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This paper presents a simulation method for the power
consumption of servo motors, focusing on the influence
of vibrations on the motor efficiency. An apparatus
consisting of two servo motors connected through a
coupling was specifically designed for this study. The
efficiency of the servo motor was experimentally in-
vestigated for several torque vibration levels imposed
through the selection of the control parameters, and
the torque vibration level was quantified through the
standard deviation of the torque signal. The efficiency
map characteristics for each torque oscillating level
were determined. A numerical model of the appara-
tus clarifying the dependency of the coupling charac-
teristics on the oscillating torque was developed, and
the torque oscillation of the system was simulated.
A model based on the measured motor efficiency maps
and the torque oscillation level was developed to sim-
ulate the motor efficiency under several torque vibrat-
ing conditions. Finally, the power consumption of the
motor was simulated based on the simulated efficiency
and mechanical power. A balance of input, output,
and loss powers was presented, and the experimental
measurements were compared with the simulation re-
sults. The power consumption of the motor increased
when the torque oscillated owing to vibrations, and the
loss of power due to both oscillations and the loss of
motor efficiency was quantified.

Keywords: power consumption, motor efficiency, torque
oscillation, coupling characteristics

1. Introduction

The trend of global warming, which is attributed to
greenhouse gas emissions, affects the quality of life and
health of human beings. Most greenhouse gases are pro-
duced by the combustion of fossil fuels. In this regard,
66% of electricity is produced by burning coal, gas, or
oil [1], and 60%–80% of the electricity used in the indus-
trial sector is consumed by electric motors [2]. Thus, im-
proving the efficiency of electric motors can reduce green-
house gas emissions.

The efficiency of electric motors has been investigated

by several researchers; specifically, the efficiency of per-
manent magnet synchronous motors (PMSMs) has been
investigated in [3–6]. A discussion on the state-of-the-
art loss minimization techniques to achieve a high effi-
ciency was presented in [7]. Among these techniques,
loss minimization methods based on mathematical func-
tions of the losses were developed in [8]. Other tech-
niques based on adaptive routines, such as the maximiza-
tion of the active power through control variable adjust-
ment, were proposed in [9]; the effects of rotor shapes
and magnet skewing on vibration reduction were inves-
tigated in [10] and [11, 12], respectively. Applications,
such as feed drive systems, motor efficiency, and total
feed drive system power consumption, have been experi-
mentally investigated in [13, 14]. Moreover, as in almost
all industrial applications, electric motors are connected
to other components through couplings (or joints), and
the dynamic characteristics of the coupling should also
be considered. Viscous-damping identification methods
in linear vibration were investigated in [15–18], whereas
theoretical characteristic identification methods were pro-
posed in [19, 20]. Mechanical systems are commonly af-
fected by vibrations owing to several causes, such as im-
balance, misalignment, and wear [21].

The design of adequate mechanical and control systems
based on sufficient knowledge is important to achieve an
energy-efficient system and to perform simulations based
on a model that can estimate the energy consumption.
However, the effect of vibrations on motor efficiency or
a simulation method of motor electric efficiency with re-
spect to vibrations has not been investigated yet. More-
over, although some simulation methods have been pro-
posed for the efficiency of motor drive [22] and electric
powertrains [23], no explicit method for the simulation of
motor electric efficiency has not been proposed yet.

Thus, this study aimed to develop a simulation method
for the power consumption of electric motors, focusing on
the effect of torque oscillations on motor efficiency and
power consumption. Therefore, an experimental appara-
tus designed to measure motor efficiency and an efficiency
calculation method are presented. Identification methods
for the characteristics of the coupling are then presented,
and torque oscillations are simulated. Finally, the effect of
torque oscillations on the motor efficiency is described,
and a method for simulating power consumption is pre-
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Fig. 1. Experimental apparatus.

Table 1. Specifications of motor and ball-screw.

Rated velocity 1500 rpm
Rated torque 2.86 Nm
Rated power 450 W

sented and discussed. The results indicate that the motor
efficiency decreases when vibration occurs.

