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The demands made on the vehicle’s power supply are increasing steadily. For instance, the required generator/alternator power outputs increased about 5-fold between 1950 and 1980. In the meantime the amount of power needed in the vehicle has more than doubled again. In the coming years, the need for electrical energy in the vehicle will rise at an ever faster pace. The increasing demand for electrical energy stems from the large amount of electrical equipment which has become an integral part of every modern-day vehicle. This stems from the ECUs for electronic systems, and from all the safety, comfort and convenience electronics and their components. The generator (more correctly termed the “alternator”) is the vehicle’s electricity generating plant. On the one hand, the increasing number of electrical loads demands higher alternator outputs. On the other hand, considering the restricted installation space under the hood, the equipment providing this power should under no circumstances become larger and heavier in the process. Bosch therefore has developed alternators which not only comply with these demands, but which at the same time are quieter, more long-lived, and able to withstand higher loading than their predecessors. Wear-free electronic voltage regulators are a prerequisite for coping with the extensive engine-speed changes and fluctuations in loading which are characteristic for vehicle operations. Extremely lightweight and requiring a minimum of space, these regulators maintain the alternator voltage output constant across the engine’s complete speed range. The starter motor must at all times be ready to crank the engine, and during the course of its life must successfully complete thousands of starting operations. Taking a passenger car which is mainly operated in town traffic, this can equate to about 2000 engine starts per year for an average annual mileage of 15,000 km (10,000 miles). As with its alternators, Bosch was successful in increasing starter-motor output while at the same time making the unit lighter and smaller. The application of reduction-gearing in combination with permanent-magnet techniques was decisive here. All Bosch starters are highly reliable while ensuring maximum operational dependability. Although the individual components “Alternator with voltage regulator” and “Starter motor” are subject to their own operating conditions, they are highly dependent on each other. For this reason, development activities are concentrating on their effective interplay. This manual from the Bosch “Yellow Jacket” series deals with the design and construction of the most important components, as well as with their essential characteristics and differences and their importance in the vehicle’s electrical system.
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Generation of electrical energy in the motor vehicle



Alternators In order to supply the power required for the starter motor, for ignition and fuel-injection systems, for the ECUs to control the electronic equipment, for lighting, and for safety and convenience electronics, motor vehicies need an alternator to act as their own efficient and highly reliable source of energy. Energy which must always be available, at any time of day or night.



Generation of electrical energy in the motor vehicle Onboard electrical energy Assignments and operating conditions Whereas, with the engine stopped, the battery is the vehicle's energy store, the alternator becomes the on-board “electricity generating plant” when the engine is running. Its task is to supply energy to all the vehicle's currentconsuming loads and systems (Fig. 1). In order that the entire system is reliable and trouble-free in operation, it is necessary that the alternator output, battery capacity, and starter power requirements, together with all other electrical loads, are matched to each 1



Alternator principle



other as optimally as possible. For instance, following a normal driving cycle (e.g. town driving in winter), the battery must always still have sufficient charge so that the vehicle can be started again without any trouble no matter what the temperature. And the ECUs, sensors and actuators for the vehicle's electronic systems (e.g. for fuel management, ignition, Motronic, electronic engine-power control, antilock braking system (ABS), traction control (TCS), etc.) must always be ready for operation. Apart from this, the vehicle's safety and security systems as well as its signaling systems must operate immediately, the same as the lighting system at night or in fog. Furthermore, the driver-information and convenience systems must always function correctly, and with the vehicle parked, a number of electrical loads should continue to operate for a reasonable period without discharging the battery so far that the vehicle cannot be started again. As a matter of course, millions of motorists expect their vehicle to always be fully functional, and demand a high level of operational reliability from its electrical system. For many thousands of miles – in both summer and winter. Electrical loads The various electrical loads have differing duty cycles (Fig. 2). A distinction is made between permanent loads (ignition, fuel injection, etc.), long-time loads (lighting, car radio, vehicle heater, etc.), and short-time loads (turn signals, stop lamps, etc.).



3-phase AC Alternator



Rectifier



Some electrical loads are only switched on according to season (air-conditioner in summer, seat heater in winter). And the operation of electrical radiator fans depends on temperaure and driving conditions.



DC



Fig. 1 The 3-phase AC is rectified in the alternator to provide the DC for the vehicle’s electrical loads and for charging the battery.
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Power requirements of the loads in the vehicle (average values)



Alternator Energy generator



Battery Energy store Charging



In vehicle operation



Permanent loads



Long-time loads



Short-time loads



Ignition



Car radio



Turn-signal lamps



10…15 W 21 W each 20 W Electric fuel pump 50…70 W Electronic fuel injection



Navigation system 15 W Side-marker lamps 4 W each Instrumentpanel lamps 2 W each



50…70 W Gasolineengine management 175…200 W Diesel fuel injection 50…70 W Fans/blowers for HVAC 100...500 W



Licenseplate lamp(s) 10 W each Parking lamps 3...5 W each Headlamp lower beams 55 W each Headlamp upper beams 60 W each Tail lamps 5 W each Electrical radiator fan 200...800 W Windshield wipers 80...150 W



Stop lamps 18...21 W each Interior lamp 5W Power windows 150 W Electrical radiator fan 200 W Power sunroof



With engine stopped



Fog lamps 35...55 W each



Glow plugs for starting (diesel engines)



Backup (reversing) lamps 21...25 W each



100 W each



Windshield wipers and headlamp cleaning 50...100 W Electrical seat adjustment'



Heated rear window



Steeringwheel heating 50 W



30...65 W Horns and fanfares 25...40 W each Electric antenna 60 W



100 W



Electrical window adjustment 20 W



150...200 W



Rearwindow wiper



Cigarette lighter



100...150 W



Seat heating 100...200 W per seat



120 W



Passengercar starter motor 800 ...3000 W



Auxiliary heating system 300...1000 W Auxiliary driving lamps 55 W each Highmounted stop lamps 21 W each
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Charge-balance calculation Here, a computer program is used to determine the state of battery charge at the end of a typical driving cycle, whereby such influences as battery size, alternator size, and load input powers must be taken into account. Rush-hour driving (low engine speeds) combined with winter operation (low charging-current input to the battery) is regarded as a normal passenger-car driving cycle. In the case of vehicles equipped with an air conditioner, summer operation can be even more unfavorable than winter. Vehicle electrical system The nature of the wiring between alternator, battery, and electrical equipment also influences the voltage level and, as a result, the state of battery charge. lf all electrical loads are connected at the battery, the total current (sum of battery charging current and load current) flows through the charging line, and the resulting high voltage drop causes a reduction in the charging voltage. Conversely, if all electrical devices are connected at the alternator side, the voltage drop is less and the charging voltage is higher. This though may have a negative effect upon devices which are sensitive to voltage peaks or high voltage ripple (electronic circuitry). For this reason, it is advisable to connect voltage-insensitive equipment with high power inputs to the alternator, and voltage-sensitive equipment with low power inputs to the battery. Appropriate line cross-sections, and good connections whose contact resistances do not increase even after long periods of operation, contribute to keeping the voltage drop to a minimum.



Fig. 3 Expected developments for passenger cars up to the year 2010. 1 2



Luxury car Intermediate-size car



Electrical power generation using alternators The availability of reasonably priced power diodes as from around 1963, paved the way for Bosch to start with the series production of alternators. Thanks to its design principle, the alternator has far higher electromagnetic efficiency than the DC generator. This fact, together with the alternator's much wider rotational-speed range, enables it to deliver power, and cover the vehicle's increased power requirements, even at engine idle. Since the alternator speed can be matched to that of the engine by means of a suitable transmission, this means that the battery remains at a high charge level even in winter during frequent town driving. The increased power requirements mentioned above, result from the following factors: The increase in the amount of electrical equipment fitted in the vehicle, the number of ECUs required for the electronic systems (e.g. for engine management and for chassis control), and the safety, security and convenience electronics. The expected power requirements up to the year 2010 are shown in Fig. 3.
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Apart from these factors, typical driving cycles have also changed, whereby the proportion of town driving with extended stops at idle has increased (Fig. 4). The rise in traffic density leads to frequent traffic jams, and together with long stops at traffic lights this means that the alternator also operates for much of the time at low speeds which correspond to engine idle. Together with the fact that longer journeys at higher speeds have become less common, this has a negative effect on the battery's charge balance. And it is imperative that the battery continues to be charged even when the engine is idling. At engine idle, an alternator already delivers at least a third of its rated power (Fig. 5). Alternators are designed to generate charging voltages of 14 V (28 V for commercial vehicles), and 42 V (undergoing development). The three-phase winding is incorporated in the stator, and the excitation winding in the rotor. The three-phase AC generated by the alternator must be rectified, the rectifiers also preventing battery discharge when the vehicle is stationary. The additional relay as required for the DC generator can be dispensed with. 4
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Design factors Rotational speed An alternator’s efficiency (energy generated per kg mass) increases with rotational speed. This factor dictates as high a conversion ratio as possible between engine crankshaft and alternator. For passenger cars, typical values are between 1:2.2 and 1:3, and for commercial vehicles up to 1:5. Temperature The losses in the alternator lead to heating up of its components. The input of fresh air to the alternator, or the use of liquid cooling, are suitable measures for reducing component temperature and increasing alternator service life. Vibration Depending on installation conditions and the engine's vibration patterns, vibration accelerations of between 500...800 m/s2 can occur at the alternator. Critical resonances must be avoided. Further influences The alternator is also subjected to such detrimental influences as spray water, dirt, oil, fuel mist, and road salt. 5
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Fig. 4 Developments for urban traffic (large cities) up to the year 2000.
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Generation of electrical energy in the motor vehicle



Electrical power generation using DC generators Originally, the conventional lead-acid battery customarily fitted in motor vehicles led to the development of the DC generator, and for a long time this generator system was able to meet the majority of the demands made upon it. Consequently, until the middle of the seventies, most vehicles were equipped with such DC generators. Today though, these have become virtually insignificant in the automotive sector and will not be dealt with in detail here. With the DC generator, it proved to be more practical to rotate the magnetic lines of force, while locating the electrically excited magnetic system in the stationary housing. The alternating current generated by the machine is then rectified relatively simply by mechanical means using a commutator, and the resulting direct current supplied to the vehicle electrical system or the battery. Requirements to be met by automotive generators The type and construction of an automotive electrical generator are determined by the necessity of providing electrical energy for powering the vehicle's electrical equipment, and for charging its battery. Initially, the alternator generates alternating current (AC). The vehicle's electrical equipment though requires direct current (DC) for keeping the battery charged and for powering the electronic subassemblies. The electrical system must therefore be supplied with DC. The demands made upon an automotive generator are highly complex and varied:  Supplying all connected loads with DC.  Providing power reserves for rapidly charging the battery and keeping it charged, even when permanent loads are swiched on.  Maintaining the voltage output as constant as possible across the complete engine speed range independent of the generator's loading.



 Rugged construction to withstand the under-hood stresses (e.g. vibration, high ambient temperatures, temperature changes, dirt, dampness, etc.),  Low weight.  Compact dimensions for ease of installation.  Long service life.  Low noise level.  A high level of efficiency. Characteristics (summary) The alternator’s most important characteristics are:  It generates power even at engine idle.  Rectification of the AC uses power diodes in a three-phase bridge circuit.  The diodes separate alternator and battery from the vehicle electrical system when the alternator voltage drops below the battery voltage.  The alternator's higher level of electrical efficiency means that for the same power output, they are far lighter than DC generators.  Alternators feature a long service life. The passenger-car alternator's service life corresponds roughly to that of the engine. It can last for as much as 200,000 km, which means that no servicing is necessary during this period.  On vehicles designed for high mileages (trucks and commercial vehicles in general), brushless alternator versions are used which permit regreasing. Or bearings with greasereserve chambers are fitted.  Alternators are able to withstand such external influences as vibration, high temperatures, dirt, and dampness.  Normally, operation is possible in either direction of rotation without special measures being necessary, when the fan shape is adapted to the direction of rotation.
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Basic physical principles Electrodynamic principle Induction Electromagnetic induction is the basis for the generation of electricity. The principle is as follows: When an electric conductor (wire or wire loop) cuts through the lines of force of a DC magnetic field, a voltage is generated (induced) in the conductor. lt is immaterial whether the magnetic field remains stationary and the conductor rotates, or vice versa. A wire loop is rotated between the North and South poles of a permanent magnet, and its ends are connected through collector rings and carbon brushes to a voltmeter.The continuously varying relationship of the wire loop to the poles is reflected in the varying voltage shown by the voltmeter. lf the wire loop rotates uniformly, a sinusoidal voltage curve is generated whose maximum values occur at intervals of 180°. Alternating current (AC) flows as soon as the circuit is closed (Fig. 1 ).
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How is the magnetic field generated? The magnetic field can be generated by permanent magnets. Due to their simplicity, these have the advantage of requiring only a minimum of technical outlay. They are used for small generators (e.g. bicycle dynamos). On the other hand, electromagnets through which DC current flows permit considerably higher voltages and are controllable. This is why they are applied for generation of the (exciter) magnetic field. Electromagnetism is based on the fact that, when an electric current flows through wires or windings, it generates a a magnetic field around them. The number of turns in the winding and the magnitude of the current flowing through it determine the magnetic field's strength. This excitation field can be further increased by using a magnetizable iron core, which, when it rotates, induces an alternating voltage in the armature coil. In practical generator applications, in order to increase the effects of induction, instead of a single wire loop, a number of wire loops are used to form the “winding” which rotates in the magnetic field.
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Induced single-phase alternating current



Fig. 1 Voltage curve generated during one full revolution of a winding rotating in a magnetic field. The position of the rotor on the left corresponds to position 3.
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When this principle is applied to the generator or alternator, a decisive advantage lies in the fact that the magnetic field, and with it the induced voltage, can be strengthened or weakened by increasing or decreasing the (excitation) current flowing in the (excitation) winding. Except for slight residual or residual magnetism, the electromagnet in the form of the excitation winding loses its magnetism when the excitation current is switched off. lf an external source of energy (e.g. battery) provides the excitation current, this is termed “external excitation”. lf the excitation current is taken from the machine's own electric circuit this is termed “self-excitation”. In electric machines, the complete rotating system comprising winding and iron core is referred to as the rotor. Principle of operation of the alternator 3-phase current (3-phase AC, Fig. 2) is also generated by rotating the rotor in a magnetic field, the same as with single-phase AC as described above. One of the advantages of 3-phase AC lies in the fact that it makes more efficient use of the electrical generator's potential. The generator for 3-phase AC is designated an “alternator” and its armature



2



comprises three identical windings which are offset from each other by 120°. The start points of the three windings are usually designated u, v, w, and theendpoints x, y, z. In accordance with the laws of induction, when the rotor rotates in the magnetic field, sinusoidal voltages are generated in each of its three windings. These voltages are of identical magnitude and frequency, the only difference being that their 120° offset results in the induced voltages also being 120° out-of-phase with each other, as well as being out-of-phase by 120° with respect to time. Therefore, with the rotor turning, the alternator generates a constantly recurring 3-phase alternating voltage. Normally, with the windings not connected, an alternator would require 6 wires to output the electrical energy that it has generated (Fig. 3a). However, by interconnecting the 3 circuits the number of wires can be reduced from 6 to 3. This joint use of the conductors is achieved by the “star” connection (Fig. 3b) or “delta” connection (Fig. 3c).
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Fig. 2 Voltage curves generated during one revolution of three windings (phases) rotating in a magnetic field. The windings are offset from each other by 120°. The connection of the individual phase voltages results in a 3-phase altemating voltage.
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In the case of the “star” connection, the ends of the 3 winding phases are joined to form a “star” point. Without a neutral conductor, the sum of the 3 currents at any instant time is always 0. Discussions up to this point have centered on the alternator version with stationary excitation field and rotating armature winding in which the load current is induced. For automotive alternators though, the 3-phase (star or delta connected) winding system is in the stator (the stationary part of the alternator housing) so that the winding is often referred to as the stator winding. The poles of the magnet together with the excitation winding are situated on the rotor. The rotor's magnetic field builds up as soon as current flows through the excitation winding. When the rotor rotates, its magnetic field induces a 3-phase alternating voltage in the stator windings which provides the 3-phase current when the alternator is loaded.
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Rectifier diodes have a reverse and a forward direction, the latter being indicated by the arrow in the symbol. A diode can be compared to a non-return valve which permits passage of a fluid or a gas in only one direction and stops it in the other. The rectifier diode suppresses the negative half waves and allows only positive half-waves to pass. The result is a pulsating direct current. So-called full-wave rectification is applied in order to make full use of all the half-waves, including those that have been suppressed. Bridge circuit for the rectification of the 3-phase AC The operating principle of the diode in the rectification of an alternating current is shown in Fig. 4 (following page). Half-wave rectification is shown in Fig. 4a, and full-wave rectification in Fig. 4b. The AC generated in the 3 windings of the alternator is rectified in an AC bridge circuit using 6 diodes (Fig. 5).



Rectification of the AC voltage The 3-phase AC generated by the alternator cannot be stored in the vehicle's battery nor can it be used to power the electronic components and ECUs. To do so, it must first of all be rectified. One of the essential prerequisites for this rectification is the availability of high-performance power diodes which can operate efficiently throughout a wide temperature range. 3
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Fig. 3 a Windings not connected b Star connection. Alternator voltage U and phase voltage Up (partial voltage) differ by the factor 3 = 1.73 Alternator current I equals phase current Ip U = Up ·  3 ; I = Ip c Delta connection. Alternator voltage U equals phase voltage Up. The alternator current I and phase current Ip differ by the factor 3 = 1.73 U = Up; I = Ip ·  3
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Two power diodes are connected into each phase, one diode to the positive side (Term. B+) and one to the negative side (Term. B–). The six power diodes are connected to form a full-wave rectification circuit. The positive half-waves pass through the positive-side diodes, and the negative half-waves through the negative-side diodes. Rectification takes place. With full-wave rectification using a bridge circuit, the positive and negative half-wave envelopes are added to form a rectified alternator voltage with a slight ripple (Fig. 5). This means that the direct current (DC) which is taken from the alternator at Terminals B+ and B– to supply the vehicle electrical system is not ideally “smooth” but has a slight ripple. This ripple is further smoothed by the battery, which is connected in parallel to the alternator, and by any capacitors in the vehicle electrical system.The excitation current which 4



magnetizes the poles of the excitation field is tapped off from the stator winding and rectified by a full-wave bridge rectifier. Older-version alternators have three “exciter diodes”. The three “exciter diodes” at Term. D+, and the three power diodes at Term. B– (negative side) form the bridge circuit for the excitation current. With the aim of increasing power output at high speeds (above 3000 rpm), “auxiliary diodes” can be used with star-connected versions to make full use of the alternator voltage's harmonic component. Reverse-current block The rectifier diodes in the alternator not only rectify the alternator and excitation voltage, but also prevent the battery discharging through the 3-phase winding in the stator.
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Fig. 4 a Half-wave rectification b Full-wave rectification. UG~ AC voltage upstream of the diodes UG– Pulsating DC downstream of the diodes
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With the engine stopped, or with it turning too slowly for self-excitation to take place (e.g. during cranking), without the diodes battery current would flow through the stator winding. With respect to the battery current, the diodes are polarized in the reverse direction so that it is impossible for battery-discharge current to flow. Current flow can only take place from the alternator to the battery. Rectifier diodes Regarding their operation, the power diodes on the plus and negative sides are identical. The only difference between them lies in their special design for use as rectifiers in the alternator. They are termed positive and negative diodes, and in one case the diode's knurled metal casing acts as a cathode and in the other as an anode. The metal casing of the positive diode is pressed into the positive
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plate and functions as a cathode. lt is connected to the battery's positive pole and conducts towards B+ (battery positive). The metal casing of the negative diode is pressed into the negative plate and functions as an anode. lt is connected to ground (B-). The diode wire terminations are connected to the ends of the stator winding (Fig. 6, overleaf). The positive and negative plates also function as heat sinks for cooling the diodes. The power diodes can be in the form of Zener diodes which also serve to limit the voltage peaks which occur in the alternator due to extreme load changes (load-dump protection).
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Basic physical principles



Fig. 5 a 3-phase AC voltage b Formation of the alternator voltage by the envelope curves of the positive and negative half-waves c Rectified alternator voltage. UP Phase voltage, UG Voltage at the rectifier (negative not to ground), UG– Alternator DC voltage output (negative to ground), UGms r.m.s. value of the alternator DC output. 1 2 3 4 5
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The alternator’s circuits Standard-version alternators have the following three circuits:  Pre-excitation circuit (separate excitation using battery current)  Excitation circuit (self-excitation)  Generator or main circuit



Pre-excitation circuit When the ignition or driving switch (Fig. 7, Item 4) is operated, the battery current IB first of all flows through the charge-indicator lamp (3), through the excitation winding (1d) in the stator, and through the voltage regulator (2) to ground. In the rotor, this battery current serves to pre-excite the alternator.



