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[bookmark: _Toc371496418]Motor Selection  
Motors are a very common component in many devices and embedded systems.  To function properly, their selection requires a careful step by step process that relies heavily on the intended operation of the motor. Therefore, before motor selection can begin, it is beneficial to define what the motor will have to do, the performance goals of the motor and overall system (i.e. how will you measure that it’s doing well), and how the motor will interact with the other system components (such as the power system).  Understanding these parameters will help the selection process by keeping the focus on what your system must achieve, and in turn can help you to better define motor technical requirements.  
This guide uses the Intel sponsored and Cornell developed ModBot to discuss how to select motors based on locomotion performance goals, locomotion being the ability to move from one location to another.  Selecting a motor based on locomotion performance goals makes for a good motor selection example because the goals are often specified in terms of easily understandable parameters, such as maximum acceleration and maximum velocity of the robot. These goals can be easily related to a variety of motor selection situations, regardless of what your motor application is. 
This process also shows how the power system and the wheels factor into the overall locomotion performance. For ease of discussion, this section first assumes that the power-system and wheels are parameters that were already given. But in doing so, it will also show how to use the wheel and power systems selection as open parameters to improve overall locomotion performance.  As motor selection can be a more involved process than most people realize, the guide will follow a several stage process:
1. Determine key performance goals of the system
2. Transform the goals into torque and rotational speed requirements for the motor
a. Speed
b. Torque
c. Motor  connection interactions (i.e. what is the motor connected to and how does that influence its performance; Mecanum Wheel  example given)
d. Speed-Torque Curve
e. Mechanical Power 
f. Constant Voltage Torque-Speed Line
3. Utilize gearing systems if the operating point speed and torque do not match the motor speed and torque
4. Relate these mechanical requirements into electrical power system requirements, including the potential of motor overheating
5. Add sensors, such as encoders, based on the information needs of other systems
6. Review additional requirements such as cost, time, environmental, serviceability and mounting requirements
7. Deal with the reality that there is rarely a motor that exactly matches the calculated requirements and make proper trade-offs
a. Review all requirements
b. Determine rating system
c. Generate a selection of motors
d. Compare all options and select a motor
[bookmark: _Toc371496419]System Level Performance Requirements
To select a motor, it is important to understand what the motor helps the system achieve, a.k.a. the performance requirements.  Typically, the performance requirements are derived from the customer needs.  In this case, the needs were for the ModBot to be “fast” and “agile.” The terms fast and agile seem very broad and can be defined many different ways; therefore, it is important to define them more specifically.  For this case, the team collected data from similar robotic applications, including the past Cornell RoboCup teams.  Spectators of these robots considered them to be fast at approximately 1 m/s. Similarly, investigation into controls work done in this same area revealed that a good rule of thumb for a robot to be considered agile, or “responsive,” is if the maximum acceleration magnitude is at least twice that of the maximum velocity magnitude. Since the maximum velocity target is 1 m/s, the target maximum acceleration rate is 2 m/s2. More on the development of the Cornell RoboCup robots can be found from the team's documentation,[footnoteRef:1] but the important thing is that you have some way of justifying you performance goals.   [1:  See Cornell RoboCup's documentation site at http://www.cis.cornell.edu/boom/2005/ProjectArchive/robocup/documentation.php] 

This creates system velocity and acceleration targets and places measureable parameters to the terms fast and agile. However, keep in mind that these targets are still somewhat flexible as they are an interpretation of the need. Spectators may enjoy something faster, but they also may not be able to differentiate 1.1 m/s from 1.0 m/s.  As with any robot, there is also a strong desire for it to appear intelligent. Often how quickly a robot can react to its environment is interpreted as how intelligent it is. It was decided that since a larger acceleration will enable faster reaction, having a larger acceleration would be given more importance than having a larger maximum velocity.  With these initial performance targets established, the next step is to translate these into technical requirements.
[bookmark: _Toc371496420]Motor Performance Requirements
Although the performance targets are in terms of maximum velocity and maximum acceleration, the motors can’t be characterized by these variables because other factors greatly affect a motor’s output (think of a light robot and a heavy robot both using the same motors). Instead of velocity and acceleration, motors are characterized by their rotational speed (n) and the torque (M) that they can provide. Both of these can be related to the velocity and acceleration of the robot using the equations below and other information about the overall system.
[bookmark: _Toc371496421]Speed
The desired maximum velocity of the system can be converted into a wheel rotational speed by using the following equations. The maximum velocity of the system (vmax) is translated into rotational speed of the wheel (nwheel) by using the wheel radius (rwheel).
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This calculated rotational speed is the desired operating wheel speed for the system.  However, when selecting a motor, motors’ data sheets give ratings for a “No-Load” speed (n0) or the maximum rotational speed of the motor with nothing attached to it, i.e. having “no-load.”  The motor you select will require a rated “No-Load” speed greater than your calculated operating speed because when a physical load is placed on the motor, the motor speed will naturally slow down.  The physical load in the case of the ModBot comes from mainly its weight and any friction with the ground that must be overcome. 
The ModBot’s physical load can more accurately be stated as the amount of force required to maintain the target velocity (vmax) and achieve the target acceleration (amax). These forces will then need to be translated into a torque (M) requirement for the motor. Once a torque requirement and the desired operating wheel speed are known, you will have your initial mechanical requirements to begin identifying options for your motor.
[bookmark: _Toc371496422]Torque
The value of the torque (M) requirement will be a little more difficult to accurately predict than the desired operating wheel speed.  During steady state constant velocity operation, the motor requires torque to overcome the friction in the system (rolling resistance of the wheel against the ground and inherent friction in the motor bearings or gears) as well as any longitudinal component of the weight vector (additional force from going up/down an incline).  Because of the difficulty of obtaining many of these values, some assumptions will be required to get the motor selection process started.  
During acceleration, the torque on the motor will be at its highest, so this condition will be evaluated in greater detail. The total torque required will be a function of the acceleration rate, vehicle mass, wheel inertia, and the steady state rolling resistance. Depending on the accuracy level required, you may need to take into account other factors such as air drag, increased friction in the bearing system due to higher nominal load, etc. If a more detailed calculation is required, many vehicle dynamics books have the equations to help refine the accuracy.[footnoteRef:2]  However, that is beyond both the scope of this document and the level of detail needed in many embedded systems and robotics projects. [2:  One such example is Racecar Vehicle Dynamics by Douglas Milliken.] 

This can all seem a little overwhelming if you don’t work with force diagrams often, but it can be helpful to think about how much force is needed to accelerate a mass (Newton’s Second Law). This force can then be translated into a torque. To get a rough estimate of the torque (M) required, assumptions will be made that the inertia of the wheels, rolling resistance, air drag, incline, etc. are mostly negligible.  Therefore, for the purpose of getting an initial rough estimate, and considering the ModBot is meant to be driven on indoor flat surfaces, only the force (F) to accelerate (a) the total mass (m) of the ModBot is relevant.  Be cautious though, values assumed to be negligible could have a greater effect for your particular system and should be revisited as the design progresses.  For example, for a 15 kg robot accelerating at 2 m/s2, a 30 N force is required:
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Figure 1: Example of vehicle dynamic forces
If the robot is going up an incline, the force (F) will be increased by the amount required to overcome the component of gravity pulling it down the incline (see Figure 1).
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From the equation above, it is apparent that the force required to prevent the ModBot from rolling down a 15 degree incline is greater than the force required to reach the target vehicle acceleration rate.  If the ModBot was required to work on an incline, it would need a motor that could achieve this additional force.  Because of the significance of this gravitational force, it is a good idea to discuss it with the team and be sure that the operating conditions of the robot are well understood and agreed upon. In this documentation, it will be assumed that the ModBot is operating on a level surface. 
Since the ModBot was initially designed to have four motors, the assumption will be made that each of the four motors will supply an equal amount of the total acceleration force, i.e. one quarter each.  The equations below can now be used to convert this acceleration force per motor into a torque value per motor to achieve the desired acceleration.
[image: ]
Figure 2: Variables for converting force to torque using a wheel
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Based on the sample equation above, the motor chosen should have a torque provided to the wheel greater than or equal to 571 mNm.    
Before confirming this calculated value as the target torque, it is important to understand the maximum torque that each wheel can transmit. This is known as the traction limited torque (Mtrac).  If the motor can produce more torque than the wheel can transmit, then the wheel will slip on the ground. To perform a quick check of the traction limits of the ModBot’s wheels, the assumption will be made that there is no weight transfer due to acceleration and each wheel is supporting an equal amount of the vehicle weight. This is rarely true in practice, but a conservative estimate of the wheel’s coefficient of friction with the intended ground can help overcome the weakness in this approximation. The torque limit at which wheel slip will begin to occur can be calculated using the equation below:
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Based on this quick check, the ModBot’s desired maximum torque (M) is well below the traction limits of the wheel (Mtrac). However, it is recommended that you revisit this calculation once the true center of mass location is known and you can calculate the true weight distribution on each wheel. At the same time, it also reinforces the importance of having the center of mass be as central to the arrangement of the wheels as possible to help distribute the load evenly across the motors. This kind of information represents a key interface that should be communicated to your teammates who are also designing the housing (i.e. the ModBot’s chassis in this case) and placement of the components within your system. By declaring this an important interface with the chassis designers, your teammates should then include you in any decisions that could significantly influence the center of mass, as should be done with any interface.
[bookmark: _Toc371496423]Motor Connections/Environment Interactions: Ex. Mecanum Wheels
What your motors are connected to can also greatly influence your overall torque and speed requirements.  Whether it be the variable distance that force may be externally applied to a robotic arm, the variety of surfaces the motor must spin against (perhaps gravel vs. mud vs. concrete), or the various mechanical stages between your motor and its target actuation point along with each of those stages’ inefficiencies, all of these circumstances and the special effects/dynamics that your system exerts upon your motor must be considered before moving forward (no pun intended).
As an example, all of the equations up to this point have been relating to a standard four wheeled vehicle accelerating in a longitudinal direction.  However, the ModBot utilizes mecanum wheels to allow the robot to move in any direction.  The geometric relationship of the wheels allows the robot to go faster in one direction than others and hence adds additional influence on the speed and torque requirements.   
Going back to the original system level performance requirements, the ModBot’s target velocity and acceleration are 1 m/s and 2 m/s2, respectively. In order to account for the geometric relationship of the mecanum wheels, the target velocity and acceleration must be increased by a factor of 0.66, i.e. in order for the mecanum wheel ModBot to go 1 m/s in its slowest direction, it must be able to go 1 m/s divided by 0.66 in its fastest direction.[footnoteRef:3] This is due to a number of factors: the arrangement of the wheels, the way the wheels’ slanted rollers push on the floor, and the fact that the coefficient of friction in the lateral direction (strafing) can be different than the longitudinal direction (forward/backward). Taking into account the 0.66 factor, below are the updated equations for the ModBot.  For more on mecanum wheels, see Appendix A. [3:  See future equations of motion documentation for more on where the 0.66 factor comes from.] 








