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Design of High-Bandwidth Motor System
Considering Electrical and Mechanical

Time Constants
Soo-Hwan Park , Jin-Cheol Park , Ho-Young Lee , Soon-O Kwon , and Myung-Seop Lim , Member, IEEE

Abstract—This article proposes a design method for a high-speed
response motor system consisting of a motor and load. Various
methods have been studied to improve the speed response of the
motor system, but the main focus was previously advanced control
techniques. However, the dynamic response of the controller can
be further improved with the high-speed response motor system.
The proposed method improves the speed response by increasing
the bandwidth of the motor system, which is the plant of the servo
system. Thus, the relationship between the bandwidth, which is an
indicator of speed response and the motor system, is investigated.
The motor system consists of the electrical and mechanical parame-
ters. As both electrical and mechanical parameters affect the speed
response and bandwidth of the motor system, the correlation of the
time constants and bandwidth is analyzed. Based on the analyzed
results, the process of designing a motor system with maximized
bandwidth is introduced. An experimental based friction model is
proposed to estimate the accurate speed responses and required
torque of the motor system. Therefore, a motor system with maxi-
mized bandwidth is designed using the proposed design process and
friction model. Finally, the rated power and speed response of the
motor system are verified through simulations and experiments.

Index Terms—Bandwidth, electrical time constant, friction
modeling, mechanical time constant, speed response, surface-
mounted permanent magnet synchronous motor (SPMSM).

I. INTRODUCTION

MOTOR system is controlled by feedback such as torque,
speed, and position feedback. The purpose of controlling

the motor system is to obtain the desired response within the
desired time. In particular, the speed response of the motor
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Fig. 1. Configuration of the servo system.

system affects the position response and greatly depends on the
design results. It is, therefore, important to improve the speed
response of the motor system. A typical method for improving
the response is to change the control techniques. However, the
dynamic response of the controller can be further improved when
the dynamic response of the plant improves [1].

A permanent magnet synchronous motor (PMSM) is mainly
used with reducers rather than direct drive [2]. The PMSM
is classified into the surface-mounted PMSM (SPMSM) and
interior PMSM (IPMSM) according to the rotor type [3]. For
precision motion control, the SPMSM, which has a small torque
ripple, is appropriate. Therefore, the motor system for precision
motion control consists of the motor drive, SPMSM, and reducer.

Many control techniques have been proposed to improve the
speed response [4], [5]. As a real-time performance of the digital
signal processor has been improved, the control techniques using
spare computing power have been proposed [6]–[8]. Yoo et al.
proposed a method to improve the bandwidth of the current
regulator by reducing the digital execution delay [6]. Idkhajine
et al. improves execution time to calculate complex sensorless
controls by applying field-programmable gate arrays [7]. As the
bandwidth of the current regulator increases, the research has
attempted to solve various problems in the motor system [8],
[9]. Researchers have studied several compensation algorithms
to improve the characteristics of switching devices such as dead-
time and the rising and falling delays of IGBT [10]–[12]. Several
studies have been carried out to improve the performance of the
current regulator by modeling and compensating measurement
errors of currents due to digital control [13], [14].

A complete servo system consists of a controller and plant.
Since the motor system is a plant of the servo system as shown
in Fig. 1, the motor system is accompanied by disturbances
and often maintain their current position, speed, or torque in
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the event of disturbance. Therefore, it is important to increase
the bandwidth of motor system in order to respond with the
sudden disturbances. Most studies about dynamic response are
concentrated on the controller shown as aforementioned ref-
erences. The ultimate improvement of the response should be
accompanied by appropriate control techniques and increasing
the bandwidth of the motor system. Despite the importance of
the motor system bandwidth, little research has been conducted
on the bandwidth of the motor system. Lim et al. studied motor
design to improve the speed response in high-speed machine
application [15]. However, since the actual friction model was
not considered, accurate prediction of the speed response was
difficult. Kim et al. predicted speed response using an electrome-
chanical time constant, but since the viscous friction coefficient
was not considered, an electromechanical time constant was
used only as a simple index to compare the speed response [16].

This article proposes a design method for improving the
speed response of the motor system considering electrical and
mechanical time constants. An SPMSM for a high-bandwidth
motor system was designed and the speed response was verified
through simulations and experiments.

