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SPEED MECHATRONIC VARIATOR
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Abstract: In the paper there are analyzed the main methods of synthesis for a technical product of type: speed variator with continuous adjustment, characterized through big values of the speed transmission ratio and through high power. Based on this analysis, it is proposed a conceptual solution for such a variator, under the conditions of obtaining a certain range of adjustment and high efficiencies. The proposed solution contains a symmetrical differential, an electrical motor (equipped with a control system for the adequate change of the mechanical characteristic), an electrical generator (with a fixed mechanical characteristic) and an output shaft, characterized by high values of the moment and through adjusted speed.

The operating principle of the variator is explicated in this first paper. 
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1. INTRODUCTION

The modern technique has numerous domains (such as automotives, machine tools, equipments, food industry, textile industry, paper, plastics, rubber industries etc.) in which it is imposed the speed variation. The technical products that are meant to the discontinue variation (in steps) of speed there are known as gear boxes, while those that are for the continuous variation (no steps) of speed are known as speed variators.

Among the solutions that are used in techniques for the continuous speed variation, there can be remarked the solutions of mechanical and electrical kind.   

The mechanical solutions usually use [1,2]: friction elements (for instance: belt variators), elements in ’’gearing’’ (for example: some chain variators) or elements with alternative motion (for example: mechanical variators with pulses). The main limits of the mechanical variators are referring to the bearing power (the maximum transmitted moment) and to the transmitted power, which usually have relatively small values. 

Between the methods used in the mechanical engineering for increasing the bearing power and the transmitted power, the following two are mainly remarked:

a) The input power is divided into two branches, the speed variator being included in one of them; the output speeds of the two branches are summed using a differential mechanism.

b) The previous variant is extended by including one variator on each power branch; mostly, in this case, the two branches are symmetrical.

The electrical solutions [3] usually use motors (DC motors or AC motors) equipped with special outfits for changing the mechanical characteristics; the main disadvantages of these solutions refer to the energetic loses, to the motor durability (which can have acceptable values only on certain speed ranges, which are relatively narrow) and to the cost of the afferent outfits. 

Unlike the mechanical solutions, the electrical solutions can ensure the continuous variation of speed also for high powers; beside that, the power increase is accompanied by a significant increase of the electrical motor efficiency.

An interesting idea of variator, but not very studied in the technical literature, is referring to the sum of speeds from two electrical machines, using a differential mechanism [1], in which one or both electrical machines can function as variators. Another fertile idea, belonging to Vaucanson [1], is referring to speed reduction using a differential mechanism: thus, if in a symmetrical planetary mechanism (see Fig. 1), the central gears 1 and 3 are rotating with high speeds, in opposite directions and with close values in module, then the output shaft H is rotating with a reduced speed (equal to the half-sum of the two central gears speeds); obviously, at limit, when the speeds of the central gears 1 and 3 become equal in module, the speed of the shaft H becomes null! 
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Figure 1: a) The conceptual scheme of a planetary mechatronic variator;  b) The scheme of the symmetrical planetary mechanism used in the variator for motions summing.

By compatible composition of the previously mentioned effects, it can be obtained the conceptual synthesis of a speed variator, of mechatronic type, of which principle solution is delineated in Fig. 1. Through this solution, the following solutions can be fulfilled (see Fig.1):

1) It is obtained the continuous variation and reduction of speed by summing (using a symmetrical differential) two speeds of opposite directions: the speed of an  electrical motor which functions as variator (nm >0), and the speed of an electrical generator (ng <0, |ng | < |nm | ), of which mechanical characteristic is fixed and coincides with the natural characteristic; thus, it is obtained the adjustable speed of the output shaft H, as the half-sum of speeds nm and ng ;

2) The energetic loses are minimized: a) by minimizing the number of gear pairs, b) by limiting the in-service domain of the electrical machines to the sub-domain with high efficiencies and c) by reinserting the energy given by the electrical generator in the network;

3) The life time of the electrical motor is maximized, by an adequate choosing of the extremal artificial characteristics (so that the motor overstressing to be avoided during the service functioning) ;

4) It is ensured the continuous variation of speed at high powers, with an adjustment range that is superior to the one given by the motor (considered alone, in the same conditions) ;

5) It is obtained the under-load starting of the variator (without overloads): when the motor is started, the output shaft H remains at rest and the generator functions without load until the generator rotor reaches the idling speed value; since this moment, the generator enters in-service and the output shaft H starts moving; 

6) The imposed output speed is maintained constant (using an adequate control system), even if the resistant moment is changed.

