the most common arrangement, is intended for unipolar drive because of the center taps. Though, it may be driven by bipolar waves if the center taps are ignored. The 5-wire motor can only be driven by unipolar waves, as the common center tap interferes if both windings are energized simultaneously. The 8-wire configuration is rare, but provides maximum flexibility. It may be wired for unipolar drive as for the 6-wire or 5-wire motor. A pair of coils may be connected in series for high voltage bipolar low current drive, or in parallel for low voltage high current drive.
A bifilar winding is produced by winding the coils with two wires in parallel, often a red and green enameled wire. This method produces exact 1:1 turns ratios for center tapped windings. This winding method is applicable to all but the 4-wire arrangement above. 

2.3.2   Full step drive
Full step drive provides more torque than wave drive because both coils are energized at the same time. This attracts the rotor poles midway between the two field poles. (Figure 2.3.6)
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                              Figure 2.3.6:  Full step, bipolar drive.       

Full step bipolar drive as shown in Figure 2.3.6 has the same step angle as wave drive. Unipolar drive (not shown) would require a pair of unipolar waveforms for each of the above bipolar waveforms applied to the ends of a center tapped winding. Unipolar drive uses a less complex, less expensive driver circuit. The additional cost of bipolar drive is justified when more torque is required.

2.3.3   Half step drive
The step angle for a given stepper motor geometry is cut in half with half step drive. This corresponds too twice as many step pulses per revolution. (Figure 2.3.7) Half stepping provides greater resolution in positioning of the motor shaft. For example, half stepping the motor moving the print head across the paper of an inkjet printer would double the dot density. 
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Figure 2.3.7: Half step, bipolar drive.
Half step drive is a combination of wave drive and full step drive with one winding energized, followed by both windings energized, yielding twice as many steps. The unipolar waveforms for half step drive are shown above. The rotor aligns with the field poles as for wave drive and between the poles as for full step drive. 

Micro-stepping is possible with specialized controllers. By varying the currents to the windings sinusoidally many micro-steps can be interpolated between the normal positions. 

2.3.4   Construction
The construction of a permanent magnet stepper motor is considerably different from the drawings above. It is desirable to increase the number of poles beyond that illustrated to produce a smaller step angle. It is also desirable to reduce the number of windings, or at least not increase the number of windings for ease of manufacture. 
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    Figure 2.3.8: Permanent magnet stepper motor, 24-pole can-stack construction.
The permanent magnet stepper (Figure 2.3.8) only has two windings, yet has 24-poles in each of two phases. This style of construction is known as can stack. A phase winding is wrapped with a mild steel shell, with fingers brought to the center. One phase, on a transient basis, will have a north side and a south side. Each side wraps around to the center of the doughnut with twelve interdigitated fingers for a total of 24 poles. These alternating north-south fingers will attract the permanent magnet rotor. If the polarity of the phase were reversed, the rotor would jump 360o/24 = 15o. We do not know which direction, which is not useful. However, if we energize φ-1 followed by φ-2, the rotor will move 7.5o because the φ-2 is offset (rotated) by 7.5o from φ-1. See below for offset. And, it will rotate in a reproducible direction if the phases are alternated. Application of any of the above waveforms will rotate the permanent magnet rotor. 

Note that the rotor is a gray ferrite ceramic cylinder magnetized in the 24-pole pattern shown. This can be viewed with magnet viewer film or iron filings applied to a paper wrapping. Though, the colors will be green for both north and south poles with the film.
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Figure 2.3.9: (a) External view of can stack,   (b) field offset detail.
Can-stack style construction of a PM stepper is distinctive and easy to identify by the stacked “cans”. (Figure 2.3.9) Note the rotational offset between the two phase sections. This is a key to making the rotor follow the switching of the fields between the two phases. 

2.4   HYBRID STEPPER MOTOR

The hybrid stepper motor combines features of both the variable reluctance stepper and the permanent magnet stepper to produce a smaller step angle. The rotor is a cylindrical permanent magnet, magnetized along the axis with radial soft iron teeth (Figure below). The stator coils are wound on alternating poles with corresponding teeth. There are typically two winding phases distributed between pole pairs. This winding may be center tapped for unipolar drive. The center tap is achieved by a bifilar winding, a pair of wires wound physically in parallel, but wired in series. The north-south poles of a phase swap polarity when the phase drive current is reversed. Bipolar drive is required for un-tapped windings.
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                                       Figure 2.4.1: Hybrid stepper motor.
Note that the 48-teeth on one rotor section are offset by half a pitch from the other. See rotor pole detail above. This rotor tooth offset is also shown below. Due to this offset, the rotor effectively has 96 interleaved poles of opposite polarity. This offset allows for rotation in 1/96 teeth of a revolution steps by reversing the field polarity of one phase. Two phase windings are common as shown above and below. Though, there could be as many as five phases. 

The stator teeth on the 8-poles correspond to the 48-rotor teeth, except for missing teeth in the space between the poles. Thus, one pole of the rotor, says the South Pole, may align with the stator in 48 distinct positions. However, the teeth of the South Pole are offset from the north teeth by half a tooth. Therefore, the rotor may align with the stator in 96 distinct positions. This half tooth offset shows in the rotor pole detail above, or Figure below. 

As if this were not complicated enough, the stator main poles are divided into two phases (φ-1, φ-2). These stator phases are offset from one another by one-quarter of a tooth. This detail is only discernable on the schematic diagrams below. The result is that the rotor moves in steps of a quarter of a tooth when the phases are alternately energized. In other words, the rotor moves in 2×96=192 steps per revolution for the above stepper. 

The above drawing is representative of an actual hybrid stepper motor. However, we provide a simplified pictorial and schematic representation (Figure below) to illustrate details not obvious above. Note the reduced number of coils and teeth in rotor and stator for simplicity. In the next two figures, we attempt to illustrate the quarter tooth rotation produced by the two stator phases offset by a quarter teeth, and the rotor half tooth offset. The quarter tooth stator offset in conjunction with drive current timing also defines direction of rotation. 
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                                 Figure 2.4.2: Hybrid stepper motor schematic diagram.
Features of hybrid stepper schematic (Figure 2.4.2)

· The top of the permanent magnet rotor is the South Pole, the bottom north. 

· The rotor north-south teeth are offset by half a tooth. 

· If the φ-1 stator is temporarily energized north top, south bottom. 

· The top φ-1 stator teeth align north to rotor top south teeth. 

· The bottom φ-1' stator teeth align south to rotor bottom north teeth. 

· Enough torque applied to the shaft to overcome the hold-in torque would move the rotor by one tooth. 

· If the polarity of φ-1 were reversed, the rotor would move by one-half tooth, direction unknown. The alignment would be south stator top to north rotor bottom, north stator bottom to south rotor. 

· The φ-2 stator teeth are not aligned with the rotor teeth when φ-1 is energized. In fact, the φ-2 stator teeth are offset by one-quarter tooth. This will allow for rotation by that amount if φ-1 is de-energized and φ-2 energized. Polarity of φ-1 and drive determines direction of rotation. 
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                                  Figure 2.4.3: Hybrid stepper motor rotation sequence.
Hybrid stepper motor rotation (Figure 2.4.3)

· Rotor top is permanent magnet south, bottom north. Fields φ1, φ-2 is switchable: on, off, reverse. 

· (a) φ-1=on=north-top, φ-2=off. Align (top to bottom): φ-1 stator-N: rotor-top-S, φ-1' stator-S: rotor-bottom-N. Start position, rotation=0. 

· (b) φ-1=off, φ-2=on. Align (right to left): φ-2 stator-N-right: rotor -top-S, φ-2' stator-S: rotor-bottom-N. Rotate 1/4 tooth, total rotation=1/4 tooth. 

· (c) φ-1=reverse (on), φ-2=off. Align (bottom to top): φ-1 stator-S: rotor-bottom-N, φ-1' stator-N: rotor-top-S. Rotate 1/4 tooth from last position. Total rotation from start: 1/2 tooth. 

· Not shown: φ-1=off, φ-2= reverse (on). Align (left to right): Total rotation: 3/4 tooth. 

· Not shown: φ-1=on, φ-2=off (same as (a)). Align (top to bottom): Total rotation 1-tooth. 

An un-powered stepper motor with detent torque is either a permanent magnet stepper or a hybrid stepper. The hybrid stepper will have a small step angle, much less than the 7.5o of permanent magnet steppers. The step angle could be a fraction of a degree, corresponding to a few hundred steps per revolution. 

2.5   TWO-PHASE STEPPER MOTORS
There are two basic winding arrangements for the electromagnetic coils in a two phase stepper motor: bipolar and unipolar.

2.5.1   Unipolar Motors

Unipolar stepping motors, both Permanent magnet and hybrid stepping motors with 5 or 6 wires are usually wired as shown in the schematic in Figure 2.5.1, with a center tap on each of two windings. In use, the center taps of the windings are typically wired to the positive supply, and the two ends of each winding are alternately grounded to reverse the direction of the field provided by that winding. 
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                                     Figure 2.5.1: Unipolar stepper motor layout.

The motor cross section shown in Figure 2.5.1 is of a 30 degree per step permanent magnet or hybrid motor -- the difference between these two motor types is not relevant at this level of abstraction. Motor winding number 1 is distributed between the top and bottom stator pole, while motor winding number 2 is distributed between the left and right motor poles. The rotor is a permanent magnet with 6 poles, 3south and 3north, arranged around its circumference. 

For higher angular resolutions, the rotor must have proportionally more poles. The 30 degree per step motor in the figure is one of the most common permanent magnet motor designs, although 15 and 7.5 degree per step motors are widely available. Permanent magnet motors with resolutions as good as 1.8 degrees per step are made, and hybrid motors are routinely built with 3.6 and 1.8 degrees per step, with resolutions as fine as 0.72 degrees per step available. 

As shown in the figure, the current flowing from the center tap of winding 1 to terminal a causes the top stator pole to be a north pole whiles the bottom stator pole is a south pole. This attracts the rotor into the position shown. If the power to winding 1 is removed and winding 2 is energized, the rotor will turn 30 degrees, or one step. 

To rotate the motor continuously, we just apply power to the two windings in sequence. Assuming positive logic, where a 1 means turning on the current through a motor winding, the following two control sequences will spin the motor illustrated in Figure 2.5.1 clockwise 24 steps or 2 revolutions: 
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Note that the two halves of each winding are never energized at the same time. Both sequences shown above will rotate a permanent magnet one step at a time. The top sequence only powers one winding at a time, as illustrated in the figure above; thus, it uses less power. The bottom sequence involves powering two windings at a time and generally produces a torque about 1.4 times greater than the top sequence while using twice as much power. 