2. Experimental Apparatus and Measurement
Method

2.1. Apparatus Description
The apparatus used in this study is shown in Fig. 1. It

consists of two servo motors: A (left side) and B (right
side). Both are three-phase PMSMs (Yaskawa SGMGV-
05ADA21), with the rated values listed in Table 1. The
two motors face each other and are connected through a
coupling. Fig. 2 shows the leaf-spring coupling used in
this study, which consists of an aluminum hub and four
steel leaf springs.

Both motor drivers were used as the torque control
mode, and the torque command signals for both motors
were applied from a personal computer (PC) with a digi-
tal signal processor (DSP) board (dSPACE DS1104). The
torque command for motor B was necessary to impose a
load torque on motor A. The rotational angles of both mo-
tors were acquired using the DSP board at a frequency of
4000 Hz. The rotational velocity of the motors was ob-
tained from the acquired rotational angle.

Figure 3 shows the proportional-integral (PI) velocity
control system of motor A, where Kvp and Kvi are the pro-
portional and integral gains, respectively, θ̇ref and θ̇m are
the command and feedback velocities, respectively, and
Tref is the torque command for the servo driver.

2.2. Measurement Method for Mechanical Power
The mechanical quantities considered in this analysis

were calculated using Eq. (1). These quantities were ob-
tained from the control system.

In this equation, τave and ωave represent the average
torque and angular velocity, respectively, τoscill and ωoscill

Fig. 2. Examined leaf spring coupling.

s

Fig. 3. Block diagram of velocity control system.

represent the oscillating components of torque and angu-
lar velocity, respectively, and Pm

main, Pm
oscill, and Pm

overall rep-
resent the main, oscillating, and overall powers, respec-
tively.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

τave =
1
n

n

∑
k=1

τk,

ωave =
1
n

n

∑
k=1

ωk,

τoscill =
1
n

n

∑
k=1

(τk − τave) ,

ωoscill =
1
n

n

∑
k=1

(ωk −ωave) ,

Pm
main = τave ∗ωave,

Pm
oscill =

1
T

∫
τoscill(t)∗ωoscill(t)dt,

Pm
overall =

1
T

∫
τ(t)∗ω(t)dt.

. . . (1)

2.3. Measurement of Electric Power
The electric-quantity measurement method is shown

in Fig. 4. The measured quantities were the phase cur-
rent, measured with amperometric clamps, and the volt-
age across two phases, measured with differential probes.
As the motor is a three-phase motor without a neutral
wire, the electric power can be calculated using only two
currents and two differential voltages, as shown in Eq. (2).⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

P = E1I1 +E2I2 +E3I3 =Wa+Wb +Wc,

I1 + I2 + I3 = 0,

P = E1I1 +E2 (−I1 − I3)+E3I3,

P = (E1 −E2) I1 +(E3 −E2) I3

=V12I1 +V32I3 =Wa +Wb,

. (2)
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I1 is measured using A1, V12 is measured using V1

Fig. 4. Electric power measurement method.

where E1, E2, and E3 are the voltages of each phase, I1, I2,
and I3 are the currents of each phase, and Wa, Wb, and Wc
are the electric powers of each phase. Each voltage and
current signal was amplified and filtered using a low-pass
filter with a cutoff frequency of 1600 Hz. A PC with the
DSP was used for both data acquisition and motor control,
and the data sampling frequency was set to 4000 Hz. After
the acquisition of the signals, the apparent electric power
was calculated using Eq. (3) as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Vrms =

√
1
n

n

∑
k=1

{Vk}2,

Irms =

√
1
n

n

∑
k=1

{Ik}2,

Pe
app =

2

∑
k=1

V k
rms ∗ Ik

rms,

. . . . . . . . (3)

where Vk and Ik are the k-th voltage across the two phases
and the current along the phase, respectively; Vrms and Irms
are the relative root mean squares of the aforementioned
parameters, respectively, and Pe

app is the apparent electric
power.

2.4. Measurement of Motor Efficiency

The efficiency of the motor was calculated using
Eq. (4).