Fig. 6 1 Battery 2 Excitation winding (G) 3 Stator winding 4 Positive-plate diodes 5 Negative-plate diodes 6 Auxiliary diodes 7 Excitation diodes



Why is pre-excitation necessary ? On most alternators, the residual magnetism in the excitation winding's iron core is very weak at the instant of starting and at low speeds, and does not suffice to provide the self-excitation needed for building up the magnetic field. Self-excitation can only take place when the alternator voltage exceeds the voltage drop across the two diodes (2 x 0.7 = 1.4 V). This serves to support the pre-excitation 6
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Charge-indicator lamp When the ignition or driving switch (Fig. 7, Item 3) is operated, the charge-indicator lamp (3) in the pre-excitation circuit functions as a resistor and determines the magnitude of the pre-excitation current. A suitably dimensioned lamp provides a current which is enough to generate a sufficiently strong magnetic field to initiate self-excitation. lf the lamp is too weak, as is the case, for instance, with electronic displays, a resistor must be connected in parallel to guarantee adequate alternator self7



Excitation-current rectification
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current which flows through the charge-indicator lamp from the battery. lt generates a field in the rotor which in turn induces a voltage in the stator proportional to the rotor speed. When the engine is started, in order that alternator self-excitation can “get going”, the engine must turn at a speed which enables the induced voltage to exceed the voltage drop across the diodes in the excitation circuit. Since the charge-indicator lamp increases the pre-excitation circuit resistance compared to that of the excitation circuit, this speed is above the engine idle speed. lt is therefore affected by the charge-indicator lamp's wattage rating.
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Fig. 7 1 Alternator 1a Excitation diodes 1b Positive-plate diodes



1



v



5 u



-



-



u



w



7 G D+



2



B-



31



(-)



w G



D+



3



v



31



b



+



æ UME0033-1Y



1c Negative-plate diodes 1d Excitation winding 2 Voltage regulator 3 Charge-indicator lamp 4 Ignition switch 5 Battery
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Pre-excitation on alternators with multifunctional voltage regulator Alternators with multifunctional regulators draw their excitation current directly from Term. B+. This means that excitation diodes can be dispensed with (Fig. 8). As from the Series B “Compact”alternator range, the multifunctionalregulatorhasbeenfittedasstandard. When it receives the information “Ignition on” from the L connection, the multifunctional regulator switches on the pre-excitation current. When the rotor starts to turn, the regulator registers a voltage at the phase connection V, whose frequency it uses to calculate the alternator speed.A switch-on speed is set in the regulator, and as soon as this is reached, the regulator switches through the final stage so that the alternator starts to deliver current to the vehicle’s electrical system.
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Excitation circuit without excitation diodes
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Excitation circuit During alternator operation, it is the task of the excitation current Ierr to generate a magnetic field in the rotor so that the required alternator voltage can be induced in the stator windings.
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excitation. The lamp remains on as long as the alternator voltage is below battery voltage. The lamp goes out the first time the speed is reached at which maximum alternator voltage is generated and the alternator starts to feed power into the vehicle electrical system. Typical ratings for charge-indicator lamps are: 2 W for 12 V systems, 3 W for 24 V systems.
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Fig. 9 1 Alternator 1a Excitation diodes 1b Positive-plate diodes 1c Negative-plate diodes 1d Excitation winding 2 Voltage regulator 3 Charge-indicator lamp 4 Ignition switch 5 Battery
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Since alternators are “self-excited”, the excitation current must be tapped off from the current flowing in the 3-phase winding. Depending on the type of regulator, the excitation current Ierr takes the following path:  Either through the excitation diodes (Fig. 9), carbon brushes, collector rings, and excitation winding to Term. DF of the monolithic or hybrid voltage regulator, and from Term. D– of the regulator to ground (B–), or  Through the positive power diodes (Fig. 8), multifunctional regulator, carbon brushes, collector rings, and excitation winding to ground (B–). In both cases, the excitation current flows from B– back to the stator winding through the negative power diodes. Since the alternator provides its own excitation current, one refers to self-excitation. Generator circuit The alternating voltage induced in the three phases of the alternator must be rectified by the power diodes in the bridge circuit before it is passed on to the battery and to the loads. The alternator current IG, flows from the three windings and through the respective power diodes to the battery and to the loads 10



Fig. 11 Voltage curves as a function of the angle of rotation of a rotor with 6 pole pairs.
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Taking a rotor with six pole pairs, for instance, and an angle of rotation of 30°, the voltage referred to the star point at the end of winding v is positive, for winding w it is negative, and for winding u it is zero. The resulting current path is shown in Fig. 10. Current flows from the end of winding v and through the positive diodes to alternator terminal B+ from where it flows through the battery, or the load, to ground (alternator terminal B–) and via the negative diodes (c) to winding end w. Taking a 45° angle of rotation, current from the v and w winding ends takes the same path to winding end u. In this case, there is voltage present across all of the phases. Both examples though are momentary values. In reality, the phase voltages and currents continually change their magnitude and direction, whereas the DC supplied for battery charging and for the electrical loads always maintains the same direction. 11
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Fig. 10 1 Alternator 1a Excitation diodes 1b Positive-plate diodes 1c Negative-plate diodes 1d Excitation winding 2 Voltage regulator 3 Charge-indicator lamp 4 Ignition switch 5 Battery



in the vehicle electrical system. In other words, the alternator current is divided into battery-charging current and load current. In Fig. 11, the curves of the stator-winding voltages are shown as a function of the angle of rotation of the rotor.
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higher in cold weather in order to compensate for the fact that the battery is slightly more difficult to charge at low temperatures.



This is due to the fact that, irrespective of the rotor's position, all the diodes are always involved in the rectification process. For current to flow from the alternator to the battery, the alternator voltage must be slightly higher than that of the battery.



Principle of voltage regulation The voltage generated by the alternator increases along with alternator speed and excitation current. Considering a fully excited alternator which is not connected to the battery, and which is being driven without load, the voltage without regulation would increase linearly with alternator speed until it reaches about 140 V at a speed of 10,000 rpm. The voltage regulator controls the level of the alternator's excitation current, and along with it the strength of the rotor's magnetic field as a function of the voltage generated by the alternator (Fig. 12). The voltage-regulation tolerance zone for vehicle electrical systems with 12 V battery voltage is around 14 V, and for systems with 24 V battery voltage around 28 V. The regulator remains out of action as long as the alternator voltage is below the regulator response voltage.



Voltage regulation Why is it necessary to regulate the alternator voltage? The regulator has the job of maintaining the alternator voltage, and thus the vehicle system voltage, at a constant level across the engine's complete speed range, independent of load and engine speed. Presuming constant excitation current, the alternator voltage would be highly dependent upon the alternator’s speed and loading. Despite these continually changing operating conditions, steps must be taken to ensure that alternator voltage is regulated to the specified level. This voltage regulation protects the electrical equipment against overvoltage, and prevents battery overcharge. In addition, the battery's electrochemical properties must be taken into account during battery charging. This means that normally the charging voltage must be slightly 12



Basic physical principles



Regulation of excitation current Ierr
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Fig. 12 The relationship between on-time TE and off-time TA is decisive for the magnitude of the resulting mean excitation current lm. The excitation current rises along curve a, and decays along curve b.
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Within the tolerance range, if the voltage exceeds the specified upper value, the regulator interrupts the excitation current. Excitation becomes weaker and the alternator voltage drops as a result. As soon as the voltage then drops below the specified lower value, the regulator cuts in the excitation current again, the excitation increases and along with it the alternator voltage. When the voltage exceeds the specified upper value again, the control cycle is repeated. Since these control cycles all take place within a matter of milliseconds, the alternator mean voltage is regulated in accordance with the stipulated characteristic. The infinitely variable adaptation to the various rotational speeds is automatic, and the relationship between the excitation current “On” and “Off ” times is decisive for the level of the mean exciting current. At low rotational speeds, the “On” time is relatively long and the “Off “ time short, the excitation current is interrupted only very briefly and has a high average value. On the other hand, at high rotational speeds the “On” time is short and the “Off “ time long. Only a low excitation current flows.
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Voltage-regulator characteristic



Fig. 13 Permissible tolerance band for the alternator voltage (14 V) as a function of the alternator’s intake-air temperature.
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Influence of ambient temperature The alternator’s characteristic curves (alternator voltage as a function of temperature) are matched to the battery’s chemical characteristics. At low temperatures, therefore, the alternator voltage is increased slightly in order to improve battery charging in the winter, whereby the input voltages to the electronic equipment and the voltage-dependent service life of the light bulbs is taken into account. At higher temperatures, on the other hand, alternator voltage is reduced slightly in order to prevent battery overcharge in summer. Temperature compensation is implemented by the suitable choice of regulator components, e.g. of the Z-diodes. Fig. 13 shows the characteristiccurvesfor14Valternatorvoltage. The voltage level is 14.5 V with an incline of 10 mV/K. Alternator design The theoretical principles and interrelationships discussed so far are reflected in the technical design of modern alternators. lndividual versions can differ from each other in certain details according to their particular application. At present, the claw-pole alternator with compact diode assembly is still in use in the majority of older vehicles, but the compact alternator is coming more and more to the forefront. The major design differences between these two alternator types are the compact alternator's two internally-mounted fans, its smaller collector rings, and the location of the rectifier outside the collector-ring end shield.



The basic construction of a compact alternator is shown in Fig. 14:  Stator (2) with 3-phase stator winding. The stator consists of mutually insulated, grooved laminations which are pressed together to form a solid laminated core. The turns of the stator winding are embedded in the grooves.
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 Rotor (3), on the shaft of which are mounted the pole-wheel halves with claw-shaped magnet poles, the excitation winding, the two fans, the ball bearings, and the two collector rings. The excitation winding consists of a single toroidal coil which is enclosed by the claw-pole halves. The relatively small excitation current is supplied via the carbon brushes which are pressed against the collector rings by springs.  The pulley for the belt drive is also mounted on the rotor shaft. Alternator rotors can be rotated in either direction. The fan design must be changed in accordance with clockwise or counterclockwise rotation.  The stator is clamped between the collectorring end shield and the drive end shield. The rotor shaft runs in bearings in each end shield.  Rectifiers with heat sinks (6). At least six power diodes for rectification of the 3-phase AC are pressed into the heat sinks.
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 Carbon-brush holders complete with brushes. The excitation current flows to the rotating excitation winding through the carbon brushes and collector rings.  Electronic regulator (4) forms a unit with the brush holder for alternator mounting.  Electronic regulator for mounting on the vehicle body (not shown). Used in rare cases on commercial vehicles as an alternative to the alternator-mounted version. Mounted at a protected location on the vehicie body, this regulator is electrically connected to the brush holder by plug-in connection.



Design of the compact alternator 1
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Basic physical principles



Fig. 14 1 Housing 2 Stator 3 Rotor 4 Transistor voltage regulator with brush holder 5 Collector rings 6 Rectifier 7 Fan
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Alternator versions Design criteria The following data are decisive for alternator design:  Vehicle type and the associated operating conditions  Speed range of the engine with which the alternator is to be used  Battery voltage of the vehicle electrical system  Power requirements of the loads which can be connected  Environmental loading imposed on the alternator (heat, dirt, dampness, etc.)  Specified service life  Available installation space, dimensions.



The requirements to be met by an automotive alternator differ very considerably depending upon application and the criteria as listed above. Regarding economic efficiency, the criteria also vary along with the areas of application. lt is therefore impossible to design an all-purpose alternator which meets all requirements. The different areas of application, and the power ranges of the vehicle types and engines concerned, led to the development of a number of basic models which will be described in the following. Electrical data and sizes The vehicle size is not decisive for determining 1



Table 1



the required alternator output power. This is solely a function of the loads installed in the vehicle. The selection of the correct alternator is governed primarily by:  The alternator voltage (14 V/28 V)  The power output as a product of voltage and current throughout the rotationalspeed range  The maximum current With these electrical data, it is possible to define the electrical layout, and therefore the required alternator size. The different alternator sizes are identified by letters of the alphabet or numbers (refer to Table 1). Alternator size increases along with alphabetical order. A further important feature is the alternator or rotor system (e.g. claw-pole alternator as a compact alternator or alternator with compact diode assembly, or with salientpole rotor or windingless rotor). For the various alternator types, an alphanumeric code is used to identify the alternator or rotor system inpassengercars(e.g.GC,KC,NC,G1, K1, N1), and in commercial vehicles and buses (e.g. K1, N1, T1). Further variations are possible with regard to the type of mounting, the fan shape, the pulley, and the electrical connections. Claw-pole alternators with collector rings Claw-pole alternators with collector rings feature compact construction with very fa-



Air-cooled alternators and their applications



Type range



Size



No. of poles Application



Compact-diode-assembly alternator



Compact alternator (LIC)



G1 K1, N1 N3 T1 GC, KC, NC



12 12 12 16 12



Compact alternator, range B (LIC-B) Compact alternator, range E and P (LI-E and LI-P)) Compact alternator, range L (LI-L) Compact alternator, range X (LI-X)



GCB1, GCB2, KCB1, KCB2, NCB1, NCB2 E4, E6, E8, E10 und P4, P6, P8, P10 NCB2 C, M, H



12



12 16



Special versions



T3 U2



14 4, 6



12



Motorcycles Pass. cars, comm. vehs. tractors Long-haul trucks, construction machinery, buses Pass. cars, comm. vehs., tractors, motorcycles Pass. cars, comm. vehs., tractors, long-haul trucks Pass. cars, comm. vehs., long-haul trucks Long-haul trucks, construction machinery Pass. cars, comm. vehs. Special-purpose vehs. Special-purpose vehs., marine applications
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vorable power characteristics and low weight. This leads to a correspondingly wide range of applications. Thanks to their robust design, these alternators are particularly suited for attachment to the engine. Their basic design is shown in Fig. 1 Features Claw-pole alternators for automotive applications are designed as 3-phase synchronous generators and are usually self-excited. The ratio of length to diameter is carefully selected to guarantee a maximum of power together with a low outlay on materials. This results in the compact shape with its large diameter and short length which is typical for this type of alternator. Furthermore, this shape also permits excellent heat dissipation. The designation “claw-pole alternator” derives from the shape of the alternator's magnetic poles. The two oppositely-poled pole halves are attached to the rotor shaft, and the claw-shaped pole half fingers mesh with each other in the form of alternating north and south poles which envelop the toroidal excitation winding on the pole body (Fig. 2). The number of poles which can be realised in practice is limited. Whereas on the one hand, a low number of poles leads to a low machine efficiency, on the other the more poles there are, the higher is the magnetic leakage. For this reason, such alternators are designed as 12-pole or 16-pole machines depending upon the power range.
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Operating principle Fig. 3 (overleaf) shows a 12-pole compact alternator. The magnetic flux flows through the pole body and the left-hand pole half and its pole fingers, across the air gap to the stationary laminated stator core with stator winding, from where it flows back to the pole body through the right-hand pole half and completes the magnetic circuit. When the rotor turns, this field of force cuts through the three phases of the stationary stator winding and during a complete 360° rotation induces six complete sinusoidal waves in each phase. The generated current is divided into primary current and excitation current. After rectification, the primary current flows as operating current via terminal B+ to the battery and to the loads. Compact-diode-assembly alternators (LIT) Alternators with compact diode assembly (Fig. 4 overleaf) have been in series production since the 1960s. They are easily recognized by virtue of their large fan located between the pulley and the pot-shaped alternator housing. The external fan (max. speed: 12,000...18,000 rpm) pulls the cooling air axially through the housing (single-pass cooling). The stator lamination pack is clamped between the drive end shield and the collector-ring end shield, and the rotor turns in rolling bearings in each half of the housing. Fan and pulley are mounted on the drive end of the rotor shaft. 2



Basic construction of a claw-pole alternator with collector rings



The components of a 12-pole claw-pole rotor
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Alternator versions



Fig. 2 The polarity shown applies to alternators with integrated voltage regulator.
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 Z power diodes are used to protect sensitive components against voltage peaks caused by sudden load shutoff (load dump), and in case operation takes place without a connected battery.



The excitation current reaches the excitation winding through carbon brushes. These are mounted in the collector-ring end shield and pressed against the collector rings by springs. The six power diodes for rectification of the alternator voltage are press-fitted into the collector-ring end shield. On most versions, the electronic voltage regulator forms a unit together with the carbon-brush holder. For special applications, there are compact-diodeassembly alternators available with the following features:



Standard-range compact-diode-assembly alternators G1, K1, and N1 This comprehensive program of compactdiode-assembly alternator types was installed until the 1990s in passenger vehicles and commercial vehicles. The range comprised five sizes (one G1, two K1, and two N1) which were available with rated voltages of 14 V and 28 V. As from 1990, the “Compact” alternator started to supersede the compact-diode-assembly alternator in new vehicle and engine generations.



 In the case of very high surrounding temperatures, cool air is drawn in from the outside through hose-connection adapters and air-intake hose.  Maximum alternator speed can be increased to 18,000 rpm.  Special corrosion-protection measures can be applied for particularly unfavorable installation conditions. 3



Compact alternator: Section drawing (example)
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Fig. 3 11 Pulley 12 Drive-end shield 13 Interior fan 14 Stator 15 Rotor 16 Collector-ring end shield 17 Electronic voltage regulator with brush holder 18 Collector rings 19 Rectifiers 10 Swivel arm
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14-V standard versions of the compact alternator type range with rated currents



Type range



LI-E



Alternator versions



Size



Rated current at



GC KC NC (*104 mm) NC (*112 mm) GCB1 GCB2 KCB1 KCB2 NCB1 NCB2 E4 E6 E8 E10 P4 P6 P8 P10 C M H



1800 rpm A 37 50 70 90 22 37 50 60 70 90 50 65 80 90 55 70 80 110 95 115 135



6000 rpm A 70 90 120 150 55 70 90 105 120 160 110 120 150 200 95 110 130 180 150 180 220



Table 2



* Stator internal diameter Claw-pole alternator with compact diode assembly: Section drawing
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Fig. 4 1 Pulley 2 Fan 3 Drive-end shield 4 Stator core 5 Excitation winding 6 Collector-ring end shield 7 Collector rings 8 Swivel arm 9 Voltage regulator
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Type T1 compact-diode-assembly alternators The compact-diode-assembly alternators in the T1 range are intended for vehicles with high power consumption, above all for buses. The T1 alternators are single-pass ventilated, self-excited 16-pole alternators with integrated rectifier diodes and encapsulated collector rings. A very long maintenance-free service life is ensured by the wide rolling bearings with their large grease pack. Special corrosion-protection measures safeguard the alternators against the effects of splash and salt water. In very demanding applications, cool, dust-free, dry air can be drawn in through an air-intake adapter and hose. Type DT1 compact-diode-assembly alternators The Double-T1 alternator (DT1) as shown in Fig. 5 complies with the ever-increasing power demands made on bus alternator systems as a result of rising demands for more comfort. Basically, it consists of two electrically and mechanically coupled T1 alternators in a common housing. 5



Compact alternators Type LIC compact alternators Bosch started series production of the Type LIC compact alternators in 1990. These are characterised by two small fans inside the housing which are fitted to the rotor, one on the pulley end and the other on the collectorring end. Each fan draws in the air from the respective end of the alternator and forces out the (warm) air radially (double-pass ventilation). These two small fans generate considerably less noise than the single large fan in a compact-diode-assembly alternator. Apart from this, they are designed for higher speeds (maximum 18,000...22,000 rpm).