The step positions produced by the two sequences above are not the same; as a result, combining the two sequences allows half stepping, with the motor stopping alternately at the positions indicated by one or the other sequence. The combined sequence is as follows: 
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2.5.2   Bipolar Motors
Bipolar permanent magnet and hybrid motors are constructed with exactly the same mechanism as is used on unipolar motors, but the two windings are wired more simply, with no center taps. Thus, the motor itself is simpler but the drive circuitry needed to reverse the polarity of each pair of motor poles is more complex. The schematic in Figure 2.5.2   shows how such a motor is wired, while the motor cross section shown here is exactly the same as the cross section shown in Figure 2.5.1. 
                [image: image34.png]1ac—G855o1p
2200000 —o2b

=]

o]




                                   Figure 2.5.2: Bipolar stepper motor layout.

The drive circuitry for such a motor requires an H-bridge control circuit for each winding. Briefly, an H-bridge allows the polarity of the power applied to each end of each winding to be controlled independently. The control sequences for single stepping such a motor are shown below, using + and - symbols to indicate the polarity of the power applied to each motor terminal: 
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Note that these sequences are identical to those for a unipolar permanent magnet motor, at an abstract level, and that above the level of the H-bridge power switching electronics, the control systems for the two types of motor can be identical. 

Note that many full H-bridge driver chips have one control input to enable the output and another to control the direction. Given two such bridge chips, one per winding, the following control sequences will spin the motor identically to the control sequences given above: 
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To distinguish a bipolar permanent magnet motor from other 4 wire motors, measure the resistances between the different terminals. It is worth noting that some permanent magnet stepping motors have 4 independent windings, organized as two sets of two. Within each set, if the two windings are wired in series, the result can be used as a high voltage bipolar motor. If they are wired in parallel, the result can be used as a low voltage bipolar motor. If they are wired in series with a center tap, the result can be used as a low voltage unipolar motor. 

2.5.3   Bifilar Motors

Bifilar windings on a stepping motor are applied to the same rotor and stator geometry as a bipolar motor, but instead of winding each coil in the stator with a single wire, two wires are wound in parallel with each other. As a result, the motor has 8 wires, not four. 

In practice, motors with bifilar windings are always powered as either unipolar or bipolar motors. Figure 1.4 shows the alternative connections to the windings of such a motor. 
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Figure 2.5.3: Bifilar stepper motor layout.

To use a bifilar motor as a unipolar motor, the two wires of each winding are connected in series and the point of connection is used as a center-tap. Winding 1 in Figure 2.5.3 is shown connected this way. 

To use a bifilar motor as a bipolar motor, the two wires of each winding are connected either in parallel or in series. Winding 2 in Figure 2.5.3 is shown with a parallel connection; this allows low voltage high-current operation. Winding 1 in Figure 2.5.3 is shown with a series connection; if the center tap is ignored, this allows operation at a higher voltage and lower current than would be used with the windings in parallel. 

It should be noted that essentially all 6-wire motors sold for bipolar use are actually wound using bifilar windings, so that the external connection that serves as a center tap is actually connected as shown for winding 1 in Figure 2.5.3. Naturally, therefore, any unipolar motor may be used as a bipolar motor at twice the rated voltage and half the rated current as is given on the nameplate. 

The question of the correct operating voltage for a bipolar motor run as a unipolar motor, or for a bifilar motor with the motor windings in series is not as trivial as it might first appear. There are three issues: The current carrying capacity of the wire, cooling the motor, and avoiding driving the motor's magnetic circuits into saturation. Thermal considerations suggest that, if the windings are wired in series, the voltage should only be raised by the square root of 2. The magnetic field in the motor depends on the number of ampere turns; when the two half-windings are run in series, the number of turns is doubled, but because a well-designed motor has magnetic circuits that are close to saturation when the motor is run at its rated voltage and current, increasing the number of ampere-turns does not make the field any stronger. Therefore, when a motor is run with the two half-windings in series, the current should be halved in order to avoid saturation; or, in other words, the voltage across the motor winding should be the same as it was. 

For those who salvage old motors, finding an 8-wire motor poses a challenge! Which of the 8 wires is which? It is not hard to figure this out using an ohm meter, an AC volt meter, and a low voltage AC source. First, use the ohm meter to identify the motor leads that are connected to each other through the motor windings. Then, connect a low-voltage AC source to one of these windings. The AC voltage should be below the advertised operating voltage of the motor; voltages under 1 volt are recommended. The geometry of the magnetic circuits of the motor guarantees that the two wires of a bifilar winding will be strongly coupled for AC signals, while there should be almost no coupling to the other two wires. Therefore, probing with an AC volt meter should disclose which of the other three windings is paired to the winding under power. 

2.6   HIGHER-PHASE COUNT STEPPER MOTORS
Multi-phase stepper motors with many phases tend to have much lower levels of vibration, although the cost of manufacture is higher too.

2.6.1   Multiphase Motors

A less common class of permanent magnet or hybrid stepping motor is wired with all windings of the motor in a cyclic series, with one tap between each pair of windings in the cycle, or with only one end of each motor winding exposed while the other ends of each winding are tied together to an inaccessible internal connection. In the context of 3-phase motors, these configurations would be described as Delta and Y configurations, but they are also used with 5-phase motors, as illustrated in Figure 2.6.1. Some multiphase motors expose all ends of all motor windings, leaving it to the user to decide between the Delta and Y configurations, or alternatively, allowing each winding to be driven independently. 
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                                              Figure 2.6.1: Multiphase stepper motor layout.

Control of either one of these multiphase motors in either the Delta or Y configuration requires 1/2 of an H-bridge for each motor terminal. It is noteworthy that 5-phase motors have the potential of delivering more torque from a given package size because all or all but one of the motor windings are energized at every point in the drive cycle. Some 5-phase motors have high resolutions on the order of 0.72 degrees per step (500 steps per revolution). 

Many automotive alternators are built using a 3 - phase hybrid geometry with either a permanent magnet rotor or an electromagnet rotor powered through a pair of slip-rings. These have been successfully used as stepping motors in some heavy duty industrial applications; step angles of 10 degrees per step have been reported. 

With a 5-phase motor, there are 10 steps per repeat in the stepping cycle, as shown below:
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With a 3-phase motor, there are 6 steps per repeat in the stepping cycle, as shown below: 
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Here, as in the bipolar case, each terminal is shown as being either connected to the positive or negative bus of the motor power system. Note that, at each step, only one terminal changes polarity. This change removes the power from one winding attached to that terminal (because both terminals of the winding in question are of the same polarity) and applies power to one winding that was previously idle. Given the motor geometry suggested by Figure 2.6.1, this control sequence will drive the motor through two revolutions. 

To distinguish a 5-phase motor from other motors with 5 leads, note that, if the resistance between two consecutive terminals of the 5-phase motor is R, the resistance between non-consecutive terminals will be 1.5R. 

Note that some 5-phase motors have 5 separate motor windings, with a total of 10 leads. These can be connected in the star configuration shown above, using 5 half-bridge driver circuits, or each winding can be driven by its own full-bridge. While the theoretical component count of half-bridge drivers is lower, the availability of integrated full-bridge chips may make the latter approach preferable. 

2.7    STEPPING MODES

There are three commonly used excitation modes; full-step, half-step, and micro-step 

2.7.1   Full-step
In full step operation, the motor steps through the normal step angle e.g. 200 step/revolution motors take 1.8 steps while in half step operation, 0.9 steps are taken. There are two kinds of full-step modes. Single phase full-step excitation is where the motor is operated with only one phase energized at-a-time. This mode should only be used where torque and speed performance are not important, e.g. where the motor is operated at a fixed speed and load conditions are well defined. Problems with resonance can preclude operation at some speeds. This mode requires the least amount of power from the drive power supply of any of the excitation modes. Dual phase full-step excitation is where the motor is operated with two phases, energized at-a-time. This mode provides good torque and speed performance with a minimum of resonance problems. Dual excitation, provides about 30 to 40 percent more torque than single excitation, but does require twice the power from the drive power supply. 

2.7.2   Half-step
Half-step excitation is alternate single and dual phase operation resulting in steps one half the normal step sizes. This mode provides twice the resolution. While the motor torque output varies on alternate steps, this is more than offset by the need to step through only half the angle. This mode has become the predominately used mode by Anaheim Automation because it offers almost complete freedom from resonance problems. Motors can be operated over a wide range of speeds and used to drive almost any load commonly encountered. 

2.7.3   Micro-step 
In the micro-step mode, a motor's natural step angle can be divided into much smaller angles. For example, a standard 1.8 degree motor has 200 steps / revolution. If the motor is micro-stepped with a 'divide-by-10', then each micro-step would move the motor 0.18 degrees and there would be 2,000 steps / revolution. Typically, micro-step modes range from divide-by-10 to divide-by-256 (51,200 steps / rev for a 1.8 degree motor). The micro-steps are produced by proportioning the current in the two windings according to sine and cosine functions. This mode is only used where smoother motion or more resolution is required.

2.8   STEPPING MOTORS DRIVERS
The stepper motor driver receives low-level signals from the indexer or control system and converts them into electrical (step) pulses to run the motor. One step pulse is required for every step of the motor shaft. In full step mode, with a standard 200 step motor, 200 step pulses are required to complete one revolution. Likewise, in micro-stepping mode the driver may be required to generate 50,000 or more step pulses per revolution. 

In standard driver designs this usually requires a lot of expensive circuitry. (AMS is able to provide equal performance at low cost through a technology developed at AMS known as VRMC®; Variable Resolution Micro-step Control). 
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Speed and torque performance of the step motor is based on the flow of current from the driver to the motor winding. The factor that inhibits the flow, or limits the time it takes for the current to energize the winding, is known as inductance. The lower the inductance, the faster the current gets to the winding and the better the performance of the motor. To reduce inductance, most types of driver circuits are designed to supply a greater amount of voltage than the motors rated voltage. 

2.8.1   Types of stepper motor drivers 
For industrial applications there are basically three types of driver technologies. They all utilize a "translator" to convert the step and direction signals from the indexer into electrical pulses to the motor. The essential difference is in the way they energize the motor winding. The circuit that performs this task is known as the "switch set." 
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2.8.2   Unipolar drivers
The name unipolar is derived from the fact that current flow is limited to one direction. As such, the switch set of a unipolar drive is fairly simple and inexpensive. The drawback to using a unipolar drive however, it is limited capability to energize all the windings at any one time. As a result, the number of amp turns (torque) is reduced by nearly 40% compared to other driver technologies. Unipolar drivers are good for applications that operate at relatively low step rates. 

