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Abstract

An experimental analysis of the mechanical and electrical power consumption of feed drive systems is presented
in this paper. The main components affecting the power consumption are the motor, bearings, ball-screw, and
table. The power consumption of the motor has been investigated experimentally through the study of the electrical
efficiency. The efficiency has been calculated from the acquired angular velocity and supplied torque for several
velocities and loads. The study shows how the working conditions of the motor heavily influence the efficiency
of the motor and therefore the power consumption of the whole feed drive system. Moreover, the mechanical
power consumption of each component of the feed drive has been investigated, showing that the main component
responsible for the consumption is the ball-screw. Thus, in order to clarify the influence of the constructive
parameters of the ball-screw on the power consumption, four kinds of ball-screws differing in the lead dimension
and the preload condition have been considered. Furthermore, it clarifies the relation between the power
consumption of the feed drive system and the working velocity of the table. Finally, the advantages and
disadvantages of each feed drive mechanical configuration are discussed, emphasizing that the driven factor that
affects the power consumption the most is the angular velocity, due to the trade-off between the motor efficiency
and the mechanical power loss from the friction of the components in relative motion. This research can help the
selection of the lead of the ball-screw, from an energetic point of view, in order to get higher efficiency of the
feed drive.
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1. Introduction

In the last years, the necessity to reduce the impact of human activities on the surrounding environment has led
many researchers to focus their attention on the problem of energy consumption, especially in the manufacturing
field. Feed drive systems occupy a special position in manufacturing because, due to their characteristics, they are
widely employed in the production of semiconductors and machine tools, to cite just a few.

Many researchers [1-6] have investigated several methods to evaluate the energy consumption of machine tools.
Hayashi et al. have investigated the energy consumption of feed drive systems considering both the electrical
losses due to the amplifier and the mechanical losses due to the friction of the system [7]. Several studies have
been conducted on the efficiency of permanent magnet synchronous motors showing how much the efficiency of
the motor depends on the torque-velocity characteristic [8-18]. Other researchers investigated the efficiency of
ball-screws [19-21], showing that efficiency is affected mainly by friction, angular velocity, and axial load applied
to the ball-screw. However, while most of the studies focus on the energy consumption of the whole feed drive
system, it is still not clear how much energy each component of the feed drive consumes.

Therefore, in this research, the power consumption of a feed drive system has been investigated experimentally
for each component. The efficiency map of the motor is calculated through a novel experimental set-up, for several
velocities and supplied torque, and several experiments are performed to determine the amount of mechanical
power consumed by each component. Thus, the mechanical power consumption (M.P.C.) of the system,
considering four kinds of ball-screws differing in the lead of the screw and the preload condition, is investigated,
moreover, it is found that for many of the tested ball-screws the motor works with low efficiency. Finally, it is
clarified which ball-screw ensures the lowest power consumption. This research offers, therefore, a guidance for
the selection of the screw lead and it can particularly benefit mass production applications.

2. Experimental apparatus

2.1. Feed drive system

The feed drive system is composed of a servo motor, a coupling, two support bearings, a ball-screw, and two
linear guides supporting the table (Fig. 1). The servo motor is a three-phase Permanent Magnet Synchronous
Motor (Yaskawa Electric SGMGV-05ADA21) and its main constructive parameters are enlisted in Table 1. The
ball-screw (THK) is supported by two ball bearings: the one placed toward the motor side performs the angular
constraint while the one on the opposite is a deeply grooved bearing. The screw is, therefore, constrained in ISO
constrained configuration. The nut of the ball-screw is joint to the table and the table slides over two parallel linear
guides. Globally, four ball-screws are considered; the main constructive parameters of each ball-screw are enlisted
in Table 1. In Table 1, the ball-screw lead, nut preload method, and nut rotation torque are specified. Ball-screws
A, B, and C are single nut-type screws with different leads (i.e., 20, 10, and 5 mm, respectively), while Ball-screw
D is a double nut-type screw with a 5 mm lead. Controlling the pre-load is difficult; hence, the rotational torque
of the nut, when it starts the rotation, is measured for each screw. From Table 1, it is evident that the rotational
torque of Ball-screw D is more than two times larger than that of Ball-screw C. The difference is expected to
affect the power consumption. The velocity control system, Proportional-Integral (Fig. 2), is built on the angular
velocity detected by the rotary encoder on the motor. The system is implemented by a computer with a DSP board
(dSPACE DS1104).