1 Cutaway view of a DT1 Double-T1 alternator with two stators and two excitation systems



1 Fig. 5 11 Fan 12 Drive-end shield 13 Pulley 14 Drive-end ballbearing assembly 15 Swivel arm 16 Stator winding 1 17 Excitation winding 1 18 Stator winding 2 19 Excitation winding 2 (rotor) 10 Cable entry gland 11 Brush holder 12 CCollector-ring roller bearing 13 Collector ring 14 Collector-ring end shield 15 Rectifier assembly



The electronic voltage regulator is installed inside the alternator. Carbon brushes and collector rings are inside a dust-protected collector-ring chamber. A 100 W resistor between D+ and D- causes the charge-indicator lamp to light up in case of an open-circuit field. Fig. 6 shows the circuit diagram of a Double-T1 alternator with two stators and two excitation systems.
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Schematic circuit diagram of a Double-T1 alternator with two stators and two excitation systems
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These two special features permit a high speed-transforming ratio between crankshaft and alternator which means that for the same speed and size compact alternators can generate up to 25% more power. Presuming normal operating conditions, the brush/collector-ring system is designed so that it lasts for the life of the passenger car without replacement being necessary. This applies, even though it operates at higher speeds than in compact-diode-assembly alternators. The small collector rings are located at the outside end of the rotor shaft and with them the carbon brushes have service lives in excess of 250,000 km (155,000 miles).



The basic design of the type B compact alternator is the same as that of a first-generation compact alternator. Further development of the rectifier assembly permits increased air throughput so that cooling improves as a result. Around their complete circumference, the three center laminations of the stator lamination pack are clamped and centered between the end shields. Compared to the first-generation compact alternators, this improves the alternator’s resistance to vibration, and the heat transfer from the stator core to the end shields. The type B compact alternators are equipped with multifunctional voltage regulators (refer to the “Voltage-regulator versions” chapter).



Type B (LIC-B) Compact alternators The type B compact alternator (Fig. 7 overleaf) is a further development of the first-generation LIC compact alternator. It has better cooling, as well as being shorter and lighter, while at the same time its power output has been increased. There are 6 sizes of the type B alternator with 14 V rated voltage, and two with 28 V rated voltage. The close spacing of the outputs enables optimal adaptation to the actually required power and the available room in the vehicle’s engine compartment.



Type E and P (LI-E and LI-P) compact alternators The E and P type compact alternators are based on the B range. They each comprise four sizes. Referred to the corresponding sizes in the B range, thanks to new stator wire-wrapping techniques efficiency was improved by as much as 10% and power output by as much as 25%. The increased efficiency leads to fuel savings of up to 0.5 l per 100 km.



Fig. 6 1 Voltage regulator
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The design of the type E alternator focuses on “efficiency” and of the type P alternator on “power output” in the lower speed ranges. Type X (LI-X) compact alternators The type X compact alternators include the three sizes C, M, and H. This flexible, modular system comprises, among other things, windings, diodes, and voltage regulators for a variety of different rated voltages. It permits the construction of all three sizes for the rated voltages 14 V, 28 V, and 42 V. Thanks to basic changes in the stator-manufacturing techniques, and the improvement of component cooling, it was possible to even further increase the power output compared to the E and P types.
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Range B compact alternator type LIC-B (part sectional drawing)



1



Fig. 7 1 Housing with doublepass ventilation 2 Inboard fan 3 Stator 4 Rotor 5 Voltage regulator 6 Outboard collector rings 7 Outboard rectifier



Windingless-rotor alternators without collector rings These alternators are of the self-excitation type. Excitation is by means of the fixed excitation winding mounted on the internal pole. The excitation field magnetizes the alternating pole fingers of the rotating windingless rotor. In turn, the rotating magnetic field of this pole induces a three-phase AC in the stator winding. In the process, the magnetic flux travels from the rotating rotor’s pole core, through the stationary internal pole to the windingless rotor, from whose pole finger it then flows to the stationary stator lamination pack. The magnetic circuit closes in the rotor’s pole core via the oppositely poled claw half. In contrast to a collector-ring rotor, the magnetic flux must cross two additional air gaps between the rotating polewheel and the stationary internal pole (Fig. 8). Typical for this alternator type is the fact that the housing with
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Type N3 compact-diode-assembly alternators On the brushless N3 alternators with windingless rotors and high-stability end bearings, the only wear parts are the bearings. These alternators are used in applications where very long service life is of decisive importance (that is, in construction machinery,
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Windingless rotor (part sectional drawing)



1
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4



Fig. 9 1 Rotor shaft with pole core 2 Conductive element 3 Non-magnetic ring 4 Pole-wheel half section



long-haul trucks, and heavy-duty specialpurpose vehicles). Their outstanding feature is that they complete exceptionally high mileages under extremely severe operating conditions. Their design concept is based on minimizing the number of wear components in order to extend the alternator’s effective service life. This alternator is practically maintenance-free.



Sectional drawing of type N3 windingless-rotor alternator
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stator lamination pack, the heat sinks with power diodes, the attached transistorized voltage regulator, and the internal pole with excitation winding all belong to the stationary part of the alternator. The rotating part is comprised merely of the rotor with pole wheel and conductive element (Fig. 9). Six pole fingers of the same polarity form a single north or south pole-finger crown. The two crowns form claw-pole half sections, and are retained by a non-magnetic ring positioned below the mutually-engaged pole fingers.



Alternator versions



Fig. 8 11 Double-groove pulley 12 Fan 13 Drive-end shield with stationary internal pole 14 Stator lamination stack 15 Stationary excitation winding 16 Windingless rotor 17 Rear end shield 18 Attached transistor voltage regulator 19 Power diode 10 Swivel arm 11 Conductive element
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Liquid-cooled, windingless-rotor compact alternator (LIF) In the case of air-cooled alternators, it is the cooling fan which is mainly responsible for air-flow noise. At high current outputs, a pronounced reduction of noise can only be achieved by using liquid-cooled alternators (Fig. 10) which utilize the coolant from the engine’s cooling circuit. On modern intermediate-size and luxury cars, the use of liquid-coooled fully-encapsulated alternators is often the only way to achieve a decisive reduction in vehicle noise. Since a carbon-brush/collector-ring system would not last long enough inside an encapsulated alternator with its high temperatures, the fully encapsulated alternator features a windingless rotor without collector rings. This alternator has a cylindrical aluminum housing provided with a special flange on the drive end to locate it in the special coolant housing. The coolant space (jacket) between the alternator and the coolant housing is con10



Basic structure of a salient pole alternator with collector rings
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nected to the engine’s cooling circuit. All important sources of heat loss (stator, diodes, voltage regulator, and the stationary excitation winding) are coupled to the alternator housing in such a manner that their heat is transferred efficiently to the coolant. The electrical connections are at the alternator’s pulley end.



Liquid-cooled, windingless-rotor compact alternator
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Fig. 10 11 Pulley 12 Rectifier 13 Voltage regulator 14 Drive-end shield 15 Alternator housing (aluminum) 16 Coolant 17 Coolant housing for engine mounting or engine block 18 Stationary excitation winding 19 Stator lamination stack 10 Stator winding 11 Windingless rotor 12 Non-magnetic intermediate ring 13 Conductive element
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Type U2 salient-pole collector-ring alternators Type U2 salient-pole collector-ring alternators Salient-pole collector-ring alternators are mainly used in large vehicles with high power demands (>100 A) and 28-V vehicle electrical systems. These units are therefore ideal for use in rail vehicles, special-purpose vehicles and in marine applications. Fig. 11 shows a four-pole, self-excited salient-pole alternator. With each rotation, the rotor passes four poles , inducing four half waves in each circuit. In 3-phase operation, this equates to 4 x 3 = 12 half waves for each complete rotation. The configurations of the 3-phase stator winding, and the current-flow path, correspond to those of the claw-pole alternator. However, the rotor of this basic alternator version (Fig. 12) differs to that of the clawpole version. The claw-pole rotor, namely, features a central excitation winding for all poles.
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In contrast, the salient-pole rotor has four or six individual poles, each carrying its own excitation winding wound directly on the pole. The salient-pole alternator’s slim, elongated cylindrical shape derives from the characteristic shape of the rotor. The stator with its 3-phase winding is installed in the alternator housing which is closed at the ends by a drive-end shield and a collector-ring end shield. The excitation winding is on the salient-pole rotor which runs in bearings in the end shields. The excitation current is delivered through the collector rings and the carbon brushes. Rectifier and voltage regulator are installed, remote from the alternator, at a point protected against engine heat, moisture, and dirt. Alternator and regulator are joined electrically by a 6-line wiring harness. This alternator’s encapsulated collector rings and its extra-large grease chamber qualify it for high-mileage applications.



Cutaway view of a type U2 salient-pole alternator
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Fig. 12 11 Drive-end shield 12 Housing 13 Stator winding 14 Rotor 15 3-phase connection (remote rectifier and voltage regulator) 16 End cap 17 Fan 18 Collector-ring end shield 19 Collector rings 10 Driveshaft
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Voltage-regulator versions



Voltage-regulator versions The mechanical electromagnetic contact regulators and the electronic (transistor) versions are the two basic voltage-regulator types. Whereas the electromagnetic regulator is today practically only used for replacement purposes, the (monolithic or hybrid) transistor regulator is standard equipment on all alternator models. Electromagnetic voltage regulators The excitation current is varied by opening and closing a movable contact in the excitation-current circuit. This movable contact is pressed against a fixed contact by a spring, and when the rated voltage is exceeded it is lifted off by an electromagnet. The contact regulators which are suitable for alternator applications are of the single-element type. That is, regulators with a voltageregulator element comprising an electromagnet, an armature, and a regulating contact. In the single-element, single-contact regulator (Fig. 1), the contact opens and closes as follows: The magnetic force and the spring force of a suspension and adjusting spring are both applied to the regulating armature.
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Fig. 1 1 Voltage regulator 2 Alternator 3 Electromagnet 4 Regulating contact 5 Regulating resistor 6 Excitation winding (G)



Circuit diagram of a single-element, single-contact voltage regulator
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As soon as the alternator voltage exceeds the set value, the electromagnet pulls in the armature and opens the contact (position “b”). This switches a resistor into the excitation circuit which reduces the excitation current and with it the alternator voltage. When the alternator voltage drops below the set voltage, the magnetic force is also reduced, so that the spring force predominates and closes the contact again (position “a”). This opening and closing cycle is repeated continually. The single-element double-contact regulator (Fig. 2) operates with a second pair of contacts which permit 3 switching positions.The regulating resistor is short-circuited in position “a” and a high excitation current flows. In position “b” the resistor and the excitation winding are connected in series and the excitation current is reduced. In position “c”, the excitation winding is short-circuited and the excitation current drops to zero (the time constant is independent of the excitation winding’s inductance and reactance). Due to its size and characteristics, this alternator is only suitable for mounting on the vehicle body.
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Circuit diagram of a single-element, double-contact voltage regulator
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Fig. 2 1 Voltage regulator 2 Alternator 3 Electromagnet 4 Regulating resistor 5 Regulating contact 6 Excitation winding (G)
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Electronic voltage regulators Characteristics Electronic regulators are used solely with alternators. Thanks to its compact dimensions, its low weight, and the fact that it is insensitive to vibration and shock, this regulator can be integrated directly in the alternator. Whereas the first transistor regulators were built from discrete components, modern-day versions all use hybrid and monolithic circuitry. The transistor regulator's essential advantages are:  Shorter switching times which permit closer control tolerances  No wear (= no servicing)  High switching currents (less types)  Spark-free switching prevents radio interference  lnsensitive to shock, vibration, and climatic effects  Electronic temperature compensation also permits closer control tolerances  Compact construction allows direct mounting on the alternator, irrespective of alternator size



Operating concept Basically speaking, the operating concept is the same for all electronic-regulator types. The type EE electronic regulator is used here as an example, and Fig. 3 (overleaf) shows its operation between the “On” and “Off “ states. The operating concept is easier to understand when one considers what happens when the alternator's terminal voltage rises and falls. The actual value of the alternator voltage between terminals D+ and D– is registered by a voltage divider (R1, R2, and R3). A Zener diode in parallel with R3 functions as the alternator's setpoint generator. A partial voltage proportional to the alternator voltage is permanently applied to this diode. The regulator remains in the “On” state as long as the actual alternator voltage is below the set value (Fig. 3a). The Z-diode's breakdown voltage has not yet been reached at this point, that is, no current flows to the base of transistor TI through the branch with the Z-diode, Tl is in the blocking state.



Voltage-regulator versions



With Tl blocked, a current flows from the exciter diodes via terminal D+ and resistor R6 to the base of transistor T2 and switches T2 on. Terminal DF is now connected to the base of T3 by the switched transistor T2. This means that T3 always conducts when T2 is conductive. T2 and T3 are connected as a Darlington circuit and form the regulator's driver stage. The excitation current Ierr flows through T3 and the excitation winding and increases during the “On” period, causing a rise in the alternator voltage UG. At the same time, the voltage at the setpoint generator also rises. The regulator assumes the “Off “ state as soon as the actual alternator voltage exceeds the setpoint value (Fig. 3b). The Z-diode becomes conductive when the breakdown voltage is reached, and a current flows from D+ through resistors Rl, R2 into the branch with the Z-diode, and from there to the base of transistor TI which also becomes conductive. As a result, the voltage at the base of T2 is practically 0 referred to the emitter, and transistors T2 and T3 (driver stage) block. The excitation circuit is open-circuited, the excitation decays, and the alternator voltage falls as a result. As soon as the alternator voltage drops under the set value again, and the Z diode switches to the blocked state, the driver stage switches the excitation current on again. When the excitation current is open-circuited, a voltage peak would be induced due to the excitation winding's self-induction (stored magnetic energy) which could destroy transistors T2 and T3. A “free-wheeling diode” D3 is connected parallel to the excitation winding, and at the instant of open-circuiting absorbs the excitation current thereby preventing the formation of a dangerous voltage peak.
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Voltage-regulator versions



Hybrid regulators The transistor regulator using hybrid technology comprises a hermetically encapsulated case, in which are enclosed a ceramic substrate, protective thick-film resistors, and a bonded integrated circuit (IC) incorporating all the control functions. The power components of the driver stage (Darlington transistors and the free-wheeling diode) are soldered directly onto the metal socket in order to ensure good heat dissipation. The electrical connections are via glass-insulated metal pins.



The control cycle in which the current is switched on and off by connecting the excitation winding alternately to the alternator voltage or short-circuiting it with the freewheeling diode is repeated periodically. Essentially, the on/off ratio depends on the alternator speed and the applied load. The ripple on the alternator DC is smoothed by capacitor C. Resistor R7 ensures the rapid, precise switch-over of transistors T2 and T3, as well as reducing the switching losses.
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Circuit diagram of a type EE transistor voltage regualtor
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Fig. 3 a Excitation current switched off by T3 b Excitation current switched on by T3
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The regulator is mounted on a special brush holder and directly fastened to the alternator without wiring. Due to the Darlington circuit in the power stage (two transistors), there is a voltage drop of about 1.5 V in the current-flow direction. The circuit diagram (Fig. 4) shows an alternator fitted with an type EL hybrid regulator. The hybrid regulator's advantages can be summed up as follows: compact construction, low weight, few components, few connections, high reliability in the extreme operating conditions met in automotive applications. Normally, hybrid regulators using conventional diodes are used with compact-diodeassembly alternators. Monolithic regulators The monolithic regulator was developed from the hybrid regulator. The functions of the hybrid regulator's IC, power stage, and freewheeling diode have been incorporated on a single chip. The monolithic regulator uses bipolar techniques. The compact construction with fewer components and connections enabled reliability to be even further improved. Since the output stage is in the form of a simple power stage, the voltage drop in the current-flow direction is only 0.5 V.
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Monolithic regulators in combination with Z-diode rectifiers are used in compact alternators. Multifunctional voltage regulators In addition to voltage regulation, the multifunctional regulator can also trigger an LED display instead of the charge-indicator lamp, as well as a fault display to indicate undervoltage, V-belt breakage, or excitation opencircuit. This alternator does without excitation diodes. The signal for “engine running” can be taken from Terminal L. Terminal W provides a signal which is proportional to engine speed. The actual voltage value is taken from Terminal B+ on the alternator. The standard version of the type B compact alternator has further functions available: When a load is switched on in the vehicle electrical system, the alternator's excitation follows a ramp. This prevents torque jumps in the alternator's belt drive which, for instance, could otherwise interfere with the smooth running of the engine (LRD: LoadResponse Drive; LRS: Load-Response Start). The regulator's on/off ratio can be pickedoff via the DFM terminal. This ratio defines the alternator's loading and can be used for selection circuits (e.g. for switching off low-



Circuit diagram of an alternator equipped with type EL hybrid electronic voltage regulator
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Fig. 4 1 Control stage using thick-film techniques, with resistors and IC 2 Power stage (Darlington stage) 3 Free-wheeling diode



Robert Bosch GmbH 34



Alternators



Voltage-regulator versions, Overvoltage protection



priority loads when the alternator must deliver full power). Terminal L is designed for relay triggering up to max. 0.5 A. The power loss associated with the chargeindicator lamp in the instrument cluster is often excessive. lt can be reduced by using an LED display instead. Multifunctional regulators permit the triggering of lamp bulbs as well as of LED display elements in the instrument cluster.



Under certain circumstances though, shortterm or emergency operation without battery is permissible. This applies to the following situations:  Driving of new vehicles from the final assembly line to the parking lot  Loading onto train or ship (the battery is installed shortly before the vehicle is taken over by the customer)  Service work, etc.



Overvoltage protection



With towing vehicles and agricultural tractors it is also not always possible to avoid operation without the battery connected. The overvoltage-protection device guarantees that overvoltages have no adverse effects on operation, although it does require extra circuitry.



Usually, with the battery correctly connected and under normal driving conditions, it is unnecessary to provide additional protection for the vehicle's electronic components. The battery's low internal resistance suppresses all the voltage peaks occurring in the vehicle electrical system. Nevertheless, it is often advisable to install overvoltage protection as a precautionary measure in case of abnormal operating conditions. For instance, on vehicles for transporting hazardous materials, and in case of faults in the vehicle electrical system. Reasons for overvoltage Overvoltage may occur in the vehicle electrical system as the result of:  Regulator failure  Influences originating from the ignition  Switching off of devices with a predominantly inductive load  Loose contacts  Cable breaks



Such overvoltages take the form of very brief voltage peaks, lasting only a few milliseconds which reach a maximum of 350 V and originate from the coil ignition. Overvoltages are also generated when the line between battery and alternator is open-circuited with the engine running (this happens when an outside battery is used as a starting aid), or when high-power loads are switched off. For this reason, under normal driving conditions, the alternator is not to be run without the battery connected.