You now have:
1. The updated desired wheel operational speed, 

2. The updated required torque target from the corresponding acceleration target at that operational speed, 

3. Confirmation that the torque target will not cause wheel slip,

In the next section, you will use these values to evaluate whether a certain motor meets your needs. Every motor is only able to safely produce a certain range of speed and torque outputs; you can use your speed and torque requirements to determine if a possible motor may be an acceptable choice. 
[bookmark: _Toc371496424]Speed-Torque Curve
Every motor is only able to safely produce a certain range of speed and torque outputs. These operating characteristics of a motor are often presented graphically on what is known as a torque-speed curve, shown in Figure 3 below. This chart is also commonly referred to as simply the torque curve. Every motor will have its own torque curve describing how it operates. Notice in both  (a) and (b), the same information is plotted but the axes have been switched.  Different manufacturers may choose between these options for showing their torque curve information.  For consistency, style (b) will be utilized throughout this guide.
[image: ]
[bookmark: _Ref365872646]Figure 3: Torque Curve Examples (a) Left, (b) Right
One of the first things to notice from a torque curve chart are the motor’s operating limits. In the operating range diagram, shown in Figure 4 below, the conditions the motor is designed to operate at for its rated life are shown (the continuous operation region). 
[image: ]
Figure 4: Motor Torque Curve with Operating limits shown
The maximum continuous torque is set mainly by the temperature limits of the internal components of the motor, assuming the motor is operating within specified environmental conditions, such as under 25°C ambient conditions, free air circulation, and no heat transfer through the flange.[footnoteRef:4]  It is very likely the environmental conditions of your motor’s installation will be different than these. You will need to either adjust your environmental conditions, such as adding cooling fans, and/or make sure your motors will be operating well within their continuous operating range so as to not overstress and damage or burn out the motor. [4:  These are the operating conditions for one manufacturer, Maxon; be sure to check the measurement conditions and rating systems when comparing motors from different manufacturers. ] 

The simplest first check to see whether your requirements coincide with a motor’s continuous operating range is to also plot your most demanding torque and speed requirements on the motor’s torque curve. In the ModBot’s case, this would be the point (865 mNm, 189.86 rpm). This point should lie within the continuous operating range. Since this is the point you want your system to operate at, it is commonly referred to as your operating point.  In many cases, gearing can be applied to help modify a motor’s effective continuous operating range. This is discussed more in later sections but for now, it is important to remember that you will need to select a motor size whose continuous operation region will contain your operation point whenever possible.
Motors do have the ability to operate outside of the continuous operation zone for short periods of time.  The limitation for running in this zone is determined by the thermal limitations and mechanical degradation characteristics of the motor.  Thermal limitations occur because the motor is unable to dissipate the heat generated by the inefficiency of the motor.  If operated too long in this condition, it will cause demagnetization of the motor magnets and a permanent loss of performance will occur.  Mechanical degradation occurs because of the increased wear rate of the brushes and bearings at speeds above the maximum permissible speed. There is no way to calculate the amount of time that you can operate outside of the continuous operation zone from the standard information given on motor data sheets. However, you can monitor your motor’s temperature during operation to estimate the intensity of the stress you are putting on the motor. In general though, it is recommended to only operate within your motor’s continuous operation zone.
[image: ]
Figure 5: Maxon RE 30 (PN 310009) Torque Curve [footnoteRef:5] [5:  This operating curve, as well as all others in this guide, are taken from the "Specifications" tab of the corresponding motor's details on the Maxon website.] 

Figure 5 shows an example motor having the max permissible speed of 12,000 rpm, with a max continuous torque curve going from 86.6 mNm at low speed to 71.0 mNm at high speed.  It also shows short term operation up to about 180 mNm is possible.
[bookmark: _Toc371496425]Power
The speed and torque requirements you determined earlier are also used to determine a power requirement for your motor. All motors are only able to output a maximum amount of power (Pmech, max). The power output from a motor can be utilized in mainly two (desired) ways: spinning its output shaft faster or spinning its output shaft with more torque. Hence, there is a tradeoff between speed (n) and torque (M) in any motor’s operation as shown in the equations below. 
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In short, these equations state that for an equivalent power output, the more speed the motor produces, the less torque it will have and vice versa.  For any given operating condition, the mechanical power can be calculated using the torque and speed of that operationg point.  To calculate the amount of power required for the ModBot motor selection, the speed and torque values calculated previously are entered into the power equation above to produce the equation below.

A minimum power output of 17.2 Watts is required to achieve the system level velocity and acceleration requirements.  Keep in mind that there are many variables that were assumed to be negligible, and adding a safety factor is a good idea in case some variables are more significant than initially thought.  These calculations narrow the range of possible motors; it’s unlikely a motor with greater than a 100 Watt output is necessary and likewise, a 15 Watt motor will not allow the ModBot to achieve the acceleration requirements.  Typically, the biggest limiting factor for selecting a motor size will be the amount of electrical power available, hence it is essential to discuss how much power is required with the power electronics designers.  This will be further discussed in the electrical power requirements section.[footnoteRef:6] [6:  See Section 1.8 for more details about converting to electrical power requirements.] 

[bookmark: _Toc371496426]Selecting a Motor based on your Power Rating and Operational Point
Assuming that you’ve discussed your power needs with the electrical designers and you have decided on your operating point(s) and therefore your power requirements, you can now begin to investigate motor options. Suppliers typically list motors by their mechanical power rating, hence why it was calculated above. However, just because a motor is rated to meet your power requirements, does not mean it will work for your operating point. Remember power is a combination of the speed and the torque, so there is a continumum of speed and torque pairings that will produce the same power. 
To help emphasize this point, in Figure 6 below, a constant power curve of 17.2 Watts is plotted on the torque curve. This will help visualize all of the speed and torque combinations that will generate 17.2 Watts.  Most importantly, the chart also shows that some torque speed combinations of 17.2 Watts are acceptable for continuous operation and some are not. If the motor is operating at 17.2 Watts with a speed above approximately 6000 rpm, the motor will be within the continuous operating zone.  If it is operating below 6000 rpm, it can only output 17.2 Watts temporarily before it begins to overheat.  
If the operating conditions calculated earlier (189.86 rpm and 865 mNm) were applied at a 1:1 ratio to the motor, it is obvious that the torque is off the chart to the right. This would clearly overheat the motor, if it could even operate at all. This leaves only two options to solve the problem: select a different motor with much higher torque or examine potential gear reductions.  Details of gear reduction can be reviewed in the Gearing Systems section,[footnoteRef:7] but as the ModBot’s operating point is so far outside of the this motor’s continuous operating range, it is likely better to examine other motors first. [7:  See Section 1.6 for more on gearing systems. ] 

[image: ]
[bookmark: _Ref365873141]Figure 6: Constant Power vs. Continuous Operating Torque Curve
[bookmark: _Toc371496427]Stall Torque, No Load Speed, and the Constant Voltage Speed-Torque Line
So far, the torque, speed, and power requirements have been used to decide whether a motor might be sufficient for your needs. However, it is also valuable to know how your motor will behave during operations other than at your required operating point. For example, how does it behave as you speed up to the operating point? In order to begin to answer this question, remember that voltage controlled DC motors’ speed are controlled by varying the input voltage to the motor. As such, other common lines drawn on torque curves are constant voltage speed-torque lines.  
A constant voltage speed-torque line plots all of the speed and torque combinations possible with a constant voltage input. Imagine that the ModBot has a single motor powering it with a constant voltage applied to the motor, and as it's running, someone decides to continually place heavy rocks on top of it.  As more rocks are placed on the ModBot, naturally it would slow down because of the higher torque needed to move the increasingly heavier ModBot.  At some point, the total weight of the rocks would be too heavy, and the ModBot would no longer be able to move, i.e. the ModBot would be said to have “stalled out”.  Yet it still would have a constant voltage applied. This operating condition where the motor is exerting the maximum torque it can but the motor has just stopped spinning is known as the stall torque (MH).
If all of the rocks were removed and the ModBot was lifted off the ground, the wheels would spin up to their maximum speed. If you removed the wheels themselves, the motor would spin even faster, because there is practically no load applied to the motor. This operating condition is aptly named the no-load speed (n0). The plot shown in Figure 7 below shows these details. When selecting a motor, these two values are typically given on the motor’s data sheet at the motor’s nominal operating voltage (UN), which is typically the voltage that the motor will operate at its highest efficiency.  
[image: ]
[bookmark: _Ref365873301]Figure 7: Constant Voltage Speed-Torque Line example
Now the maximum continuous torque curve can be plotted on the same graph as the continuous voltage speed-torque line, shown below in Figure 8.  Assuming that the motor is only running at this voltage (or this is the maximum voltage that you system could apply to this motor) you can use Figure 8 to determine how many rocks the ModBot can carry before the motor will overheat. 
[image: ]
[bookmark: _Ref365873372]Figure 8: Constant Voltage Speed-Torque line vs. Torque Curve
The speed-torque line and the motor data sheet show the operating characteristics typically only for one voltage setting.  If the ModBot only needed to operate along this line, this part of the analysis would be complete. However, the ModBot is required to run at multiple different speeds for the same load; your system may even require sets of different loads and different speeds.  To determine what the speed-torque line looks like for a different applied voltage, the equations below can be used.  The new no-load speed (n0) is calculated using the new voltage (U) and the speed constant (kn) which is a property of the motor and can be found on the motor’s data sheet.[footnoteRef:8]  [8:  The variable symbols used for the motor characteristics, such as U for Voltage, may be different on various manufacturer’s spec sheets. However the concepts will remain the same.  ] 
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For example, if the motor has a no-load speed of 10,000 rpm at 24 Volts and a speed constant of 416 rpm/V, then when 15 Volts is applied, the no load speed is only 6250 rpm.  Because the speed constant (kn) is a property of the motor, the speed torque lines for all different voltages are parallel offsets with the same slope equal to the speed constant (kn). On some data sheets, instead of listing the slope of the line as the speed constant (kn), the slope of the line is reported as the speed/torque gradient or the curve gradient of the motor.  The results of this calculation are shown in Figure 9.
[image: ]
[bookmark: _Ref365873572]Figure 9: Speed-Torque line at different input voltage
By plotting the maximum continuous torque requirement over the speed-torque lines for various voltages, it can be visually understood that to maintain constant torque, the voltage must increase as speed increases. Maintaining constant torque is also equivalent to maintaining constant acceleration, and having constant acceleration can be very desirable in many motor control algorithms. 
Figure 10 below also shows that if a constant torque of 20 mNm is required, there is a “dead-zone” from 0 to 7.2 V where the motor will not move and will be at a stall torque condition. The motor should not be run in this range because running it at its stall operating condition for any length of time can damage the motor. This dead-zone information should also be shared with your teammates working on the motor controller, and they should be sure to go from directly from zero input to the edge of your dead-zone (7.2 V) when they turn it “on.”[footnoteRef:9]  Typically, it is desirable to keep this dead-zone small, not only because it broadens your voltage operating range but also because large input jumps to a motor can wear the motor faster.  This is particularly important if you plan on switching motor directions frequently.  [9:  For more information on motor controllers, see the Motor Controller Guide.] 