In this study, the bandwidth of motor system is introduced to
evaluate the speed response of the motor system. As the band-
width consisted of electrical and mechanical time constants, the
relationship between the time constants and the design variables,
such as rotor size and series turns per phase, are analyzed. The
electrical parameters, consisting of the resistance, inductance,
and the back electromotive force (back EMF), determine the
electromagnetic performance and current response the same as
the torque response. The mechanical parameters consisting of
the moment of inertia, Coulomb friction torque, and viscous
friction coefficient determine the friction torque and speed re-
sponse. These electrical and mechanical parameters vary with
pole and slot combinations, rotor size, series turns per phase, and
core geometry. As the bandwidth depends on both the electrical
and mechanical parameters, the relationship between the time
constants and bandwidth must be analyzed in order to maximize
the speed response of the motor system.

This article is organized as follows. The relationship be-
tween the speed response and bandwidth was investigated in
Section II. Then, the correlation of the bandwidth and electrical
and mechanical time constants was discussed in Section III. In
Section IV, the friction model based on the experiments was
proposed in order for the accurate simulation to analyze the
speed response. Finally, the SPMSM for a high-bandwidth motor
system was designed with experimental verification.

II. SPEED RESPONSE OF THE MOTOR SYSTEM

A. Transfer Function of the Motor System

The motor system is composed of an electromagnetic system
and mechanical system. The two systems are integrated via the
motor torque. Since the electromagnetic system uses a three-
phase brushless motor, a phase voltage can be expressed as

Va = Raia + La

dia

dt
+ ea

= Raia + La

dia

dt
+ keωm (1)

where Va, ia, and ea are phase voltage, armature current, and
the back EMF per phase; Ra and La are armature resistance
and inductance per phase, respectively, and ke and ωm are the
back EMF constant and the mechanical speed, respectively. The
mechanical system is expressed by the equation of motion as
follows:

Te = (Jm + JL)
dωm

dt
+Bωm + k

∫
ωm + Tc + TL

= ktia (2)

whereTe,Tc, andTL are motor torque, Coulomb friction torque,
and load torque, respectively; Jm and JL are the inertia of the
motor and load, respectively;B, k, and kt are the viscous friction
coefficient, spring constant, and torque constant of the motor,
respectively. Since the load system that is used in this study
consists of the gearbox, it is hard to expect the effect of dynamics
in spring. Therefore, the spring constant is ignored in this study.

The integrated model of the system can be derived from
the Laplace transformed equations of (1) and (2). The voltage
equation in the Laplace domain is expressed as

Va(s) = (Ra + sLa) ia(s) + keωm(s). (3)

The equation of motion in the Laplace domain is expressed as

ktia(s) = {s (Jm + JL) +B}ωm(s) + Tc(s) + TL(s). (4)

Based on (3) and (4), the integrated motor system is represented
as Fig. 1. The motor torque, which is an output of the electro-
magnetic system, acts as the input of the mechanical system. The
speed, which is the output of the mechanical system, is converted
into back EMF and acts as feedback of the electromagnetic
system. Then, the mechanical speed is obtained as

ωm(s) =
ktVa − (Las+Ra) (TL + Tc)

(Las+Ra) {s (Jm + JL) +B}+ kekt
. (5)

In (5), the load torque and Coulomb friction torque, acting as
disturbances in the mechanical system, affect the steady-state
speed and do not affect the transient response [17]. Therefore, the
disturbances are ignored to simplify the system to a single-input
single-output (SISO) system. The simplified SISO system can
be organized in a second-order standard transfer function as

ωm

Va
=

kt

kekt +RaB

ω2
n

s2 + 2ζωns+ ω2
n

(6)

where

ωn =

√
kekt +RaB

(Jm + JL)La
=

√
kekt

(Jm + JL)La
+

1

τeτm
(7)

ζ =
(Jm + JL)Ra + LaB

2
√
La (Jm + JL) (kekt +RaB)

=
τe + τm

2τeτm

√
kekt

(Jm + JL)La
+

1

τeτm

(8)
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where

τe =
La

Ra
, τm =

Jm + JL

B
. (9)

In the preceding equations, ωn and ζ are the natural frequency
and damping ratio of the motor system, respectively; τe and τm
are the electrical and mechanical time constants, respectively.