Types of protection There are three alternatives for implementing overvoltage protection:



Z-diode protection Z-diodes can be used in place of the rectifier power diodes. They limit high-energy voltage peaks to such an extent that they are harmless to the alternator and regulator. Furthermore, Z-diodes function as a central overvoltage protection for the remaining voltage-sensitive loads in the vehicle electrical system. The limiting voltage of a rectifier equipped with Z-diodes is 25...30 V for an alternator voltage of 14 V, and 50...55 V for an alternator voltage of 28 V. Compact alternators are always equipped with Z-diodes.
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Surge-proof alternators and regulators The semiconductor components in surge-proof alternators have a higher electric-strength rating. For 14-V alternator voltage, the electric strength of the semiconductors is at least 200 V, and for 28-V alternator voltage 350 V. In addition, a capacitor is fitted between the alternator's B+ terminal and ground which serves for short-range interference suppression. The surge-proof characteristics of such alternators and regulators only protect these units, they provide no protection for other electrical equipment in the vehicle. Overvoltage-protection devices (only for 28 V alternators) These are semiconductor devices which are connected to the alternator terminals D+ and D– (ground). In the event of voltage peaks, the alternator is short-circuited through its excitation winding. Primarily, overvoltage-protection devices protect the alternator and the regulator, and to a lesser degree the voltage-sensitive components in the vehicle electrical system. Generally, alternators are not provided with polarity-reversal protection. lf battery polarity is reversed (e.g. when starting with an external battery), this will destroy the alternator diodes as well as endangering the semiconductor components in other equipment. 1
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Overvoltage-protection devices, non-automatic This type of overvoltage-protection device is connected directly to the D+ and D– terminals on Tl alternators, e.g. in buses and heavy trucks (Fig. 1). The unit responds to voltage peaks and consistent overvoltage that exceed its response threshold of approx. 31 V. At this point, thyristor Th becomes conductive. The activation voltage is defined by Zener diode ZD, while the necessary response delay is regulated by resistors Rl and R2 along with capacitor C. The unit requires only milliseconds to short circuit the regulator and alternatoracross D+andD–.Thethyristorassumes responsibility for the short-circuit current. Meanwhile, current from the battery triggers the charge-indicator lamp to alert the driver. The thyristor remains active, reverting to its off-state only after the ignition has been switched off, or the engine and alternator come to rest. The unit will not provide overvoltage protection if the wires at terminals D+ and D– are reversed. As the charge-indicator lamp also fails to respond, the problem would remain unnoticed if a backup diode DS were not installed between terminals D+ and D– to ensure a signal at the lamp. This diode responds to reversed connections by polarizing to allow current flow, and the indicator lamp remains on continuously.



Circuit diagram of a (non-automatic) overvoltage-protection device for a 24-V vehicle electrical system



30



(+) 3



B+ 15



2



61



+



ZD



D+



D+



5



T



1 DS -



4



Th R1



DF C D-



(-)



D31



æ UME0064-1Y



R2



Fig 1 1 Battery 2 Overvoltageprotection device 3 Driving switch 4 Voltage regulator 5 Alternator
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Overvoltage-protection devices, automatic This type of protection device is designed for use with TI alternators (Fig. 2). The unit incorporates two inputs, D+ and B+ which react to different voltage levels and with varying response times. Input D+ provides rapid overvoltage protection, as on the device described above. The second input, B+, responds only to defects at the voltage regulator, while the alternator voltage continues to climb until it reaches the unit's response voltage of approx. 31 V. The alternator then remains shorted until the engine is switched off. lnput B+ is thus designed to prevent consequential damage. This overvoltage-protection device makes it possible for the alternator to operate for limited periods without a battery in the circuit. The alternator voltage collapses briefly when the overvoltage device responds. If the load becomes excessive, renewed alternator excitation is impossible. Voltage peaks which can be generated by the alternator itself when loads are switched off (“load-dump”), cannot damage other devices in the system because the alternator is immediately short-circuited.



2



Consequential-damage protection device This protection device is specially designed for use with the Double-TI alternator with two stators and two excitation systems (Fig. 3). While the overvoltage-protection device short-circuits the alternator, the consequential-damage protection unit functions as a kind of backup regulator, even with the battery out of circuit. Provided that the alternator's speed and the load factor allow, it maintains a mean alternator voltage of approximately 24 V to furnish emergency capacity. The consequential-damage protection device responds to operation with battery and a faulty, short-circuited regulator by interrupting the alternator's excitation current approx. 2 seconds after the alternator output passes the response threshold of 30 V. The unit's relay contact then assumes a backup voltage-control function by operating as a contact regulator. When the system is operated with the battery out of circuit, the unit reacts to voltage peaks of 60 V or more lasting for more than 1 ms. The charge-indicator lamp flashes to indicate that the system is operating in the backup mode. The system does not charge the battery, as the mean voltages in this mode are very low. Maximum operating times in this backup mode extend to approx. 10 hours, after



Simplified circuit diagram of an automatic overvoltage-protection device for a T1 alternator
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which the consequential-damage protection device must be replaced.
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These induced voltages can be rendered harmless by means of a free-wheeling diode.



Free-wheeling diode The free-wheeling diode (also known as a suppressor diode or anti-surge diode) has already been mentioned in the description of the transistor regulator. When the regulator switches to the “Off ” status, upon interruption of the excitation current a voltage peak is induced in the excitation winding due to self-induction. Sensitive semiconductor components can be destroyed if precautionary measures are not taken. The free-wheeling diode is connected in the regulator parallel to the alternator's excitation winding. Upon the excitation winding being interrupted, the free-wheeling diode “takes over” the excitation current and permits it to decay, thus preventing the generation of dangerous voltage peaks. A similar effect can occur on vehicles which are equipped with inductive loads remote from the alternator regulator. Thus, when electromagnetic door valves, solenoid switches, magnetic clutches, motor drives, and relays, etc. are switched off, voltage peaks can be generated in the windings of such equipment due to self-induction, and can endanger the diodes and other semiconductor components. 3 30



Circuit diagram of an overvoltage-protection device for a Double-T1 alternator
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Fig. 3 1 Battery 2 Consequentialdamage protection device 3 Ignition switch 4 Alternator with voltage regulator



Robert Bosch GmbH Alternators



Cooling and noise



Cooling and noise Due above all to the heat developed by the alternator when converting mechanical power into electrical power, and also due to the effects of heat from the engine compartment (engine and exhaust system), considerable increases in the alternator component temperature take place. And when the engine compartment is encapsulated for sound-proofing purposes, temperatures rise even further. In the interests of functional reliability, service life, and efficiency, it is imperativethatthisheatisdissipatedcompletely. Depending upon alternator version, maximum permissible ambient temperature is limited to 80...120°C, and future temperatures are expected to reach to 135°C. Cooling must guarantee that even under the hostile under-hood conditions encountered in everyday operation, component temperatures remain within the specified limits (“worst-case” consideration). Cooling without fresh-air intake For normal operating conditions, through-flow cooling is the most common cooling method applied for automotive alternators. Radial fans for one or both directions of rotation are used. Since both the fan and the alternator shaft must be driven, the cooling-air throughput increases along with the speed. This ensures adequate cooling irrespective of alternator loading.



Fig. 1 G1 compact-diodeassembly alternator with clockwise-rotation fan



Fig. 2 Compact alternator



Single-flow cooling Compact-diode-assembly alternators use single-flow cooling. The external fan is attached to the drive end of the alternator shaft. Fig. 1 shows a Gl alternator with a clockwiserotation fan. Air is drawn in by the fan at the collector-ring or rectifier end, passes through the alternator, and leaves through openings in the drive-end shield. Double-flow cooling Due to their higher specific power output, compact alternators are equipped with double-flow cooling (Fig. 2). The compact alternator's two fans are mounted inside the alternator on the driveshaft to the left and right of the rotor's active section. The two air streams are drawn in axially by the fans through openings in the drive and collector-ring end shields, and are forced out again through openings around the alternator's circumference (Fig. 2). One essential advantage lies in the use of smaller fans, with the attendant reduction of fan-generated aerodynamic noise. 2
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In order to avoid the whistling noise which can occur at specific speeds, the fan blades on some alternator types are arranged asymmetrically.



Double-flow cooling
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Cooling with air-intake fitting
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Liquid cooling The liquid-cooling principle utilises the engine's coolant to cool the fully-encapsulated alternator. The space for the coolant between the alternator and the coolant housing is connected to the engine's coolant circuit. The most important sources of heat loss (stator, power semiconductors, voltage regulator, and stationary excitation winding) are coupled to the alternator housing in such a manner that efficient heat transfer is ensured. Diode cooling The heat levels in semiconductor diodes should not exceed cortain limits. Thus measures must be taken to dissipate the heat that power diodes and excitation diodes generate as thermal losses. For cooling, the diodes are pressed into heat sinks which, with their large surface area and high levels of thermal conductivity, efficiently transfer the heat into the cooling air stream or into the coolant. Alternators usually employ a dual-heat-sink system for the power diodes. The cathodic ends of three of the diodes are inserted in a single heat sink which is connected to battery terminal B+. The remaining diodes are installed with their anodic ends in a heat sink connected to B–. The excitation diodes located between the stator windings and D+ are either separate without heat sinks, or installed in a third heat sink of their own (e.g. on alternators for commercial vehicles).
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Cooling with fresh-air intake When fresh air is used for cooling purposes, a special air-intake fitting is provided on the intake side in place of the air-intake openings. A hose is used to draw in cool, dust-free air from outside the engine compartment. For instance, with the T1 alternator the cooling air enters through the air-intake fitting, flows through the alternator and leaves again through openings in the drive-end shield. With this type of alternator also, the cooling air is drawn through the alternator by the fan. It is particularly advisable to use the fresh-air intake method when engine-compartment temperatures exceed 80°C and when a highpower alternator is used. With the compact alternator, the fresh-air method can be applied for cooling the rectifiers and the regulator.



Cooling and noise



Fig. 3 T1 compact-diodeassembly alternator with fan for both directions of rotation
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Cooling and noise



Fig. 4 1 Stator 2 Rotor 3 Claw-pole chamfer (exaggerated)



Noise The more emphasis that is placed on quietrunning vehicles, the more important is the reduction of alternator noise. Alternator noise is comprised of two main components: aero-dynamic noise and magnetically induced noise. Aerodynamic noise can be generated by the passage of the cooling air through openings, and at high fan speeds. lt can be limited by careful routing of the cooling air and by using smaller fans with asymmetrically arranged blades. Magnetically induced noises are attributable to strong local magnetic fields and the dynamic effects which result between stator and rotor under load. There are a number of measures which can be taken to limit magnetic noise. These include air-gap increases and tighter manufacturing tolerances, etc. One of the most effective measures for reducing radially radiated noise is the “claw-pole chamfer”. Here, the claw-pole's trailing edge is chamfered (Fig. 4). This measure reduces the effects of armature reaction caused by the stator currents.Whenthealternatoriselectricallyloaded, the armature reaction causes a pronounced field displacement in the air gap which in turn leads to the generation of noise. Optimization of the claw-pole chamfer method, combined with a reduction of the housing's noise-radiating surfaces, results in noise reductions of up to 10 dB(A), a figure which approximates to about 50 % in individual noise perception. Account must also be taken of the effect of the alternator's position on the engine. Structure-borne noise excites the alternator mounting bracket and affects the alternator's oscillatory characteristics and its noise generation. A resilient alternator mounting can prevent this coupling completely. In individual cases, mechanical noise can be caused by ball bearings in which hardened grease together with the effects of moisture ingress lead to “stick- slip” oscillations at very low temperatures. The remedy here is to use well-sealed ball bearings together with greases which retain their lubricity even at low temperatures.



Measures taken to reduce noise also have an effect on the alternator’s power output, as well as upon component temperature and alternator manufacturing costs. The challenge is to find the best-possible compromise between these conflicting factors. This necessitates the use of state-of-the-art simulation and measuring techniques such as:  Finite Element Methods (FEM) for the optimization of oscillatory behavior and mechanical strength  Software for noise calculations  Flow and temperature simulation  Test stands for noise and flow measurements
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Power losses Efficiency Losses are an unavoidable by-product when converting mechanical energy into electrical energy. Efficiency is defined as the ratio between the power input to the conversion unit and the power taken from it. The maximum efficiency of an air-cooled alternator is approximately 65 %, a figure which drops rapidly when speed is increased. Under normal driving conditions, an alternator usually operates in the part-load range, whereby mean efficiency is around 55...60 %. Presuming the same loading, using a larger, heavier alternator means that operation can take place across a more favorable portion of the efficiency curve (Fig. 1). On the other hand, the increased efficiency of the larger alternator can be offset by an accompanying increase in fuel consumption. What must be taken into account though is the increased moment of inertia which results in a higher energy input for accelerating the rotor. The alternator is typical for a permanently operating vehicle assembly, and regarding fuel-consumption must first of all be optimized with respect to efficiency and then with respect to weight.
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Fig. 1 I = 30 A U = 28 V n = 6000 rpm ηK1 = 50 % at 5 kg weight, ηN1 = 62 % at 6,15 kg weight



Loss distribution in an alternator
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Sources of power loss The power losses are shown in Fig. 2 below. The major losses are either “iron losses”, “copper losses”, “mechanical losses”, or “rectifier losses”. Iron losses result from the hysteresis and eddy currents produced by the alternating magnetic fields in the rotor and the stator. They increase disproportionally with frequency. That is, with the rotational speed and with the magnetic induction. The copper losses are the resistive losses in the stator windings. Their extent is proportional to the power-to-weight ratio, i.e. the ratio of generated electrical power to the mass of the effective components. The mechanical losses include friction losses at the rolling bearings and at the collector-ring contacts, as well as the windage losses of the rotor and the fan. At higher speeds, the fan losses increase considerably.
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Efficiency curves for K1 and N1 alternators (examples)



Power losses



Fig. 2 P1 Power input P2 Power output Vmech. Mechanical losses VCu Stator Stator copper losses VFe+add. Iron and additional losses Vdiodes Rectifier losses VCu field Excitation losses
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Characteristic curves



Characteristic curves Alternator performance The characteristic performance of the alternator at a variety of different speeds is shown by its characteristic curves. Due to the constant transmission ratio between alternator and engine, the alternator must be able to operate at greatly differing speeds. As the engine takes the alternator from standstill up to maximum speed, the alternator passes through certain speed points. Each of these speed points is of particular



importance for understanding the alternator's operation and each has therefore been allocated a specific name. Normally, the curves for alternator current and drive power are shown as a function of the rotational speed (Fig. 1). The characteristic curves of an alternator are always referred to a constant voltage and precisely defined temperature conditions. For instance, an ambient temperature of 80 °C (or a room temperature of 23 °C) is specified for the limit-temperature test.



Typical characteristic curves for an alternator A
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Characteristic curves



Current characteristic curve (I) 0-Ampere speed (n0) The 0-Ampere speed is the speed (approx. 1,000 rpm) ) at which the alternator reaches its rated voltage without delivering power. This is the speed at which the curve crosses the rpm 1 abscissa. The alternator can only deliver power at higher speeds.



nA Cutting-in speed The cutting-in speed is defined as that speed at which the alternator starts to deliver current when the speed is increased for the first time. lt is above the idle speed, and depends upon the pre-excitation power, the rotor's remanence, the battery voltage, and the rate of rotational-speed change.



nL Speed at engine idle IL Current at engine idle With the speed increasing, alternator speed nL is reached with the engine at idle. This point is shown as an area in Fig. 1 since the precise value depends upon the transmission ratio between engine and alternator. At this speed, the alternator must deliver at least the current required for the long-time consumers. This value is given in the alternator's type designation. In the case of compact-diode-assembly alternators: nL = 1,500 rpm, for compact alternators nL = 1,800 rpm due to the usually higher transmission ratio



Characteristic curve of power input (P1) The characteristic curve of power input is decisive for drive-belt calculations. Information can be taken from this curve concerning the maximum power which must be taken from the engine to drive the alternator at a given speed. In addition, the power input and power output can be used to calculate the alternator's efficiency. The example in Fig. 1 shows that after a gradual rise in the mediumspeed range, the characteristic curve for power input rises again sharply at higher speeds.



nN Speed at rated current IN Rated current The speed at which the alternator generates its rated current is stipulated as nN = 6,000 rpm. The rated current should always be higher than the total current required by all loads together. lt is also given in the type designation. nmax Maximum speed Imax Maximum current Imax is the maximum achievable current at the alternator's maximum speed. Maximum speed is limited by the rolling bearings and the carbon brushes as well as by the fan. With compact alternators it is 18,000… 20,000 rpm, and for compact-diode-assembly alternators 15,000…18,000 rpm. In the case of commercial vehicles, it is 8,000… 15,000 rpm depending upon alternator size.



Explanation of the type designation Every Bosch alternator carries a rating plate containing type designation and 10-digit Part Number. The type designation gives information on the alternator's most important technical data such as current at engine idle and rated voltage etc.



Example of a type designation: K C () 14 V 40 –70 A K Alternator size (stator OD) C Compact alternator () Direction of rotation, clockwise 14 V Alternator voltage 40 A Current at n = 1800 rpm 70 A Current at n = 6000 rpm
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Alternator circuitry Sometimes, the alternator or the vehicle electrical system is confronted with requirements which cannot always be fully complied with by the standard series-production versions. For such cases, there are special circuitry variants available which can be implemented individually or in combination Parallel-connected power diodes As already dealt with in the section on semiconductor devices, diodes can only be loaded up to a certain current level without damage. At high currents, excessive heat-up would destroy them. This is particularly important when considering the heavily loaded power diodes in the 3-phase AC bridge circuit through which the entire alternator current flows. However, the alternator's maximum achievable power output is limited by the maximum possible alternator current. And high-power alternators feature a alternator current which is so high that the six power diodes in the 1



normal 3-phase AC bridge circuit are unable to handle it. For this reason, such alternators are equipped with two or more parallel-connected power diodes for each phase. As a result, the alternator current is divided between the parallel-connected diodes so that the individual diodes are no longer overloaded. The circuit diagram of an alternator using this principle is shown in Fig. 1. Two power diodes are connected in parallel for each phase, which means that the 3-phase AC rectifier comprises 12 power diodes instead of six. Auxiliary diodes at the star (neutral) point On alternators with star-connected stator windings, the ends of the windings are joined at a single point, the star or neutral point. Since, at least theoretically, the addition of the three phase currents or phase voltages is always zero at any instant in time, this means that the neutral conductor can be dispensed with.