2.8.3   R/L drivers
R/L (resistance/limited) drivers are, by today's standards, old technology but still exist in some (low power) applications because they are simple and inexpensive. The drawback to using R/L drivers is that they rely on a "dropping resistor" to get almost 10 times the amount of motor current rating necessary to maintain a useful increase in speed. This process also produces an excessive amount of heat and must rely on a DC power supply for it is current source. 

2.8.4    Bipolar chopper drivers
Bipolar chopper drivers are by far the most widely used drivers for industrial applications. Although they are typically more expensive to design, they offer high performance and high efficiency. Bipolar chopper drivers use an extra set of switching transistors to eliminate the need for two power sources. Additionally, these drivers use a four transistor bridge with recirculating diodes and a sense resistor that maintains a feedback voltage proportional to the motor current. Motor windings, using a bipolar chopper driver, are energized to the full supply level by turning on one set (top and bottom) of the switching transistors. The sense resistor monitors the linear rise in current until the required level is reached. At this point the top switch opens and the current in the motor coil is maintained via the bottom switch and the diode. Current "decay" (lose over time) occurs until a preset position is reached and the process starts over. This "chopping" effect of the supply is what maintains the correct current voltage to the motor at all times. 
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                                      Figure 2.8.1: Bipolar chopper drive switch circuit.

CHAPTER 3

STEPPING MOTORS DRIVES

3.1   DRIVE CIRCUIT

3.3.1   Unipolar Drive Circuit
A simple unipolar drive circuit suitable for use with a three phase variable reluctance stepping motor is shown in Fig 3.1.1. Each phase winding is excited by a separate drive circuit, which is controlled by a low power 'phase control signal'. This control signal may require several stages of switched amplification before is attains the power level required at the base of the phase transistor.
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Fig 3.1.1: A three phase unipolar drive circuit.
In general the phase winding has a considerable inductance, so its natural electrical time constant (inductance/resistance) is long. The build-up of phase current to its rated value would be too slow for satisfactory operation of the motor at high speeds. By adding the forcing resistance, with a proportional increase in supply voltage, the phase electrical time constant can be reduced, enabling operation over a wider speed range. 

Another consequence of the finite phase winding inductance is that the phase current cannot be switched instantaneously. If the base drive of the switching transistor was suddenly removed a large induced voltage would appear between the transistor collector and emitter, causing permanent damage to the drive circuit. This possibility is avoided by providing an alternative current path - known as the freewheeling circuit - for the phase current. When the switching transistor is turned off the phase current can continue to flow through the path provided by the freewheeling diode and freewheeling resistor.

3.1.2   Bipolar Drive Circuit
One phase of a transistor bridge bipolar drive circuit, suitable for use with a hybrid or permanent magnet stepping motor, is shown in Fig 3.1.2. The transistors are switched in pairs according to the current polarity required. For positive excitation of the phase winding transistors T1 and T4 are turned on, so that the current path is from the supply, through transistor T1 to the phase winding and forcing resistance, then through transistor T4 back to the supply. In the opposite case the transistors T2 and T3 are turned on so that the current direction in the phase winding is reversed.
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                    Fig 3.1.2: One phase of a transistor bridge bipolar drive circuit.
The four switching transistors in the bridge require separate base drive to amplify the two (positive and negative) phase control signals. In the case of the 'upper' transistors (T1 and T2) the base drive must be referred to the positive supply rail, which may be at a variable potential. For this reason the phase control signals to these upper base drives are often transmitted via a stage of optical isolation.

A bridge of four diodes, connected in reverse parallel with the switching transistors, provides the path for freewheeling currents. In the illustration of Fig.21 the freewheeling current path, via diodes D2 and D3 , corresponding to the situation immediately after turn-off of transistors T1 and T4. The freewheeling path includes the d.c. supply and therefore some of the energy stored in the phase winding inductance at turn-off is returned to the supply. The consequent improvement in overall system efficiency represents a significant advantage of the bipolar bridge drive over the unipolar drive and for this reason most large stepping motors, including variable reluctance types, are operated from bipolar drives.

Freewheeling currents in the bipolar drive decay more rapidly than in the unipolar drive, because they are opposed by the d.c. supply voltage. Therefore it is not necessary to include additional freewheeling resistance in the bipolar bridge drive.

3.1.3   Bifilar Windings
The transistor bridge bipolar drive circuit requires four transistor/diode pairs per phase, whereas the simple unipolar drive requires only one pair per phase, so drive costs for a hybrid stepping motor are potentially higher than for the variable reluctance type; a two-phase hybrid motor drive has eight transistors and diodes, but a three-phase variable reluctance motor drive has only three transistors and diodes. The bridge configuration has the additional complication of base drive isolation for the pair of switching transistors connected to the positive supply rail. From the view point of drive costs the conventional hybrid motor has a severe disadvantage and therefore many manufacturers have introduced 'bifilar-wound' hybrid motors, which can be operated with a unipolar drive.

A bidirectional current flowing in the hybrid motor windings produces a bidirectional field in the stator poles. With a bifilar winding the same results is achieved by two pole windings in opposite senses, as illustrated for one pole in Fig 3.1.3. Depending on the field direction, one of the windings is excited by a unidirectional current; in Fig 3.1.3 the field produced by a positive current in the conventional arrangement is available by exciting the bifilar +winding with positive current. The effect of negative current in the conventional winding is then achieved by positive excitation of the bifilar -winding.

Each of the bifilar pole windings must have as many turns as the original winding and the same rated current, so a bifilar winding has twice the volume of a conventional winding. This additional volume does, of course, increase the manufacturing costs but for small size of hybrid motor this is outweighed by resultant reduction in drive costs.
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                 Fig 3.1.3: Comparison of conventional and bifilar windings.

The two bifilar windings of one phase may be excited by separate unipolar drive circuits, but one alternative is to 'share' the forcing resistance between the two bifilar windings, as shown in Fig 3.1.4. There are now only two transistor/diode pairs per phase, so the two-phase hybrid motor with bifilar windings requires four transistors and diodes  in its complete drive circuit and has comparable drive costs to a three-phase variable-reluctance motor. The freewheeling path of the bifilar drive does not return energy to be stored to in the inductance at turn-off to the d.c. supply, so the drive has a lower efficiency than the bipolar bridge drive. This reduction in efficiency, coupled with the extra winding costs, is very significant for larger sizes of stepping motor, which are therefore rarely bifilar-wound.
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         Fig 3.1.4: Unipolar drive circuit for one phase of a bifilar-wound motor.
3.1.4   Bilevel Drive Circuit
In the bilevel drive there are two supply voltages. A high voltage is used when the phase current is to be turned on or off, while a lower voltage maintains the current at its rated value during continuous excitation. 

The circuit diagram for one phase of a unipolar bilevel drive is shown in Fig 3.1.5. When the winding is to be excited both transistors (T1 and T2) are switched on, so the voltage applied to the phase winding is equal to the sum of the two supply voltage (
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.There is no series resistance to limit the current, which therefore starts to rise towards a value which is many times the rated winding current. After a short time, however, transistor T2 is switched off and the winding current flows from the supply voltage 
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 via diode D2 and transistor T1. The rated winding current is maintained by the voltage  
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= rated current. At the end of the phase excitation interval transistor T1 is also switched off and the winding current is left to flow around the path through diodes D1 and D2. Rapid decay of the current is assured, because the high supply voltage 
[image: image54.wmf]H

V

 is included in this freewheeling path. 
A typical current waveform for one excitation interval is illustrated in Fig 3.1.6.
3.1.5   Chopper Drive Circuit
This drive circuit - illustrated in its unipolar form in Fig 3.1.7 - has a high supply voltage which is applied to the phase winding whenever the current falls below its rated value. If the phase excitation signal is present, the base drive for transistor T2 is controlled by the voltage Vc dropped across the small resistance Rc by the winding current. At the beginning of the excitation interval the transistor T1 is switched on and the base drive toT2 is enabled. As the phase current is initially zero there is no voltage across Vc and the transistor T2 is switched on. The full supply voltage is therefore applied to the phase winding, as shown in the timing diagram, Fig 3.1.8.
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Fig 3.1.5: The bilevel drive and the effective circuits during the excitation interval (a) at turn-on; (b) continuous excitation; and (c) at turn-off.
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        Fig 3.1.6: Phase current waveform for a bilevel drive.
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             Fig 3.1.7: Chopper drive current waveform and transistor switching times.
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                      Fig 3.1.8: Copper drive current waveform and transistor switching times.
The phase current rises rapidly until it slightly exceeds its rated value (I). Consequently the control voltage is RcI+e and this is sufficient to switch off transistor T2. There is now no voltage applied to the phase winding and the current decays around a path which includes T1, Rc and diode D1. This current path has a small resistance and no opposing voltage, so the decay of current is relatively slow. As the resistance Rc is still included in the circuit the winding current can be monitored and when the control voltage has fallen to RcI-e the transistor T2 is switched on again. The full supply voltage is applied to the winding and the current is rapidly boosted to slightly above rated. This cycle is repeated throughout the excitation time, with the winding current maintained near its rated value by an 'on-off' closed-loop control.

At the end of the excitation interval both transistors are switched off and the winding current freewheels via diodes D1 and D2. The current is now opposed by the supply voltage and is rapidly forced to zero. A high proportion of the energy stored in the winding inductance at turn-off is returned to the supply and therefore the system has a high efficiency.

The chopper drive incorporates more sophisticated control circuitry, e.g. the T2 base drive requires a Schmitt triggering of the control voltage Vc to produce the transition levels. If these levels are not well-separated the transistor T2 switches on and off at a very high frequency, causing interference with adjacent equipment and additional iron losses in the motor. However the chopper drive does have the advantage that the available supply voltage is fully utilized, enabling operation over the widest possible speed range, and the power losses in forcing resistors are eliminated, giving a good system efficiency.

3.2   SPECIFICATION OF STEPPING MOTOR CHARACTERISTICS

In this section, technical terms used for specifying the characteristics of a stepping motor are studied.