2.2. Measurement method for electric power consumption

In order to measure the electric power consumption of the motor, an apparatus such as the one in Fig. 3 is used.
The apparatus consists of two differential probes to measure the voltages and two amperometric clamps to measure
the currents. The electric voltage is scaled 1/1000 and recorded along with the current by an AD converter in the
DSP board. Moreover, the signal is amplified, and an analog low-pass filter with 1600 Hz cutoff frequency is used
to avoid aliasing. The data sampling frequency is set to 4000 Hz. Since the motor is a three-phase motor without
neutral wire, it is possible to calculate the electric power consumption using two of the three currents and voltages,
as demonstrated by Eq. (1):
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Where E;, E; and Ej; are the voltages of each phase, I;, I, and [; are the currents of each phase, W, W, and W, are
the electric powers of each phase. Therefore, from the signal of current and voltage, the root mean square values
are calculated, according to Eq. (2):
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Where V; and I; are the k-th voltage and current respectively. In order to measure the electric efficiency of the
motor, the apparatus shown in Fig. 4 is used; it consists of two servo motors facing each other and connected
through a coupling. Motor A works as a motor and motor B as a load; both motors are controlled by the same
DSP board. The mechanical power supplied by the motor is calculated from the torque and angular velocity
detected by the controller. Once the signal has been acquired, the average value is calculated as in Eq. (3):
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Where 7, and w are the torque and angular velocity respectively, and P,,e,qi> Piecn, and P, are the overall power,
mechanical power, and electrical power, respectively. Thus, the efficiency #, is calculated according to Eq. (4):
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3. Evaluation of motor efficiency

3.1. Measurement method

In order to evaluate the electric efficiency of the motor, several tests are performed. Each test consists of 24
angular velocities from 1 to 70 rad/s (from approximately 10 to 670 rev/min) imposed through a velocity control
of motor A. Motor B offers a constant load torque during each test; 15 torque values from 0 to 2.7 Nm are
considered. For each velocity, the rotation in both the directions are considered; thus, since a positive rotation of
motor A means a clockwise motion, a positive load for motor B means an opposition toward the relative rotation
(the motors are facing each other) while a negative torque means a pull toward the rotation sense of motor A. In
Figs. 5 and 6, the signals of torque, angular velocity, voltage, and current in the case of load torque of 0.3 Nm
provided by motor B are shown. It is evident that both torque and current that the motor supplies are higher when
the load opposes the relative motion (Figs. 5 and 6, load torque in opposition) compared to the case of load torque
concurrent to the torque supplied by motor A. The difference is appreciable for both the values of torque and
current and the relative amplitudes of the fluctuation. For each velocity, only the case when the load opposes the
rotation of motor A is considered, in order to make an actual resistive load. For each test, only the constant velocity
part of the signal is considered; thus, the average values of torque and angular velocity and the rms of voltage and
current are calculated according to Eq. (3). The efficiency is therefore calculated through Eq. (4), thus the mean
between the clockwise and anticlockwise rotation (and the relative loads) is performed.

3.2. Evaluated efficiency

The evaluated efficiency map of the motor is shown in Fig. 7. According to the result, the efficiency of the motor
significantly depends on the rotational velocity and loading torque conditions. The efficiency of the motor drops
when the velocities become lower. The evaluation test is carried out up to approximately 670 rev/min because the
typical moving velocity of feed drive systems in the machine tools is lower than the rated velocity of the motors,
although the rated velocity of the motor is 1500 rev/min. When a constant velocity is imposed on the motor, the
efficiency depends on the loading torque, and the optimum loading torque exists for each rotational velocity.