B. Bandwidth and Speed Response

A high bandwidth means that the speed response can respond
even at high-frequency bands, which are accompanied by rapidly
varying disturbances. Therefore, it is necessary to increase the
bandwidth so as to improve the speed response. The bandwidth
ωB is defined as the frequency range where the magnitude of
the closed-loop gain does not drop below −3 dB expressed as

|G (jωB)| =
1√
2
,

ωB = ωn

{(
1 − 2ζ2

)
+
√

4ζ4 − 4ζ2 + 2
} 1

2
(10)

where |G(jω)| is the gain of the closed-loop frequency response
of the motor system. As shown in (10), the high natural frequency
and low damping ratio are required to increase the bandwidth.
However, the natural frequency and damping ratio have a trade-
off relationship according to the electrical and mechanical time
constants. Therefore, in order to design the high-bandwidth mo-
tor system, it is necessary to investigate the appropriate electrical
and mechanical time constants.

III. CORRELATION BETWEEN THE BANDWIDTH AND

TIME CONSTANTS

A rotor size is determined by the rotor diameter and stack
length. Hence, the rotor size affects both the reluctance of the
air gap and the ratio of the stack length and rotor diameter. There-
fore, the electrical and mechanical time constants are affected
by changing the rotor size. As the flux linkage and wire diameter
vary with the change of the series turns per phase, it affects the
electrical parameters such as the resistance, inductance, and the
back EMF constant. Therefore, the rotor diameter, stack length,
and the series turns per phase should be determined considering
the rated power and the high-speed response.

A. Electrical Time Constants

Fig. 2(a)–(d) shows the model of the equivalent magnetic
circuit for a single pole and single coil. The magnetic circuit
for single pole is used for calculating the back EMF, and the
magnetic circuit for single coil is used for calculating the induc-
tance. Fig. 2(a) shows a flux line under no-load condition, and
the corresponding magnetic circuit is shown in Fig. 2(b). Since
the back EMF is related to the flux due to the permanent magnet
(PM), the magnetic circuit is composed of the reluctances of the
core and PM. It is assumed that the iron core of the stator and the
rotor have infinite permeability while the magnetic potential for
each core is the same. The air-gap flux due to PM is represented

Fig. 2. Magnetic circuits of 8P12S. (a) No-load flux lines by PM and (b)
corresponding equivalent magnetic circuit for single pole. (c) Flux lines by
armature current only and (d) corresponding equivalent magnetic circuit for
single coil.

as

Φgm = Φrem

Rm1

Rm1 +Rg1
(11)

where Φgm and Φrem are the air-gap flux and flux of PM; Rm1

and Rg1 are the reluctances of PM and air gap for single pole,
respectively. The reluctance of PM for single pole is

Rm1 =
2nplm

μ0μrecπDrLstk
(12)

where np is the pole pair, lm is the length of PM; μ0 and μrec are
the air permeability and recoil permeability, respectively. The
reluctance of air gap for single pole is as follows:

Rg1 =
2nplg

μ0πDrLstk
(13)

where lg is the length of air gap. The air-gap flux that is computed
from (11) to (13) is given by

Φgm = Φrem

lm

lm + μreclg
(14)

and the air-gap flux density is calculated by dividing the air-gap
cross-sectional area

Bgm = Brem

lm

lm + μreclg
(15)

where Bgm and Brem are the flux density of air gap and PM,
respectively. The back EMF is affected by the winding factor,
series turns per phase, rotor size, and the air-gap flux density as

ea = ωmkw1NphDrLstkBgm (16)
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where kw1 is the winding factor of fundamental harmonic; Nph

is the series turns per phase. Then, the back EMF is obtained by
substituting (15) into (16) as

ea =
lm

lm + μreclg
ωmkw1NphBremDrLstk. (17)

Since the inductance is related to the flux due to the armature
current, the flux line due to the armature current is shown as
Fig. 2(c). The corresponding magnetic circuit is composed of
the reluctances of the air gap and PM as Fig. 2(d). As the
magnetic flux of 8P12S is divided in half by the neighboring
tooth, mutual inductance is half of the self-inductance [24]. The
phase inductance is also equal to the series connection of the
inductance for a single coil. Then, the phase inductance is given
by