3.2.1   Static Characteristics
The characteristics relating to stationary motors are called static characteristics.

(1) T/ Θ characteristics

The stepping motor is first kept stationary at a rest (equilibrium) position by supplying a current in a specified mode of excitation, say, single-phase or two phase excitation. If an external torque is applied to the shaft, an angular displacement will occur. The relation between the external torque and the displacement may be plotted as in Fig 3.2.1. This curve is conventionally called the T/Θ   characteristic curve, and the maximum of static torque is termed the 'holding torque', which occurs at Θ=ΘΜ Fig 3.2.1. At displacements larger than ΘΜ, the static torque does not act in a direction towards the original equilibrium position, but in the opposing direction towards the next equilibrium position. The holding torque is rigorously defined as 'the maximum static torque that can be applied to the shaft of an excited motor without causing continuous motion'. The angle at which the holding torque is produced is not always separated from the equilibrium point by one step angle.

(2) T/I characteristics

The holding torque increases with current, and this relation is conventionally referred to as T/I characteristics. Fig 3.2.2 compares the T/I characteristics of a typical hybrid motor with those of a variable-reluctance motor, the step angle of both being 1.8o. The maximum static torque appearing in the hybrid motor with no current is the detent torque, which is defined as the maximum static torque that can be applied to the shaft of an unexcited motor without causing continuous rotation.
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                                 Fig 3.2.1: T/Θ characteristics.
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Fig 3.2.2: Examples of T/I characteristics (a) a 1.80 four phase variable reluctance motor; and (b) a 1.80 four phase hybrid motor. 
3.2.2   Dynamic Characteristics

The characteristics relating to motors which are in motion or about to start are called dynamic characteristics.
(1) Pull-in torque characteristics
These are alternatively called the starting characteristics and refer to the range of frictional load torque at which the motor can start and stop without losing steps for various frequencies in a pulse train. The number of pulses in the pulse train used for the test is 100 or so. The reason why the word 'range' is used here, instead of 'maximum', is that the motor is not capable of starting or maintaining a normal rotation at small frictional loads in certain frequency ranges as indicated in Fig 3.2.3. When the pull-in torque is measured or discussed, it is also necessary to specify clearly the driving circuit, the measuring method, the coupling method, and the inertia to be coupled to the shaft. In general, the self-starting range decreases with increases in inertia.
(2) Pull-out torque characteristics
This is alternatively called the slewing characteristic. After the test motor is started by a specified driver in the specified excitation mode in self-starting range, the pulse frequency is gradually increased; the motor will eventually run out of synchronism. The relation between the frictional load torque and the maximum pulse frequency with which the motor can synchronize is called the pull-out characteristic (see Fig.3.2.3). The pull-out curve is greatly affected by the driver circuit, coupling, measuring instruments, and other conditions.
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                                    Fig 3.2.3: Dynamic characteristics (After Ref.[1])
(3) The maximum starting frequency
This is defined as the maximum control frequency at which the unloaded motor can start and stop without losing steps.
(4) Maximum pull-out rate
This is defined as the maximum frequency (stepping rate) at which the unloaded motor can run without losing steps, and is alternatively called the 'maximum slewing frequency'.
(5) Maximum starting torque
This is alternatively called 'maximum pull-in torque' and is defined as the maximum frictional load torque with which the motor can start and synchronize with the pulse train of a frequency as low as 10Hz.
3.3   LOW SPEED OPERATION

3.3.1    Step Response
At low speeds, each individual step is discernable and the behavior is a series of step input transients. The motor must be modeled by a set of differential equations, which are in general nonlinear. Approximations may be made to linearize the equations for analytical solutions. Otherwise the solution must be “marched out” in time using a computer numerical method, as explained in the “Principles of Electromechanical Energy Conversion”. For a VR stepping motor with one phase winding excited, the state equation model is comprised of the following equations
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The motor response for a given supply can be obtained by solving the above state equations together with the initial conditions:  
[image: image63.png]@, .and 6]_





Fig 3.3.1 illustrates the experimental step response of a VR motor. It is shown that for this motor the electrical time constant is much smaller than the mechanical time constant.
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                                Fig3.3.1: Experimental step response of a VR motor
3.3.2   Static Torque/position Characteristics and Static Position Error
Fig3.3.2 illustrates the static torque/rotor position characteristics against the phase current.
It is shown that the higher the phase current, the higher the holding torque, whereas the profile of the characteristics are the same. When a stepping motor is employed to drive a load, the equilibrium position will be away from the ideal step position since the torque produced by the motor must balance the load torque.
The difference between the actual equilibrium position and the ideal step position is defined as the static position error. Fig 3.3.3 illustrates the static position error of a stepping motor of eight rotor teeth and a holding torque of 1.2 Nm. When carrying a load of 0.75 Nm, the static position error of this is motor is 80. When a sinusoidal approximation is used for the static torque/rotor position characteristic, the static position error can be estimated approximately by
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Where T is the load torque and Tρκ is the holding torque.
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Fig 3.3.2: Static torque/rotor position characteristics against phase current
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        Fig 3.3.3 Static position error for a stepping motor of eight rotor teeth a holding torque of 1.2 Nm.
3.3.3   Pull-out Torque/Speed Characteristics

Pull-out torque is the maximum torque a stepping motor can develop at a speed.
Fig 3.3.4 illustrates the pull-out torque/speed characteristic of a typical stepping motor.
Due to the low speed resonance (chaotic behavior), there could be some dips in the characteristic.
To understand the pull-out torque, let us consider first the step by step operation of a stepping motor at no load, as shown in Fig 3.3.5. The static torque/position characteristics of phases A, B, and C are approximated by sine waves. Since there is no mechanical load, the rotor would stop at the step position of phase A when phase A winding is energized. For next step, phase B is energized. From the diagram it can be seen that the torque produced by the motor is greater that zero when phase B is energized, and hence the rotor will rotate for another step and stops at the step position of phase B. The situation for further steps will be similar.
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                           Fig 3.3.4: Pull-out torque/speed characteristic.

If the motor carries a load, the equilibrium position where the rotor stops when phase A is energized will be different from the ideal step position since the motor torque should balance the load torque. When phase B is energized for the next step, the rotor will rotate for a step if the torque produced by the motor is higher than the load torque. For a motor of small inertia, the maximum load torque it can carry or the pull-out torque can be determined by the intersection of the static torque/position characteristics of two adjacent phases, as illustrated in Fig 3.3.6. For a motor of large inertia, the pull-out toque is higher since the kinetic energy stored by the inertia helps the rotor to rotate forward.
In this case, the pull-out torque can be determined by averaging the static torque/rotor position characteristics of adjacent phases. As illustrated in Fig 3.3.7, the pull-out torque for a three phase stepping motor is 50% of the holding torque if the motor inertia is low, and 83% of the holding torque if the motor inertia is high. For a four phase motor, these two figures are closer.
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Fig 3.3.5: Rotor position at phase switching times for no load.
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Fig3.3.6: Rotor position at phase switching times for pull-out load.
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             Fig3.3.7: Low and high inertia pull-out torques of (a) three and (b) four phase stepping motors
3.3.4   Low Frequency Resonance

In the pull-out torque/speed characteristic in Fig 3.3.4, there exist some torque dips. This chaotic behavior is caused by low frequency resonance. Fig 3.3.8 shows a typical step response. When the rotor oscillation frequency equals the natural frequency of the motor, a low frequency resonance occurs and the pull-out torque drops dramatically or the motor simply stalls. To overcome this problem, a viscously-coupled inertia damper as shown in Fig 3.3.9 can be employed. Fig 3.3.10 shows the effects of VCID.
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                                                Fig.3.3.8: A typical step response.
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   Fig3.3.9: Viscously-coupled inertia damper (a) parallel and (b) perpendicular to the shaft.
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Fig 3.3.10: Effect of VCID.
3.4   HIGH SPEED OPERATION
At high speeds, the steps merge into one another, and alternative methods may be used to set up and/or solve the differential equations:
  (1) Step ripple present
The equations must be “marched-out” in time as before, or the equations can be linearized for small oscillations.
 (2)  Speed ripple assumed zero
It may be possible to use time-domain methods such as Fourier analysis and/or  phasor analysis.
 (3)  Speed ripple assumed zero and current assumed sinusoidal A.C. phasor analysis can be used, (Same model as that for synchronous motors).

3.4.1   Steady State Phasor Analysis

Fig 3.4.1 illustrates the equivalent circuit in time domain of a phase winding. The circuit equation for one phase excitation can be written as
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where L  is the stator winding inductance,  λm  the stator winding flux linkage due to the permanent magnet, and
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                         Fig 3.4.1: Per phase equivalent circuit in time domain

(1) Phasor Expression of VR Stepping Motor
For a VR stepping motor, we have
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Since unipolar drive is employed, we may express the fundamental components of the voltage and current in the stator phase winding as
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Substituting (9) - (12) into (7) and neglecting the high frequency terms, we obtain the voltage and current relations as
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In phasor expression, the above voltage-current relationship becomes
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(2) Phasor Expression of PM and Hybrid Stepping Motors
For PM and hybrid motors, L can be considered as independent of the rotor position.
The fundamental component of the voltage and current can be expressed as
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Assuming the flux linkage of the stator winding due to the permanent magnet is
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In phasor expression, the above voltage-current relationship becomes
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(3) Equivalent Circuit in Frequency Domain
A common phasor expression for all stepping motors is
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For a VR stepping motor, and
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for a PM or hybrid stepping motor.

Fig 3.4.2: illustrates the corresponding equivalent circuit in frequency domain, and Fig 3.4.3 shows the corresponding phasor diagram.
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                Fig 3.4.2: Equivalent circuit in frequency domain               
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              Fig 3.4.3: Phasor diagram of stepping motors
(4) Pull-out Torque Expression
From the phasor diagram, it can be derived that the electromagnetic torque of a stepping motor can be expressed as
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 m is the number of phases, and p = Nr /2 the pole pairs of the motor.
The pull-out torque is the maximum torque for a certain speed, and can be determined by letting   δ = β   . Therefore,
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Fig 3.4.4 plots the predicted pull-out torque against the rotor speed by (27), where
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for a VR stepping motor, and
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 for a PM or hybrid stepping motor.
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                         Fig.44 Predicted pull-out torque against rotor speed
5) High Frequency Instability
The second term in the torque equation reaches maximum when
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For an excitation frequency higher than this critical frequency, the stepping motor would develop low frequency oscillations, and may drop out, as shown in Fig.34 by the high speed torque dip due to instability. This oscillation can be prevented by damping (rotor cage), or by rotor position feedback (brushless dc motor). Fig.45 illustrates the effects of damping.
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                                                Fig3.4.5: Prevention of high speed instability by damping
CHAPTER 4

CONTROL OF STEPPING MOTORS

4.1   BASIC STEPPING MOTOR CONTROL CIRCUITS

This section of the stepper tutorial deals with the basic final stage drive circuitry for stepping motors. This circuitry is centered on a single issue, switching the current in each motor winding on and off, and controlling its direction. The circuitry discussed in this section is connected directly to the motor windings and the motor power supply, and this circuitry is controlled by a digital system that determines when the switches are turned on or off. 