ηe =
Pm

main
Pe

app
=

τaveωave
2

∑
k=1

V k
rms ∗ Ik

rms

. . . . . . . . (4)

The efficiency was calculated as the ratio between the
only useful output of the motor – that is, the main power –
and the apparent power, considered as the input. Thus, the
oscillations of the output power owing to dynamic phe-
nomena were not considered as useful outputs.

Tref Tm

Fig. 5. Block diagram of a motor with an electric part.

Fig. 6. Measured and simulated frequency characteristics of
a motor.

3. Modeling of the Apparatus

The model of the apparatus considered in this study
consisted of writing and solving the system dynamic
equations to obtain the system transfer functions. Based
on these functions, a block diagram was drawn and a sim-
ulation was performed to determine the coupling charac-
teristics. The electrical and mechanical components were
modeled separately.

3.1. Electrical Part of the Apparatus
To simplify the analysis, the electric characteristics of

the servo drive, such as the motor, amplifier, and current
loop, were modeled as a first-order transfer function with
the cut-off angular frequency w. Fig. 5 shows the block
diagram of the electric part, including the motor. The mo-
tor was modeled as a simple rotational inertia of the mo-
ment of inertia J. The friction characteristics of the motor
bearings were neglected because they did not visibly af-
fect the obtained results. In the figure, Tref and Tm are
the torque command applied to the driver and the gener-
ated motor torque, respectively, and θ̇m is the rotational
velocity of the motor. The motor inertial characteristic J
was determined from the specifications provided by the
motor manufacturer, whereas the cut-off frequency w was
required to be determined. To determine the frequency w,
a logarithmic torque sweep signal with a frequency be-
tween 100 Hz and 2000 Hz was imposed on the motor
through a servo analyzer (Ono Sokki DS-3000 series).
The value of w that provided good agreement between the
system response and the simulated one was determined to
be 1200 rad/s. The measured and simulated results exhib-
ited good agreement up to 1 kHz (Fig. 6).

3.2. Mechanical Part of the Apparatus
The two-degrees-of-freedom vibration model of the ap-

paratus is shown in Fig. 7. The model considered the mo-
ment of inertia of motors A and B, Ja and Jb, respectively,
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Kc , Cc

Ja Jb

Tm
ma mb

Fig. 7. Vibration model of the apparatus.

Tref Tm

Fig. 8. Block diagram of the experimental apparatus.

the angular velocity of the motors, θma and θmb, respec-
tively, and the coupling stiffness and damping character-
istics, Kc and Cc, respectively. The inertia of the cou-
pling was not explicitly considered; however, it was di-
vided into two parts, where half the inertia was attributed
to motor A and half to motor B. Therefore, in this study,
the stiffness Kc and damping Cc of the coupling included
both the coupling and motor shaft characteristics. Thus,
the equation of motion when an external torque Tm is ap-
plied can be expressed as follows:{

Jaθ̈ma +Cc
(
θ̇ma − θ̇mb

)
+Kc (θma −θmb) = Tm,

Jbθ̈mb +Cc
(
θ̇mb − θ̇ma

)
+Kc (θmb −θma) = 0.

(5)

Solving Eq. (5), the block diagram shown in Fig. 8 was
obtained.

The friction characteristics of motors affect their en-
ergy consumption [13]. However, as investigations indi-
cate that the influence of the friction torque of the motor
is not significant compared with the vibration characteris-
tics, friction torques were not considered in the model.

The frequency response of the apparatus was influ-
enced by both the electric part of the motor and the cou-
pling characteristics, as described above. The identi-
fication method for coupling characteristics determined
the coupling stiffness first from the measured resonance
frequency and then determined the coupling damping
from the system response magnitude at the resonance fre-
quency.