[image: ]
[bookmark: _Ref365873645]Figure 10: Speed-Torque lines at varying input voltage compared to Torque Curve
Additionally, the rated voltage of a motor (UN) does not need to match the maximum supplied voltage (Umax).  It is acceptable to supply higher or lower maximum voltage to the motor as long as it falls within the maximum continuous operating range.  For example, a motor with a rated voltage of 48 V (UN) can be used with a power supply that has a maximum of 24 V (Umax). A new speed-torque curve would need to be calculated with the reduced voltage; however, it might better match the operating point. This is a very useful hint during motor selection. Figure 11 demonstrates the effect of a lower applied voltage (Umax = 24 V) compared to the motor’s rated voltage (UN = 36 V); the yellow operating point lies closer to the operation range boundaries when the maximum supplied voltage is 24 V.
[image: ]
[bookmark: _Ref365873837]Figure 11: Example of max supply voltage being lower than rated voltage (Maxon EC 32 PN 118893)
Some words of caution: the control of the motor is important.  It is not recommended to apply 24 V (Umax) directly from a stopped condition.  Communication with the power system designers and especially with the teammates who will be setting the motor command signals will be important for this.  If 24 V is applied instantaneously, the motor will go to the stall torque condition at 24 V (M0).  The torque at this point is significantly in excess of the torque required to achieve the acceleration target; it may damage components in the gear system or even motor brackets if this excess torque was not accounted for in the design. Therefore, the chassis system and motor bracket designers must be aware of this maximum torque so they can include it as an input into their design.  Figure 12 below shows the operating path for the instant 24 V and excess torque compared to an ideal operating curve for the ModBot.
[image: ]
[bookmark: _Ref365874037]Figure 12: Instant Max Voltage vs. controlled voltage ramp
When the motor is at zero speed and the rated voltage (UN in the motor’s data sheet) is instantly applied, the torque achieves a high value but in addition, the electrical current through the motor is at its highest level. This peak current level is called the starting current (IA). This is an important value that needs to be documented for the electrical designers and will be discussed more in detail.  See the Calculating Mechanical Efficiency section for further information on the starting current.[footnoteRef:10]  [10:  More information on starting current is available in Section 1.8.1] 

[bookmark: _Toc371496428]Gearing Systems
Before this section, the operating point was calculated to be 865 mNm torque and 189.86 rpm speed while the motor torque curve examples are operating at much lower torques (<100 mNm) and much higher speeds (>5000 rpm).  This is an obvious disconnect, but one that can be solved by selecting a motor with higher torque or by using a gearing system. 
Before determining that a gearing system is required, it is beneficial to look for motors that are closer to meeting your operating point without a gearing system.  The addition of a gearing system will add weight and cost, and reduce efficiency.  However, the ModBot operating point is at a low enough speed and high enough torque that the available motors would either be too large in diameter or have significantly higher power capacity than necessary, which in turn would probably cost more than adding a gearing system.
[image: ]
[bookmark: _Ref365874283]Figure 13: Maxon DC motor and planetary gear system [footnoteRef:11] [11:  Encoder, motor, and gear system schematics from http://dcx.maxonmotor.com/maxon-dcx/eng/configurator.jsp#.Unpcs_mfj3R.] 

Gearing systems, which are often referred to simply as gearboxes, are an attachment added to the end of the of the motor’s output shaft, kind of like a plug adapter, as shown in Figure 13.  Similar to the adapter, a gearing system can be thought of as an energy conversion mechanism.  In theory, a gearing system changes the input torque and speed of the motor to a different torque and speed of equivalent power at the gearing system’s output shaft. In practice, the converted output power is always somewhat lower than the input due to gear efficiency losses (ηG). 
This conversion effect can be seen graphically as well. Adding a gearing system to a motor effectively changes the motor’s torque curve slope, shown in Figure 14 below. Although the motor may be spinning at the same speed and torque output, the output shaft of the gearing system is spinning at another speed and torque, and that transformation is indicated by the adjusted torque curve for the combined system. As a result, this also changes the effective operation range of the motor/gearing system combination.  The goal will be to pick a gearing system that will adjust the torque curve so the desired operating point of your system will be within the adjusted torque curve’s continuous operating range.
[image: ]
[bookmark: _Ref365874385]Figure 14: Torque curve change with example 5:1 gear ratio
The first step in choosing a gearing system is to determine the desired gear ratio (i). The gear ratio is the ratio between what the motor is able to continuously spin on its own compared to the desired operating point speed.  As described before,[footnoteRef:12] the operating point for the ModBot is 865 mNm and 189.86 rpm and the motor selected requires an operating speed above 6000 rpm and below 12000 rpm (motor limiting speed) to achieve 17.2 W continuously, as shown in Figure 6.  Many times when looking up gearing information, the desired operating point is called the load. From this point on, the operating point of the ModBot will be considered the load. Likewise, the operating point rpm will be called the load speed (nL) and operating point torque will be called the load torque (ML), as shown in Figure 15.  In order to differentiate between the desired speed and torque of the gearing system’s output shaft and the speed and torque the actual motor is running at, the speed and torque of the motor will be called motor speed (nmot) and motor torque (Mmot). Using those terms, the maximum and minimum gear ratios (i) can be calculated using equation below. [12:  See Section 1.2.3 for information about the motor’s operating point.] 
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[bookmark: _Ref365875492]Figure 15: Location of torque and speed measurements [footnoteRef:13] [13:  Encoder, motor, and gear system schematics from http://dcx.maxonmotor.com/maxon-dcx/eng/configurator.jsp#.Unpcs_mfj3R.] 

In this example, the gear system would require a gear reduction in the range of 31.6 to 63.2. Physically, this means the gear system output shaft would turn once for every 31.6 to 63.2 turns of the motor.  On the gear system data sheet, the reduction or gear ratio is typically listed as a ratio, such as 31.6:1. Rarely is the exact gear ratio you want actually available, but a great rule of thumb is the lower the ratio required, the better the efficiency. It’s best to aim for a gearing system that is just above your minimum gear ratio. If a gearbox is selected with a 35:1 ratio, the motor speed (nmot) is calculated with the equation below. It is important to double check that the calculated motor’s speed is still safely within the motor’s continuous operation range (of less than 8000 RPM in this example), as this may not always be the case even if that gear box is made by the motor’s manufacturer.
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The next item to review is the torque multiplication.  As the speed is reduced, the torque is increased by a similar, but not necessarily the same, ratio.  If the gearbox ratio selected is 35:1, the output speed will theoretically be exactly 1/35 of the input speed. However, the output torque (ML) will actually be slightly less than 35 times the input torque (Mmot) due to inefficiency and friction in the gear system.  The equation to calculate the motor torque required is shown below for a gear system with 35:1 ratio and 80% efficiency.
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Depending on the efficiency of the gearbox, the torque required from the motor can vary by a significant amount.  In Figure 16 below, motor torque is compared to the gear system efficiency.  The efficiency of the gear system clearly has a large role in determining what torque the motor must produce.
[image: ]
[bookmark: _Ref365875686]Figure 16: Required Motor Torque vs. Gear System Efficiency
The calculated motor torque and motor speed can then be used to calculate the motor power required to input to the gearbox.  


To summarize, with an 80% efficient gear system and a 35:1 ratio:
Table 1: Motor operating point vs. ModBot load operating point
	
	Torque
	RPM
	Power

	ModBot Load Operating Point
	865 mNm
	189.86
	17.2 W

	Motor
	30.89 mNm
	6645.1
	21.49 W


[image: ]
Figure 17: Gear System input and output [footnoteRef:14] [14:  Encoder, motor, and gear system schematics from http://dcx.maxonmotor.com/maxon-dcx/eng/configurator.jsp#.Unpcs_mfj3R.] 

This new power value will be compared against your current motor and it may be necessary to select a new motor. However, there are typically many available options of gear systems as well. In many cases, the motor manufacturer has gear systems that match the selected motor (this information would be provided by the manufacturer). If a gearing system is selected from the motor manufacturer, there will likely be data sheets available. The data sheet will list some basic information about ratios, speed limitations, torque limitations, and force limitations that you must double check, even if the above equations work out.
Many times the same gearing system is compatible with multiple motors from the same manufacturer. However, it is very important to note whether the gearing system can be easily removed once attached. Many precision made gearing systems and motors need to be combined at the factory. This may make it costly or even impossible for you to detach them later. Ideally though, you are confident in your motor and gearing system choices before you purchase them, so you never have to detach them.
In some cases a custom designed gear ratio is required, thus a custom gear set as well.  There are many great references for gear design.[footnoteRef:15]  A couple good rules of thumb to keep in mind are: [15:  One book that will help with many aspects of a custom gearbox design is Machinery’s Handbook by Erik Oberg.] 