This section covers all types of motors, from the elementary circuitry needed to control a variable reluctance motor, to the H-bridge circuitry needed to control a bipolar permanent magnet motor. Each class of drive circuit is illustrated with practical examples, but these examples are not intended as an exhaustive catalog of the commercially available control circuits, nor is the information given here intended to substitute for the information found on the manufacturer's component data sheets for the parts mentioned. 

This section only covers the most elementary control circuitry for each class of motor. All of these circuits assume that the motor power supply provides a drive voltage no greater than the motor's rated voltage, and this significantly limits motor performance. The next section, on current limited drive circuitry, covers practical high-performance drive circuits. 

4.1.1   Variable Reluctance Motors

Typical controllers for variable reluctance stepping motors are variations on the outline shown in Figure 4.1.1: 
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Figure 4.1.1: Typical controllers for variable reluctance stepping motors.

In Figure 4.1.1, boxes are used to represent switches; a control unit, not shown, is responsible for providing the control signals to open and close the switches at the appropriate times in order to spin the motors. In many cases, the control unit will be a computer or programmable interface controller, with software directly generating the outputs needed to control the switches, but in other cases, additional control circuitry is introduced, sometimes gratuitously! 

Motor windings, solenoids and similar devices are all inductive loads. As such, the current through the motor winding cannot be turned on or off instantaneously without involving infinite voltages! When the switch controlling a motor winding is closed, allowing current to flow, the result of this is a slow rise in current. When the switch controlling a motor winding is opened, the result of this is a voltage spike that can seriously damage the switch unless care is taken to deal with it appropriately. 

There are two basic ways of dealing with this voltage spike. One is to bridge the motor winding with a diode, and the other is to bridge the motor winding with a capacitor. Figure 4.1.2 illustrates both approaches: 
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Figure 4.1.2: The circuits of the two basic ways of dealing with voltage spike when controlling a variable reluctance stepping motor.

The diode shown in Figure 4.1.2 must be able to conduct the full current through the motor winding, but it will only conduct briefly each time the switch is turned off, as the current through the winding decays. If relatively slow diodes such as the common 1N400X family are used together with a fast switch, it may be necessary to add a small capacitor in parallel with the diode. 

The capacitor shown in Figure 4.1.2 poses more complex design problems! When the switch is closed, the capacitor will discharge through the switch to ground, and the switch must be able to handle this brief spike of discharge current. A resistor in series with the capacitor or in series with the power supply will limit this current. When the switch is opened, the stored energy in the motor winding will charge the capacitor up to a voltage significantly above the supply voltage, and the switch must be able to tolerate this voltage. To solve for the size of the capacitor, we equate the two formulas for the stored energy in a resonant circuit: 

P = C V2 / 2 
P = L I2 / 2 

Where: 

P -- stored energy, in watt seconds or coulomb volts 
C -- capacity, in farads 
V -- voltage across capacitor 
L -- inductance of motor winding, in henrys 
I -- current through motor winding 

Solving for the minimum size of capacitor required to prevent overvoltage on the switch is fairly easy: 

C > L I2 / (Vb - Vs)2 

Where: 

Vb -- the breakdown voltage of the switch 
Vs -- the supply voltage 

Variable reluctance motors have variable inductance that depends on the shaft angle. Therefore, worst-case design must be used to select the capacitor. Furthermore, motor inductances are frequently poorly documented, if at all. 

The capacitor and motor winding, in combination, form a resonant circuit. If the control system drives the motor at frequencies near the resonant frequency of this circuit, the motor current through the motor windings, and therefore, the torque exerted by the motor, will be quite different from the steady state torque at the nominal operating voltage. The resonant frequency is: 

f = 1 / (2[image: image99.png]


 (L C)0.5) 

Again, the electrical resonant frequency for a variable reluctance motor will depend on shaft angle. When a variable reluctance motors is operated with the exciting pulses near resonance, the oscillating current in the motor winding will lead to a magnetic field that goes to zero at twice the resonant frequency, and this can severely reduce the available torque. 
4.1.2   Unipolar Permanent Magnet and Hybrid Motors

Typical controllers for unipolar stepping motors are variations on the outline shown in Figure 4.1.3: 
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Figure 4.1.3: Typical controllers for unipolar stepping motors.
In Figure 4.1.3, as in Figure 4.1.1, boxes are used to represent switches; a control unit, not shown, is responsible for providing the control signals to open and close the switches at the appropriate times in order to spin the motors. The control unit is commonly a computer or programmable interface controller, with software directly generating the outputs needed to control the switches. 

As with drive circuitry for variable reluctance motors, we must deal with the inductive kick produced when each of these switches is turned off. Again, we may shunt the inductive kick using diodes, but now, 4 diodes are required, as shown in Figure 4.1.4: 
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Figure 4.1.4: shunting the inductive kick using diodes.

The extra diodes are required because the motor winding is not two independent inductors, it is a single center-tapped inductor with the center tap at a fixed voltage. This acts as an autotransformer! When one end of the motor winding is pulled down, the other end will fly up, and visa versa. When a switch opens, the inductive kickback will drive that end of the motor winding to the positive supply, where it is clamped by the diode. The opposite end will fly downward, and if it was not floating at the supply voltage at the time, it will fall below ground, reversing the voltage across the switch at that end. Some switches are immune to such reversals, but others can be seriously damaged. 

A capacitor may also be used to limit the kickback voltage, as shown in Figure 4.1.5: 
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Figure 4.1.5: A capacitor is used to limit the kickback voltage.

The rules for sizing the capacitor shown in Figure 4.1.5 are the same as the rules for sizing the capacitor shown in Figure 4.1.2, but the effect of resonance is quite different! With a permanent magnet motor, if the capacitor is driven at or near the resonant frequency, the torque will increase to as much as twice the low-speed torque! The resulting torque versus speed curve may be quite complex, as illustrated in Figure 4.1.6: 
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Figure 4.1.6: The resulting torque versus speed curve.

Figure 4.1.6 shows a peak in the available torque at the electrical resonant frequency, and a valley at the mechanical resonant frequency. If the electrical resonant frequency is placed appropriately above what would have been the cutoff speed for the motor using a diode-based driver, the effect can be a considerable increase in the effective cutoff speed. 

The mechanical resonant frequency depends on the torque, so if the mechanical resonant frequency is anywhere near the electrical resonance, it will be shifted by the electrical resonance! Furthermore, the width of the mechanical resonance depends on the local slope of the torque versus speed curve; if the torque drops with speed, the mechanical resonance will be sharper, while if the torque climbs with speed, it will be broader or even split into multiple resonant frequencies. 

4.1.3   Bipolar Motors and H-Bridges

Things are more complex for bipolar permanent magnet stepping motors because these have no center taps on their windings. Therefore, to reverse the direction of the field produced by a motor winding, we need to reverse the current through the winding. We could use a double-pole double throw switch to do this electromechanically; the electronic equivalent of such a switch is called an H-bridge and is outlined in Figure 4.1.7: 
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Figure 4.1.7: H-bridge.
As with the unipolar drive circuits discussed previously, the switches used in the H-bridge must be protected from the voltage spikes caused by turning the power off in a motor winding. This is usually done with diodes, as shown in Figure 4.1.7. 

It is worth noting that H-bridges are applicable not only to the control of bipolar stepping motors, but also to the control of DC motors, push-pull solenoids (those with permanent magnet plungers) and many other applications. 

With 4 switches, the basic H-bridge offers 16 possible operating modes, 7 of which short out the power supply! The following operating modes are of interest: 

Forward mode, switches A and D closed. 

Reverse mode, switches B and C closed. 

These are the usual operating modes, allowing current to flow from the supply, through the motor winding and onward to ground. Figure 4.1.8 illustrates forward mode: 
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Figure 4.1.8: H-bridge Forward mode.
Fast decay mode or coasting mode, all switches open. 

Any current flowing through the motor winding will be working against the full supply voltage, plus two diode drops, so current will decay quickly. This mode provides little or no dynamic braking effect on the motor rotor, so the rotor will coast freely if all motor windings are powered in this mode. Figure 4.1.9 illustrates the current flow immediately after switching from forward running mode to fast decay mode. 
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Figure 4.1.9: H-bridge Fast decay mode.

Slow decay modes or dynamic braking modes. 

In these modes, current may recirculate through the motor winding with minimum resistance. As a result, if current is flowing in a motor winding when one of these modes is entered, the current will decay slowly, and if the motor rotor is turning, it will induce a current that will act as a brake on the rotor. Figure 4.1.10 illustrates one of the many useful slow-decay modes, with switch D closed; if the motor winding has recently been in forward running mode, the state of switch B may be either open or closed: 
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Figure 4.1.10: H-bridge slow-decay modes.

Most H-bridges are designed so that the logic necessary to prevent a short circuit is included at a very low level in the design. Figure 4.1.11 illustrates what is probably the best arrangement: 

[image: image108.png]+supply





Figure 4.1.11: H-bridge best arrangement.

Here, the following operating modes are available: 

	XY
	
	ABCD
	Mode

	
	
	
	

	00
	
	0000
	fast decay 

	01
	
	1001
	forward 

	10
	
	0110
	reverse 

	11
	
	0101
	slow decay 


The advantage of this arrangement is that all of the useful operating modes are preserved, and they are encoded with a minimum number of bits; the latter is important when using a microcontroller or computer system to drive the H-bridge because many such systems have only limited numbers of bits available for parallel output. Sadly, few of the integrated H-bridge chips on the market have such a simple control scheme. 

4.2   CURRENT LIMITING FOR STEPPING MOTORS

Small stepping motors, such as those used for head positioning on floppy disk drives, are usually driven at a low DC voltage, and the current through the motor windings is usually limited by the internal resistance of the winding. High torque motors, on the other hand, are frequently built with very low resistance windings; when driven by any reasonable supply voltage, these motors typically require external current limiting circuitry. 