As shown in Fig. 6, the response of the electric part
of the apparatus affected the magnitude of the appara-
tus response, but not the resonance frequency. Thus, the
coupling stiffness can be determined based only on the
measured resonance frequency. Therefore, starting from
Eq. (4) and considering the undamped system, the equa-
tions are written as follows:{

Jaθ̈ma +Kc (θma −θmb) = Tm,

Jbθ̈mb +Kc (θmb −θma) = 0.
. . . . . (6)

Considering sinusoidal solutions as{
θma = θma sinωt,

θmb = θmb sinωt.
. . . . . . . . . . (7)

Substituting Eq. (7) into Eq. (6) yields{
−ω2Jaθma +Kc (θma −θmb) = Tm,

−ω2Jbθmb +Kc (θmb −θma) = 0.
. . . (8)

Solving Eq. (8) with respect to θma yields the following
transfer function:

θma

Tm
=

1
ω2

(
ω2JaJb −Kc(Ja + Jb)

) . . . . . . (9)

Considering the nontrivial solutions of the denomina-
tor, the resonance angular frequency ω0 is formulated as

ω0 =

√
Kc(Ja + Jb)

JaJb
. . . . . . . . . . . (10)

Hence, the coupling stiffness can be written as

Kc =
JaJb(2π f0)

2

Ja + Jb
, . . . . . . . . . . . (11)

where f0 is the measured resonance frequency.
As stated above, the damping coefficient identification

was based on the magnification of the system response at
the resonance frequency. Thus, from Eq. (5), the transfer
functions between the angular velocities θ̇ma or θ̇mb and
the motor torque Tm are expressed as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

GA(s) =
θ̇ma

Tm

=
Jbs2 +Ccs+Kc

JaJbs3 +(Ja + Jb)Ccs2 +(Ja + Jb)Kcs
,

GB(s) =
θ̇mb

Tm

=
Ccs+Kc

JaJbs3 +(Ja + Jb)Ccs2 +(Ja + Jb)Kcs
,

. . . . . . . . . . . . . . . . . . . (12)

where GA(s) and GB(s) are the transfer functions for mo-
tors A and B, respectively.

The magnitudes of the resonance frequencies can be
obtained from the transfer functions in Eq. (12), as shown
in Eq. (13), where MA f 0 and MB f 0 represent the response
magnifications of θ̇ma and θ̇mb, respectively.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

MA f 0 =

√
(Ja+ Jb)

4

Ja
4 Kc

4Cc
2 +

(Ja + Jb)
5

Ja
3Jb

3 Kc
3Cc

4

(Ja + Jb)
4

Ja
2Jb

2 Kc
2Cc

2
,

MB f 0 =

√
(Ja+ Jb)

4

Ja
2Jb

2 Kc
4Cc

2 +
(Ja + Jb)

5

Ja
3Jb

3 Kc
3Cc

4

(Ja + Jb)
4

Ja
2Jb

2 Kc
2Cc

2
.

. . . . . . . . . . . . . . . . . . . (13)

The above equations involve only the mechanical sys-
tem; however, the measured system frequency response
is affected by the electrical part, with the cut-off fre-
quency w; thus, considering the response magnification,
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owing to the electrical part at the resonance frequency,
Eq. (14) can be obtained as

Mf 0w =
w√

Kc(Ja + Jb)

JaJb
+(w)2

, . . . . . . (14)

where Mf 0w is the magnification of the electrical part with
the determined cut-off frequency w. Thus, the final mag-
nitude of the magnification of θ̇ma and θ̇mb is the product
of the magnifications owing to the electrical part and the
mechanical system, as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

MAf
exp=

w√
Kc(Ja + Jb)

JaJb
+(w)2

MAf 0

≡ Mf 0wMAf 0,

MBf
exp=

1
Tf√

Kc(Ja + Jb)

JaJb
+

(
1
Tf

)2
MBf 0

≡ Mf 0wMBf 0.