1. Make sure that your gears are always of the same modulus so that their teeth mesh properly. 
2. Never create a gearing system that has a single stage with a gearing ratio greater than 3:1 as it can cause your gears to lock up (i.e. you may need several stages of gearing in order to achieve the desired overall gear ratio). 
In general, gearing systems require precise machining and assembly in order to function properly. You should carefully consider other options before deciding to create your own gear system.
Here is an example analysis of important gear system data from the data sheet of the Maxon planetary gearhead GP 26 A (PN 406767) system:
· Ratio: 35:1 – This is within the range of acceptable ratios for the selected motor.
· Max Input speed: 8000 rpm – It is able to meet the operating point (6645.1 rpm) based on the calculations, but the motor has the capability to exceed the operating point. You must highlight this fact to the power system designers and motor command system designers so they can put in a limit with software.
· Max continuous torque: 2.25 Nm (2250 mNm) – This is above the needed 865 mNm, and allows for a sufficient safety factor. You need to make sure the power system designers know the limit even if it is physically possible to exceed it with the selected motor.  Looking at Figure 11, if at full voltage the motor is halted and hence the stall torque is applied, it has the possibility to exceed this torque value.
· Max efficiency: 80% - This is not ideal, but you need to discuss if this extra inefficiency will cause the power system or motor to exceed its operating limits.  Also, be aware, it states maximum efficiency not efficiency at any operating point. At low torque, the efficiency can decrease significantly. It would be ideal to add additional safety factors for this value and you may want to contact the manufacturer for their impression on this if you have significant concerns.
· Weight: 77 grams – Consider if this positively or negatively impacts the 15 kg ModBot weight target compared to the initial estimate.
· Packaging: 26mm D x 33.4 mm L – Is there room for this in your design? Is there still room for air to move around and cool it off?
· Rotation Direction: (=)  – The output shaft rotates in the same direction (=) as the motor, as opposed to the opposite direction (≠).
· Max Axial load: 120 N+ – The maximum calculated axial force in the strafing direction was 45.45 N and divided by the four wheels, this is well under the limit. However, will any force be applied to the shaft when attaching components? Installing components with a press fit can easily exceed this value, so proceed with caution.
· Max radial load: 140 N – The way the ModBot is designed, the output shafts of the four gear systems will be supporting the weight of the whole ModBot. Is this acceptable? Review the next section to find out.
[bookmark: _Toc371496429]Radial Load Calculation
The specification for the GP 26A gear system rates maximum radial load at 12 mm from the flange. It is important to review the details of how the manufacturer rates the maximum radial load. On the ModBot, the radial load is applied based on the location of the wheels. This differs from the rating, so the equivalence must be calculated. 
[image: ]
Figure 18: Maxon Planetary GP 26 A (PN 406767) showing location of radial load measurements
The equation to calculate the nominal radial load from the mass of the ModBot is shown below.
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Using cantilevered beam equations, the equivalent force at 12 mm is calculated, as shown in Figure 19.
[image: ]
[bookmark: _Ref365711444]Figure 19: Radial load equivalence diagram
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The calculated force during operation, 107.3 N, is below the maximum rated, 140 N. However, the resulting safety factor of 1.3 is not very large, especially when this is just a simple static calculation and does not consider peak driving loads or weight imbalance.  It may be worthwhile to revisit the design and move the wheel closer to the gearbox flange to improve the safety factor.[footnoteRef:16] [16:  Later documentation will discuss how to take more of the load off of the motor's shaft.] 

[bookmark: _Toc371496430]Converting from Mechanical to Electrical Requirements
The constant voltage speed-torque line was the first relationship investigated between mechanical and electrical requirements. However, more requirements must be investigated to gain a broader understanding of the interface with the power system and battery. The mechanical requirement of the motor has been defined, now the electrical energy can be calculated.
Electrical power (Pel) and mechanical power (Pmech) have the same units but in converting between the two, there will be an efficiency (η) loss.
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Or,
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This efficiency loss can be considered the system efficiency loss. It will include how effectively the electrical energy is turned into mechanical energy as well as the mechanical efficiency of driving a gear system.  For example, if the system has a total efficiency of 50%, the electrical power required will be twice the mechanical power.

It becomes quite apparent that the efficiency of your motor and drive system have a very large impact on your electrical power system.  In the example above, the same electrical system could power two motors with 100% system efficiency or only one with 50%.  The ModBot uses 4 motors, so poor efficiencies could add up to a large electrical power requirement.  Be sure to communicate this system efficiency with your power system designers as you go through the calculations below.
[bookmark: _Toc371496431]Calculating Mechanical Efficiency
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Now that the importance of the system efficiency is understood, you should begin to calculate your system’s efficiency. The efficiency of the gearbox was discussed previously in the Gear Systems section, however, equally important is the efficiency of the energy conversion in the motor itself.  Equation 15 below can be used to calculate the maximum efficiency of the motor, utilizing the starting current (I0) and no load current (IA), both from the motor’s data sheet.  Refer to Section 1.5, Figure 12 for more discussion of the starting current.[footnoteRef:17] [17:  See Section 1.5 for the definition of the starting current.] 

Using the example motor Maxon RE 25 - 20 Watt - 24 Volt (PN 339152),

It should be noted that the equation states 90% peak efficiency, yet the motor’s data sheet states 88% peak efficiency.  This discrepancy shows these efficiency values should be used as estimates.  Additionally, it should be understood that peak power and peak efficiency do not occur at the same operating point.  Using maximum efficiency values in the calculation may underestimate the electrical power required.  As a rule of thumb, the maximum efficiency occurs at 1/7th of the stall torque (M0).


[image: ]
Figure 20: Motor and Gear System efficiency [footnoteRef:18] [18:  Encoder, motor, and gear system schematics from http://dcx.maxonmotor.com/maxon-dcx/eng/configurator.jsp#.Unpcs_mfj3R.] 

[bookmark: _Toc368581075][bookmark: _Toc368581401][bookmark: _Toc368831680][bookmark: _Toc368831712][bookmark: _Toc368831743][bookmark: _Toc368831773][bookmark: _Toc368831804][bookmark: _Toc368831832][bookmark: _Toc371496432]Determining Voltage and Current Requirements from Power Requirements
Once the electrical power needed is calculated, it is used to determine the specific voltage and current requirements. Similar to mechanical power being comprised of two parts, speed and torque, electrical power is also comprised of two parts, the voltage (U) and the current (I).  Voltage and current have similar tradeoffs to speed and torque, as shown in Equation 16 below.
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In general, there is also a direct relationship between speed and voltage, and also between torque and current. For a voltage controlled DC motor, the higher the input voltage, the higher the speed and likewise, the higher the torque required, the higher the current draw.[footnoteRef:19] Therefore, it is important to calculate the voltage and current requirements at:  [19:  These relationships are assuming operation at a constant power. Constant power is required if you want to be able to operate at a constant acceleration, which was set as a goal earlier in Section 1.1. ] 

· the maximum speed that you will be operating at, which is commonly one of your operating point(s) and/or the maximum continuous operation voltage rating of the motor you’re considering  
· the conditions that you will be operating at most often, also commonly your operating point(s) 
· the maximum torque you will be operating at (which is commonly the stall torque of the motor you’re considering, which can occur when you are starting up or switching directions)
In any of these cases, two of the three values in Equation 16 above are known, and the remaining value can be solved for. In all cases, the electrical power is known from the calculations in the previous section, (25.29 Watts for the ModBot), so it’s just a matter of knowing one of the other values and solving for the last one.
For the maximum speed case, recall the discussion of constant voltage speed-torque lines in Section 1.5. If the operating point for a motor does not fall on the motor’s rated voltage speed-torque line, the voltage input to the motor will be lower than the motor’s rating.  That means for the same power the current will also be higher. In the ModBot’s case, 24 V corresponded to the ModBot’s maximum speed, so plugging this voltage and the power into Equation 16,

Rearranging the equation above, current can be solved for,

Low current requirements are often not an issue for power system development but it is good for your power system teammates to still know. They can use this information, combined with an estimate of the amount of time that would be spent at this speed, to help determine aspects such as the system’s battery life.
For the operating point case, in the ModBot’s design the operating point was the maximum speed for the motor as well and so the calculations did not have to be repeated. However, for the power system teammates, this means that they must design the power system to operate at this level for a continued period of time. In this case, maintaining a higher continuous voltage is likely to be the more challenging requirement, but other systems that you design may require a higher continuous current if their operating point requires relatively more torque than speed.
For the final case using maximum torque, the calculation can be treated in a similar manner as the maximum speed, i.e. by examining the torque-speed curve.  
In many situations the motor is operated at its maximum continuous voltage rating, and in these situations, the maximum torque is almost always the motor’s stall torque. This value is typically on the motor’s data sheet along with motor’s associated current draw, which is commonly called the motor’s stall current or starting current (IA). Operating at the stall torque and the maximum continuous voltage rating effectively turns the motor into an electric stove.  All of the electric energy input goes to Joule power losses because no mechanical work is being done.  By recalculating the winding temperature rise with 100% of the energy going into PJ, it is easy to see that the motor will not be able to operate at this condition for long (this calculation is shown in Section 1.9.2).
High current values can be very dangerous for electronics in general, therefore knowing the maximum current is very important. Fortunately, in many applications the maximum torque and maximum current only occur for very brief periods of time, such as when the motor changes direction. Here, the maximum current is seen as a brief current “spike.” The magnitude (IA) and expected duration of this spike (ton) are valuable information for the power systems designers.  You might need to estimate the spike duration at this point in the design, but once the selected motor has been obtained it should be tested on the lab bench. This is discussed in more detail in the Power Board and Battery Selection Guide. 
[bookmark: _Toc368581077][bookmark: _Toc368581403][bookmark: _Toc368831682][bookmark: _Toc368831714][bookmark: _Toc368831745][bookmark: _Toc368831775][bookmark: _Toc368831806][bookmark: _Toc368831834][bookmark: _Toc371496433]Re-evaluating Motor Selection Based on Voltage and Current Requirements
As the maximum current is a very important characteristic in power system design, it may be necessary to examine other motor options if your motor’s maximum current is deemed too high by your power system design teammates. Fortunately, different motors that meet your power requirements may have different current draws when providing the same power.  Below is an example of this.  Both motors in the example assume the same efficiencies of the gear and motor, although in practice there may be slight differences based on the combination selected. The example only focuses on the operating point case. You can see in Figure 21 below that operating point is very close to the max operating voltage on the first potential motor’s torque-speed curve, but that same operating point is far below the max operating voltage on the second potential motor’s torque-speed curve as shown in Figure 22. The voltage and current requirement calculations for the two potential motor selections are shown below.
[image: ]
Figure 21: Operating Point close to Maximum Supply Voltage Speed-Torque Line (Maxon RE30 48V + GP32 19:1)
[image: ]
[bookmark: _Ref365710760]Figure 22: Operating point far from Maximum Supply Voltage Speed Torque Line (Maxon EC60 Flat + GP52 4.3:1)
First, for the motor with the operating point voltage close to the rated voltage (Figure 21),