There is good reason to run a stepping motor at a supply voltage above that needed to push the maximum rated current through the motor windings. Running a motor at higher voltages leads to a faster rise in the current through the windings when they are turned on, and this, in turn, leads to a higher cutoff speed for the motor and higher torques at speeds above the cutoff. 

Microstepping, where the control system positions the motor rotor between half steps, also requires external current limiting circuitry. For example, to position the rotor 1/4 of the way from one step to another, it might be necessary to run one motor winding at full current while the other is run at approximately 1/3 of that current. 

The remainder of this section discusses various circuits for limiting the current through the windings of a stepping motor, starting with simple resistive limiters and moving up to choppers and other switching regulators. Most of these current limiters are appropriate for many other applications, including limiting the current through conventional DC motors and other inductive loads. 

4.2.1   Resistive Current Limiters

The easiest to understand current limiter is a series resistor. Most motor manufacturers recommended this approach in their literature up until the early 1980's, and most motor data sheets still give performance curves for motors driven by such circuits. The typical circuits used to control the current through one winding of a permanent magnet or hybrid motor, are shown in Figure 4.2.1. 
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Figure 4.2.1: Resistive current limiters circuitry.

R1 in this figure limits the current through the motor winding. Given a rated current of I and a motor winding with a resistance Rw, Ohm's law sets the maximum supply voltage as I(Rw+R1). Given that the inductance of the motor winding is Lw, the time constant for the motor winding will be Lw/(Rw+R1). 
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Figure 4.2.2: Graphical interpretation of the effect of increasing the resistance and the operating voltage on the rise and fall times of the current through one winding of a stepping motor.

R2 is shown only in the unipolar example in Figure 4.2.1 because it is particularly useful there. For a bipolar H-bridge drive, when all switches are turned off, current flows from ground to the motor supply through R1, so the current through the motor winding will decay quite quickly. In the unipolar case, R2 is necessary to equal this performance. 

Note: When the switches in the H-bridge circuit shown in Figure 4.2.1 are opened, the direction of current flow through R1 will reverse almost instantaneously! If R1 has any inductance, for example, if it is wire-wound, it must either be bypassed with a capacitor to handle the voltage kick caused by this current reversal, or R2 must be added to the H-bridge. 

Given the rated maximum current through each winding and the supply voltage, the resistance and wattage of R1 is easy to compute. R2 if it is included, poses more interesting problems. The resistance of R2 depends on the maximum voltage the switches can handle. For example, if the supply voltage is 24 volts, and the switches are rated at 75 volts, the drop across R2 can be as much as 51 volts without harming the transistors. Given an operating current of 1.5 amps, R2 can be a 34 ohm resistor. Note that an interesting alternative is to use a Zener diode in place of R2. 

Figuring the peak average power R2 must dissipate is a wonderful exercise in dynamics; the inductance of the motor windings is frequently undocumented and may vary with the rotor position. The power dissipated in R2 also depends on the control system. The worst case occurs when the control system chops the power to one winding at a high enough frequency that the current through the motor winding is effectively constant; the maximum power is then a function of the duty cycle of the chopper and the ratios of the resistances in the circuit during the on and off phases of the chopper. Under normal operating conditions, the peak power dissipation will be significantly lower. 

4.2.2   Linear Current Limiters

A pair of high wattage power resistors can cost more than a pair of power transistors plus a heat sink, particularly if forced air cooling is available. Furthermore, a transistorized constant current source, as shown in Figure 4.2.3, will give faster rise times through the motor windings than the current limiting resistor shown in Figure 4.2.1. This is because a current source will deliver the full supply voltage across the motor winding until the current reaches the rated current; only then will the current source drop the voltage. 
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Figure 4.2.3: linear current limiter circuitry.

In Figure 4.2.3, a transistorized current source (T1 plus R1) has been substituted for the current limiting resistor R1 used in the examples in Figure 4.2.1. The regulated voltage supplied to the base of T1 serves to regulate the voltage across the sense resistor R1, and this, in turn, maintains a constant current through R1 so long as any current is allowed to flow through the motor winding. 

Typically, R1 will have as low a resistance as possible, in order to avoid the high cost of a power resistor. For example, if the forward voltage drops across the diode in series with the base T1 and VBE for T1 are both 0.65 volts, and if a 3.3 volt zener diode is used for a reference, the voltage across R1 will be maintained at about 2.0 volts, so if R1 is 2 ohms, this circuit will limit the current to 1 amp, and R1 must be able to handle 2 watts. 

R3 in Figure 4.2.3 must be sized in terms of the current gain of T1 so that sufficient current flows through R1 and R3 to allow T1 to conduct the full rated motor current. 

The transistor T1 used as a current regulator in Figure 4.2.3 is run in linear mode, and therefore, it must dissipate quite a bit of power. For example, if the motor windings have a resistance of 5 ohms and a rated current of 1 amp, and a 25 volt power supply is used, T1 plus R1 will dissipate, between them, 20 watts! The circuits discussed in the following sections avoid this waste of power while retaining the performance advantages of the circuit given here. 

When an H-bridge bipolar drive is used with a resistive current limiter, as shown in Figure 4.2.1, the resistor R2 was not needed because current could flow backwards through R1. When a transistorized current limiter is used, current cannot flow backwards through T1, so a separate current path back to the positive supply must be provided to handle the decaying current through the motor windings when the switches are opened. R2 serves this purpose here, but a zener diode may be substituted to provide even faster turn-off. 

The performance of a motor run with a current limited power supply is noticeably better than the performance of the same motor run with a resistively limited supply, as illustrated in Figure 4.2.4: 
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Figure 4.2.4: The performance of a motor run with a current limited power supply and run with a resistively limited supply.

With either a current limited supply or a resistive current limiter, the initial rate of increase of the current through the inductive motor winding when the power is turned on depends only on the inductance of the winding and the supply voltage. As the current increases, the voltage drop across a resistive current limiter will increase, dropping the voltage applied to the motor winding, and therefore, dropping the rate of increase of the current through the winding. As a result, the current will only approach the rated current of the motor winding asymptotically 

In contrast, with a pure current limiter, the current through the motor winding will increase almost linearly until the current limiter cuts in, allowing the current to reach the limit value quite quickly. In fact, the current rise is not linear; rather, the current rises asymptotically towards a limit established by the resistance of the motor winding and the resistance of the sense resistor in the current limiter. This maximum is usually well above the rated current for the motor winding. 

4.2.3   Open Loop Current Limiters

Both the resistive and the linear transistorized current limiters discussed above automatically limit the current through the motor winding, but at a considerable cost, in terms of wasted heat. There are two schemes that eliminate this expense, although at some risk because of the lack of feedback about the current through the motor. 

(1)  Use of a Voltage Boost

If you plot the voltage across the motor winding as a function of time, assuming the use of a transistorized current limiter such as is illustrated in Figure 4.2.3, and assuming a 1 amp 5 ohm motor winding, the result will be something like that illustrated in Figure 4.2.5: 
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Figure 4.2.5: the result of plotting a voltage boost across the motor winding as a function of time.

As long as the current is below the current limiter's set point, almost the full supply voltage is applied across the motor winding. Once the current reaches the set point, the voltage across the motor winding falls to that needed to sustain the current at the set point, and when the switches open, the voltage reverses briefly as current flows through the diode network and R2. 

An alternative way to get this voltage profile is to use a dual-voltage power supply, turning on the high voltage for as long as it takes to bring the current in the motor winding up to the rated current, and then turning off the high voltage and turning on the sustaining voltage. Some motor controllers do this directly, without monitoring the current through the motor windings. This provides excellent performance and minimizes power losses in the regulator, but it offers a dangerous temptation. 

If the motor does not deliver enough torque, it is tempting to simply lengthen the high-voltage pulse at the time the motor winding is turned on. This will usually provide more torque, although saturation of the magnetic circuits frequently leads to less torque than might be expected, but the cost is high! The risk of burning out the motor is quite real, as is the risk of demagnetizing the motor rotor if it is turned against the imposed field while running hot. Therefore, if a dual-voltage supply is used, the temptation to raise the torque in this way should be avoided! 

The problems with dual voltage supplies are particularly serious when the time intervals are under software control, because in this case, it is common for the software to be written by a programmer who is insufficiently aware of the physical and electrical characteristics of the control system. 
 (2) Use of Pulse Width Modulation 
Another alternative approach to controlling the current through the motor winding is to use a simple power supply controlled by pulse width modulation (PWM) or by a chopper. During the time the current through the motor winding is increasing, the control system leaves the supply attached with a 100% duty cycle. Once the current is up to the full rated current, the control system changes the duty cycle to that required to maintain the current. Figure 4.2.6 illustrates this scheme: 
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Figure 4.2.6: Graphical interpretation of using a simple power supply controlled by pulse width modulation.

For any chopper or pulse width modulator, we can define the duty-cycle D as the fraction of each cycle that the switch is closed: 

D = Ton / (Ton + Toff) 

Where 

Ton-- time the switch is closed during each cycle.
Toff -- time the switch is open during each cycle 

The voltage curve shown above indicates the full supply voltage being applied to the motor winding during the on-phase of every chopper cycle, while when the chopper is off, a negative voltage is shown. This is the result of the forward voltage drop in the diodes that are used to shunt the current when the switches turn off, plus the external resistance used to speed the decay of the current through the motor winding. 

For large values of Ton or Toff, the exponential nature of the rise and fall of the current through the motor winding is significant, but for sufficiently small values, we can approximate these as linear. Assuming that the chopper is working to maintain a current of I and that the amplitude is small, we will approximate the rates of rise and fall in the current in terms of the voltage across the motor winding when the switch is closed and when it is open: 

Von = Vsupply - I(Rwinding + Ron) 


Voff = Vdiode + I(Rwinding + Roff)


Here, we lump together all resistances in series with the winding and power supply in the on state as Ron, and we lump together all resistances in the current recirculation path when the switch(es) are open as Roff. The forward voltage drops of any diodes in the current recirculation path have been lumped as Vdiode; if the off-state recirculation path runs from ground to the power supply (H-bridge fast decay mode), the supply voltage must also be included in Vdiode. Forward voltage drops of any switches in the on-state and off-state paths should also be incorporated into these voltages. 