4. Power consumption of each component

One of the primary purposes of this research is the evaluation of the power consumption of each component of
the feed drive system with respect to the total power input in the system. Therefore, after the analysis of the motor
power consumption, the study of the M.P.C. of each component is necessary. The power consumption of the feed
drive system is measured without any applied load and for several constant table velocities; thus, the power
consumption is due only to the frictions from the relative motion of each component.

4.1. Measurement method

In order to investigate the relationship between the M.P.C. of the feed drive and the table working velocity, 11
velocities from 6 to 60 mm/s are imposed to the table through a positional command by adding a position control
loop to the controller. The measurement tests with various velocity are carried out with a specially designed
positional command. The positional command consists of 11 cycles of the reciprocated motion; the tested
velocities are distributed according to ISO3:1973 (preferred number series) and are, therefore, 6, 7.5, 9.6, 12, 15,
18.9, 24, 30, 37.8, 48, and 60 mm/s. Each motion cycle includes 15 rotations of the motor; for each test condition,
the signals of torque and angular velocity are acquired for one second in the central part of the constant velocity
motion (Fig. 8). Thus, the average value is calculated according to Eq. (3).

4.2. Measurement condition

Four components in the feed drive system are responsible for the M.P.C.: motor, bearings, ball-screw nut, and the
linear ball guides. In order to investigate the contribution of each component on the overall power consumption,
the system is disassembled and each component is individually considered. First, the motor is taken alone, the
position loop is imposed, and the torque and angular velocity signals are acquired in the constant velocity part
(Fig. 8); the M.P.C is calculated through Eq. (5). In this way, the power consumption -velocity characteristic



relation of the motor is determined. Then, the motor is considered along with the bearings; to do so, the motor is
joined to the ball-screw, but the ball-screw nut is not joined to the table; therefore, there is no relative motion
between ball-screw and nut. Thus, there is no power consumption due to the ball-nut friction. The power
consumption for each velocity is, thus, calculated through Eq. (6). The contribution of the bearings to the power
consumption is calculated through Eq. (7). In order to determine the contribution of the linear ball guides on power
consumption, a linear motor is considered. The linear motor is installed on the table. The setup conditions are
described in [7]. The table is then disconnected from the nut of the ball-screw; thereby, the relationship between
velocity and power consumption is identified, and the power consumption due to the linear guides is calculated
through Eq. (8). The effect of the linear motor weight on the friction characteristic of the linear guides, and
therefore the power consumption, is considered negligible due to the weak weight-friction relationship for the
linear ball guides [22]. Finally, the position is commanded to the fully assembled system (the feed drive with all
its components), and the power consumption is calculated through Eq. (9). The contribution of the ball-screw nut
joint on the power consumption due to friction is calculated subtracting the contribution of each previously
calculated component from the full system power consumption, as presented in Eq. (10). The total M.P.C. is
defined by Eq. (11) as having an identical value with Eqgs. (3) and (10).
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where Pmotor, Pm + b, Phearing. PLG, Prs, and Pyy, are the power consumptions of the motor, motor and bearing,
bearing, linear guides, full system, and nut, respectively. F L& and vLS, denote the force and the velocity of the
linear motor, respectively.

4.3. Evaluated power consumption of each component

Figure 9 shows the evaluated power consumption of each component of the system. The power consumption can
be classified to M.P.C. of each mechanical component and electric power consumption of the motor. The M.P.C.
means the power consumption due to the frictions, and the electric power consumption means the loss of the motor
due to its efficiency. The colored lines represent the M.P.C. of each component; the total M.P.C. is represented
by the dark green arrow on the right side of the figures. The arrow length represents the amplitude of the power
consumption of each component; depending on the velocity of the table, the amplitude of the power consumption
of each component changes; but, for all the velocities considered, the ball-screw nut joint (purple arrow) represents
the most of the M.P.C., accounting approximately for the 60% - 70% for the 60 mm/s case. Each line shows the
amount of the power consumption of each component; in all the cases, the consumption increases approximately
linearly with the table velocity, indicating that the viscous friction is very small. Moreover, the components that
account for a majority of the power consumption are the ball-screw, the bearings, and the motor. The power
consumption of bearings become higher for the ball-screw C and D because the smaller the lead, the higher is the
angular velocity; thus, the friction component becomes higher. In Table 1, the rotational torque of each ball-screw