Second, for the motor with the operating point voltage much lower than the rated voltage (Figure 22),

Note that both motor selections are consuming 25.29 Watts of electrical power (Pel) and outputting 17.2 Watts of mechanical power (Pmech) as per the requirement.  Both motors meet your own motor selection needs but this now offers options for your power system teammates.  However, as a general rule of thumb for power electronics, lower current is better.
[bookmark: _Toc371496434]Thermal Behavior of Motors
The inefficiency of the electric motor, as discussed in the previous sections, has another important effect on motor operation that should be addressed as part of your selection process. Power losses due to inefficiency are typically converted into heat.  If the thermal energy is not dissipated, the motor will begin to overheat and if allowed to reach a certain temperature, it can sustain permanent damage. This section describes how to perform some motor temperature safety check calculations to see if cooling methods need to be explored further.
The power loss and the resulting heat can be calculated starting with the efficiency at a given operating point.  Although there are different kinds of power loss in a motor, i.e. thermal and frictional power losses, all of the motor’s power loss is typically combined into one value called the motor’s efficiency losses or the Joule power losses (PJ).
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The power losses (PJ) are responsible for increasing the temperature in the motor, therefore this amount of heat must be dissipated, which can be solved for by rearranging the equation above and plugging in the values determined in the previous sections.
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Within the motor there are two primary thermal resistances that are considered; these are listed in the motor’s data sheet.[footnoteRef:20]  The first, Rth1, is between the rotor and the stator, (the part of the motor that surrounds the rotor) and the second, Rth2, is between the external surface and the environment.  Combining the thermal resistance with the thermal power, the temperature delta (ΔTW) of the motor can be calculated between the motor winding temperature (TW) and ambient temperature (TU) as shown in the equations below, with the values of the ModBot motors inserted.  Rth1 and Rth2 can both be found on the motor's data sheet. [20:  For this example, the RE 30 (PN 310009) motor is used.  ] 
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Alternately, in some cases the power losses due to inefficiency may not be expressly known because the motor is operating at a different point or the efficiency of the gear system is difficult to calculate.  However, using the motor winding resistance (R) and current (I), the thermal energy can be calculated and these values can be measured easily when the robot is operating.  Using the winding resistance, R25, from the data sheet of RE 30 (PN 310009) the following calculation can be done.
	
	
	( 20 )



The two calculations obviously show some differences. Some of that can be accounted for with the change in resistance of the windings due to temperature.  As the motor gets hotter, the resistance increases.  The actual winding resistance at an elevated temperature (RT) can be calculated at an elevated temperature via the equation below where the ambient temperature is considered to be 25oC.  The thermal resistance coefficient of copper is 0.0039 (aCo).  By using the calculated winding temperature increase (ΔTW) from above, it can be combined with the ambient temperature to give a 49.9oC estimated winding temperature.
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As a check, the actual winding resistance (RT) at a higher temperature can be put back into Equation 20 to calculate the temperature rise.
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The values calculated by the two methods still vary slightly and the process can be re-iterated until a small enough difference results; however, the values shown here are close enough for an estimate of the winding temperature rise, so the iterations can stop here just after one round. The important constraint to check is that neither method of calculation yields a temperature rise that will cause the motor to operate outside its maximum winding temperature (Tmax). In this case, assuming a 25oC ambient temperature and using the maximum calculated temperature increase of 29.3oC, this will result in an operating temperature of 54.3oC, which is well below the 125oC Tmax of this motor.
If your motor’s operating temperature was above your motor’s Tmax, you could either consider a different motor or begin to investigating cooling options. Cooling can be as simple as adding a fan to blow air on the motor or in some cases, better motor mountings can be designed or better housings can be available from the manufacturer. For example, if the mounting or housing of the motors allows better heat transfer, then Rth2 can be reduced by a significant amount.  If the mounting of the motor has metal flanges, the Rth2 value could decrease by 80%.[footnoteRef:21] Some motor manufacturers will show the increased torque capability if the Rth2 value is decreased.  In Figure 23 below, the standard torque rating is shown as well as the torque rating with Rth2 decreased by 50%. [21:  For more information on the metal flanges and their heat dissipating benefits, you can refer to a heat transfer textbook or similar resource.] 

[image: ]
[bookmark: _Ref365878658]Figure 23: Maxon DCX 35L Torque Curve showing increased capability with better cooling
Remember, the maximum continuous operating torque line is determined by thermal limits. If the motor receives better cooling, the maximum continuous operating torque line can increase.  As beneficial as this sounds, it is also equally important to remember that if the motor has reduced cooling or is operating at a higher ambient temperature, the maximum continuous operating torque line decreases. The amount it decreases is not always straightforward to calculate so the key takeaway is that if the motor temperature is anticipated to be too high, cooling should be investigated and tested before full implementation.  
[bookmark: _Toc371496435] Adding Sensors Based on Needs from Other Systems
At this point, you are well equipped to select the motor and gear system that works well at your operating point(s).  However, other parts of your systems may require feedback about the actual operating condition of the motor. It is important to understand what feedback is required from the motor to allow the other subsystems perform their job well.  Additional motor sensors are commonly used for measuring the motor’s speed, position, and rotational direction.  However, motor temperature, torque, true voltage or current inputs (as compared to what you calculated), or other various forms of measured feedback might be required.
Overall, sensor feedback is important due to the fact that few systems actually behave as predicted. For example, think about driving a car without a speedometer.  The driver would be able to make the car accelerate by hitting the gas pedal but would not know the exact speed of the car.  The only feedback the driver would have is an estimate of speed based on a visual observation of the trees passing by.   This would be similar to the ModBot guessing at the speed of the motor based on the commanded input voltage and current, and therefore, additional sensors would be helpful.  
It is best to discuss what information will be beneficial and what information is essential to the operation of the robot with all members of your team.  Likewise, the level of accuracy of the information must also be discussed.  
Before selecting a sensor to apply to the motor, a review of the options to acquire information is important.  Depending on the information required, could an external sensing system eliminate the need for sensors on the motor, such as perhaps the ModBot’s external positioning system? Does the information from the external sensing system meet all of the requirements for information for your other subsystems? Are redundancies needed in the information acquisition? 
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Figure 24: Maxon sensor selection
Most of the time, even if an external sensing system exists, having a sensor on the motor is valuable for testing, if not for the full operation of your system. Assuming the need for a sensor attached to the motor has been decided, the sensor types can be reviewed in greater detail.  There are three common types of sensors that are installed onto motors which are summarized in terms of their general properties below.
· Encoder
· Information Output
· Speed
· Angular Position
· Rotation direction
· General Overview
· Digital output
· Very good accuracy possible
· Most common type (many sub categories)
· High speed possible
· DC Tachometer
· Information Output
· Speed 
· Rotation direction
· General Overview
· Analog output
· Output voltage proportional to speed
· Not acceptable for positioning tasks
· Resolver
· Information Output
· Speed
· Angular Position
· Rotation direction
· General Overview
· Analog Output
· Less accurate position than Encoder
· Long service life (great for industrial use)
· Requires special signal evaluation
The encoder is the most common solution and for most embedded systems applications, drive motors are attached with encoders that have at least a 100 count (i.e. a 100/360 degree) accuracy. There are many sub-categories of encoders that can refine the information output to meet the need of the other systems. There are magnetic, optical, inductive, and others that may provide a better fit for the robot application.  
	
[image: ]
Figure 25: Maxon DCX 35L with ENX10 Quad Encoder [footnoteRef:22] [22:  Encoder and motor schematics from http://dcx.maxonmotor.com/maxon-dcx/eng/configurator.jsp#.Unpcs_mfj3R.] 

To select the type of encoder that is correct, a simple matrix of operating parameters can help guide you.  Be sure to use the selection guide from the manufacturer of the encoder as the characteristics may vary from one company to another.
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Figure 26: Maxon Encoder selection guide
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Figure 27: ModBot Motor, Gear, and Power system with Encoder [footnoteRef:23] [23:  Encoder, motor, and gear system schematics from http://dcx.maxonmotor.com/maxon-dcx/eng/configurator.jsp#.Unpcs_mfj3R.] 