La =
ns

m
(Ls − Lm) (18)

where

Ls =

(
Nph

ns/m

)2
1

2 (Rm2 +Rg2)
(19)

where Ls and Lm are the self- and mutual inductances, respec-
tively;ns andm are the number of slots and phases, respectively;
Rm2 andRg2 are the reluctances of the PM and air gap for single
coil, respectively. The reluctances of the air gap and PM for
single coil are given by

Rm2 =
nslm

μ0μrecπDrLstk
(20)

Rg2 =
nslg

μ0πDrLstk
. (21)

The resistance of the armature winding depends on the length
of the conductor and wire diameter. The coil wound on the stator
is divided into two parts of coil-side and end-coil. The end-coil
is the conductor passing from one slot to another and the length
of the end-coil is related to the size of the motor and the pole and
slot combinations. The armature windings of 8P12S are wound
with concentrated winding as shown in Fig. 3. Since the wire
diameter with the highest fill factor is used, the resistance is
calculated as

Ra = ρc
4

π

2 (Lstk + lend)Nph

d2
{1 + α (T − 20 ◦C)} (22)

where

lend = lA + 2lB (23)

where ρc is the resistivity of copper; lend and d are the end-coil
length and wire diameter, respectively; α and T are the tem-
perature coefficient of copper and temperature, respectively; lA
and lB are the averaged coil span and height of the end-turn,
respectively, as shown in Fig. 3. The armature current is limited
by the current density because it acts as a heat source of the
motor, increasing the coil temperature and resistance. When the
flux generated by the PM is constant, the maximum torque is

Fig. 3. Simplified armature coils of concentrated winding.

determined by the maximum armature current. Therefore, in-
creasing the wire diameter while maintaining the current density
is advantageous in increasing the armature current. However,
due to the limited slot area, it is necessary to maintain a constant
fill factor and to set the maximum wire diameter. When the fill
factor and slot area are constant, the wire diameter is expressed
as

d =

√
4

π

(ns/m) · Fill factor ·Aslot

Nph
(24)

where

Fill factor =
π

4

Nph

(ns/m)

d2

Aslot
(25)

whereAslot is the slot area. The resistance is obtained by substi-
tuting (24) and (25), into (22) as

Ra =
2ρcN 2

ph (Lstk + lend)

(ns/m) · Fill factor ·Aslot
{1 + α (T − 20◦C)} . (26)

Since both the resistance and inductance are proportional to the
square of series turns per phase, the electrical time constant
defined as the inductance to resistance is independent of the
series turns per phase as

τe =
0.375πμ0μrec (m/ns)DrLstk · Fill factor ·Aslot

ρc (lm + μreclg) (Lstk + lend) {1 + α (T − 20◦C)}.
(27)

B. Mechanical Time Constant

The shape of the rotor for calculating the rotor inertia can
be simplified as shown in Fig. 4(a). It is assumed that the mass
density of the PM and the iron core are the same. Then, the
inertia of the rotor is as follows:

Jm =
π

32
ρrD

4
rLstk (28)

where ρr is the equivalent mass density of rotor. Therefore, the
mechanical time constant is independent of the series turns per
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Fig. 4. Rotor inertia according to the rotor shape. (a) Simplified rotor shape.
(b) Relationship between the SR and rotor inertia.

phase as well as the electrical time constant as

τm =

π

32
ρrD

4
rLstk + JL

B
. (29)

Finally, the bandwidth that is fully dependent on the rotor size
is obtained by substituting (27) and (29) into (10). The studies
in [15] and [16] used natural frequency and damping ratio as
an index to evaluate the speed response. However, the indexes
have a tradeoff relationship according to the design variables,
such as rotor diameter, stack length, and fill factor. Thus, it
is necessary to investigate the speed response according to the
design variables. In this article, the speed response is analyzed by
integrating the natural frequency and damping ratio according to
the design variables. The designer can predict the speed response
of the motor system and design appropriate controller using the
bandwidth.

This article employs a torque per rotor volume (TRV), and
a shape ratio (SR) to determine the rotor size. The TRV is
defined as a rated torque per rotor volume and SR is defined
as the ratio of the stack length and rotor diameter [16]. If the
rotor volume is constant, the rotor inertia varies with the SR, as
shown in Fig. 4(b). Therefore, the rotor size can be determined by
searching for TRV and SR, which have the maximum bandwidth.