To solve for the duty cycle, we first note that: 

dI/dt = V/L 

Where 

I -- current through the motor winding 
V -- voltage across the winding 
L -- inductance of the winding 

We then substitute the specific voltages for each phase of operation: 

Iripple / Toff = Voff / L 
Iripple / Ton = Von / L 

Where 

Iripple -- the peak to peak ripple in the current 

Solving for Toff and Ton and then substituting these into the definition of the duty cycle of the chopper, we get: 

D = Ton / (Ton + Toff) = Voff / (Von + Voff) 

If the forward voltage drops in diodes and switches are negligable, and if the only significant resistance is that of the motor winding itself, this simplifies to: 

D = I Rwinding / Vsupply = Vrunning / Vsupply 

This special case is particularly desirable because it delivers all of the power to the motor winding, with no losses in the regulation system, without regard for the difference between the supply voltage and the running voltage. 

The AC ripple Iripple superimposed on the running current by a chopper can be a source of problems; at high frequencies, it can be a source of RF emissions, and at audio frequencies, it can be a source of annoying noise. For example, with audio frequency chopping, most stepper controlled systems will "squeel", sometimes loudly, when the rotor is displaced from the equilibrium position. For small systems, this is usually no more than a minor nuisance, but in systems with large numbers of high power steppers, the ripple currents can induce dangerous AC voltages on nearby signal lines and dangerous currents in nearby ground lines. To find the ripple amplitude, first recall that: 

Iripple / Toff = Voff / L 

Then solve for Iripple: 

Iripple = Toff Voff / L 

Thus, to reduce the ripple amplitude at any particular duty cycle, it is necessary to increase the chopper frequency. This cannot be done without limit because switching losses increase with frequency. Note that this change has no significant effect on AC losses; the decrease in such losses due to decreased amplitude in the ripple is generally offset by the effect of increasing frequency. 

The primary problem with use of a simple chopping or pulse-width modulation control scheme is that it is completely open loop. Design of good chopper based control systems requires knowledge of motor characteristics such as inductance that are frequently poorly documented, and as with dual-voltage supplies, when motor performance is marginal, it is very tempting to increase the duty-cycle without attention to the long-term effects of this on the motor. In the designs that follow, this weakness will be addressed by introducing feedback loops into the low level drive system to directly monitor the current and determine the duty cycle. 

4.2.4   One-Shot Feedback Current Limiting

The most common approach to automatically adjusting the duty cycle of the switches in the stepper driver involves monitoring the current to the motor windings; when it rises too high, the winding is turned off for a fixed interval. This requires a current sensing system and a one-shot, as illustrated in Figure 4.2.7: 
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Figure 4.2.7: a unipolar drive system.

As with the circuit given in Figure 4.2.3, R1 should be as small as possible, limited only by the requirement that the sense voltage provided to the comparator must be high enough to be within its operating range. Note that when the one-shot output (¬Q) is low, the voltage across R1 no-longer reflects the current through the motor winding. Therefore, the one-shot must be insensitive to the output of the comparator between the time it fires and the time it resets. Practical circuit designs using this approach involve some complexity to meet this constraint. 

Selecting the value of R2 for the circuit shown in Figure 4.7 poses problems. If R2 is large, the current through the motor windings will decay quickly when the higher level control system turns off this motor winding, but when the winding is turned on, the current ripple will be large and the power lost in R2 will be significant. If R2 is small, this circuit will be very energy efficient but the current through the motor winding will decay only slowly when this winding is turned off, and this will reduce the cutoff speed for the motor. 

The peak power dissipated in R2 will be I2R2 during Toff and zero during Ton; thus, the average power dissipated in R2 when the motor winding is on will be: 

P2 = I2R Toff / (Ton + Toff) 

Recall that the duty cycle D is defined as Ton/(Ton+Toff) and may be approximated as Vrunning/Vsupply. As a result, we can approximate the power dissipation as: 

P2 = I2R2 (1 - Vrunning/Vsupply). 

Given the usual safety margins used in selecting power resistor wattages, a better approximation is not necessary. 

When designing a control system based on pulse width modulation, note that the cutoff time for the one-shot determines Toff, and that this is fixed, determined by the timing network attached to the one-shot. Ideally, this should be set as follows: 

Toff = L Iripple / Voff 

This presumes that the inductance L of the motor winding is known, that the acceptable magnitude of Iripple is known, and that Voff, the total reverse voltage in the current recirculation path, is known and fixed. 

Note that this scheme leads to a variable chopping rate. As with the linear current limiters shown in Figure 4.3, the full supply voltage will be applied during the turn-on phase, and the chopping action only begins when the motor winding reaches the current limit set by Vref. This circuit will vary the chopping rate to compensate for changes in the back EMF of the motor winding, for example, those caused by rotor motion; in this regard, it offers the same quality of regulation as the linear current limiter. 

The one-shot current regulator shown in Figure 4.2.7 can also be applied to an H-bridge regulator. The encoded H-bridge shown in Figure 4.1.11 is an excellent candidate for this application, as shown in Figure 4.2.8: 

[image: image116.png]§ +supply

Ry





Figure 4.2.8: One-shot feedback current limiting circuitry.
Unlike the circuit in Figure 4.2.7, this circuit does not provide design tradeoffs in the selection of the resistance in the current decay path; instead, it offers the same selection of decay paths as was available in the original circuit from Figure 4.1.11. If the X and Y control inputs are held in a running mode (01 or 10), the current limiter will alternate between that running and slow decay modes, maximizing energy efficiency. When the time comes to turn off the current through the motor winding, the X and Y inputs may be set to 00, using fast decay mode to maximize the cutoff speed, while if the damping effect of dynamic braking is needed to control resonance, X and Y may be set to 11. 

Note that the current recirculation path during dynamic braking does not pass through R1, and as a result, if the motor generates a large amount of power, burnt out components in the motor or controller are likely. This is unlikely to cause problems with stepping motors, but when dynamic braking is used with DC motors, the current limiter should be arranged to remain engaged while in braking mode! 

4.2.5   Hysteresis Feedback Current Limiting

In many cases, motor control systems are expected to operate acceptably with a number of different stepping motors. The one-shot based current regulators, illustrated in Figures 4.2.7 and 4.2.8, have an accuracy that depends on the inductance of the motor windings. Therefore, if fixed accuracy is required, any motor must be balanced by changes to the RC network that determines the off-time of the one-shot. 

This section deals with alternative designs that eliminate the need for this tuning. These alternative designs offer fixed precision current regulation over a wide range of load inductances. The key to this approach is arrange the recirculation paths so that the current-sense resistor R1 is always in the circuit, and then turn the switches on or off depending only on the current. 

The usually way to build this type of controller is to use a comparator with a degree of hysteresis, for example, by feeding the output of the comparator back into one of its inputs through a resistor network, as illustrated in Figure 4.2.10: 
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Figure 4.2.10: Hysteresis feedback current limiting circuitry.

To compute the desired values of R2 and R3, we note that: 

Vripple > Vhysteresis 

Where: 

Vripple = Iripple R1 
Iripple -- the maximum ripple allowed in the current 

and: 

Vhysteresis = Vswing R2 / (R2 + R3) 
Vswing -- the voltage swing at the output of the comparator 

We can solve this for the ratio of the resistances: 

R2 / (R2 + R3) < Iripple R1 / Vswing 

For example, if R1 is 0.5 ohms and we wish to regulate the current to within 10 milliamps, using a comparator with TTL compatible outputs and a voltage swing of 4 volts, the ratio must be no greater than .00125. 

Note that the sum R2 + R3 determines the loading on Vref, assuming that the input resistance of the comparator is effectively infinite. Typically, therefore, this sum is made quite large. 

One problem with the circuit given in Figure 4.2.10 is that it does not limit the current through the motor in dynamic braking or slow decay modes. Even if the current through the sense resistor vastly exceeds the desired current, switches B and D will remain closed in dynamic braking mode, and if the reference voltage is variable, rapid drops in the reference voltage will not be enforced by this control system. 

The designers of the Allegro 3952 chip faced this problem, and passed the solution back to the user, providing a MODE input to determine whether the chopper alternated between running and fast decay mode or running and slow decay mode. Note that this chip uses a fixed off-time set by a one-shot, and therefore, switching between the two decay modes will change the precision of the current regulator. Given that such a change in precision is acceptable, we can modify the circuit from Figure 4.2.10 to automatically thrown the system into fast-decay mode if the running or dynamic braking current exceeds the set-point of the comparator by too great a margin. Figure 4.2.11 illustrates how this can be done using a second comparator: 
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Figure 4.2.11: Hysteresis feedback current limiting circuitry using a second comparator.

As shown in Figure 4.2.11, the lower comparator directly senses the voltage across R1, while the upper comparator senses a higher voltage, determined by a resistor network. This network should hold the negative inputs of the two comparators just far enough apart to guarantee that, as the voltage across R1 rises, the top comparator will always open the top switches before the bottom comparator opens the bottom switches, and as the voltage across R1 falls, the bottom comparator will always close the bottom switches before the top comparator closes the top switches. 

As a result, this system has two basic steady-state running modes. If the motor winding is drawing power, one of the bottom switches will remain closed while the opposite switch on the top is used to chop the power to the motor winding, alternating the state of the system between running and slow-decay mode. 

If the motor winding is generating power, the top switches will remain open and the bottom switches will do the chopping, alternating between fast-decay and slow-decay modes as needed to keep the current within limits. 

If the two comparators have accuracies on the order of a millivolt with hysteresis on the order of 5 millivolts, it is reasonable to use a 5 millivolt difference between the top and bottom comparator. If we use the 5 volt logic supply as the pull-up supply for the resistor network, and we assume a nominal operating threshold of around 0.5 volts, the resistor network should have a ratio of 1:900; for example, a 90k resistor from +5 and a 100 ohm resistor between the two comparator inputs. 

4.3   MICROSTEPPING OF STEPPING MOTORS

Microstepping serves two purposes. First, it allows a stepping motor to stop and hold a position between the full or half-step positions, second, it largely eliminates the jerky character of low speed stepping motor operation and the noise at intermediate speeds, and third, it reduces problems with resonance. 

Although some microstepping controllers offer hundreds of intermediate positions between steps, it is worth noting that microstepping does not generally offer great precision, both because of linearity problems and because of the effects of static friction. 

4.3.1   Sine Cosine Microstepping

Recall that for an ideal two-winding variable reluctance or permanent magnet motor the torque versus shaft angle curve is determined by the following formulas: 

h = ( a2 + b2 )0.5 
x = ( S / ([image: image119.png]
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Where: 

a -- torque applied by winding with equilibrium at angle 0. 
b -- torque applied by winding with equilibrium at angle S. 
h -- holding torque of composite. 
x -- equilibrium position. 
S -- step angle. 