[bookmark: _Toc371496436]Common Additional Considerations when Selecting a Part: Motor Selection Example
Whenever you have to select a part for your system, there can be lot of additional factors to consider other than just the equations. The sections just prior to this one went through the technical procedures of helping you find your best motor based upon the initial operational requirements. This is often the most challenging aspect of picking a motor (or any part in general) but this section provides a few questions you should ask yourself that may help you improve the selection of a part or change how that part is installed.  These questions tend to focus on motor selection, but they provide a good example of how you should question any part’s selection. As always, it is best to consider all of the ways your system will be used, including all of the extreme or undesired conditions it may encounter. 
· Part Availability
· Cost – Every project has some limits on its budgets, and many times you have to ask, is the improved performance worth the cost? Would choosing a lesser motor that still meets all of your core requirements be acceptable if it means being able to purchase an extra motor that will better improve your overall system performance?
· Supply and Delivery Time – Can you find a supplier that has the number of motors you need in stock? What is the lead time to get the motor(s) to you? Does that give you enough time to test the motor(s) after you finally receive them? What if the tests go poorly; do you have time to get and test a replacement motor or other modifications to your system? 
· Environment 
· Ambient Temperature – Will the motor have ambient air surrounding it?  Will it need to maintain performance at high ambient temperatures? What protections are in place for high temperatures?
· Water – Any possibility the motor could see a splash or submerged condition? Will it need to be cleaned using liquids?
· Dirt – What amount of dirt and dust will the motor be exposed to?  Will this require any effort to protect the motor?
· Corrosion – Will the motor encounter any corrosive chemicals? How does the manufacturer rate corrosion resistance? (Maxon bases it on the standard: DIN EN 60068-2-30)
· Serviceability
· Time – Are there time constraints on how fast the motor can be changed?  What happens in event of a motor failure during operation or during the competition?  How many steps are required to access the motor? How many different tools are required to access the motor?
· System or Sub-system Replacement – In the event of a failure, what needs to be replaced?  Can the whole motor, gear, sensor combination be replaced or does each individual part require replacement?
· Installation – Many parts get swapped in and out during testing; are there any precautions required for installation and removal to prevent damage?  Where are the motors kept when not installed in your system? Is it possible to install the motor with the incorrect orientation?
· Backups – How many motors will be available in the event of a failure?  How long does it take to get a new one?  Do you have the budget for spare parts if the lead-time is long?
· Changeover – Will the system require any of the interfaces to have quick changeover?  Have all of the steps been reviewed?  Will the quick changeover impose any risk for damage or incorrect assembly? Have the operating conditions been reviewed for the new system configuration? (e.g. ModBot must change to DuneBot)
· Packaging
· Physical size – Will the motor, gear system, and sensor physically fit into your system?  What is better, a long and skinny motor or short and fat one? (CAD models are often available from the manufacturer.)
· Clearances – What clearances are required due to tolerances of all other parts of your system to ensure no interference? Will the motion of the motors reduce the clearances, even as a result of flexing or vibration?
· Wires – Wires must go somewhere! A common mistake is to neglect the wires in mechanical design. What has been done to account for the package space? Are the wires properly supported such that there is no stress on the wires in order to prevent damage from tight bends or fatigue? How many wires will be required? What length of wire is required?  Encoders increase the wire count significantly, are they accounted for?
· Cooling – How is the packaging changing the cooling capacity of the motor?  Will other hot components be nearby?  Is liquid cooling necessary? Is liquid cooling an option? What about fans?  Is Rth2 anticipated to be better or worse than what the motor was rated?  Will the heat from the motor damage nearby components, such as paint or wires?
· Weight – How much weight was planned for the motors? Is this good or bad for the overall system weight? Does the location of the mass of the motor change any of the vehicle dynamic calculations, such as inertia or center of gravity?
It is clear that a single motor will not be the best in every area and compromises will need to be made.  For example, the motor with the highest torque will not be the motor with the smallest diameter. In the case of the ModBot, the motor availability was one of the largest factors as the motors the design team originally wanted would have taken three times as long (3 months) to obtain and the design timeline would not permit it. As a result, more expensive motors had to be selected, but they were motors that still met all of the design requirements for all subsystems. 
[bookmark: _Toc371496437]Motor Selection with Tradeoffs
Taking into account all of your needs, the needs of associated sub teams, and the fact that there is rarely a motor that will perfectly match all of the requirements simultaneously can appear daunting when taken in all at once.  However, the most important step in selecting a motor is determining how to deal with the tradeoffs and understand which ones are important.  
To begin to make sense of it all, start by writing down what is known about the requirements for the motor selection, similar to what is shown below in Figure 28.
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[bookmark: _Ref365710128]Figure 28: Known Requirements for Beginning Motor Selection
The next step to help organize all of this information is to format the information into an interface matrix. Details on interface matrices can be found in the Interface Matrix Guide available on the Cornell Cup USA presented by Intel website.  When working with a large complex system, it is very helpful to have a single location for all important parameters.  If a chassis designer decides to reduce axial package length available for the motors and does not tell the motor designers about the new package length, problems usually arise.  Likewise, if two people are working on the motor selection but only one person knows about the new package constraint, it will cause redundant work and also some frustration between colleagues.  Use a single location that is accessible for the critical information, your team will thank you!  The interface matrix is a great template to accomplish this goal.
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Figure 29: Small Excerpt from Interface Matrix
With Figure 29 created, you can now begin to evaluate the importance of all of these characteristics and evaluate your potential motor options.  Writing down how you evaluate your options is remarkably important. Engineers commonly (but incorrectly) try to use only the judgment in their head without documenting how the selection was made.  When reporting the selection to the team, often another team member will have some judgment criteria (which may even be personal or based on misconceptions) and he or she dislikes the final motor selection based on a parameter that wasn’t even considered in the initial selection.  
Without having a written trail to justify your decision, your design is more at risk to be evaluated purely on the background of your reviewers, who may be far less experienced than you are in this area. With so many considerations in just motor selection, imagine how hard it would be to defend your entire system design completely off of memory. To keep the selection process as objective and civil as possible, it is best to document what characteristics were used to say Motor A is better than Motor B. One way to show the decisions that were made is to utilize a decision matrix, also known as a Pugh Matrix.[footnoteRef:24]  Table 2 offers a subsection of a possible decision matrix considering the seven motors whose torque-speed curves are shown below.  [24:  Details on decision matrices can be found in the Decision Matrix Guide available on the Cornell Cup USA presented by Intel website as they are often used in industry and government designs.] 

Decision matrices are used to create objective scores for each characteristic that are then weighted on importance and summed together to give each option a total score for comparison. Even from the decision matrix subsection shown below, you can see how this will not only help you prioritize certain characteristics but may in fact also help your team make design adjustments more quickly and confidently throughout your design process. For example, in the beginning of the process the team may decide that the efficiency is the most important feature, thus, it is given a large weighting.  Then, as your system is coming together, the team may decide that the motor mass is the most critical factor because other components came in over weight. The team will increase the weight of the motor mass parameter and decrease the weight of the efficiency parameter. 
[image: ]
[bookmark: _Ref365710092]Table 2: Decision Matrix Example

[bookmark: _Toc368581083][bookmark: _Toc368581409][bookmark: _Toc368831688][bookmark: _Toc368831720][bookmark: _Toc368831751][bookmark: _Toc368831781][bookmark: _Toc368831812][bookmark: _Toc368831840][bookmark: _Toc368581084][bookmark: _Toc368581410][bookmark: _Toc368831689][bookmark: _Toc368831721][bookmark: _Toc368831752][bookmark: _Toc368831782][bookmark: _Toc368831813][bookmark: _Toc368831841][bookmark: _Toc368581085][bookmark: _Toc368581411][bookmark: _Toc368831690][bookmark: _Toc368831722][bookmark: _Toc368831753][bookmark: _Toc368831783][bookmark: _Toc368831814][bookmark: _Toc368831842][bookmark: _Toc371496438]Generating Motor and Gearing Options
With the requirements for the motor and the way they will be judged, it is now time to begin searching for motors that meet your criteria.  Many motor manufacturers offer catalogs, online websites, and selection tools that can assist in finding a motor.  Maxon Motors offers online assistance programs for motor selection.  One program is the Maxon Selection program, shown in Figure 30. This program provides options and configurations based on all of the catalog offerings of motors, gears, sensors, and motor controllers.  It is ideal to generate as many options as possible; the different options will be helpful if the weighting of the criteria changes.
[image: ]
[bookmark: _Ref365709922]Figure 30: Maxon Selection Program [footnoteRef:25] [25:  Figures 30-34 are all screenshots of the Maxon website.] 

The Maxon Selection Program allows for simple searches or more advanced selection. The advanced selection allows the following input parameters to help generate options:
Load
· Operation Type
· Continuous  
· Cyclic or Intermittent
· Short Term
· Max Load Speed (nL)
· RMS Load Torque (ML)
Drive
· Options:
· Direct Drive
· Gearhead Drive
· Belt, Toothed
· Rack and Pinion
· Crane
· Spindle Drive
· Conveyor Belt
· Rover
Gearhead
· With or without Maxon Gearhead
· With Maxon Gearhead
· Without Maxon Gearhead
Boundary, Ambient Conditions
· Max Ambient Temperature
· Min Ambient Temperature
· Max Installation Length
· Max Diameter
Motor
· Options
· Brushed or Brushless
· Brushed (Maxon DC)
· Brushless (Maxon EC)
Sensor and Control System
· Main Control Parameter
· Without Controller
· Position Control [footnoteRef:26] [26:  Position control implies the use of servo motors.] 