Further, for the principle solution from Fig.1, the functioning characteristic entities are modeled in a stationary regime, using a relevant numerical example.
2. THE CHARACTERISTIC ENTITIES MODELING  
According to Fig, 1 (in which the moment and the speed are denoted through T and n, respectively), the differential introduces the following dependencies between its external entities [1,2]:
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(1)
Further there are modeled the characteristic entities of the variator from Fig.1, considered in a stationary regime of operation, under the prerequisite that the motor and the generator are electrical DC machines. 

Therefore, the natural mechanical characteristics of the motor and generator are lines defined through two representative points (indicated in the catalogue): the idle point (Tm=0; nm=n0m n and respectively Tg=0; ng=n0g n) and the nominal point of operation (Tm=Tm n, nm=nm n and respectively Tg=Tg n; ng=ng n); the natural characteristic of an electrical machine is obtained for a certain nominal supply voltage Un, indicated in the catalogue as well.  

Unlike the generator (whose characteristic is maintained unmodified), on the motor there are obtained different artificial mechanical characteristics (Fig.2). 
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a                                                                                                  b

Figure 2 : a) Establishment of the motor artificial characteristic, corresponding to the output entities nH and TH;

b) Establishment of the motor extremal characteristic, based on its extremal moments.

In order to minimize the energetic loses, the artificial characteristics are generated by changing the supply voltage U; these artificial characteristics are lines parallel to the natural characteristic. 

Therefore, an artificial characteristic of this type can be described through its own idle speed (n0m) and through the natural characteristic gradient; the following important dependence interferes between the entities of the two mechanical characteristics (artificial and natural):  
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The output entities being known (nH -imposed and Tr = TH -estimated), and based on the previous specifications, there can be modeled: the generator operating point (Tg; ng), the motor operating point (Tm; nm) and the motor artificial mechanical characteristic (nom and U): 
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Thus, the moments Tg and Tmare obtained from the output moment Tr = TH. According to the graphical representation from Fig. 2,a, the speed ng is established from the generator characteristic, on the basis of the moment Tg; then, based on the speed ng there are established the speed nm = 2.nH - ng  and the motor operating point: A(nm; Tm). Drawing a line, parallel to the natural characteristic and passing through A (Fig. 2,a), it is obtained the motor artificial characteristic, which intersects the abscissa in point (Tm=0, n0m); based on the speed n0m, the motor supply voltage U is established from relation (2).

The extreme values of the moment TH (and implicitly of the moments Tg and Tm) are established from the condition that the motor power range of variation (and of the generator respectively) to ensure higher efficiencies (close to the value indicated in the catalogue), without overstressing the electrical machines. 

According to Fig.2,b, the motor maximum speed, that corresponds to the maximum moment, is established from the  motor admissible maximum power; based on the operating point (Tm max; nm max), corresponding to the admissible maximum power (Pm=Pm max), the „maximum” artificial characteristic (Fig, 2,b) is drawn and, successively, there are established the idle speed n0m max  and the maximum supply voltage Umax.

From the same graphical representation (Fig. 2,b), it outcomes that the motor minimum speed nm min (Tm=Tm max), that corresponds to the maximum moment Tm max, can not be smaller than | ng (Tg =Tg max) | .

The motor minimum speed nm.min (Tm=Tm min), that corresponds to the minimum moment Tm min, is established on the basis of two conditions (Fig. 2,b): 

a) nm.min (Tm=Tm.min) ≥ | ng (Tg=Tg min )| and 

b) nm min . Tm min ≥ Pm min ad , in which Pm.min.ad  is the admissible minimum power, which ensures high efficiencies in the motor in-service functioning.

Based on the operating point (Tm min; nm min), corresponding to the minimum power (Pm=Pm min), it is drown the “minimum” artificial characteristic (Fig, 2,b) and there are established successively the idle speed n0m.min  and the minimum supply voltage Umin. The motor maximum speed nm.max (Tm=Tm min), that corresponds to the minimum moment Tm min, comes out from the “maximum” artificial characteristic (Fig. 2,b); this speed can not exceed the motor admissible maximum speed.

According to Fig. 2,b, the maximum ranges of variation for the output speed nH are reducing with the moments increasing.  