IV. DESIGN AND VERIFICATION

Fig. 5 shows the process of designing a motor that maximizes
the bandwidth of the motor system. First, the experimental based
friction model is proposed to determine the rated torque of the
motor system and to predict the accurate speed response. The
rated torque is calculated from the friction model and the motor
should be able to be continuously driven at the rated torque.
Then, the volume of the rotor is determined from the rated
torque and TRV. As maintaining the back EMF is important to
produce desired electromagnetic torque within limited voltage
input, the series turns per phase can be determined according
to the SR. After determining the wire diameter considering fill
factor, the electrical and mechanical parameters can be calcu-
lated according to the SR. The bandwidth is calculated by using
the evaluated parameters, and the design of the motor system
with the maximum speed response is completed by selecting

Fig. 5. Design process of a high-bandwidth motor.

Fig. 6. Friction model consisting of static, Coulomb, and viscous
friction torque.

the motor with largest bandwidth. The constraints are the stator
outer diameter, stack length, rated power, and dc-link voltage.
As the motor uses the ferrite magnet and is totally-enclosed, the
TRV was set to 6.8 kN·m/m3 with reference to the work in [3].

A. Experimental Based Friction Model

The presented motor system is used for the conveyor drive
system. Since the system consists of motor, gearbox, and timing
belt, there are many factors that generate friction. The rated
torque is defined as a required torque for continuous drive
without any load on the conveyor. Thus, the rated torque is equal
to the friction torque at rated speed. However, as the required
maximum torque of the motor system is defined as the sum of
friction torque and load torque, the maximum torque of the motor
should be determined in consideration of load torque.

For calculating the required torque of the motor system and
simulating the speed response, the friction torque of (2) should
be analyzed. The friction model, which is used in this article,
consists of three frictional components, such as static friction,
Coulomb friction, and viscous friction, as shown in Fig. 6.
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Fig. 7. Speed response of the rotating machinery.

Since the static friction occurs when the rotating machinery is
stationary, the static friction torque has a maximum value when
the rotor tries to move, and the friction torque is defined as the
starting friction torque. When the rotating machinery rotates, the
friction torque consists of Coulomb and viscous friction torque.
Then, the friction model can be expressed as

Tf =

⎧⎪⎨
⎪⎩
Tc · sgn(ωm) +Bωm, if ωm �= 0

Te, if ωm = 0 , |Te| < Ts

Ts · sgn(Te), if ωm = 0 , |Te| ≥ Ts
(30)

where Tf , Ts, Tc, and Te are the friction, starting, Coulomb
friction torque, and electromagnetic torque, respectively;B and
ωm are the viscous friction coefficient and rotating speed of the
motor, respectively. Since the friction torque is influenced by
various conditions, such as tolerance and assembly conditions,
it is difficult to predict analytically. Thus, it should be measured
through the experiments.

Fig. 7 shows the speed response of the rotating machinery.
Section A is the transient speed response when the step torque
is applied. As the step torque input is same as the step current
reference, the rise of the armature current is affected by the
electrical time constant. Thus, the speed response is related to
both the electrical and mechanical time constant.

As the speed increases, the friction torque also increases
because of the viscous friction torque. When the input torque
is equal to the friction torque, the rotating machinery enters a
steady state, as shown in Section B. Therefore, the friction torque
at a constant steady-state speed is equal to the input torque.

Section C shows the speed response when the current refer-
ence is set to zero. When the current reference is set to zero,
all the switches are opened. The rate of decrease in current is
affected by the electrical time constant. Then, the input torque is
decreased also, and the speed decreases when the input torque
is less than the friction torque. Since the decrease in speed is
affected by the mechanical time constant, the speed response in
Section C is also affected by the electrical and mechanical time
constant.