. (15)

The damping coefficient can be expressed using
Eqs. (13)–(15) as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Cc =

√√√√√ KcJb
4

Kc(Ja + Jb)4

(
MAf

exp

Mf 0w

)2

− JaJb(Ja + Jb)

,

Cc =

√√√√√ KcJa
2Jb

2

Kc(Ja + Jb)4
(

MBf
exp

Mf 0w

)2

− JaJb(Ja + Jb)

,

. . . . . . . . . . . . . . . . . . . . (16)

where MAf
exp and MBf

exp are the measured magnifications
at the resonance frequencies for motors A and B, respec-
tively. In this study, the apparatus consisted of two iden-
tical motors; thus, Ja and Jb were equal. Moreover, it was
assumed that MAf

exp = MBf
exp = Mf

exp. Thus, the damp-
ing coefficient becomes

Cc =

√√√√√ KcJa

16KcJa

(
Mf

exp

Mf 0w

)2

−2

. . . . . . (17)

Similar to the determination of the cut-off frequency
for the electric part, to determine the coupling stiffness
and damping, a sweep signal with frequencies between
100 Hz and 2000 Hz was imposed on motor A through a
servo analyzer. The coupling stiffness is determined using
Eq. (11), whereas the coupling damping is determined us-
ing Eq. (17). An example of the measured and simulated
apparatus frequency responses is presented in Fig. 9. The
response of both motors showed a resonance frequency
of approximately 850 Hz, whereas motor B showed an
antiresonance frequency of approximately 600 Hz. Con-
sidering a torque sweep magnitude of 1.5 Nm, the cou-
pling stiffness was determined to be 4978 Nm/rad and the

Fig. 9. Example of measured and simulated frequency char-
acteristics.

Fig. 10. Approximation of torque dependent stiffness and
damping for the simulation.

damping was determined to be 0.094 Nm/(rad/s).
The coupling characteristics were determined for the

torque magnitude of the input frequency sweep between
0.1 Nm and 3 Nm. Fig. 10 shows the relationship between
the coupling characteristics and the sweep torque, and the
analytical equations. The results showed that the stiff-
ness and damping of the coupling were related to the mo-
tor torque [24]. The nonlinear characteristics of the leaf
springs of the coupling and the contact between the clump
hub of the coupling and the motor shaft were expected to
affect the torque dependency of the coupling characteris-
tics. The reason for the change in the characteristics will
be investigated in the next part of the study.
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Trefref

Tc Kvi

Kvp

ma ma

(a) Velocity loop controller

Tref Tm

(b) Mechanical part with torque-dependent stiffness and damping

Fig. 11. Block diagram with torque dependent characteris-
tics for velocity step response simulation.

3.3. Velocity Control System and
Torque-Dependent Coupling Model

Figure 11 shows a block diagram of the apparatus.
Fig. 11(a) shows the block diagram of the time discrete PI
velocity control loop, where Kvp is the proportional gain,
Kvi is the integral gain, Tc is the control period (0.25 ms),
and the block “time delay” represents the encoder signal
delay, which is one control cycle. Fig. 11(b) shows the
block diagram of the mechanical part of the apparatus, as
described in Section 3.2, with torque-dependent coupling
stiffness and damping. The torque-dependent character-
istics were modeled as the torque command (Tref ) depen-
dent stiffness and damping based on the evaluated results
shown in Fig. 10.

4. Efficiency Maps with Respect to Torque
Oscillations

4.1. Efficiency Map Tests
A total of 360 test conditions were investigated to eval-

uate the motor efficiency. Each test was conducted in ac-
cordance with the following procedure: a constant load
torque was applied through motor B, whereas a set of an-
gular velocities was commanded through motor A. The
set of velocities consisted of 24 angular velocities be-
tween 1 rad/s and 65 rad/s (approximately 9 rpm and
620 rpm, respectively). Initially, a constant load torque
of 0.05 Nm was imposed, and the set of velocities was
commanded; then, the load torque was increased in mag-
nitude and the set of velocities was commanded again.
In total, 15 load torques between 0.05 Nm and 3 Nm
were imposed. For each velocity, clockwise and counter-
clockwise rotating directions were considered, and pos-

itive and negative load torques were considered as well.
For each test, the signals were acquired for 0.5 s during
the constant-velocity motion, and only the case in which
the load torque opposed the relative velocity was consid-
ered. A more detailed description of the test conditions
was reported in [13].