3. NUMERICAL EXAMPLE
For exemplification, it is considered that the variator from Fig.1 is equipped with two DC electrical machines, taken from the Leroy Somer catalogue:

a DC generator, obtained from the motor of  LSK 1604 M type (with the data:  n0 = 2220 rot/min, T = 402 Nm,         n = 1590 rot/min at U= 460 V, η =0,9, Umax = 600 V) 

and a DC motor of LSK 1604 L type  (with the data: n0 = nmax = 4000 rot/min, T = 397 Nm n = 3130 rot/min at       U= 460 V, η =0,93, Umax = 600 V).

On the basis of the generator data (n0g = - 2220 rot/min, ng n = - 1590 rot/min, Tg n = 402 Nm and Un = 460 V), there are obtained the following equivalent equations for its natural mechanical characteristic: 
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in which:
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(4’)

On the basis of the motor data (n0m n = 4000 rot/min, nm n = 3130 rot/min, Tm n = 397 Nm and Un = 460 V), there are obtained the following equivalent equations for its natural mechanical characteristic:
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in which:
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In the case of an operating point (Tm, nm), which doesn’t below to the motor natural characteristic, there are obtained the following equivalent equations for the artificial mechanical characteristic that contains the considered operating point:
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The idle speed n0m and the supply voltage U, corresponding to the motor artificial characteristic, are described by relations (7):
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Considering that the powers range P = ( 0,4 - 1,25).Pn, the electrical machine efficiency has values close to the one from the catalogue and admitting as extreme values (see Fig.2,b): Tm max = 414,26 Nm and Tm min = 196,6 Nm, from the condition Pm = 1,25.Pm.n it is obtained the speed nm max (Tm=Tm max) = 3749,473 rot/min, while from condition Pm = 0,4.Pm.n it is obtained the speed nm.min (Tm=Tm min) = 2528,121 rot/min. The idle speeds and the voltages corresponding to the motor extreme artificial characteristics are established from the two extreme operating points: 

n0m max = 4657,286 rot/min from which results Umax = 535,588 V, and 

n0m min = 2958,963 rot/min, from which results Umin = 340,281 V.

Further, based on the obtained results, there are established comparatively the motor adjustment range Gm and the planetary variator adjustment range Gpl, under the premise that the motor moment is equal to the nominal moment (Tm = Tm n = 397 Nm); in this case, the motor functions between the “maximum” artificial characteristic (previously established) and the intermediate “minimum” characteristic, which passes through the operating point (Fig. 2,b): 

Tm = Tm n and nm = nm min = -ng (Tg = Tm n). On the basis of the relations that were previously established, the following results are obtained:
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Hence, in the analyzed case (Tm = Tm n), by modifying the voltage in the area U = 426,899 V ... 535,588 V, the motor ensures an adjustment range of  Gm = 1,3325, while for the planetary variator it is obtained an adjustment range of approximately 30 times bigger (Gpl = 39,360).
4. CONCLUSIONS

The proposed planetary mechatronic variator (Fig. 1,a) ensures the accomplishment of the following objectives: 

1) There are obtained the continuous variation and the reduction of speed by summing (using a symmetrical differential) two speeds of opposite direction: the speed of an electrical motor, that functions as variator   (nm >0), and the speed of an electrical generator (ng < 0, |ng | < |nm | ), which has a fixed mechanical characteristic that coincides with the  natural characteristic; thus, it is obtained the adjusted speed of the output shaft H, as the half-sum of the speeds nm and ng ;

2) The energetic loses are minimized through: a) the minimization of the number of gear pairs, b) the limitation of the range of the electrical machines in-service functioning to the sub-range with high efficiencies and c) the reinsertion in the network of the energy given by the electrical generator;

3) The life time of the electrical motor is maximized by an adequate choose of the extremal artificial mechanical characteristics (in order to avoid the motor overstresses during the service functioning) ;

4) It is ensured the continuous variation of speed at high powers, with an adjustment range superior to the one given by the motor (considered alone, in the same conditions) ;

5) It is accomplished the variator under load starting (without overloads): at the motor starting, the output shaft H remains stationary and the generator functions without load, until the generator rotor reaches the idle speed; since this moment, the generator enters under load and the output shaft H starts moving; 

6) The imposed speed is maintained constant (using an adequate control system) even if the resistant moment is changing.

The modeling of the proposed variator characteristic entities was made in the premise that the motor and the generator are DC electrical machines; in a subsequent paper there will be modeled the variator characteristic entities in the premise of using electrical AC machines.

A developed variant of this variator can be obtained by replacing the generator with a fixed mechanical characteristic with a generator with an adjustable characteristic; this variant modeling forms the object of a subsequent paper.
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