· Accuracy
· High (<1 degree)
· Average (1-10 degrees)
· Low (> 10 degrees)
· Speed Control
· Accuracy
· High accuracy or dynamics 
· Low accuracy or dynamics
· Current/Torque Control
· Voltage Control
· Sensor type feedback
· Without Additional Sensor
· Encoder
· With Index Channel
· With Line Driver
· DC Tacho
· Hall Effect only (only on brushless EC motors)
Power Supply
· Supply Voltage (Umax)
· Continuous Current (IN)
· Max Current (IA)
· Duration of Max Current
By filling out all of the required information, as shown in Figure 31, Maxon will make recommendations and allow filtering of the results in the following categories, as shown in Figure 32.
· Technical Optimum (be careful, this is not using all of your selection criteria)
· Smallest Diameter
· Shortest Total Length
· Lowest price (for 1-4)
· Lowest Current Consumption
[image: ]
[bookmark: _Ref365910387]Figure 31: Maxon Selection Program inputs
[image: ]
[bookmark: _Ref365910446]Figure 32: Maxon Selection Program results filter options
Remember, always take the data from the motor recommendations and place it into your decision matrix.  Many sites will provide their recommendations, but it is very unlikely that the motor supplier’s decision matrix matches your own.  It is also unlikely that the manufacturer’s selection tools will consider parameters such as lead-time, design margin, or aesthetics.  Your own selection criteria may change through the design process, so recording all of the motors’ parameters in your decision matrix is important.  What may seem like a poor match initially could end up being the best option if one parameter’s weighting is changed.
It is recommended to alter your input values to the selection tool to determine the sensitivity to your calculated inputs. For example, if the operating torque is 1 Nm instead of 0.865 Nm, how does this alter the tool’s recommendations?  For any values that may have some uncertainty, it is a good idea to change input values. Key values that should be altered are the operating point and the power supply.  
If none of the motor and gearing options are exactly what you are looking for, you can generate more options using Maxon’s DCX program, shown in Figure 33.  This online motor and gear selection tool allows customization of motors beyond the typical catalog selection.   This allows greater customization of the motors and gear systems, shown in Figure 34.  Although when selecting a highly customized motor, pay close attention to the increased cost and lead-time.  These are typical drawbacks of custom designs versus “off-the-shelf” options.
[image: ]
[bookmark: _Ref365709745]Figure 33: Maxon "DCX" custom motor and gear selection program
[image: ]
[bookmark: _Ref365709820]Figure 34: All parameters with a "+" allow customization in the DCX program
By performing a large number of searches using different filters, seven motor and gear system combinations were chosen for evaluation.  All motors met the minimum criteria of achieving the target operating point in the continuous operating range using the available energy from the power system. 
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Figure 35: Motor A
[image: ][image: ]
Figure 36: Motor B
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Figure 37: Motor C
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Figure 38: Motor D
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Figure 39: Motor E
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Figure 40: Motor F
[image: ][image: ]
Figure 41: Motor G
A summary of the motor and gear parameters that will be used in the selection are placed in Table 3 below.   Make sure all of the parameters that will be used in the decision matrix have data available and they are in the same units.  If you are selecting motors from different manufacturers, it may require conversions into units that can be directly compared.
[image: ]
[bookmark: _Ref365706047][bookmark: _Ref365706013]Table 3: Summary of parameters to be used in decision matrix
Once all of the data is collected for each motor is collected, you can begin filling out the normalized score section of the decision matrix, as shown in Table 4 below.
[image: ]
[bookmark: _Ref365707025]Table 4: Filling out normalized values of decision matrix
[bookmark: _Toc368392427]Once the values are filled out, the team must decide on the importance of each parameter on a fixed scale (a 1-10 scale is probably the largest range you want to use; a 1-5 scale is the most common).  These numbers will be filled into the weight section. Be aware that the weights will likely change at many points in the design process.  Such as the case with the ModBot, the importance of efficiency decreased while the importance of the leadtime dramatically increased.  
[image: ]
[bookmark: _Ref365709596]Table 5: Decision matrix with initial weighting values applied
[image: ]
[bookmark: _Ref365709612]Table 6: Decision matrix with heavy weighting for lead-time
With a high initial weighting for max continuous torque and efficiency in Table 5, Motor F was determined to be the best selection.  However, when the weighting changed to favor short lead time in Table 6, Motor C was determined to be the best option, and in the ModBot’s case the lead-time was the major deciding factor in the motor selection.  Now you have a great ability to justify why a certain motor and gear combination was selected compared to others.  As long as the justification for the weighting is agreed upon, the selection is a very objective process.
Always keep in mind that system level targets may change as well as information from other subsystems.  There is no such thing as the perfect motor but there is always a motor that is better given your decision critera.  Being able to give clear linkage from the system level performance metrics down to the details of the selected motor is the definition of great engineering.  


[bookmark: _Toc371496439]Things to discuss with team members
There were a lot of things in this guide that were suggested as important to discuss with other team members.  To help remind you and to facilitate communication, here is a summary of things to discuss:
· Section 1.2.2: Discuss the location of the center of mass relative to the wheels with the chassis designers
· Section 1.3: Discuss with power system teammates the amount of electrical power available and how much you require
· Section 1.5: Discuss with microcontroller/motor command teammates the limits of the dead-zone.  They should be sure to go from directly from zero input to the edge of your dead-zone (7.2 V) when they turn it “on.”
· Section 1.5: Tell power system teammates not to apply the maximum voltage (Umax) directly from a stopped condition. 
· Section 1.5: Tell chassis system and motor bracket teammates the maximum torque of the motor so they can design for it.
· Section 1.5: Inform electrical teammates of the starting current value (IA).
· Section 1.6: Make sure power system teammates knows that the motor can exceed the operating point in both speed and torque so they should put in a limit with software.
· Section 1.8: Communicate the system efficiency with power system teammates so they can account for losses. 
· Section 1.9: Give power system teammates an estimate of the time spent and power required at each operating point so that they can estimate battery life. 
· Section 1.9: Communicate the maximum current spike and duration to power system teammates.
· Section 1.10: Discuss with all teammates what information they might need about the motor from sensors.

[bookmark: _Toc371496440][bookmark: _Toc368831846]Getting a Catalogue from Maxon
Maxon is a sponsor of the Cornell Cup USA presented by Intel competition and many of the examples in this guide use Maxon motors.  Most of the information about their motors is online if you go to their website and search the E-catalog.[footnoteRef:27]  If you prefer working with paper, you can also contact Maxon and they will send you a catalog of all of their motors, along with useful equations and variables.   [27:  Maxon website: http://www.maxonmotorusa.com/maxon/view/content/index] 

[bookmark: _Toc371496441]

Appendix A: More on Mecanum Wheels
One of the goals in designing the ModBot was to enable it to support a number of different kinds of land-based locomotion. Tank treads, standard car-like driving, wheel chair motion, legged motion, omni-directional, etc. were all considered. A pseudo-omni-directional mecanum wheel system was decided upon because of its ability to support many kinds of motion. Mecanum wheels have more complex equations of motion than regular wheels, and also run the risk of each wheel potentially “sticking” varying amounts, making it a challenge to control them autonomously. However, the 45° orientation of the mecanum wheel rollers (as will be discussed below) allow the wheels to move sideways and strafe with very little friction, and the robot would not be limited to only forward and backward movement. 
The first step in analyzing a locomotion system is to understand the types of motion that are possible and what kinds of inputs (or other conditions) cause each motion. Below, Figure 42 shows the general kinds of motion that the mecanum wheeled vehicle could create as well as the directions that various wheel would have to spin in order to cause that kind of motion.  
[image: ]
[bookmark: _Toc356601453]Figure 42: Motion of Mecanum Wheels
Some of the motions, such as the forward and reverse motions, appear to be quite intuitive. However, the left and right slide (also known as strafing) show that the wheels must turn in a more unique pattern. These wheel directions were determined by investigating the locomotion system’s equations of motion, starting with a free body diagram.
[image: ]
[bookmark: _Toc356601455]Figure 43: Mecanum Wheels Free Body Diagram
The free body diagram of Figure 43 above shows that that the diagonal orientation of the mecanum wheel rollers cause a force in the direction of the red vectors when the wheels spin forward. It is important to notice that not all mecanum wheels’ rollers are oriented the same way, in fact they come in pairs that are mirror opposites of each other, and hence their resulting force vector directions are mirror opposites as well. Like any vector, each of these wheel force vectors can be broken down into standard Cartesian x and y direction vectors, shown as blue arrows in the figure. By looking at these blue arrows, it becomes apparent that mecanum wheels are made as mirror opposite pairs so that spinning them in various directions causes their x and y force components to either be added or cancelled out. For example, when the wheels spin forward, the forward moving vectors add, but the left and right vectors cancel each other out, resulting in the robot moving forward, also shown in Figure 44 below. The same idea can then be applied to create other motions such as moving left. If wheels 1 and 3 spin backward and wheels 2 and 4 spin forward, the combined forward and backward spins will cancel out, but the left pointing vectors will all add together to create an overall desired left movement.
[image: ]
[bookmark: _Ref356598947][bookmark: _Toc356601456]Figure 44: Mecanum Wheel Kinematics: bottom view
In order to create more complex motions, such as moving at an angle of 30° while rotating 75°, it becomes necessary to create a free body diagram showing forces exerted on the robot (such as by the motors and by the ground). How to create a free body diagram is not within the scope of this document but is covered in a variety of standard physics or mechanical engineering textbooks. The important thing to know when creating a free body diagram is what kind of information, or rather what relationships, you need to write equations for. In the case of the ModBot, the desired relationship being investigated is, “At what speed do I need to turn my motors in order to get the desired translational and angular velocities for my robot?”
Using Figure 44 above, the following inverse Jacobian equation was derived which relates the Cartesian space velocity command (i.e. the desired x and y velocity and the desired angular velocity) to the four wheel velocities, v1,v2,v3,v4 :

is the tilted angles of rollers fixed on the wheels, for this case  = π/4;
 is the installed angle of the wheels, namely, the angle between the horizontal line and the line connecting the center of the wheel and the center of the robot.
 is the distance from the center of the wheel to the center of mass of the robot.
vx, vy are the x and y component of the velocity of the robot.
ω the angular speed of the robot.
It should be noted that these equations also assume the four mecanum wheels’ contact points with the ground form a perfect square. This is shown more precisely in Figure 45 below and in general is recommended in mecanum wheel designs both for performance and for simplifying the equations. 
[image: ]
[bookmark: _Ref356598894][bookmark: _Toc356601454]Figure 45: Bottom view of oriented mecanum wheels
The equations above are very useful but are only part of the story. The change in velocity of the wheels is limited mainly by the amount of acceleration that the motors can provide.  This is a property of the motors and the input to the motors. The acceleration is also reduced by the frictional forces between the robot and the ground. The frictional force acceleration equations for the ModBot are shown in the equation below.