4.2. Torque Oscillations
According to feedback control theory, a higher feed-

back gain setting yields a vibrated system. In this study,
the velocity proportional gain Kvp was set higher to create
vibrating conditions to investigate the influence of the vi-
bration on the motor efficiency. Fig. 12 shows the motor
torque when a constant velocity of 10 rad/s was imposed
on motor A for four Kvp values. From the figures, the
torque oscillated in the case of higher Kvp settings. The
standard deviation defined in Eq. (18) was considered to
quantify the magnitude of the torque oscillation.

σ =

√
1
N

N

∑
i=1

(xi −μ)2, . . . . . . . . . . (18)

where σ is the standard deviation, xi is the torque value
considered, μ is the average torque in the interval, and N
is the interval number of points. From the figure, the mag-
nitude of the oscillations of torque increased for higher
Kvp values.

Figure 13 shows the magnitude of torque oscillation
for Kvp = 0.30, and several angular velocities of the mo-
tor. For all the three investigated conditions, the standard
deviation values were similar and close to 1.50. Fig. 14
shows the oscillations of torque setting for a Kvp of 0.30
and a velocity of 10 rad/s, with several loading torques
applied by motor B. The torque oscillation level is simi-
lar to that shown in Fig. 13. Finally, Fig. 15 shows the
torque oscillation setting for a Kvp of 0.30 and a velocity
of 50 rad/s, with several load torques, which were similar
to the previously investigated cases.

Thus, the torque oscillation level was determined by
the Kvp setting and was not significantly affected by the
working conditions of the motor.

Figure 16(a) shows the motor efficiency map for Kvp =
0.05, which represents the case where the torque signal
shape is not significantly affected by vibrations. The effi-
ciency of the motor was high for a high angular velocity
and intermediate torque, whereas it was low for a very
low angular velocity and high torque. When the angular
velocity was set, the efficiency decreased for high torques
because the copper losses were higher [25]. Indeed, the
copper losses depended on the current, which depended
on the motor torque.

4.3. Motor Efficiency with Torque Oscillations
Figures 16(b) and (c) show the efficiency maps for

Kvp = 0.15 and 0.30, respectively. The torque oscillations,
shown in Fig. 12, affected the efficiency of the motor, par-
ticularly at low velocities. As evident from Figs. 13–15,
the oscillation level was not significantly affected by the
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(a) Kvp: 0.05 (b) Kvp: 0.15

(c) Kvp: 0.20 (d) Kvp: 0.30

Fig. 12. Measured torque during the motion with different Kvps.

(a) 10 rad/s (b) 25 rad/s (c) 50 rad/s

Fig. 13. Torque oscillation for several motor velocities (without load, Kvp: 0.30).

(a) 1 Nm (b) 2 Nm (c) 3 Nm

Fig. 14. Torque oscillation for several load torques (10 rad/s, Kvp: 0.30).

angular velocity or torque, but was only affected by Kvp.
The efficiency shown in Figs. 16(b) and (c) decreased
because the motor had to expend additional energy to
limit the torque oscillations. For a low motor velocity,
the power output was very small compared with the in-
put power; thus, the additional power expended to limit
the torque oscillation significantly affected the efficiency

of the motor. For a high motor velocity, the power out-
put was considerably higher than the power required to
suppress the torque oscillations; therefore, the decrease in
efficiency was less significant, and the effect of oscillation
on the motor efficiency was more severe at a low veloc-
ity. Further details about the effect of torque oscillation on
motor efficiency can be found in [26]. As stated in Sec-
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(a) 1 Nm (b) 2 Nm (c) 3 Nm

Fig. 15. Torque oscillation for several load torques (50 rad/s, Kvp: 0.30).

(a) Kvp: 0.05, σ = 0.0130

(b) Kvp: 0.15, σ = 0.2884

(c) Kvp: 0.30, σ = 1.4976

Fig. 16. Comparison of evaluated efficiency maps with dif-
ferent Kvps.

tion 4.2, the torque vibration level depends exclusively
on Kvp; thus, the effect of torque vibrations on the mo-
tor efficiency is exclusively a function of Kvp. The torque
standard deviation determines the torque vibration level;
therefore, it determines the efficiency map.