Circuit diagram of a T1 alternator with special circuit variants
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Fig. 1 1 Excitation diodes 2 Parallel-connected power diodes 3 Auxiliary diodes at the star (neutral) point 4 Suppression capacitor 5 Terminal “W” (interferencesuppressed)
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Due to harmonics, the neutral point assumes a varying potential which changes periodically from positive to negative. This potential is mainly caused by the “third harmonic” which is superimposed on the fundamental wave and which has three times its frequency (Fig. 2). The energy it contains would normally be lost, but instead it is rectified by two diodes connected as power diodes between the neutral point and the positive and negative terminals (Fig. 1). As from around 3000 rpm, this leads to an alternator power increase of max. 10 %. These auxiliary diodes increase the alternatorvoltage ripple. Operation of alternators in parallel lf demanded by power requirements, alternators with the same power rating can be connected in parallel. Special balancing is not necessary, although the voltage regulators concerned must have the same characteristics, and their characteristic curves must be identical.
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Terminal “W” For specific applications, Terminal “W” can be connected to one of the three phases as an additional terminal (Fig. 1). lt provides a pulsating DC (half-wave-rectified AC) which can be used for measuring engine speed (for instance on diesel engines). According to the following equation, the frequency (number of pulses per second) depends on the number of pole pairs and upon alternator speed. f = p · n/60 f Frequency (pulses per second) p Number of pole pairs (6 on Size G K and N; 8 on Size T) n Alternator speed (rpm) Interference-suppression measures The main source of electrical interference in the SI engine is the ignition system, although some interference is also generated by alternator and regulator, as well as by other electrical loads. lf a 2-way radio, car radio, or car telephone etc. is operated in the vehicle itself or in the vicinity, it is necessary to install intensified interference suppression for alternator and regulator. For this purpose, alternators are fitted with a suppression capacitor. In the case of compact-diode-assembly alternators, if not present as standard equipment, the suppression capacitor can be retrofitted on the outside of the collector-ring end shield. On compact alternators, it is already integrated in the rectifier. Older versions of the contact regulator are combined with an interference- suppression filter or are replaced by an interference-suppressed version. Transistor regulators do not require additional suppression measures. lf Terminal “W” is connected, this can be suppressed with a resistor which is installed in the “W” line (Fig. 1). Fig. 2 U1 Phase voltage (fundamental wave) U3 Third-harmonic voltage
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Operation in the vehicle



Alternator operation in the vehicle



Charge balance



In general, the following applies: Where: IG Alternator current IG = IW + IB IW Equipment current IB Battery current The battery current may be positive or negative depending on whether the battery is charging or discharging
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Electrical equipment, vehicle-system electronics, loads



Favorable situation:



Medium/high alternator speed
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IW2 Fig. 1 Current flow between alternator, battery, and electrical devices, with constant power demands from the loads, and varying alternator operating conditions.
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The vehicle’s engine, alternator, battery, and electrical loads, must be considered as an interrelated system. Energy balance in the vehicle When specifying or checking alternator size, account must be taken of the battery capacity, the power consumption of the connected loads, and the driving conditions. Alternator size and battery capacity are specified by the automaker in accordance with the electrical loads installed in the vehicle and the normal driving conditions. Individual circumstances can deviate from the above conditions though. On the one hand, because the operator installs extra electrical equipment in the vehicle, and on the other, because driving conditions differ considerably from those taken as normal. These considerations are intended to underline the fact that the total input-power requirements, together with the individual driving conditions, are of decisive importance with regard to the loading of the alternator and battery. An adequate level of battery charge is the prime consideration. lt is decisive for sufficient energy being available to start the engine again after it has been switched off. The battery functions as an energy store which supplies the various loads, and which in turn must continually be charged by the alternator in its function as the energy supplier. On the other hand, if the energy drawn from the battery exeeds that supplied to it, even a high-capacity battery will gradually discharge until it is “empty” (or “flat”). The ideal situation is a balance between input and output of energy to and from the battery (Fig. 1). Thus, a correctly dimensioned alternator is decisive for an adequate supply of on-board energy. An under-rated (i.e. overloaded) alternator is not able to keep the battery sufficiently charged, which means that battery capacity cannot be fully utilized.
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Consequently, if power demand is increased, for instance as a result of fitting extra equipment, it is advisable to replace the standard fitted alternator by a more powerful version. One of the most important steps to be taken when ascertaining the electrical system's charge balance is the registration of all the installed electrical loads (including retrofitted equipment), together with their power inputs and the average length of time they are switched on (short-time, long-time, or permanent loads). Similarly, the driving cycles as dictated by the traffic situation must also be con- sidered. These include, for instance, low alternator speeds typical for town traffic coupled with repeated standstills, expressway traffic with congestion, and high alternator speeds on clear first-class roads. The time of day (journeys mainly by daylight or during the dark), and the season (winter or summer driving with the related temperatures and weather), also have an affect. We can sum up as follows: Even under the most unfavorable operating conditions, in addition to powering all the electrical loads, the alternator power must suffice to keep the battery sufficiently charged so that the vehicle is always ready for operation. An expert should be consulted before the final selection of alternator size and its matching to the appropriate battery. The following example illustrates the loading of the vehicle's energy household by the electrical loads under a variety of different conditions: Alternator installation and drive Installation The motor-vehicle operator usually has little say concerning the alternator or regulator fitted in his/her vehicle. And in every vehicle, the alternator's installation position is dependent upon the conditions prevailing in the engine compartment due to construction and design. However, certain basic factors must always be borne in mind concerning installation:  Good accessibility for readjusting the V-belt tension and for any maintenance work which may be required.



Operation in the vehicle



 Adequate cooling for alternator waste heat as well as for heat conducted and radiated from the engine.  Protection against dirt, moisture, shock, impact, fuel and lubricants (ingress of gasoline leads to the danger of fire and explosion, and diesel fuel damages the carbon brushes and collector rings). Almost without exception, alternators which are driven by the engine through normal V-belts are attached by means of a swivel-arm mounting. In addition to the mounting using a swivel bearing, an adjustment facility (to pivot the alternator around a swivel arm) is provided for adjusting the V-belt tension. lf the alternator is driven through a ribbed V-belt (poly-V belt), the alternator is usually rigidly mounted. The belt is adjusted using a belt tensioner (in Fig. 2 overleaf, the belt is tensioned using the alternator). In special cases, large alternators are cradlemounted in a recess directly on the engine. lrrespective of the type of mounting, all alternators must have good electrical connection to the engine block. Furthermore, since current return from the electrical system is in the most cases via ground, a highly conductive ground connection of adequate crosssection must be provided between engine and chassis.
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Operation in the vehicle



Buses and special-purpose vehicles are often equipped with extra return lines in order to reduce voltage losses and thereby increase safety. Electric cables and lines only provide efficient connection if they have properly attached terminals or plug connectors.



V-belt and ribbed V-belt alternator drive
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Fig. 3 1 Short-cut fiber mixture 2 Embedding compound 3 Specially prepared cord 4 Cover fabric 5 Cut flanks



Construction of a ribbed V-belt (Poly-V-belt)
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Fig. 4 1 Carcasse 2 Cord 3 Outer cover



Investigations conducted by ADAC (Germany's largest automobile club) have revealed that V-belt damage is a frequent cause of breakdown. lt is therefore important to use V-belts which comply with the above requirements and which are capable of a long service life. Typical for automotive applications are the“open-flank”belt and the ribbed-V belt. The “open-flank” design (Fig. 3) features high flexibility, coupled with extreme lateral rigidity and resistance to wear. Particularly with small-diameter pulleys, this leads to improved power transmission and longer service life compared to conventional rubberjacketed V-belts. 4



Construction of an “open-flank” V-belt



1 2



Alternator drive Alternators are driven directly from the vehicle engine. As a rule, drive is via V-belts. Less frequently, flexible couplings are used. The belt drive (using V-belts, ribbed-V belts, etc.) is the most important element in the transmission of power, and as such it is subject to exacting requirements:  The belt material must have very high flexural strength.  Belt slip leads to heat-up and wear, and in order to prevent it, longitudinal stretch should remain at a minimum as the belt gets older.
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The high flexibility of the ribbed-V belt (Poly-V belt, Fig. 4) permits very small bending radiuses. This in turn means that small-diameter pulleys (minimum dia. 45 mm) can be fitted to the alternators thus permitting higher transmission ratios. The back of the belt may also be used to transmit power, thus enabling a number of aggregates (alternator, radiator fan, water pump, power-steering pump, etc.) to all be driven from a single belt with an adequate wrap angle around each pulley wheel. Usually, a single V-belt suffices to drive small-power alternators. With large-power alternators on the other hand, two V-belts or a single ribbed-V belt are more common in order to overcome the alternator's resistance to turning which is inherent in its higher power. Depending upon application, pulley wheels and fan wheels are used which have either been turned, or stamped from sheet metal, and which can be combined with each other as required (Fig. 5). The pulley wheel's correct diameter depends upon the required transmission ratio between engine and alternator. Being as the speed ranges covered by the multitude of engines concerned differ considerably from each other, there is a wide variety of pulley wheels available with different diameters.



49



The transmission ratio must take into account the fact that the alternator's permitted maximum speed must not be exceeded at the engine's maximum speed. Notes on operation Battery and regulator must be connected when the alternator is operated. This is the normal operating setup and the installed electronic equipment and semiconductor devices perform efficiently and safely. Emergency operation without the battery connected results in high voltage peaks which can damage equipment and components. Here, efficient emergency operation is only possible if precautionary measures are taken. There are three alternatives:  Zener diodes in the rectifier  Surge-proof alternator and regulator  Overvoltage-protection devices Connecting the battery into the vehicle's electrical system with the wrong polarity immediately destroys the alternator diodes, and can damage the regulator, no matter whether the engine is switched off or running. The same damage can occur if an external voltage source is used as a starting aid and the terminals are reversed.



Pulley and fan wheel assembly on a compact-diode-assembly alternator
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Operation in the vehicle



Fig. 5 Fan pulley: 1 Stamped version 2 Turned version (1-groove) 3 Turned version (2-groove) Fan wheel: 4 Stamped version with support plate 5 Cast aluminum version
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Operation in the vehicle



Fig. 6 1 Alternator 2 Charge-indicator lamp 3 Resistor 4 Ignition switch 5 Battery



Special circuitry is available to safeguard against reverse-polarity damage. When the battery is falsely connected, engine start is blocked in order to protect alternator and regulator. The charge-indicator lamp acts as a resistor in the alternator circuit. lf a correctly rated lamp is fitted which draws enough current, the resulting pre-excitation current provides a magnetic field which is strong enough to initiate alternator self-excitation. When the charge-indicator lamp lights up, this merely indicates to the driver that the ignition or driving switch is switched on and that the alternator is not yet feeding power into the electrical system. The lamp goes out as soon as the alternator's self-excitation speed is reached and the alternator supplies energy to the electrical system. The lamp therefore provides an indication that alternator and regulator are functioning correctly, that they are correctly connected, and that the alternator is supplying current. The charge-indicator lamp gives no indication as to whether, and as of what speed, the battery is being charged. When the alternator is heavily loaded, it can happen that even though the lamp has gone out, the battery is not being charged but discharged. The lamp gives no information concerning the state of battery charge even though it is (erroneously) referred to as the “charge-indicator lamp”. lf the lamp is defective (broken filament), this means that pre-excitation current cannot flow and self-excitation first sets in at very high speeds. This error is noticeable when the lamp fails to light up with the engine at standstill and the ignition switched on. lf during operation an open-circuit occurs in the lamp line or in the alternator ground line, and the alternator stops supplying current, the driver is not warned of this fact even though the charge-indicator lamp is intact. Here, in alternators with excitation diodes, it is necessary to connect in an additional resistor (Fig. 6) so that the charge-indicator lamp lights up to inform the driver of open-circuited excitation circuits. lf the charge-indicator lamp fails to go out even at high speeds,



this indicates a fault in the alternator itself, at the regulator, in the wiring, or at the V-belt. Mileages and maintenance intervals Using a variety of statistical methods, and taking typical operating conditions into account, it is possible to calculate specific average service lives, mileages, and driving cycles for different categories of vehicle (passenger cars, commercial vehicles, long-haul trucks, town and long-distance buses, and construction machinery).



Considering the different fields of application of these vehicle categories, the requirements and criteria for the economic efficiency of their alternators also differ. This leads to there being a range of alternators available for different service lives and maintenance intervals. Depending upon version and application, passenger-car alternators with en- capsulated ball bearings have service lives of 150,000...600,000 km. Presuming that the engine's service life until it is replaced or has a major overhaul corresponds to that of its alternator, this makes specific maintenance work on the alternator unnecessary. The grease in the bearings suffices for this period.
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Operation in the vehicle



Due to the use of particularly wear-resistant components, the alternators installed in trucks and buses for instance achieve mileages of 200,000...600,000 km. One prerequisite is that they are equipped with suitable ball bearings which, for instance, feature enlarged grease chambers. Provided the alternator is installed in a location which is relatively free from dirt, oil, and grease, the carbon-brush wear is negligible due to the low excitation currents involved.



The history of the generator/alternator



At the turn of the century, the introduction of electrical lighting to motor vehicles to take the place of the previously used horse-andcarriage lighting meant that a suitable source of electrical power had to be available in the vehicle. The battery alone was completely unsuitable since, when discharged, it had to be removed from the vehicle for re-charging. Around 1902, Robert Bosch designed a lighting dynamo (which came to be called a “generator”) which essentially comprised a stator, an armature with commutator, and a contact breaker for the ignition (see below). The only difficulty here, though, was the fact that the dynamo’s voltage was dependent on the engine’s speed which varied consideraby.



Endeavours, therefore, concentrated on the development of a DC dynamo with voltage regulation. Finally, electromagnetic control of the field resistor as a function of the machine’s output voltage proved to be the answer. Around 1909, using the knowledge available at that time, it thus became possible to build a complete “Lighting and Starting System for Motor Vehicles”. This was introduced to the market in 1913 and comprised a dynamo (splashwater-protected, encapsulated 12-V DC dynamo with shunt regulation and a rated power of 100 W), a battery, a voltage-regulator and switching box, a free-wheeling starter with pedal-operated switch, and a variety of different lighting components.
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Development of starting systems



Starter motors Before an internal-combustion engine can operate independently and generate its own power output, it requires assistance to start it. It needs a certain degree of momentum before the torque produced by the ignition stroke is sufficient to overcome the resistance of the exhaust, induction and compression strokes. In addition, when an engine is first started, the bearings are not properly lubricated so that high levels of friction have to be overcome. In short, the process of starting an internal-combustion engine is one that requires a large amount of force.



Development of starting systems Manual starting methods On January 29, 1886, the inventor Carl Benz registered his motor carriage, a new type of road-going vehicle driven by a gasoline engine, with the German Imperial Patent Office. In August 1888, his wife Berta Benz and their two sons embarked on their legendary and courageous journey from their home in Mannheim in the south of Germany to Pforzheim. It was the first-ever journey across country in the history of the automobile (Figure 1). As this excursion took place without the knowledge of her husband, push-starting was almost certainly the only way that Berta Benz could get the three-wheeler car going. Carl Benz himself would have been 1



able to start it by spinning the flywheel. But it is doubtful whether his wife or the two boys would have had the physical strength required to start the engine in that way. For many years after Berta Benz’ daring journey, muscle power remained the chief source of energy for starting the internal-combustion engine. Whether by push-starting, spinning the flywheel or using a crank handle, starting a motor car required physical exertion and often a good deal of sweat. No wonder, then, that from an early stage, engineers began to look for an easier method of getting the engine going. Right from the early days of the Twentieth Century, the inventive efforts of numerous engineers were devoted to this problem. An enormous variety of starting devices was thought up, including spring-loaded, compressed-air, hydraulic and inertia starters (Figure 2). The electric starter motor The development of the electric starter motor was a major breakthrough. However, its effective use depended on the availability of a sufficiently powerful battery. Lead-acid accumulator batteries with sufficient capacity started to be produced around 1910, which meant that from then on nothing more stood in the way of the spread of the electric starter motor.



Berta Benz tests out her husband’s invention (source: DaimlerChrysler Classic, Group Archive)
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In the beginning, starter motors were linked directly to the crankshaft by a chain or beltdrive system and, in some cases, they also performed the function of a dynamo – a concept that has been revived in some of today’s very latest designs. At that point, however, separate devices optimized for the distinct functions of starting and electricity generation became the established norm. As early as 1913 there was an electric starter motor with planetary gearing and an overrunning clutch (Figure 3).



The years that followed were marked by a wide variety of design improvements. In particular,
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Fig. 3 1 Starter motor 2 Planetary gear 3 Freewheel 4 Magnetic brake



these involved increasing the reliability of the pinion-engagement action and reducing size and weight. On commercial vehicles, increasingly large engines were used. Accordingly, the mechanical stresses on the starter motor were much greater. These were overcome by multistage pinion-engaging systems and specially designed overrunning clutches. By the beginning of the 1980s, the development of ceramic permanent magnets had reached a stage where they could be used in starter motors for cars. This made it possible to dispense with the more costly electromagnet. As a further means of reducing size and weight, starter motors with internal reduction gear were introduced in 1982. They have remained the market-leading design ever since.



Flywheel starter motor with manual engagement mechanism
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The first Bosch electric starter motor (1913)
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In order to reduce the technical complexity, starter-motor designs were subsequently developed which allowed separation of the starter-motor drive from the driven component. Initially, the starter-motor drive pinion was brought into engagement with the ring gear on the flywheel by manual means involving a lever, pedal or cable linkage – a principle that remained in isolated use right up until the 1950s. However, it wasn’t long before electrical actuation by means of the ignition switch and engagement of the pinion with the aid of a solenoid switch became the established method. The basic design of the electric starter motor had thus been determined by roughly the end of the Second World War.



3



Development of starting systems



Fig. 2 1 Multiplate overrunning clutch 2 Flywheel 3 Planetary gear
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Starting the internal-combustion engine



Starting the internalcombustion engine A starter motor starts an internal-combustion engine by engaging its pinion gear in a ring gear that typically has about 130 teeth (on cars). On vehicles with a manually shifted transmission, the ring gear is on the engine flywheel, while on vehicles with automatic transmission, it is on the torque-converter housing.When in its resting position, the starter-motor pinion (which typicallyhas10teeth)isdisengagedfromthering gear, but remains only a few millimeters away from it (Figure 1, Diagram 1). When the driver turns the ignition key to the starting position, the starter motor first of all establishes the mechanical link between itself and the engine. Operating sequence of the starter motor Engagement When the ignition switch is in the starting position, it completes an electric circuit that energizes the starter-motor solenoid switch. The magnetic field created by the solenoid coil draws in the solenoid armature, thus operating the engagement lever so that the pinion gear is moved outwards and comes into contact with the ring gear.