nut is listed. The rotational torque must be supplied to the nut to win the static friction and put the nut in relative
motion with respect to the screw. Note that the preload force is very difficult to quantify and control; therefore,
only the rotational torque is considered as a preload indicator. Ball-screw D has a static rotational torque that is
more than two times that of Ball-screw C. Considering Fig. 9 (c) and (d), because both the ball-screws have a lead
of 5 mm, it becomes clear that increasing the preload of the ball-screw increases the M.P.C. Moreover, considering
Figs. 9(b) and (c), we can compare the effects of lead for ball-screws with a similar static rotational torque, but
different leads. The angular velocity of Ball-screw B at 60 mm/s is the same as the table velocity at 30 mm/s of
Ball-screw C. The power consumed by the screw—nut joint of Ball-screw B for the table velocity at 60 mm/s is
5.36 W, while that for Ball-screw C is 4.45 W. The power values are close to each other. The difference in the
values is expected to come from the influence of the velocity dependency of the friction torque of each component.
The rotational torque is a static torque; therefore, the proportion between the lengths of the arrows of the nut
power consumption in Fig. 9 is only indicative. Fig. 10 shows the comparison between the overall power
consumption of the four ball-screws; the lowest power consumption is for the ball-screw A and the highest for the
ball-screw D.

5. Power consumption of a feed drive system

The overall power consumption of the feed drive system depends both on the power dissipated by the friction of
its components and on the power waste caused by the motor inefficiency. In Fig. 9, the light blue arrow represents
the electric power consumption due to the motor “inefficiency.” It represents, therefore, the amount of power that
is wasted by the motor because the efficiency is lower than one; if the motor efficiency were one, the light blue
arrow would coincide with the purple one. The brown arrow represents the overall power consumption of the feed
drive; that is, the addition of the dark green and light blue arrows magnitude. Moreover, the ratio between the
electric power consumption (light blue arrow) and the overall power consumption (brown arrow) represents the
complementary to one of the efficiency (1-7.) of the motor; the lower velocity, the higher the ratio; therefore, the
lower is the most efficient.

Figures 11 and 12 show the comparisons of the power consumption between two table velocities: 12 mm/s (a) and
48 mm/s (b), selected from the 11 velocities of the previous evaluation test (see section 4.1). Fig. 11 shows the
M.P.C. and Fig. 12 shows the overall power consumption of the system. In both cases, the M.P.C. necessary to
keep the table velocity constant increases, decreasing the lead of the ball-screw. The table velocity is fixed; hence,
for ball-screws with a smaller lead, the motor must supply a higher angular velocity. Although the friction torque
is constant, it produces more power because power is represented as the product of torque and angular velocity.
The 48 mm/s case shows a higher power consumption compared to the 12 mm/s case because the velocity is
higher. The overall power consumption of the feed drive system, that is the total electric power entering the system,
grows with the velocity and its increase decreases the lead of the ball-screw; a higher overall power is necessary
to overcome the higher friction loss. The beforehand trend is common to all the velocities and ball-screw exception
for the 12 mm/s case 10 mm ball-screw. The reason why that case shows an inverted trend in respect to the others
is that for constant velocity motion the overall electric power consumption depends on two terms: the power
necessary to overcome the friction loss and the power waste caused by the motor’s low efficiency.