Fa,i (where i=1:4 represents the wheel number) is the static sliding friction force along the roller’s axis.
k is the coefficient of the moment of inertia, where 0≤k≤1.
ax, ay, az are the acceleration of the whole robot, as a result of the frictional forces only, not the motor forces.
is the orientation of the wheels in the xy-coordinate system of robot. 
Developing equations like these help provide the starting point for understanding how your system will move. By themselves, they are not enough to provide robust autonomous control but they can be enough for establishing manual or open loop control. For more on utilizing these equations in manual control, please see the Communications Guide. 
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n [rpm]

376

282

° 0.250 0.500 0.750 1.000 M m]
0.11 0.62 113 165 218 1A
I Cortinuous operation range 1 Out of voltage range @ Continuous oerating point

‘Short-term operating range 0 Short-time operating point




image41.png
roduct consists of:

23219 - EC-4pole 22 @22 mm,
rushless, 90 Watt

70692 - Planetary Gearhead GP 22
P @22 mm, 2.0 - 3.4 Nm, High
ower 29:1

10512 - Encoder HEDL 5540, 500

PT, 3 Channels, with Line Driver
S 422
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Data for combination
Max. motor voltage

No load speed

Max. continuous torque

Nominal current (max. continuous current)

Permissible intermittent torque
Total length
Max. diameter

n [rpm]

321

248

83

[ 0.480
011 123

I Continuous operation range
Short-term operating range

24V

13490 rpm
1051.54 mNm
2544

2400 mNm
80.8 mm

22 mm

1.440 1.920 M [Nm]
3.47 459 1A

0ut of vohage range @ Continuous oerating point
© Short-time operating point
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roduct consists of:

10009 - RE 30 @30 mm, Graphite
Brushes, 60 Watt

58331 - Planetary Gearhead GP 32
BZ @32 mm, 0.75 - 4.5 Nm, low-
acklash 19:1

10512 - Encoder HEDL 5540, 500
PT, 3 Channels, with Line Driver
RS 422
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Data for combination

Max. motor voltage 24V
No load speed 10613 rpm
Max. continuous torque 1377.79 mNm
Nominal current (max. continuous current) 1744
Permissible intermittent torque 3200 mNm
Total length 1126 mm
Max. diameter 32mm
n [rB6g
167
125
83
42
0
0 0.640 1.280 1.920 2580 M [Nm)
0.08 085 163 240 318 1A

M Cortinuous operation range
Short-term operating range

Out of vohage range

@ Continuous oerating point
0 Shorttime operating point
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Product consists of:

310008 - RE 30 @30 mm, Graphite
Brushes, 60 Watt

166159 - Planetary Gearhead GP 32
A @32mm, 0.75 - 4.5 Nm, Metal
ersion 18:1

110511 - Encoder HEDS 5540, 500
Counts perturn, 3 Channels
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Data for combination

Max. motor voltage 24V
No load speed 11453 rpm
Max. continuous torque 1169.1 mNm
Nominal current (max. continuous current) 228A
Permissible intermittent torque 3400 mNm
Total length 104.4 mm
Max. diameter 32mm
n [rpm]
267
200
133
o7
0
° 0.630 1.380 2720 M [Nm)
0.11 137 2684 517 11A]
B Cortinuous operation range Out of vohage range @  Continuous oerating point

Shortterm operating range

@ Short-time operating point
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Product consists of:

273753 - RE 35 @35 mm, Graphite
Brushes, 90 Watt

166159 - Planetary Gearhead GP 32
A @32mm, 0.75 - 4.5 Nm, Metal
ersion 18:1

228452 - Encoder MR, Type L, 500
CPT, 3 Channels, with Line Driver
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Data for combination

Max. motor voltage 24V
No load speed 9693 rpm
Max. continuous torque 1312.2 mNm
Nominal current {(max. continuous current) 262A
Permissible intermittent torque 3400 mNm
Total length 107.4 mm
Max. diameter 35mm
n [rpm]
267
200
133
67
0
° 0.680 1.380 2720 M [m]
0.12 1.42 27 5.30 1A
I Cortinuous operation range Out of vohage range @  Continuous oerating point

Short-term operating range

~ Short-time operating point
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Product consists of:

236668 - A-max 32 @32 mm,
Graphite Brushes, 20 Watt, with
erminals

166162 - Planetary Gearhead GP 32
A @32mm, 0.75 - 4.5 Nm, Metal
‘ersion 28:1

110513 - Encoder HEDS 5540, 500
Counts perturn, 3 Channels





image50.png
Data for combination

Max. motor voltage 24V
No load speed 4003 rpm
Max. continuous torque 924 mNm
Nominal current (masx. continuous current) 187A
Permissible intermittent torque 3400 mNm
Total length 97.9 mm
Max. diameter 32mm
n [rpm]
17
129
86
43
0
[ 0.588 1176 2352 M [m)
0.08 121 238 467 1A

I Continuous operation range

Short-term operating range

Out of vohage range

@ Continuous oerating point
 Shorttime operating point
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Motor Options

Units A B C D E F G

Motor Name

EC* max 

30 RE 30

EC*-4pole 

22 

RE 30  RE 30 

RE 35

A-max 32 

Motor PN

272763 268215 323219

310009 310008 273753

236668

Gear Name 

Koaxdrive 

KD 32 

Koaxdrive 

KD 32 

Planetary 

Gearhead 

GP 22 

Planetary 

Gearhead 

GP 32 

Planetary 

Gearhead 

GP 32 

Planetary 

Gearhead 

GP 32 

Planetary 

Gearhead 

GP 32 A

Gear PN

354724 354723 370692

358331 166159 166159

166162

Sensor Name

Encoder 

MR, Type 

ML

Encoder 

MR, Type L

Encoder 

HEDL 5540

Encoder 

HEDL 5540

Encoder 

HEDS 5540

Encoder 

MR, Type 

L

Encoder 

HEDS 

5540

Sensor PN

225778 228452 110512 110512 110511 228452

110513

Cost $USD 713.00 $     738.00 $    1,033.63 $  835.00 $       655.00 $       700.00 $    $  526.63 

Lead-time Months 1 1 0.5 3 2 1 1

Operating Current A 1.82 1.88 2.13 1.14 1.72 1.77 1.75

Max Cont. Torque @25 C mNm 1000 1000 1051 1378 1169 1312 924

Weight g 430 390 184 450 420 500 400

Total Length mm 104.8 108.8 80.8 112.6 104.4 107.4 97.9

Max Diameter mm 32 32 22 32 32 35 32

Efficiency (Gear*Motor) % 55% 63% 61% 70.4% 65% 64% 60%

Max Radial Load N

140 @ 

10mm

140 @ 

10mm

70 @ 10 

mm

140 @ 

12mm

140 @ 

12mm

140 @ 

12mm

140 @ 

12mm

Encoder Counts per turn # 500 500 500 500 500 500 500

*EC (Brushless) motors requrire an additional motor controller not counted in the cost
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Motor Selection AB C D E F GWeight A B C D E F G

Cost 5 5 1 3 5 5 5 1 - > $1000 3 - $800-$1000 5- < $800

Leadtime 3 3 5 1 3 3 3 1 - >2 Months 3 - 1-2 Months 5 - <1 month

Operating Current 3 3 1 5 3 3 3 1 - >2 Amps 3 - 1.5-2.0 Amps 5 - <1.5 Amps

Max Continuous Torque 3 3 3 5 3 5 1 1 - <1000 mNm 3- 1000-1200 mNm 5 ->1200 mNm

Weight 3 3 5 3 3 1 3 1 - >450 g 3- 300-450 g 5 - <300 g

Total Length 3 3 5 1 3 3 3 1 - >110 mm 3- 95-110 mm 5 - <95 mm

Max Diameter 3 3 5 3 3 1 3 1- >32 mm 3 - 30-32 mm 5 - < 30 mm

Efficiency (Gear*Motor) 1 3 3 5 3 3 3 1 - <60% 3- 60-70% 5- >70%

Max Radial Load 3 3 1 3 3 3 3 1 - < 120 N 3 - 120-140 N 5 - >140 N

Encoder Counts per Turn

3 3 3 3 3 3 3

1 - <100 3- 100-500 5 - >500

0 0 0 0 0 0 0

Normalizing Scale

Normalized Score Final Score
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Motor Selection AB C D E F GWeight A B C D E F G

Cost 5 5 1 3 5 5 5 7 35 35 7 21 35 35 351 - > $1000 3 - $800-$1000 5- < $800

Leadtime 3 3 5 1 3 3 3 6 18 18 30 6 18 18 181 - >2 Months 3 - 1-2 Months 5 - <1 month

Operating Current 3 3 1 5 3 3 3 2 6 6 2 10 6 6 6 1 - >2 Amps 3 - 1.5-2.0 Amps 5 - <1.5 Amps

Max Continuous Torque 3 3 3 5 3 5 1 10 30 30 30 50 30 50 101 - <1000 mNm 3- 1000-1200 mNm 5 ->1200 mNm

Weight 3 3 5 3 3 1 3 5 15 15 25 15 15 5 151 - >450 g 3- 300-450 g 5 - <300 g

Total Length 3 3 5 1 3 3 3 6 18 18 30 6 18 18 181 - >110 mm 3- 95-110 mm 5 - <95 mm

Max Diameter 3 3 5 3 3 1 3 1 3 3 5 3 3 1 3 1- >32 mm 3 - 30-32 mm 5 - < 30 mm

Efficiency (Gear*Motor) 1 3 3 5 3 3 3 10 10 30 30 50 30 30 301 - <60% 3- 60-70% 5- >70%

Max Radial Load 3 3 1 3 3 3 3 5 15 15 5 15 15 15 151 - < 120 N 3 - 120-140 N 5 - >140 N

Encoder Counts per Turn

3 3 3 3 3 3 3 1 3 3 3 3 3 3 3

1 - <100 3- 100-500 5 - >500

153173167179173181153

Normalized Score Final Score

Normalizing Scale
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Motor Selection AB C D E F GWeight A B C D E F G

Cost 5 5 1 3 5 5 5 1 5 5 1 3 5 5 5 1 - > $1000 3 - $800-$1000 5- < $800

Leadtime 3 3 5 1 3 3 3 10 30 30 50 10 30 30 301 - >2 Months 3 - 1-2 Months 5 - <1 month

Operating Current 3 3 1 5 3 3 3 1 3 3 1 5 3 3 3 1 - >2 Amps 3 - 1.5-2.0 Amps 5 - <1.5 Amps

Max Continuous Torque 3 3 3 5 3 5 1 1 3 3 3 5 3 5 1 1 - <1000 mNm 3- 1000-1200 mNm 5 ->1200 mNm

Weight 3 3 5 3 3 1 3 1 3 3 5 3 3 1 3 1 - >450 g 3- 300-450 g 5 - <300 g

Total Length 3 3 5 1 3 3 3 1 3 3 5 1 3 3 3 1 - >110 mm 3- 95-110 mm 5 - <95 mm

Max Diameter 3 3 5 3 3 1 3 1 3 3 5 3 3 1 3 1- >32 mm 3 - 30-32 mm 5 - < 30 mm

Efficiency (Gear*Motor) 1 3 3 5 3 3 3 1 1 3 3 5 3 3 3 1 - <60% 3- 60-70% 5- >70%

Max Radial Load 3 3 1 3 3 3 3 1 3 3 1 3 3 3 3 1 - < 120 N 3 - 120-140 N 5 - >140 N

Encoder Counts per Turn

3 3 3 3 3 3 3 1 3 3 3 3 3 3 3

1 - <100 3- 100-500 5 - >500

57 59 77 41 59 57 57

Normalized Score Final Score

Normalizing Scale
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