Under ideal circumstances, the teeth of the pinion will be in line with the gaps in the ring gear so that the two gears mesh perfectly and the mechanical link between the starter motor and the engine is immediately established (Figure 1, Diagram 2). As it reaches the end of its travel, the solenoid armature closes a switch which completes the starter-motor main circuit. The starter motor thus starts to rotate so that its drive shaft and pinion gear drive the ring gear with the result that the engine starts to turn as well (Figure 1, Diagram 4). This ideal sequence of events, whereby the pinion meshes perfectly with the ring gear first time, actually rarely occurs in practice because the 0.4 mm of play between the teeth of the two gears leaves very leeway for smooth meshing. The typical scenario (which occurs around 70 % of the time) is a situation in which the



teeth of the pinion collide with those of the ring gear as the pinion moves outwards. The pinion can then not move any further outwards and mesh with the ring gear unless it is rotated. However, in this case too, the solenoid armature continues to be drawn further into the coil so that the engagement lever compresses the meshing spring. Consequently, the pinion is pressed with increasing force against the side of the ring gear (Figure 1, Diagram 2). As it reaches the end of its travel, the solenoid closes the switch in the starter-motor main circuit (as previously explained). As a result, the pinion starts to turn and at some point reaches a position where it will mesh with the ring gear. At that point, the tension in the meshing spring forces the pinion rapidly outwards. In this way, the necessary mechanical link between starter motor and engine is established in this more complex scenario. On most starter motors, pinion engagement is also assisted by a helical spline. This has two effects:  as the pinion moved outwards, it turns slightly in the opposite direction to its normal direction of rotation, which assists the meshing action, and  when the starter motor starts to rotate, the effect of the helix throws the pinion outwards as it engages with the ring gear. As starter motors for commercial vehicles have to produce high levels of torque, appropriate meshing methods have to be adopted in order to prevent excessive stress on the teeth of the pinion and ring gear (refer to the section “Starter motors for commercial vehicles”). They ensure that there is sufficient overlap of the teeth before the starter motor delivers its full power. Turning the engine When the starter motor begins to rotate, the transmission ratio between the pinion and the ring gear produces a large amount of torque acting on the crankshaft of the engine. The frictional resistance is overcome and the engine starts to turn over.
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Operating sequence of the starter motor
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1 Resting position 30
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1 Ignition / starter switch 2 Solenoid switch 3 Return spring 4 Excitation winding, series winding
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Starting the internal-combustion engine



Curves of engine speed and starter-motor current during starting sequence
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The cyclic compression and decompression of gases in the cylinders means that the torque required to turn the engine over fluctuates considerably, as a result of which the momentary engine speed also fluctuates considerably. Figure 2 shows the typical graphs for engine speed and starter-motor current. A warm engine with a modern fuel-injection system will normally take only two revolutions of the crankshaft to start. When starting from cold, the engine may need to be turned over for slightly longer. If, for whatever reason, the fuel system needs to be purged of air when the engine is started, it may have to be turned over for as long as 20...30 s before it starts. Starting and overrunning As soon as fuel is injected / ignited, the internalcombustion engine starts to generate its own torque and, therefore, to increase its speed of rotation. After only a few ignition strokes, it is revving so fast that the starter motor can no longer keep up. The starter motor is thus overrunning. At this point, it is essential that the one-way or overrunning clutch disengages the pinion from the starter-motor drive shaft. By doing so, it prevents excessive wear and protects the starter motor from damage as a result of being driven at excessive speeds by
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the engine. As soon as the driver releases the ignition key, the solenoid-switch circuit is broken. The return spring moves the solenoid armature back towards its resting position as a result of which the primary-circuit switch opens. The meshing spring completes retraction of the pinion from the ring gear with the assistance of the helical spline. The starter motor freewheels to a standstill and the entire mechanism returns to its initial position. Preconditions for starting The resistance to rotation of an internal-combustion engine, i.e. the torque required to turn it over, depends primarily on the engine capacity and the viscosity of the engine oil (measure of the internal friction of the oil). The design of the engine, the number of cylinders, the ratio of stroke to bore, the compression ratio, the mass of the moving engine components and the nature of their bearings, as well as the additional drag from clutch, transmission and auxiliary drive systems also have an effect. In general, the mean resistance to rotation increases with engine speed in the case of gasoline engines (Figure 3). With diesel engines, on the other hand, the resistance may decrease after reaching a peak at about 80...100 rpm because of the energy regained from the relatively large amount of compression work.
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The torque delivered by the starter motor is at its highest when first switched from standstill and decreases continuously as speed increases (refer to the section“DC motors”). The surplus torque provided by the starter motor at the beginning of the starting sequence initially overcomes the static friction in the engine bearings and then accelerates the engine to the “turnover speed”. This speed is characterized by the intersection of the engine and startermotor torque curves and must be above the “minimum starting speed” in order to ensure successful starting. On engines with electronically controlled fuelinjection systems, sensors detect the position of the crankshaft within the first two revolutions (initiation of the fuel-injection system). Their signals are used to selectively deliver fuel to the cylinder that will be the next to perform its compression stroke. This ensures that exhaust emissions and fuel consumption are minimized during the starting sequence. As soon as one of the cylinders fires, the internalcombustion engines starts to generate its own
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torque, though not necessarily enough to start the engine in every case. To attain the air/fuel mixture required by the gasoline engine or, as the case may be, the spontaneous-ignition temperature required by the diesel engine, the starter motor must continue to assist the engine to reach the“minimum starting speed”. The various phases of the starting sequence are illustrated by the diagram in Figure 3. The degree of frictional resistance that has to be overcome is heavily dependent on the viscosity of the engine lubricant and thus also on engine temperature. Oil viscosity is at its greatest at low temperatures, when it can be as much as two or three times greater than at normal engine operating temperature. Furthermore, the minimum engine speed required for obtaining satisfactory mixture formation in a gasoline engine or spontaneous ignition in a diesel engine increases as temperature decreases. Consequently, the starter motor must produce significantly greater power output for cold starting than when the engine is warm.



Phases of the starting sequence (schematic)
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Starting the internal-combustion engine



Fig. 3 MS Starter-motor torque Mdrag Engine drag P Power I Current n Engine speed
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The fact that the starter motor generally obtains its electrical power supply from a lead-acid accumulator battery (see section “Batteries”) means that in cold weather, the available voltage /current is lower because the internal impedance of this type of battery increases as the temperature drops. As a result, the power of the starting system is lower at lower temperatures.



Fig. 5 t G Minimum starting temperature nS Engine speed achieved by starting system nM Minimum speed required for starting



The greater torque requirements on the part of the internal-combustion engine on the one hand, and the lower power of the starting system on the other, mean that the achievable turnover speed decreases as the temperature falls (Figure 4). For this reason, the engine can only be successfully started at temperatures above a certain threshold referred to as the “minimum starting temperature” (Figure 5).



Tests designed to determine that temperature threshold are carried out in the cold room at the Bosch Automotive Electrics Technical Center (Figure 6). 5
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Dependence of available starter-motor torque and engine torque requirement on temperature
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Fig. 4 1 Starter-motor torque MS (available torque) measure using battery with rating of 64 Ah 380 A, PE 20 % 1a At –20 °C U0 = 10.9 V Ri = 4.5 mΩ Rzul = 1.3 mΩ 1b At –24 °C U0 = 10.6 V Ri = 5.6 mΩ Rzul = 1.3 mΩ 2 Engine drag MM (torque requirement) 2a At –24 °C, engine oil SAE10W40 2b At –20 °C, engine oil SAE10W40
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Cold-starting tests in the cold room
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Dimensioning of starting systems A starter motor must satisfy the following requirements:  Readiness to function at any time  Sufficient starting power even at low temperatures  Sufficient durability to start the engine many thousands of times  Sufficient toughness to withstand the stresses of pinion engagement, turning the engine over, vibration and shock, the corrosive effects of damp and gritting salt, dirt, variations in temperature inside the engine compartment, etc.  Lightness and compactness  Maintenance-free operation



The most important operating parameters are:  Minimum starting temperature, i.e. lowest engine and battery temperature at which it should still be possible to start the engine  Rotation resistance of the engine, equivalent to the torque required at the crankshaft in order to turn the engine and all connected auxiliary systems / drivetrain components at the minimum starting temperature,  Required minimum engine speed at minimum starting temperature,  Possible transmission ratio between starter motor and crankshaft  Nominal voltage of starting system  Characteristics of vehicle battery  Impedance of electrical supply cables between battery and starter motor  Speed / torque characteristics of starter motor  Maximum permissible voltage drop in the vehicle’s electrical system for continued functioning of the motor electronics (see section “Starter control”) It is clear, therefore, that the battery cannot be viewed in isolation. It is a component of the overall system consisting of internal-combustion engine and ancillary systems, vehicle electrical system including battery and wiring, and the starter motor itself. It has to be compatible with the other components in order ensure that it functions reliably and efficiently.



In Europe, starting systems are generally dimensioned for the minimum starting temperatures detailed in Table 1. There are variations within the ranges shown in order to suit local conditions in particular countries. The required minimum starting speed varies widely according to engine type and method of mixture formation. In the case of diesel engines, the presence of start-assist systems is also of significance. The list in Table 2 gives a general guide to the possible figures. The combination of required torque at minimum starting temperature and minimum starting speed provides the required startermotor power output, which is the initial criterion for selection of starter-motor type. The rated power output of a starter motor is a characteristic determined on a test bench. The figures quoted by Bosch always relate to use in conjunction with the most powerful battery permitted with a charge level of “20 % discharged” at a temperature of –20°C and an impedance of 1 mΩ on the part of the main power supply cable to the starter motor. Those figures have to be adjusted as required to the specifics of the individual situation. Rated-power figures are commonly quoted on the basis of quite different parameters, however. Figure 8 shows a comparison of some of the standards applied. The figures quoted by Bosch are based on cold-starting requirements and operation with the drive pinion engaged. Some of the other testing requirements and standards are based on a temperature of +20 °C and centric torque-loading of the pinion, i.e. the losses when the pinion is engaged are ignored. And finally, there is a lack of consistency in the assumed battery characteristics so that the overall picture obtained of commonly applied power ratings for starter motors is regrettably somewhat confusing. There is no generally applicable conversion equation; Figure 7 should thus only be viewed as an example.
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Those are the essential criteria for battery dimensioning. As explained in the preceding section, the starter motor speed and torque characteristics must match the requirements of the engine on which it is used. Power output as a composite characteristic is inadequate for determining suitability in this regard. Therefore, the transmission ratio between the starter motor and the crankshaft must be adopted as an additional variable. It can be varied within limits by changing the number of teeth on the starter-motor pinion. However, much greater scope is offered by the use of an internal reduction gear in the starter motor which allows for broader variation of starter-motor characteristics.



Minimum starting temperatures Minimum starting temperature °C –18...–28 –15...–32 –12...–15



Type of engine



Car engines Truck / bus engines Tractor engines Marine and powergenerator engines –5 Engines for diesel locomotives +5



2



Typical minimum starting speeds at –20 °C



Engine type



Speed rpm



Gasoline engine Direct-injection diesel engine without start-assist systems Direct-injection diesel engine with start-assist systems



60...100 80...200 60...120
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Table 1



Table 2



The nominal voltage of starting systems is normally fixed. For cars, it is now universally 12 V, while for commercial vehicles in Europe it is 24 V. In the USA, on the other hand, commercial vehicles also have mostly 12-volt electrical systems. On vans, tractors and small generator and marine engines, both 12-volt and 24-volt systems are common. Fixed-installation engines, railway locomotives and specialized vehicles can have systems operating on voltages ranging from 36 to 110.



The actual power output of a starting system essentially depends on the internal impedance of the battery and the power supply cable. The lower the internal impedance of the battery, the greater is the power output of the starter motor. The size of the battery must be such that it is capable of supplying the necessary current at the minimum starting temperature and maintaining it for a sufficiently long period under unfavorable conditions.



Differences between commonly used power-rating standards for starter motors
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Fig. 7 1 Power available at ring gear 2 Centrically measured power at pinion
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Starter-motor design



1 Fig. 2 Ri Internal impedance of battery RS Starter-motor impedance Rperm Power-cable impedance UL No-load voltage of battery UK Battery-terminal voltage US Starter-motor voltage Ubr Voltage drop across brushes Uind Induced voltage in armature winding



Since the flow of an electric current through conductors in a magnetic field produces a force, the effect of commutation is to create a constant torque, M, represented by the equation M = c1 · B · l Fe · d · I ,



Eq. 1



that is proportional to the current flowing, I, the magnetic induction, B, of the magnetic field, the length of the laminated core, l Fe, and the diameter, d, of the armature. 2
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Fig. 1 1 Stator housing 2 Armature winding 3 Laminated core 4 Permanent magnets 5 Carbon brushes 6 Commutator



DC motors The most important components of the starter motor are shown in Figure 1. The outer casing is made of sheet steel and protects the inner workings of the motor from external effects. It is also called the stator housing (1) because it holds the magnets that form the stator or nonmoving part of the motor. The stator field is created either by permanent magnets (4), as shown in the illustration, or by the additional use of field coils. The design most commonly used today is the six-pole motor. As the name suggests, this type of motor has six magnets or field coils; they are arranged so that fields of opposite polarity are adjacent. The moving part of the motor is called the rotor or armature. It consists essentially of a laminated core (3) that is press-fitted onto the armature shaft and serves to conduct the magnetic flux. On its outer circumference the laminated core has slots into which copper wires are inserted or laid. The wires are connected to each other according to a specific winding pattern and welded to the plates of the commutator (6). Collectively, they form the armature winding (2). The electrical current that flows through the armature winding is supplied via carbon brushes (5) that are in sliding contact with the commutator and thus pass current in sequence to the individual plates of the commutator



as it rotates. The circuits are arranged so that current flowing through the wires adjacent to the north poles of the field magnets is always flowing in the same direction, e.g. towards the pinion end. At the same time, the current in the wires adjacent to the south poles is flowing in the opposite direction. As the armature rotates, the commutator maintains this state of affairs by reversing the direction of current flow in the wires by virtue of the fact that different commutator plates come into contact with the carbon brushes. This constant reversal of current flow is referred to as commutation and gives the commutator its name. Two carbon brushes are generally required to complete the armature circuit. Six-pole motors may have as many as six carbon brushes positioned around the commutator. The most technically efficient arrangement has usually proven to be the use of four brushes – two negatives and two positives.
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The machine constant, c1, is derived from the number of poles and the characteristics of the armature winding. Since a voltage is induced in a wire coil that is moving inside a magnetic field, the induced voltage
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The product of torque and speed is the power output, Pi, which is given by Pi = 2 · π · M · n c = c1 (UL – Ubr) · I – (Ri + Rperm + RS) · I2 2 Eq. 3



Uind = 2 · π · c2 · B · l Fe · d · n , where n is the speed of rotation of the armature, occurs in the armature winding. Due to the effect of commutation, this voltage appears externally as DC voltage. It is acting in the opposite direction to the supply voltage even though the polarity of the conductors on the rotating armature is continually changing. The machine constant, c2, is determined as described above. The electric circuit of a starter motor is shown in Figure 2. The voltage at the battery terminals, UK, is the product of the open-circuit voltage, UL, minus the voltage drop due to the battery’s internal impedance, Ri. The voltage available at the starter motor, US, is further reduced by the voltage drop due to the supplycable impedance, Rperm. The voltage at the commutator is in turn diminished by the voltage drop, Ubr, due to the brushes.Approximately 1.2 V is generally lost for each pair of brushes regardless of the current. For positive and negative brushes combined, therefore, Ubr ≈ 2.4 V. The impedance of the starter motor itself is RS. For the electric circuit as a whole, therefore,



Thus it is equal to the battery power output, UL · I, minus the losses at the brushes, Ubr · I and the combined impedance losses (Ri + Rperm + RS) · I2 . At the specified nominal voltage, the only technical parameters that can be varied in order to determine the power output are thus the impedance of the battery, the power-supply cable, and the starter motor itself. The actual power output, Pm, delivered at the starter motor pinion is reduced even further by the mechanical friction, VR, and magnetizationreversal losses, VFe, in the iron core so that Pm = Pi – VR – VFe Permanent-magnet motor Electric motors with permanent-magnet stators (Figure 3) are at present the most commonly used design for car starter motors worldwide. New types of magnetic material such as strontium ferrite are able to achieve an air-gap induction of B ≈ 400 mT. As it is imposed by the permanent magnet (1), it is 3



UL = (Ri + Rperm + RS) · I + Ubr + Uind and with the inclusion of the speed-dependent induced voltage,
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UL = (Ri + Rperm + RS) · I + Ubr + 2 · π · c2 · B · l Fe · d · n ,
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from which it follows that the speed can be represented by UL – Ubr – (Ri + Rperm + RS) · I 2 · π · c2 · B · l Fe · d



Eq. 2
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Fig. 3 1 Permanent magnets 2 Stator housing
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independent of the armature current. Such motors are also said to have a shunt characteristic. The effective magnetic flux is reduced at high armature currents by the “armature crossfield”1), however. As is evident from Equation 1, the torque increases in linear relationship with the current, whereas the motor speed decreases in linear fashion (Equation 2). As a result of the two linear relationships, the power output characteristic is represented by a convex parabolic curve. Real starter-motor characteristics are marginally different from the theoretical graphs. That is due in particular to the retroactive effect of the armature magnetic field at high currents, but also because of nonlinear material and friction-related effects. The characteristic graphs are shown in Figure 4, with losses taken into account. 1)



4



Series-wound motor In a series-wound motor, the stator magnetic field is electromagnetically created by excitation windings (Figure 5, Item 2). They are connected in series with the armature winding so that the same current is flowing through them. Consequently, the induction, B, is not constant and is dependent instead on the starter-motor current. An initial approximation using the machine constant c3 can be represented by B = c3 · I so that the torque is given by Equation 1 thus: M = c1 · c3 · lFe · d · I2 It increases quadratically relative to the current. The motor speed drops hyperbolically according to Equation 2 thus: n=



“Elektrische Maschinen”, Rolf Fischer, Hanser Verlag 2001, ISBN 3-446-21810-6.
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Characteristics of permanent-magnet DC motor (schematic)
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Figure 6 shows the characteristic graphs.
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Due to their high peak transient torque combined with adequate speed at low loads, series-wound motors are used mainly as starter motors for commercial vehicles.



This means that the series-wound motor characteristically has a high peak transient torque and a high no-load speed. Theoretically, the speed would increase to infinity in response to decreasing current. In practice, however, the ever-present friction losses constitute the limiting factor.
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Characteristics of series-wound motor (schematic)
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Similarly, in the case of the torque, the theoretical quadratic characteristic is evident only at low currents. Due to magnetic saturation of the iron, the magnetic flux ceases to increase proportionally at high currents, and instead, virtually proportional torque increase results.
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Fig. 5 1 Pole shoes 2 Excitation winding 3 Stator housing
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Permanent-magnet motor with flux concentrators The torque and speed characteristics of permanent-magnet motors can be manipulated with the aid of flux concentrators (Figure 8, Item 2). If part of the leading edge of the magnet (1) is replaced by a piece of soft iron, the shape of the shunt characteristic curve can be changed to a certain degree to more closely resemble the series-wound characteristic (Figure 7). As the size of the magnet is smaller and the soft-iron piece short-circuits part of the magnetic flux, the primary flux is reduced under no-load conditions. In accordance with the equation for the induced voltage, the noload speed is then increased. In the vicinity of the short-circuit, the soft-iron pole edge offers the flux resulting from the stator flux and the armature flux a path of high magnetic conductivity, as a result of which the overall flux is greater than for a motor without flux concentrators and produces higher torque in 7



Stator housing with permanent magnets and flux concentrators
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accordance with the torque equation. The flux concentrators only marginally increase the maximum power output. Flux concentrators are primarily a common feature of medium-power starter motors for car diesel engines.