The operative points on the efficiency map for each ball-screw for both the 12 and 48 mm/s velocities are shown
in Fig. 13. The operative points are identified based on the average torque and angular velocity calculated from
the experimental data. Meanwhile, the efficiency values are predicted by the efficiency map once the average
torque and angular velocity are known. Considering Fig. 12 (a), the M.P.C. in the case of 20 mm lead is slightly
higher than that in the 10 mm case, while the overall electric power is lower for the lead of 10 mm (because the
angular velocity is higher), the motor works in a higher efficiency zone (Fig. 13). It can be seen that the ball-screw
A with 12 mm/s case works in a very low-efficiency area while ball-screw B works in a slightly higher efficiency
area; thus, since the power wastage caused by friction is almost the same in both the cases, the increased efficiency
reduces the overall electric power consumption for the ball-screw with a 10 mm lead. The only exception is in the
case of the 10 mm lead. In all the other cases, the growth of the M.P.C. is higher than the reduction in electric
power due to an increment in efficiency; therefore, the overall electric power consumption is higher. The overall
electric power consumption is a trade-off between two opposite trends: the increment of the M.P.C. with an
increase in velocity and the decrement of electric power consumption due to an increase in the motor efficiency
as shown in Fig. 14. The motor efficiency values in Fig. 13 are slightly different from those in Fig. 14. The



efficiency map is measured using the apparatus shown in Fig. 4, although the efficiency in Fig. 14 is measured
considering the feed drive mechanism. The apparatus in Fig. 4 ensures the control of both the motor and load
torque. However, in the experiments performed using the feed drive mechanism, the motor torque is affected by
several sources, such as friction fluctuation and mechanical vibration. This result indicates that other factors
affecting the motor efficiency exist. The maximum difference for Ball-screw C is approximately 22% of the value
predicted in Fig. 14. We will try to clarify the influence of the vibration condition on the motor efficiency.

6. Conclusions

In this study, the power consumption of a feed drive system driven by ball-screws has been analyzed. The overall
power consumption is due to the addition of the motor electric power consumption and the M.P.C. from friction.
The motor efficiency has been evaluated through a novel apparatus and the M.P.C. is evaluated component by
component. In general, the following conclusions can be summarized:

1) The electric power consumption of the motor and its efficiency depend strongly on the angular velocity
and the supplied torque.

2) The overall power consumption of the feed drive increases with the velocity; moreover, most of the
M.P.C. is due to low efficiency in the screw-nut joint and electric motor.

3) The larger lead of the ball-screw has the least M.P.C. The motor efficiency has an opposite trend.

4) When assigned a table working routine, the overall power consumption depends strongly on the lead of
the selected ball-screw because the lead determines the motor angular velocity and, therefore, both the
electric and mechanical power losses.

This research, therefore, clarifies both, the M.P.C. of each component of the feed drive and the relation, for
the constant velocity motion, among the lead of the screw, the motor efficiency, and the power consumption. In
the future work, we will expand the research on the study of the M.P.C and motor electric efficiency for the
transient motion. Moreover, we will investigate the mechanical efficiency of the ball-screw in order to perform
an optimization of the power consumption of feed drive systems. We will also try to clarify the reasons for the
difference between the efficiency predicted in Fig. 13 and that calculated from the experiments (Fig. 14).
Moreover, it is probable that the electric and mechanical efficiencies can determine the heat generated by each
part. We will try to investigate and predict the amount of heat generation due to electrical losses in the motor and
friction.
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Table 1 Specifications of motor and ball-screw

(a) Servo motor

Rated velocity 1500 rev/min
Rated torque 2.86 Nm
Rated power 450 W
(b) Ball-screws
Type Lead Nut t(i;f:lg; f:lt
[mm] (preload type) [Nm]
Ball-screw A Single
(high preload) 20 (Oversize ball) 0.311
Ball-screw B Single
(low preload) 10 (Oversize ball) 0.046
Ball-screw C Single
(low preload) > (Oversize ball) 0.060
Ball-screw D Double
(high preload) > (offset) 0.134
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Figure 8 Example of measured angular velocity and motor torque for the test with various velocities
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Figure 9 Comparison of the evaluated power consumption of each component
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Figure 10 Comparison of the overall power consumption of each ball-screw
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Figure 11 Comparison of mechanical power consumptions with different velocities
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Figure 12 Comparison of overall power consumptions with different velocities
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Figure 13 Comparison of the working condition of each ball-screw in the motor efficiency map
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Figure 14 Comparison of motor efficiency for each condition