5. Power Consumption Simulation

5.1. Simulation of Torque
In this study, the motor efficiency was modeled as

a function of the velocity, torque, and torque vibration
level. Therefore, vibration should be accurately simu-
lated. Figs. 17 and 18 show a comparison between the
experimental and simulated torques for several Kvp values
and velocities, and the load torques of 1 Nm and 3 Nm,
respectively. It is apparent that the proposed model can
represent the torque oscillations under all the conditions
investigated.

5.2. Motor Efficiency Estimation
This study aimed to simulate motor electric power.

Fig. 19 shows the proposed electric power simulation
method. First, the motor angular velocity and torque were
simulated, and the standard deviation of the torque was
used as a reference to select the efficiency map. As only
three efficiency maps were determined in this study, the
characteristics of the efficiency maps of three vibration
levels were determined. For values of standard devia-
tion of torque different from the known ones, the clos-
est known values of standard deviation were taken and
the linear interpolation between the two efficiency maps
corresponding to the closed value of standard deviation
was performed. For example, by denoting the standard
deviations associated with two known efficiency maps as
σ1 and σ2 and the standard deviation from the simulated
torque as σx, with σ1 < σx < σ2, Eq. (19) expresses the
identification method.

Eff (σx) = Eff (σ1)+
σx −σ1

σ2 −σ1

(
Eff (σ2)−Eff (σ1)

)
, (19)

where Eff (σx) is the efficiency map associated with the
standard deviation σx. Once the efficiency map was de-
termined, the simulated torque and angular velocity were
used to determine the motor efficiency characteristics for
the specific working conditions. Finally, the electric
power was simulated as the ratio of mechanical power to
motor efficiency. Fig. 20 shows the comparison between
the simulated efficiency and the efficiency calculated from
the experiments for several velocities and a load torque
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(a) 10 rad/s, Kvp: 0.05 (b) 25 rad/s, Kvp: 0.15 (c) 50 rad/s, Kvp: 0.30

Fig. 17. Measured and simulated torque oscillations for several motor velocities and gains (1 Nm load).

(a) 10 rad/s, Kvp: 0.05 (b) 25 rad/s, Kvp: 0.15 (c) 50 rad/s, Kvp: 0.30

Fig. 18. Measured and simulated torque oscillations for several motor velocities and gains (3 Nm load).

Fig. 19. Proposed simulation method for electric power consumption.

of 1 Nm. The lines in the figure represent the linear in-
terpolation of the discrete values indicated by the plots.
As already clarified from the efficiency map analysis, the
efficiency decreased when the vibration level increased.
The proposed efficiency simulation method can predict
the motor efficiency with a good accuracy, particularly for
the higher load torque case (see Fig. 21). Furthermore, the
maximum error of the prediction shown in Fig. 20(c) is
2.6%, which indicates that the accuracy of the prediction
is sufficient. However, the prediction accuracy becomes
higher in the case of a higher loading torque. Although it
is expected that the prediction accuracy would be affected
by the signal-to-noise ratio, the reason for the differences
has not been clarified.

5.3. Power Consumption Analysis

Figure 22 shows the analysis of the power consumption
of the motor depending on the torque vibration level for a
velocity of 10 rad/s and a load torque of 1 Nm. Fig. 22(a)
shows the power consumed to drive motor A against the
imposed load torque from motor B. According to the def-
inition given in Eq. (1), the main power was calculated
from the average quantities; thus, it was not affected by
vibrations and was constant. The measured and simulated
results are consistent with each other. Fig. 22(b) shows
the power consumed to suppress oscillations. As defined
in Eq. (1), the power increased with the vibration level.
The power was negative because the motor control ap-
plied a torque to limit the velocity oscillations; therefore,
the motor torque and motor angular velocity were out of
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(a) 10 rad/s (b) 25 rad/s (c) 50 rad/s

Fig. 20. Measured and simulated efficiency for several vibrating conditions (1 Nm load).