Characteristics of permanent-magnet motor with flux concentrators (schematic, effect of flux concentrators exaggerated for purposes of illustration)
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Fig. 8 1 Permanent magnets 2 Flux concentrators 3 Stator housing
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Principle of planetary gear



Direct-drive and reduction-gear starter motors In a conventional direct-drive starter motor, the pinion rotates at the same speed as the armature. The one-way clutch and the pinion are mounted directly on the motor’s armature shaft. In order to be able to deliver the high torque required for cold starting, the motor has to be relatively large – and therefore heavy – with this type of design. Consequently, it is now only commonly used in cars for power ratings < 1 kW.
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Characteristics of compound motor (schematic)
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If planetary gearing is used (Figure 10), the same torque can be obtained from a smaller and faster-running electric motor with the result that a weight saving of 30...40 % can be achieved, depending on model. Furthermore, less weight ultimately means lower fuel consumption by the vehicle concerned.
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Compound motor The compound motor has two separate excitation windings: the series winding and the shunt winding. This purpose of design is to obtain a defined no-load speed while retaining the advantages of the series-wound motor. The shunt winding is connected in parallel with the armature winding. Compound motors are used as heavy-duty starter motors for commercial vehicles. Figure 9 shows the typical characteristics.
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Fig. 10 1 Planet gear 2 Sun gear 3 Internal gear



Robert Bosch GmbH Starter motors



11



Starter-motor design



Starter-motor reduction gear
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Smaller starter motors allow the vehicle manufacturer more scope in the design of the engine compartment and / or the placement of other equipment within the vehicle. Planetary gearing systems generally offer the advantage of combining compact overall dimensions with low gearing ratios. The gearing geometry allows the achievement of high torque output without generating high levels of noise. Furthermore, they do not generate any external transverse forces so that the armature-shaft and pinion-shaft bearings are not subjected to high stresses even at high power outputs. The planetary gearing system used in starter motors has a fixed internal gear, that is the outer, internally toothed ring gear. The drive input is carried by the sun gear, which is attached to the armature shaft of the electric motor. The planet gears (of which there are normally three) are thus in engagement with both the sun gear and the internal gear. As the planet gears “orbit” around the sun gear, their bearing-shaft journals drive the output shaft which carries the familiar helix and one-way clutch (Figure 11). The transmission ratio, i, for this type of planetary gearing system is given by the equation:



Number of teeth on internal gear Number of teeth on sun gear



On standard-design starter motors for cars, the planet gears are made of sintered steel while the internal gear is constructed in glassfiber reinforced polyamide. Where there are particularly demanding requirements regarding smoothness, temperature-resistance and durability, the internal gear may also be made of sintered steel. Such designs are then use three elastic rubber supports in the intermediate bearing. The transmission ratio between the armature and the pinion is variable across a broad range from roughly 3.3 : 1 to 6 : 1 depending on the design of the planetary gear. This allows optimum matching of the starter motor to the characteristics of the engine on which it is fitted and to the vehicle’s electric “Dimensioning starting systems”. Higher transmission ratios enable higher engine speeds for warm starting, while lower transmission ratios allow the starter motor to cope with extreme cold-starting conditions and result in lower power consumption by the starter motor when turning the engine over. The characteristics of a reduction-gear starter motor also offer other advantages. The high armature speed obtained as a result of the low gearing ratio creates a “flywheel” effect which helps to turn the engine through the cylinder top-dead-center positions and smooth out engine-speed fluctuations. As a result, the engine has a higher momentary speed precisely at the point when fuel is injected, and this has a positive effect on the fuel-injection pattern and therefore the ease with which the engine starts and the exhaust emission levels. On engines with smaller numbers of cylinders, this “flywheel effect” also has the advantage that the high peak-torque levels of the individual cylinders can be reliably overcome with a relatively low amount of starting power.
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The solenoid switch built into the starter motor is the combination of a solenoid and a relay switch. As previously explained in the section “Operating sequence of the starter motor”, it performs the following two functions:  it moves the drive pinion outwards so that engages in the engine’s ring gear and  it closes the switch which completes the starter motor’s primary electric circuit The design of a solenoid switch is shown in Figure 12.



The solenoid core (4) protrudes into the solenoid coil from one side, while the movable coil (1) protrudes from the other side. The distance between the core and the armature when at rest represents the total travel of the armature. The solenoid housing, core and armature together form the magnetic circuit. The magnetic field created when the solenoid is energized draws the armature into the coil. That armature movement is utilized firstly to move the pinion along its longitudinal axis, and secondly to close the contacts (6, 8) of the relay switch. The solenoid coil in most solenoid switches consists of a pull-in winding and a hold-in winding (Figure 12, Items 2 and 3, and Figure 13, Items 4a and 4b). This arrangement is particularly effective with regard to thermal stress capacity and the achievable magnetic forces. When the coil first starts to draw in the armature, the air gap between armature and the core is relatively large. Only a high magnetomotive force can overcome meshing resistance. As the air gap closes up as the armature retracts, the magnetic force increases significantly. When the armature is fully retracted, i.e. when there is only a minimal residual air gap, the force of the hold-in winding on its own is sufficient to hold the armature in position until the starting sequence is completed. The pull-in winding is thus short-circuited when the main-circuit switch and the ignition
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Solenoid switch The purpose of the solenoid switch is to be able to switch a high current by means of a relatively low control current. The starter-motor current can be as high as 1500 A on cars and as much as 2500 A on commercial vehicles. Due to the diminishing effect of the supply-cable impedance on the starter-motor power output, the length of the power cable from the battery must be kept as short as possible and the switch impedances as low as possible. In addition, the switch contacts for such currents are subjected to high loads. The use of a power relay in the form of the solenoid switch is therefore absolutely essential. A simple mechanical switch (ignition / starter switch, starter button) or a mini-relay operated by the engine control unit can then be used to switch the relatively low control current.
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Solenoid-switch circuit
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Fig. 12 1 Solenoid armature 2 Pull-in winding 3 Hold-in winding 4 Solenoid core 5 Contact spring 6 Switch contacts 7 Electrical connection 8 Switch contact 9 Armature shaft (split) 10 Return spring
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Fig. 13 1 Battery 2 Starter motor 3 Ignition/starter switch 4 Solenoid switch 4a Pull-in winding 4b Hold-in winding
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switch are closed. It is important that the two coils have the same number of turns. Otherwise, the solenoid switch might adopt a selflocking characteristic due to the supply of the coils, which would then be connected in series, in reverse through Terminal 45. Having the same number of turns in each coil ensures that that the magnetic fields of the two coils, through which the current then flows in opposite directions, cancel each other out and the solenoid switches off reliably. Since the starter motor causes a substantial voltage drop in the vehicle’s electrical system when its main circuit is closed, the hold-in winding must be dimensioned so as to be capable of reliably holding the armature in place even at supply voltages significantly below half the nominal battery voltage. Otherwise, the solenoid switch might under certain circumstances repeatedly switch on and off in rapid succession, resulting in damage to the switch contacts. Return springs between the individual components ensure that the switch opens again when the solenoid is switched off and the armature returns to its resting position. All starter-motor terminals (Terminals 50, 30 and 45) are usefully incorporated within a single terminal block on the cap of the solenoid switch. The solenoid-switch cap is made of a high-quality duromer material which Solenoid switch with rubber-boot seal
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Fig. 14 1 Solenoid switch 2 Rubber boot



1



æ UMS0714Y



14



provides the required resistance to mechanical stress even at high temperatures (up to 180 °C for short periods) and thus ensures that the solenoid switch and all its components are held together reliably. In order to ensure reliable retraction and switching of the solenoid even at high temperatures, there are special coil designs that can also withstand temperatures up to 180 °C. The primary-circuit switch contacts on car starter motors generally consist of steel bolts with riveted copper contacts that provide reliable switching characteristics and minimal switch impedance. The relay switches for commercial-vehicle starter motors are manufactured as one-piece components from a highstrength copper alloy in order to provide high current capacity. Depending on the type of wiring harness used, the control-circuit terminal (Terminal 50) may take the form of a screw terminal or some type of push-fit connector which may or may not be insulated. Modern relay switches for cars have a round plug connector to connect the cap to the solenoid coil. This allows a closed-surface cap design without riveted or soldered connections or the holes they would require. In addition, the standard arrangement provides for a seal between the cap and the solenoid housing. For situations requiring special sealing arrangements, the solenoid armature can be protected by a flexible rubber boot (Figure 14, Item 2) in order to prevent the ingress of humidity from the starter motor’s pinion-engaging mechanism. This measure is primarily adopted for applications in which it is not possible to entirely prevent the entry of water into the drive-end shield. Another situation where the armature boot may be used is one where the fitted position of the motor is such that the solenoid switch is underneath, with the result that moisture can collect in the drive-end shield cowl.
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Some large commercial-vehicle starter motors do not have an integral solenoid switch; instead the solenoid for engaging the pinion and the relay switch for controlling the electric circuits are separate from one another (refer to the section “Starter motors for commercial vehicles”). Overrunning clutches On all types of starter motor, the drive is transmitted via an overrunning or one-way clutch. That one-way clutch is positioned between the motor and the pinion. Its job is to transmit the drive to the pinion when the starter motor is driving the ring gear, but to disengage the pinion from the pinion drive shaft as soon as the ring gear is moving faster than the pinion. The one-way clutch therefore prevents the armature of the starter motor from being accelerated to excessive speeds once the engine has started. Overrunning clutches for starter motors can be either frictional (roller and multiplate types) or positively interlocking (spur-gear type) in design.
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Roller-type overrunning clutch Pre-engaged starter motors normally have roller-type overrunning clutches (Figure 15). The central component of this type is a clutch shell (3) with a roller race (4). The clutch shell forms part of the driver (3) and is thus connected to the pinion drive shaft by a helix. The frictional link between the central cylindrical shaft of the pinion and the clutch shell surrounding it is formed by cylindrical rollers (5) that are able to move within the roller race. When the mechanism is at rest, the springs (7) force the rollers into the constricted space between the roller race in the clutch shell and the pinion shaft (6). Because of the constriction, the rollers jam between the surfaces of the roller race and the pinion shaft, so that when the motor turns the clutch driver, the pinion shaft is forced to turn as well. As soon as the pinion starts to overrun, the friction between the pinion shaft and the rollers pushes the rollers into the wider part of the roller race; the force of the springs ensures that the rollers are held in contact with the pinion shaft and roller race at all times. The resulting overrunning torque is relatively small and has very little effect as far as the noload speed of the starter-motor armature is concerned. Multiplate overrunning clutch The multiplate overrunning clutch is used on larger pre-engaged starter motors. Its job is:  to establish the frictional link between starter-motor pinion and armature  to prevent overload by limiting the torque transmitted to the pinion by the armature shaft, and  to disengage the pinion from the armature shaft as soon as it is overrunning
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Fig. 15 1 Cap 2 Pinion 3 Driver and clutch shell 4 Roller race 5 Cylindrical roller 6 Pinion shaft 7 Springs a Direction of rotation
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Explanation of Figure 16: a Resting position Disc spring compresses laminated core with initial force. Transmission of drive to clutch race ensured by frictional effect. b Transmission of drive Pinion engaged. Clutch race presses against disc spring. Compression increases. Laminated core fully locked. c Torque limitation Clutch race presses disc spring against collar. Forces in equilibrium at design rating. Plates slip if design rating exceeded. d Overrunning Direction of force transmission reversed. Clutch race runs up against stop ring, thus relieving plate pressure/disengaging drive.
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Fig. 16 1 Driver flange 2 Disc spring 3 Laminated core 4 Clutch race 5 Stop ring 6 Stop collar on output shaft 7 Helical spline on output shaft
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Transmission of drive So that the multiplate overrunning clutch can transmit the drive from the motor to the pinion, there has to be a certain amount of pressure holding the plates against each another (Figure 16a). When the clutch is in the resting position, the laminated core (3) is compressed by the force of a disc spring (2) to such as extent that it is able to drive the clutch race (4). Once the pinion has reached the limit of its outward travel, the clutch must be capable of transmitting the full power of the motor. As the pinion is held stationary while the armature shaft is rotating, the clutch race slides outwards on the helical spline (7) of the output shaft and presses against the disc spring. This further compresses the laminated core and increases the pressure between the individual plates. Compression continues to increase until the friction between the plates is sufficient to transmit the torque required to start the engine. The force transmission path as follows: Armature shaft – driver flange – outer plates – inner plates – clutch race – output shaft – pinion (Figure 16b).
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Torque limitation The increasing plate pressure due to the helix effect of the clutch race, and the resulting torque transmission, are limited by the fact that, on reaching the maximum load, the end face of the clutch race comes into contact with the disc spring. In doing so, it presses the disc spring against the stop collar (6) of the output shaft (Figure 16c). This prevents the laminated core from being compressed any further. The multiplate overrunning clutch then functions as an overload clutch since the plates will slip if the maximum power transmission rating, and therefore the maximum torque, is exceeded. Disengagement of drive (overrunning) When the engine flywheel accelerates due to ignition pulses or the engine starting, the pinion starts to turn faster than the starter motor. As a result, the direction of force transmission is reversed and the clutch race is thrown inwards along the helical spline until it meets the stop ring (5, Figure 16d). The disc spring is released and no longer presses against the laminated core. As a result, the plates separate from one another and the drive is no longer transmitted between them.
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Radial-tooth overrunning clutch A radial-tooth overrunning clutch (Figure 17) is fitted on Type JE and KE pre-engaged starter motors (described in more detail in the section “Starter motors for commercial vehicles”) in combination with a mechanical two-stage pinion-engaging mechanism. This type of overrunning clutch transmits the torque by a positively interlocking mechanism in the form of a system of helical teeth. During the overrunning phase, the ring gear on the engine’s flywheel is driving the pinion (1) which is connected to the clutch race (4) by helical teeth. Due to the special shape of the helical teeth, the clutch race is forced inwards along the helical spline towards the motor when the pinion is overrunning. Separation of the meshing components (pinion and clutch race) of the radial-tooth overrunning clutch is assisted by three flyweights (2) as the latter generate a longitudinal force via an internally tapered thrust ring (3).



Radial-tooth overrunning clutch (resting position)



Fig. 17 1 Pinion 2 3
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Flyweights Internally tapered thrust ring Clutch race with spur gearing Spring Rubber bumper



Robert Bosch GmbH Starter motors



Starter-motor design



Pinion-engaging mechanism The pinion-engaging mechanism is the system of components that engages the pinion with the ring gear. The lever-and-helix system (Figure 18) has established itself as the global standard for such mechanisms.For this reason, only this system is described in this section. Other types of mechanism are detailed in the section “Starter-motor design variations” in connection with the relevant starter motor types. On starter motors with a lever-and-helix engaging mechanism, the engaging sequence is made up of a lever-travel phase and a helicaltravel phase.



Lever-travel phase When the ignition / starter switch is operated, the solenoid armature is drawn inwards against the force of the return spring. It is connected to the pinion-engaging lever in a manner that allows for a certain amount of play. The pinion-engaging lever pushes the overrunning clutch against the ring gear on the engine flywheel with the aid of the guide collar and the meshing spring. The starter- motor armature is not rotating at this stage as the primary electric circuit has not been closed. If the pinion is in such a position that its teeth are aligned with the gaps in the ring gear, it will mesh immediately and the lever will move it outwards as far as the solenoid- armature travel allows. This marks the end of the lever-travel phase. Helical-travel phase The helical travel corresponds to the distance between the end of the lever-travel phase and 18



Lever-and-helix pinion-engaging mechanism



a Fig. 18 a Resting position b Extended position, shown at end of lever travel l1 Overall pinion travel l2 Solenoid-armature travel l3 Helical travel l4 Free travel



the limit of the continued axial travel of the overrunning clutch (stop ring) due to the effect of the helical spline. This mechanism ensures that the maximum possible overlap between the teeth of the pinion and the ring gear is utilized. The helix prevents transmission of torque to engine until the pinion is fully engaged in the ring gear. The solenoid armature is connected to the pinion-engaging lever in such a way that there is a certain amount of free travel or “play”. If the engine on which the starter motor is mounted fails to start (e.g. due to lack of fuel), the starting sequence has to be aborted. At this point, the pinion is fully engaged, and pinion and ring gear are under maximum load. When the power supply to the solenoid is switched off, there must be sufficient armature free travel to allow it to open the primary-circuit switch. If this were not the case, the pinion-engaging lever would hold the armature in place. The primary-circuit switch would remain closed and it would not be possible to stop the starter motor. On commercial-vehicle starter motors, the geometrical constraints demand that rather that a "cutout spring" (Figure 19) is used instead of the "free-travel" arrangement explained above. The force of that spring when the pinion is in the resting position overcomes the force of the solenoid-armature return spring and so pushes the armature back until it is resting against the lever. When the solenoid armature is in the retracted position, on the other hand, the force of the armature return spring must be sufficient to compress
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Cutout spring for cutout function
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the cutout spring enough for the primary-circuit switch contacts to be separated. There are two possible arrangements for the pinion end bearing as illustrated in Figure 20.  Most starter motors have a drive-end shield which has a “mouth” where it fits over the flywheel. The drive-end shield holds the pinion end bearing and has an opening facing the flywheel. The bearings used can be plain or rolling bearings (in some cases sealed). The pinion-engaging mechanism is exposed to the ring gear.  For applications where the pinion-engaging mechanism would be subjected to high levels of dirt, moisture or clutch-plate dust, 20



the closed-shield design is preferable. The pinion bearings are completely enclosed within the drive-end shield. Special sealing rings provide such effective protection that these starter motors are suitable for even the most unfavorable conditions. In order to be able to cope with the higher bearing loads and last the full service life of the motor, the pinion bearings are suitable reinforced. Closed-shield starter motors also have advantages in terms of fitting because they do not require a mating flange that is shaped to match the “mouth” of the end shield. Consequently, they allow more scope for choice of fitted position and the space requirements in the bell housing are smaller.
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Fig. 19 1 Solenoid with cutout spring



Nevertheless, the following features prevent the general use of this design:  The bearing forces in the drive-end shield and the effective radius of friction are about twice as great as for an open-shield starter motor, with the result that friction-related power losses are greater (the use of rolling bearings can help to alleviate this problem and also improves wear and noise characteristics).  Bearings, seals and elongated pinion design result in higher costs.  The overall length of the starter motor is greater.  The gearing arrangements, and therefore the noise characteristics, are less favorable.



Pinion bearing and bearing forces on starter motors with open and closed end shields
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Fig. 20 a Open-shield starter motor b Closed-shield starter motor
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Starter-motor design variations Starter-motor type designations Bosch starter motors are classified according to the type designation key shown in Figure 1.  The first letter indicates whether the starter motor is a direct-drive model, a reductiongear model or a starter motor for commercial vehicles.  The second letter indicates the method of excitation; the third letter shows whether the motor has a closed end shield.  The figure that comes next indicates the stator-housing diameter in millimeters. This identifies the starter-motor family or type range.  A class code letter follows to indicate the size of the armature core which can vary within the individual motor series.



1



“S” is for short, “M” for medium, “L” for long, and “E” for extended.  An additional numerical suffix in the type designation indicates other features which affect the motor characteristics.  Details of the voltage rating and the direction of rotation complete the designation code where necessary. Starter-motor types and applications Bosch manufactures starter motors for a wide range of internal-combustion engines The suitability of the various starter-motor types for the different types of engine is shown in Figures 2 (cars), 3 and 4 (commercial vehicles). The starter motors specified in Figure 4 have been in production for many years and therefore have a different type-designation format from newer models.



Type designation key for starter motors
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(L) Direction of rotation (optional) Voltage (optional) Cost and performance-related features Armature-core length S Short M Medium L Long E Extended Stator housing diameter 70 mm 74/78 mm 86/95 mm 109 mm End shield type – Open-mouthed F Closed Excitation system – Permanent-magnet E Electromagnet Design type R Reduction-gear D Direct-drive C Compact H Heavy Duty
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Starter-motor types for car applications
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Starter-motor types for commercial-vehicle applications
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5



HE(F)95-M 24V



4 3



HE(F)95-M 12V



2 RE86-M 12V RE86-S/M 12V



1 0 0



2



4



6



8



10



12



14



16 l



Diesel-engine capacity



Starter-motor types for commercial-vehicle applications
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JE 24V 6.7 kW (KB 24V 6.6 kW)
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JE 24V 6.2 kW (KB 24V 5.4 kW)
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Direct-drive starter motors for cars Application The Series D78 pre-engaged starter motors have a permanent-magnet excitation field. They are suitable for use in cars with small gasoline engines up to approx. 1.6 l capacity.