This formula is quite general, but it offers little in the way of guidance for how to select appropriate values of the current through the two windings of the motor. A common solution is to arrange the torques applied by the two windings so that their sum h has a constant magnitude equal to the single-winding holding torque. This is referred to as sine-cosine microstepping: 

a = h1 sin((([image: image120.png]


/2)/S)[image: image121.png]


) 
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Where: 

h1 -- single-winding holding torque 
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 -- the electrical shaft angle 

Given that none of the magnetic circuits are saturated, the torque and the current are linearly related. As a result, to hold the motor rotor to angle [image: image126.png]


), we set the currents through the two windings as: 

Ia = Imax sin((([image: image127.png]
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) 
Ib = Imax cos((([image: image129.png]
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) 

Where: 

Ia -- current through winding with equilibrium at angle 0. 
Ib -- current through winding with equilibrium at angle S. 
Imax -- maximum allowed current through any motor winding. 

Keep in mind that these formulas apply to two-winding permanent magnet or hybrid stepping motors. Three pole or five pole motors have more complex behavior, and the magnetic fields in variable reluctance motors don't add following the simple rules that apply to the other motor types. 

4.3.2   Limits of Microstepping

The utility of microstepping is limited by at least three considerations. First, if there is any static friction in the system, the angular precision achievable with microstepping will be limited.

(1)  Detent Effects

The second problem involves the non-sinusoidal character of the torque versus shaft-angle curves on real motors. Sometimes, this is attributed to the detent torque on permanent magnet and hybrid motors, but in fact, both detent torque and the shape of the torque versus angle curves are products of poorly understood aspects of motor geometry, specifically, the shapes of the teeth on the rotor and stator. These teeth are almost always rectangular, and I am aware of no detailed study of the impact of different tooth profiles on the shapes of these curves. 

Most commercially available microstepping controllers provide a fair approximation of the sine-cosine drive current that would drive an ideal stepping motor to uniformly spaced steps. Ideal motors are rare, and when such a controller is used with a real motor, a plot of the actual motor position as a function of the expected position will generally look something like the plot shown in Figure 4.3.1. 
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Figure 4.3.1: A plot of the actual motor position as a function of the expected position.

Note that the motor is at its expected position at every full step and at every half step, but that there is significant positioning error in the intermediate positions. The curve shown is the curve that would result from a perfect sin-cosine microstepping controller used with a motor that had a torque versus position curve that included a significant 4th harmonic component, usually attributed to the detent torque. 

The broad details of detent effects appear to be fairly uniform from motor to motor, so in principle, it ought to be possible to adjust the tables of sines and cosines used in a sine-cosine controller to compensate for the detent effects. In practice, the effects of friction and the errors introduced by quantization combine to limit the value of such an effort. 

(2)  Quantization

The third problem arises because most applications of microstepping involve digital control systems, and thus, the current through each motor winding is quantized, controlled by a digital to analog converter. Furthermore, if typical PWM current limiting circuitry is used, the current through each motor winding is not held perfectly constant, but rather, oscillates around the current control circuit's set point. As a result, the best a typical microstepping controller can do is approximate the desired currents through each motor winding. 

The effect of this quantization is easily seen if the available current through one motor winding is plotted on the X axis and the available current through the other motor winding is plotted on the Y axis. Figure 4.3.2 shows such a plot for a motor controller offering only 4 uniformly spaced current settings for each motor winding: 
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Figure 4.3.2: A plot for a motor controller.

Of the 16 available combinations of currents through the motor windings, 6 combinations lead to roughly equally spaced microsteps. There is a clear tradeoff between minimizing the variation in torque and minimizing the error in motor position, and the best available motor positions are hardly uniformly spaced. Use of higher precision digital to analog conversion in the current control system reduces the severity of this problem, but it cannot eliminate it! 

[image: image133.png]actual position

expected position




Figure 4.3.3: the plot of the actual rotor position of a motor using the microstep plan outlined in Figure 4.3.2 versus the expected position gives.

It is very common for the initial microsteps taken away from any full step position to be larger than the intended microstep size, and this tends to give the curve a staircase shape, with the downward steps aligned with the full step positions where only one motor winding carries current. The sign of the error at intermediate positions tends to fluctuate, but generally, the position errors are smallest between the full step positions, when both motor windings carry significant current. 

Another way of looking at the available microsteps is to plot the equilibrium position on the horizontal axis, in fractions of a full-step, while plotting the torque at each available equilibrium position on the vertical axis. If we assume a 4-bit digital-to-analog converter, giving 16 current levels for each motor winding, there are 256 equilibrium positions. Of these, 52 offer holding torques within 10% of the desired value, and only 33 are within 5%; these 33 points are shown in bold in Figure 4.3.4: 
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Figure 4.3.4: A plot for looking at the available microsteps.

If torque variations are to be held within 10%, it is fairly easy to select 8 almost-uniformly spaced microsteps from among those shown in Figure 4.3.4; these are boxed in the figure. The maximum errors occur at the 1/4 step points; the maximum error is .008 full step or .06 microsteps. This error will be irrelevant if the dead-zone is wider than this. 

If 10 microsteps are desired, the situation is worse. The best choices, still holding the maximum torque variation to 10%, gives a maximum position error of .026 full steps or .26 microsteps. Doubling the allowable variation in torque approximately halves the positioning error for the 10 microstep example, but does nothing to improve the 8 microstep example. 

One option which some motor control system designers have explored involves the use of nonlinear digital to analog converters. This is an excellent solution for small numbers of microsteps, but building converters with essentially sinusoidal transfer functions is difficult if high precision is desired. 

4.3.3   Typical Control Circuits

As typically used, a microstepping controller for one motor winding involves a current limited H-bridge or unipolar drive circuit, where the current is set by a reference voltage. The reference voltage is then determined by an analog-to-digital converter, as shown in Figure 4.3.5: 
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Figure 4.3.5: typical control circuit.

Figure 4.3.5 assumes a current limited motor controller such as is shown in Figures 4.2.7, 4.2.8, 4.2.10 or 4.2.11. For all of these drivers, the state of the X and Y inputs determines the whether the motor winding is on or off and if on, the direction of the current through the winding. The V0 through Vn inputs determine the reference voltage and this the current through the motor winding.

CONCLUSIONS
Stepper motors are used in a wide variety of applications due to their low cost, ruggedness, simplicity of construction, and wide acceptance, among other factors. 
Stepper motors are widely used in applications wherein the position of a mechanical element must be readily and accurately adjusted over a predetermined range of possible positions. 
Stepper motors have proven very popular in modern, sophisticated mechanical equipment since, by varying the time between steps in a step table, a stepper motor may be driven through very flexible and highly precise velocity profiles necessary to implement complex mechanical functions such as those carried out by paper handling equipment. 
Stepping motors are extensively used in various fields, such as information devices and audio equipment including, a printer, facsimile, image scanner, copying machine, laser beam printer, CD-ROM, DVC. For instance, stepper motors are commonly used in devices such as desktop printers for a variety of purposes, including the feed of paper through the printer and the movement of a print head carriage across a paper path. 
Stepping motor modules are used particularly in printing and copying devices to drive transport drums, which transport the paper or forms that are to be printed through the printing or copying device. In these appliances, the motors are often controlled by microprocessors, which time the movement of the material along the assembly line and control other equipment based on the anticipated timed movement of the material along the assembly line. 
Small stepper motors have been utilized to drive a set of camera shutter blades. The number of pulses transmitted to the stepper motor determines the aperture achieved by the shutter blades. Such shutter blades are reasonably fast and simple to drive electronically. Because of its suitable performance characteristic for positioning control, stepping motors have been used in photo graphing electronics devices, such as a digital camera and video camera (camcorder) for adjustment of aperture, focus, and zoom. 
Compact electronic devices and information handling apparatuses, appropriate for portable use, have been recently developed, and miniature and light-weight stepping motors are widely employed in these devices. Timing devices such as an electronic timepiece or watch, and timing switches are typical of such electronic devices. In these timing devices, the energy generated by the movement of the user's arm is converted into electricity which is used to drive the stepping motor which moves the hands of the device. These timing devices operate without batteries and can continuously run off the energy generated by the user's movement. Recently, due to rapid development upon the photo-electronic technology, related photo-electronic products has become standard and required peripherals of the computer system. For example, an optical storage device is one of those popular apparatus. In controlling the sled of the optical storage device, control of the motor is particularly important. 
For the optical storage device and the related products such as the CD-ROM, the CD-R, the CD-R/W and the DVD, the stability during high-speed operation and the ability of accurate data-retrieving become crucially important to the control of the sled of the optical storage device.
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SUMMARY

Stepper motors were developed in the early 1960's as a low cost alternative to position servo systems in the emerging computer peripheral industry. The main advantage of stepper motors is that they can achieve accurate position control without the requirement for position feedback. 
In other words they can run "open-loop", which significantly reduces the cost of a position control system. 
Stepper motors utilize a doubly-salient topology, which means they have "teeth" on both the rotor and stator. Torque is generated by alternately magnetizing the stator teeth electrically, and the permanent magnet rotor teeth try to line up with the stator teeth. There are many different configurations of stepper motors, and even more diverse ways to drive them. The most common stator configuration consists of two coils. These coils are arranged around the circumference of the stator in such a way that if they are driven with square waves which have a quadrature phase relationship between them, the motor will rotate. To make the motor rotate in the opposite direction, simply reverse the phase relationship between the two coils signals. A transition of either square wave causes the rotor to move by a small amount, or a "STEP". Thus , the name "stepper motor". The size of this step is dependent on the teeth arrangement of the motor, but a common value is 1.8 degrees, or 200 steps per revolution. Speed control is achieved by simply varying the frequency of the square-waves.
Because stepper motors can be driven with square waves, they are easily controlled by inexpensive digital circuitry and do not even require PWM (pulse width modulation). For this reason, stepper motors have often been inappropriately referred to as "digital motors". However, by utilizing power modulation techniques to change the quadrature square-waves into sine and cosine waveforms, even MORE step resolution is possible. This is called "micro-stepping", where each discrete change in the sine and cosine levels constitutes one micro-step. Theoretically, there is no limit to the position resolution achievable with micro-stepping, but in reality, it is limited by the motor mechanical and electrical tolerances. Some stepper motors are designed specifically for micro-stepping, and consist of tightly matched impedances between the two coils, and tighter machining tolerances on the teeth, at the expense of higher cost.
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