(a) 10 rad/s (b) 25 rad/s (c) 50 rad/s

Fig. 21. Measured and simulated efficiencies for several vibrating conditions (3 Nm load).

(a) Electric power (b) System efficiency

(c) Power consumed for driving (d) Power consumed for oscillation

Fig. 22. Measured and simulated efficiencies and power balance (10 rad/s and 1 Nm load case).
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Fig. 23. Analyzed power balance based on measured results, velocity 25 rad/s.
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Fig. 24. Analyzed power balance based on simulated results, velocity 25 rad/s.

phase. The power of oscillation was not considered a use-
ful output; therefore, it was not considered in the numer-
ator of the efficiency ratio (see Eq. (4)); nevertheless, as
this power was supplied by the motor, the electric power
consumption increased.

Figure 22(c) shows the electric power consumption of
the motor. Both the simulation and experimental results
showed a positive tendency with respect to the torque vi-
bration level, and they were consistent with each other.
Fig. 22(d) shows the measured and estimated motor ef-
ficiencies. Although the simulated vibration levels were
lower than the actual levels, the figures indicate that the
proposed simulation method can adequately predict the
power consumption depending on the torque vibration
level.

Figure 23 shows an analysis of the measured motor
power consumption. In case (a), comparing the motor
power consumption, although the main power Pmain and
the loss power Ploss were the same in both cases, the elec-
tric power consumption increased in the case of Kvp =
0.30. This was due to the additional power supplied by
the motor to limit the oscillation Poscill, which did not con-
tribute to the main power. The loss power Ploss is a result
of the copper and iron losses, and the additional power can
be estimated from the vibration level [26]. In the analy-

sis, the main power Pmain and the additional power Poscill
were estimated from the measured and simulated results,
and the loss power Ploss was assumed to be the remaining
part of the power. In other words, the evaluated motor ef-
ficiency shown in Fig. 16 included the influence of both
Ploss and Poscill, and the additional power Poscill increased
with increasing vibration levels. The additional part of the
power due to vibration can be estimated from the evalu-
ated vibration level.

The electric power consumption increased when a
higher load torque was applied, similar to the main power.
In both load cases, the amount of power necessary to
suppress the oscillations was similar. Fig. 24 shows the
power analysis from the simulated results; the simulated
powers are similar to the measured ones. Thus, the pro-
posed method can correctly simulate the power consump-
tion of the motor, which is influenced by vibrations. In ad-
dition, higher gain settings that oscillate the system yield
energy waste. The proposed simulation method can pre-
dict the wasted energy, and it can be an effective tool for
achieving a higher energy efficiency of the system by de-
signing a proper controller and operating conditions.
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6. Conclusions

In this paper, a method for simulating motor power con-
sumption with respect to torque vibrations was proposed.
A dedicated apparatus was built to determine the coupling
dynamic characteristics and measure the motor efficiency
under several vibrating conditions. The proposed simu-
lation method considers the torque-dependent character-
istics of the coupling device and motor efficiency. The
following conclusions were drawn.

1) The motor efficiency was strongly dependent on the
torque vibration level; the efficiency decreased in the
high vibration case, particularly for a low motor ve-
locity.

2) The electric power consumption of the motor in-
creased under high vibrating torque conditions, as
the motor expended additional power to suppress the
vibrations.

3) The proposed model can reproduce the motor torque
and efficiency with respect to torque oscillations.

In this study, a simulation method for motor electric
power consumption under vibrating conditions was suc-
cessfully developed. The proposed simulation method
can predict the wasted energy, and it can be an effective
tool for achieving a higher energy efficiency of the system
by designing a proper controller and operating conditions.
Moreover, through the proposed simulation method, mini-
mum motor energy consumption can be among the system
design criteria. In the future, the authors will attempt to
extend the proposed method to simulate the power con-
sumption of feed drive systems under vibrating condi-
tions.
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