Design The design and internal configuration of the Series D78 can be seen in Figure 5. This model has a DC motor with six-pole permanent-magnet excitation and four carbon brushes. Power transmission is by way of a roller-type overrunning clutch which is driven directly by the armature shaft. The two basic models available (D78-S and D78-M) differ primarily by virtue of the length of the electric motor. In addition, the D78-M has flux concentrators which increase the short-circuit torque. 5



Design Design and internal configuration can be seen in Figure 6. These starter motors have a tough planetary reduction gear of the type previously described with three planet gears. They provide the high starting torque required by gasoline engines up to a capacity of approx. 6 l and for diesel engines up to a capacity of approx. 3 l. In order to cover the range of power outputs required by modern car engines, there are



Series D78 direct-drive starter motor



5



1 Fig. 5 1 Drive shaft 2 Stop ring 3 Pinion 4 Roller-type overrunning clutch 5 Pinion-engaging lever 6 Solenoid switch 7 Electrical connection 8 Commutator bearing 9 Brush holder 10 Commutator 11 Armature 12 Magnet 13 Stator housing 14 Meshing spring



Reduction-gear starter motors for cars Application For gasoline engines with capacities above 1.4 l and for car diesel engines, it is advisable due to considerations of weight and it is preferable to fit the R70, R74 and R78 series of reduction-gear start motors for reasons of weight and space restrictions. They are available with open or closed end shields.
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The bearings in the planetary gear and the drive end shield are fitted with sintered bushes on the smaller models (up to R70-M, R74-M) but are also available with needle-rolling bearings as an option for higher performance.



three type ranges with varying stator housing diameters available. Common to all models are the integral solenoid switch, six-pole permanent-magnet excitation field and four carbon brushes. The permanent magnets used ensure that demagnetization does not occur even under unfavorable conditions. The more powerful types also have flux concentrators that increase the shortcircuit torque and no-load speed.



Starter motors for commercial vehicles Starter motors for commercial vehicles are nowadays generally fitted with a reduction gear in order to utilize the weight and size advantages compared with direct-drive starter motors. The use of lighter materials and optimized manufacturing methods has made it possible to reduce the overall weight by as much as 40% compared with conventional direct-drive starter motors.



The use of planetary reduction gears with transmission ratios between 3.38 : 1 and 5.67 : 1 enables optimum starting-system compatibility with the requirements of the engine and vehicle electrical system in question. The standard internal gear is made of glass-fiber reinforced polyamide plastic, while an alternative planetary gear with a sound-insulated internal gear made of sintered steel is also available.



The area of application for reduction-gear starter motors with electromagnetic excitation is primarily diesel engines with capacities between 2.5 and approx. 16 l.



Type R70 reduction-gear starter motor
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Starter-motor design variations



Fig. 6 1 Drive shaft 2 Stop ring 3 Pinion 4 Roller-type overrunning clutch 5 Meshing spring 6 Pinion-engaging lever 7 Solenoid switch 8 Hold-in winding 9 Pull-in winding 10 Return spring 11 Switch contact 12 Switch contact 13 Electrical connection 14 Commutator end shield 15 Commutator 16 Brush holder 17 Armature 18 Magnet 19 Stator housing 20 Planetary gear
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Type RE86 and HE(F)95 starter motors for commercial vehicles Application These models are suitable for diesel engines with a capacity of between 2.5 and 9.5 l.



Design The basic design is the same as the starter motors for cars described above. They are available with the conventional open-mouthed end shield (Figure 7a) or with the closed-type end shield (Figure 7b). In contrast with the permanent-magnet car starter motors described previously, these models use electromagnets. Accordingly the motor is of the DC series-wound variety. Special features Due to the high torque loads, the inter7



mediate bearing, which supports the drive shaft and planetary-gear carrier as well as the rubber-insulated internal gear, is made of aluminum. The internal and planet gears are constructed from high-strength sintered metal. The overrunning clutch can be modified both in terms of size and choice of materials to suit specific requirements. Type HEF95-L starter motor for commercial vehicles Application The HEF95-L (Figure 8) is the next larger model in the present range of reduction-gear starter motors. The area of application for this model covers diesel engines with a capacity of between 9 and approx. 12 l.



Type RE86/HE(F)95 starter motors for commercial vehicles



a



Fig. 7 a Conventional design with open end shield (Type RE86//HE95) b Closed-shield design (Type HEF95)
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Type HEF95-L open-shield starter motor with electrically operated two-stage engaging mechanism for commercial vehicles



1. Resting position Starter motor disconnected from power supply
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2. Pinion tooth meets gap in ring gear Starter switched on Good meshing position (1st engagement stage)
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3. Pinion tooth meets tooth on ring gear or edge Starter switched on Meshing difficult (1st engagement stage) Meshing spring ensures pinion engagement Main circuit switched on
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4. Engine is turned over End position (2nd engagement stage) Starter motor delivers maximum torque
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Fig. 8 1 Ring gear 2 Pinion 3 Pinion-engaging lever 4 Roller-type overrunning clutch 5 Planetary gear 6 Solenoid switch 7 Armature 8 Excitation winding 9 Pole shoe 10 Commutator 11 Thermostatic switch 12 Type IMR pilot solenoid 13 Ignition/starter switch 14 Battery RV Series resistor
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Design and method of operation The HEF95-L starter motor is generally a closed-shield model in order to utilize the benefits of the design (e.g. greater resistance to environmental effects and greater adaptability with regard to fitting). In contrast with the less powerful Series HE95 starter motors, this model has an electrically operated, twostage pinion-engaging system (Figure 8) in order to enable reliable pinion engagement and minimize ring-gear wear over the full service life of the motor despite the high dynamic forces at play. The two-stage pinion-engagement sequence is controlled jointly by the Type IMR pilot solenoid (Figure 9) and the solenoid switch. The meshing spring is also integrated in the solenoid switch (Figure 10). A cutout spring ensures that the starter motor switches off if the starting sequence is aborted. 1st stage (preliminary stage) A voltage signal (e.g. from the ignition switch or a control unit) activates the starter motor. It initially switches the IMR pre-control relay which is capable of switching the high current of approx. 150 A required for a two-stage electrical system. That current then flows through a series resistor and a combined retracting and hold9



Type IMR pilot solenoid (external and cutaway views)



in winding. This firstly moves the overrunning clutch and pinion shaft outwards by operating the pinion-engaging lever. Secondly, a sufficiently high current can flow via the series resistor through the electric motor to start it turning before the main circuit is closed. As a result, the pinion can normally be fully engaged in the ring gear before the maximum current is applied to the motor by the closure of the primary-circuit switch. In exceptional cases, the pinion may not engage with the ring gear if the two gears are not aligned. In such cases, the meshing spring on the solenoid armature makes sure that the main circuit is completed before the pinion is fully engaged with the ring gear. The pinion-engaging sequence is then completed within a single stage. 2nd stage (main stage) When the pinion has successfully engaged with the ring gear, the solenoid armature disconnects the circuit through the series resistor by means of a break switch shortly before it reaches its fully retracted position. Immediately after that, the main circuit is completed and the starter motor begins to generate its full torque output.
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Solenoid switch with integral meshing spring
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Type HEF109-M starter motor with reduction gear and electrically operated two-stage pinion-engaging system
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Design The HEF109-M is a closed-shield model in order to utilize the benefits of the design (such as greater resistance to environmental effects and greater adaptability with regard to fitting). In addition, it has an electrically operated twostage pinion-engaging system which ensures reliable pinion engagement and significantly longer life both on the part of the starter motor and the ring gear. The electrical functions, in particular those of the electric motor and the two-stage engagement system, are the same as described previously for the HEF95-L starter motor. In order to further significantly reduce the



dynamic forces that occur during the pinionengaging sequence, the masses moved along the motor axis are kept as small as possible. The roller-type overrunning clutch is combined with the planetary reduction gear to form a single unit which does not move in an axial direction. The pinion-engaging lever moves the pinion shaft via a thrust plate; the overrunning-clutch driver does not move in an axial direction (Figure 12). The pinion itself is mounted on the pinion shaft by means of straight-tooth gearing incorporating a degree of spring-cushioned axial travel which further contributes to load reduction during the pinion-engaging sequence. 12



Non-sliding overrunning clutch
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Type HEF109-M starter motor for commercial vehicles Application The HEF109-M starter motor is the most powerful model in the current range for commercial vehicles. It is designed for use on diesel engines with a capacity of between 9 and approx. 16 l. Like many of the other models, it utilizes the advantages of the reduction-gear concept to reduce weight and size, improve short-circuit torque and minimize speed fluctuations when turning the engine over (Figure 11).
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Starter motors with pre-engaged starter pinion engagement mechanism incorporating mechanical pinion rotation Application Starter motors with pre-engaged starter pinion engagement mechanism incorporating mechanical pinion rotation (Types JE and KE) are used to start large-scale internal-combustion engines. They have a two-stage mechanical pinion-engagement sequence in order to reduce the loads on the pinion and the ring gear. The most important functional component of the mechanism is the radial-tooth overrunning clutch described in the section “Overrunning clutches”.



Design and method of operation The Type KE has a series-wound motor, while the Type JE has a compound motor in order to limit speed. 1st pinion-engagement stage When the ignition / starter switch is operated, the solenoid switch initially moves the pinionengaging lever against the action of the return spring. The pinion-engaging lever slides the radial-tooth overrunning clutch assembly outwards along the straight-tooth gearing until it meets the ring gear. If the pinion happens to be in a position where it can mesh with the ring gear, it will continue to move outwards to the full extent of its linear travel. 2nd pinion-engagement stage If the pinion is not in a position where it can mesh with the ring gear, the remaining components of the radial-tooth overrunning clutch continue to move outwards on a linear path towards the ring gear. The action of the clutchrace helix forces the pinion to rotate in its working direction while simultaneously compressing the meshing spring of the radial-tooth overrunning clutch. The pinion teeth are brought into alignment with the ring gear so that the pinion slides into engagement with the ring gear under the force of the compressed meshing spring. The pinion and ring-gear teeth can sometimes meet in such a way (edge-to-edge) that



the pinion can neither rotate nor slide outwards into engagement with the ring gear. In such cases, the starting sequence must be aborted and repeated. When this happens, the helix in the radial-tooth overrunning clutch forces the starter-motor armature to rotate in the opposite direction to its normal direction of rotation (“armature reversal”) when the overrunning clutch is being moved by the pinion- engaging lever. The next time the starting sequence is performed, the starter-motor armature / pinion is then in a better position relative to the ring gear and is able to mesh. The overrunning-clutch travel and the solenoid- armature travel are precisely matched to each another so that the switch contacts do not close until the pinion is fully engaged in the ring gear. In other words, the motor main circuit is not completed until the pinion is fully engaged in the ring gear. Consequently, the starter motor cannot develop its full torque until that point. Overrunning and pinion retraction As soon as the engine is running faster than it is driven by the starter motor, the ring gear starts to drive the pinion. Due to the special design of the radial-tooth overrunning clutch, the pinion pushes the clutch race inwards on the helix and simultaneously compresses the spring in the overrunning clutch. The helical teeth disengage. Three flyweights that produce an axial force by way of an internally tapered thrust ring effect separation of the gears. As the speed drops, the flyweights lose their effect and the helical teeth engage again. Resting position When the ignition / starter switch is switched off, the radial-tooth overrunning clutch is moved back into its resting position with the aid of the return spring and pinion-engaging lever.
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Starter motors with pre-engaged starter pinion engagement mechanism incorporating motor-assisted pinion rotation Application Starter motors with pre-engaged starter pinion engagement mechanism incorporating motor-assisted pinion rotation (Types KB, QB, TB and TF) are used to start large-scale internal-combustion engines.



Design and method of operation This type of starter motor has a motor-assisted two-stage operating sequence in order to reduce the loads on the pinion and ring gear. The first stage of the sequence only involves engagement of the pinion; at this stage the pinion does not start to turn the engine over. Only in the second stage of the sequence, just before the pinion reaches the limit of its outward travel, is the full excitation and armature current connected. The characteristic feature
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of the KB/QB and TB/TF starter-motor designs is that the solenoid is positioned co-axially with the other components of the motor. Figure 13 shows the motor design, Figure 14 the method of operation. 1st stage (preliminary stage) When the ignition/starter switch is operated, current flows through the control-relay winding and the hold-in winding of the pinionengaging solenoid. As a consequence, the control relay also immediately completes the engaging-solenoid pull-in-winding circuit. The engaging-solenoid armature then pushes the pinion against the engine ring gear by means of the pinion-engaging rod and the pinion drive shaft. At the same time, the shunt winding (which initially is connected in series with the armature winding) is energized. It acts in conjunction with the engaging-solenoid pull-in winding as a series resistor for the motor-armature winding. This circuit limits



Type KB pre-engaged starter motor with electrically operated two-stage engaging mechanism (cutaway view)
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Starter-motor design variations



Fig. 13 1 Output shaft 2 Drive end shield 3 Multiplate overrunning clutch 4 Armature 5 Electrical connection 6 Switch contact 7 Control relay 8 Switch contact 9 Stop 10 Tripping lever 11 Release lever 12 Pinion-engaging solenoid 13 End cap 14 Commutator 15 Carbon brush 16 Brush holder 17 Pole shoe 18 Excitation winding 19 Stator housing 20 Pinion
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Starter-motor design variations



Main phases of operation of a Type KB pre-engaged starter motor with motor-assisted pinion engagement



1. Resting position Starter motor disconnected from power supply
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Fig. 14 1 Ignition/driving switch 2 Tripping lever 3 Release lever 4 Control relay 5 Switch contact 6 Stop 7 Pinion-engaging solenoid 8 Armature 9 Excitation winding 10 Pinion 11 Battery 12 Multiplate overrunning clutch E H N R



Pull-in winding Hold-in winding Shunt winding Series winding



3. Pinion tooth meets tooth on ring gear or edge Starter switched on Meshing not possible (1st engagement stage) Starting sequence must be repeated



4. Engine is turned over End position (2nd engagement stage) Starter motor delivers maximum torque
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2. Pinion tooth meets gap in ring gear Starter switched on Good meshing position (1st engagement stage)



Robert Bosch GmbH Starter motors



87



Overrunning and pinion retraction Once the engine has started and the speed of the starter-motor pinion exceeds the no-load speed of the motor armature, the direction of force transmission is reversed. With the aid of the helix in the multiplate overrunning clutch, the drive between the pinion and the motor armature is disengaged. The pinion remains engaged in the ring gear as long as the ignition/ starter switch remains on. Only when the ignition/starter switch is released, and the starter motor therefore switched off, can the pinion retract from the ring gear and return to its resting position.



the armature current to such a degree that the motor can only produce a small amount of torque and, therefore, only turns very slowly. In the first stage, therefore, the starter-motor pinion is moved outwards along the motor axis and simultaneously slowly rotated in order to allow smooth engagement with the ring gear. If the pinion teeth are not in a position where they can mesh with the ring gear when the two gears meet, the pinion continues to rotate until it is able to mesh with the ring gear. The pinion and ring-gear teeth cansometimes meet in such a way (edge-to-edge) that the pinion can neither rotate nor slide outwards into engagement with the ring gear; in such cases, the starting sequence must be aborted and repeated.



Type TB/TF pre-engaged starter motor Application This type of starter motor is used on very large diesel engines such as those used in railway locomotives, ships, specialized vehicles and fixed installations.



2nd stage (main stage) Immediately before the pinion reaches the end of its outward travel, a release lever lifts up a tripping lever and releases the control-relay switch contacts. A pre-loaded spring can then abruptly close the switch contacts. The full current is then applied to the starter motor so that it can generate its maximum torque output in order to turn over the engine by means of the multiplate overrunning clutch and the pinion.



Design and method of operation The basic design and method of operation are to a large degree the same as for the Type KB / QB models. Figure 15 shows the design of a Type TB starter motor. The Type TF differs from the Type TB essentially only by virtue of a reduction gear, i.e. its pinion is offset from



Type TB pre-engaged starter motor (sectional view) 1
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Starter-motor design variations



Fig. 15 1 Mating collar for engine flange 2 Multiplate overrunning clutch 3 Pinion-engaging rod 4 Pole shoe 5 Armature 6 Excitation winding 7 Carbon brush 8 Brush holder 9 Electrical connection 10 Control relay 11 Pinion-engaging solenoid 12 Cutout spring 13 Commutator 14 Stator housing 15 Helical spline 16 Pinion
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Technology of electrical starting systems



the motor-armature axis. This offset configuration often facilitates fitting of the starter motor to the engine. In addition, the reduction gear is significant in terms of the dimensioning of the starting system (speed/torque).



Technology of electrical starting systems Starter-motor control Conventional method of control In a conventional starting system, the driver connects the battery voltage to the startermotor solenoid switch (by turning the ignition key to the starting position). The current flowing through the solenoid switch (approx. 30 A in cars, up to approx. 70 A in commercial vehicles) produces the electromagnetic force which firstly moves the pinion towards the engine ring gear and secondly switches on the starter-motor main circuit (200...1000 A on cars, approx. 2000 A on commercial vehicles). The starter motor is switched off when the ignition key is released and moves back from the starting position to the“drive”position, i.e. the starting circuit is broken and the power supply to the solenoid switch is disconnected.



In order to ensure that the solenoid switch functions reliably, the effective impedance of the supply cable between the positive terminal of the battery and Terminal 50 on the starter motor must be within a specific, predefined range (approx. 50 mΩ for 12V sys1



Automatic starting system (circuit)
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Fig. 1 1 Start signal from driver 2 Pilot control solenoid 3 ECU 4 Selector-lever/ clutch-position signal 5 Starter motor



tems and approx. 100 mΩ for 24-V systems). In addition to the impedance of the cables, the contact impedance across terminals, connectors, switches and resistors must also be taken into account by fuses. Furthermore, the power consumption of electrical devices connected in parallel with the solenoid which use sections of the control lead must also be considered. If the permissible limits are exceeded, the reliability of the starting system may be impaired. The control line to the solenoid switch on the starter motor must be kept as short as possible. Where this is not possible (e.g. articulated buses, construction machinery, etc.) an intermediate precontrol relay is often used. Automatic starting systems The demanding requirements placed on modern vehicles in terms of convenience, safety, quality and low noise output have resulted in the increasing popularity of automatic starting systems. An automatic starting system differs from a conventional one by virtue of two additional components:  A pilot control solenoid (Figure 1, Item 2) and  A control unit in the vehicle (e.g. an engine control unit, Item 3) which controls the starting sequence The driver then no longer directly controls the starter-motor solenoid-switch circuit; instead the ignition key is used to send a request signal to the control unit, which then performs a series of checks before initiating the starting sequence. A wide range of such checks is possible and is aimed at establishing such things as:  Is the driver authorized to start the vehicle (theft-deterrence feature)?  Is the engine already running (in quiet vehicles or even in buses or coaches, the driver can hardly hear the engine inside the vehicle)?  Is the battery sufficiently well charged for starting taking account of the engine temperature?
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 Is the selector lever in the neutral position (automatic transmission) or the clutch disengaged (manual transmission)? On successful completion of the checks, the control unit initiates the starting sequence by switching on the transistor, T. This connects the coil of the precontrol relay to equipment ground so that a current flows from Terminal 15 (connected to battery power supply when ignition is on). The pilot control solenoid closes the circuit between the battery (Terminal 30) and the starter-motor relay. The starting sequence then proceeds as previously described. During the starting sequence, the engine speed (which is in any case detected by the control unit) is compared with a reference figure for the speed at which the engine is running under its own power (the reference speed may also be variable according to engine temperature). Once the engine reaches the reference speed, the control unit switches off the starter motor by switching off the transistor, T. As a result, the starting time is always as short as possible, noise output is reduced and starter-motor wear is minimized. This system can also be modified to perform a stop-start function. This involves automatically switching the engine off when the vehicle is stationary and restarting it when required. This can achieve substantial reductions in fuel consumption, particularly in urban traffic. At present, reduction-gear starter motors used in this type of system in conjunction with a high-quality ring gear can perform over 200,000 starts. Due to its inherent characteristics, when it is switched on the starter motor causes a significant, transient voltage drop in the vehicle’s electrical system. For this reason, the control units and starting system must be mutually compatible. The voltage drop must be limited in terms of size and duration, and the control units must be capable of performing their functions even at a substantially reduced power-supply voltage.



Technology of electrical starting systems



Power circuit Starter-motor power cables As explained in the section “DC motors”, the power-supply cable to the starter motor has a fundamental effect on the power of the starting system. Under normal conditions, it has to carry the starter-motor short-circuit current for a short period ( 
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