The starting torque can be obtained by measuring the torque
when the rotor starts to move, and the Coulomb and viscous fric-
tion torques can be obtained by fitting the friction torque accord-
ing to the steady-state rotating speed. Since the Coulomb and
viscous friction torques are calculated using the electromagnetic
torque and steady-state speed, the accuracy of the friction model

Fig. 8. Experiment sets for friction modeling. (a) Experiment set to measure
the friction torque and (b) the starting torque.

is determined according to the accuracy of the electromagnetic
torque. Since the electromagnetic torque is proportional to the
q-axis magnetizing current when the d-axis current is controlled
to be zero, the electromagnetic torque can be expressed as

Te = 1.5 np ψaioq (31)

where ψa is the flux linkage and ioq is the q-axis magnetizing
current. However, the measured q-axis current includes iron loss
current when the eddy current loss of magnets is ignored [19].
The iron loss current can be obtained from the iron loss, which is
calculated by the electromagnetic finite-element analysis (FEA).
Then, the sum of Coulomb and viscous friction torque is equal
to the electromagnetic torque when the rotating speed is in the
steady state. As the electromagnetic torque can be calculated by
using the magnetizing current excluding the iron loss current
from the measured q-axis current, the friction torque can be
expressed as

Tf = 1.5 np ψa (iq − icq) (32)

where iq is the measured q-axis current and icq is the q-axis iron
loss current. Consequently, the friction model can be obtained by
fitting linearly the friction torque according to the steady-state
speed.

The experiment set for measuring the friction torque is shown
in Fig. 8(a). A servomotor was coupled to the load to drive the
load at a constant speed. When the servomotor operates the load,
the friction torque at the steady-state speed can be measured with
the q-axis current and torque constant of the servomotor. The
torque constant of the servomotor is known from the datasheet.
To measure the starting torque, a torque gauge is attached to the
shaft connected to the motor, as shown in Fig. 8(b). The motor
system starts to move when a torque greater than the starting
torque is applied to the motor system. Therefore, the starting
torque can be measured by measuring the torque when the motor
system moves with the torque gauge.

Fig. 9 shows the result of measuring the friction torque in
Section B of Fig. 7. Since the friction torque is proportional to
the speed, the slope of the friction torque is equal to the viscous
friction coefficient B, whereas the torque at the zero speed is
equal to the coulomb friction torque Tc of the motor system.
Then, the rated torque can be obtained from the friction torque
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Fig. 9. Experimental results of measuring the friction torque of the load.

TABLE I
MOTOR SYSTEM SPECIFICATIONS

at rated speed ωrated of 3735 r/min. The measurement results of
starting torque are shown in Fig. 9 at zero speed.

As a result, the rated torque was measured as 104 mN·m, and
the starting torque was measured as 110 mN·m. The specifica-
tions of the motor system are shown in Table I. The motor to
be designed is 8P12S and the stator outer diameter is 54 mm.
The rated torque and speed are 104 mN·m and 3735 r/min,
respectively, whereas the rated power is 40.7 W. The inertia
of load is 3.05 × 10−5 kg·m2 and the viscous friction coefficient
and the coulomb friction torque are 0.00558 mN·m/(r/min) and
82.8 mN·m, respectively. In addition, the maximum torque of the
motor must be greater than the sum of starting torque and load
torque of 190 mN·m. Since the only magnetic torque is generated
by the q-axis current in SPMSM, the current vector control
method of “id = 0” is used to investigate the speed response
under the same conditions.

B. Design of Rotor and Stator

Since the rated torque is determined, the rotor volume can
be determined using TRV. Then, the series turns per phase can
be determined according to the SR for maintaining back EMF.
Fig. 10(a)–(c) shows the calculation results of the bandwidth,
electrical and mechanical time constants according to SR within
limited conditions, such as stator outer diameter, stack length,
and limited voltage. When determining the motor dimensions,
the tooth and yoke width must be guaranteed to have a minimum
value for manufacturing, so that the unproductible area may

Fig. 10. Rotor sizing results to maximize the bandwidth. (a) Bandwidth.
(b) Electrical time constant. (c) Mechanical time constant according to the
shape ratio.

occur as the SR decreases. As the stator outer diameter is limited,
the electrical parameters such as inductance and back EMF
are affected by the magnetic saturation as the SR decreases.
Thus, the electrical parameters should be calculated by using
electromagnetic FEA.

As shown in Fig. 10(a), the high bandwidth can be achieved by
increasing the SR. As the SR increases, the inductance is propor-
tional to the product of rotor diameter and stack length, and the
resistance changes nonlinear by the length of the end-turn. Thus,
the electrical time constant is increased and the mechanical time
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Fig. 11. Designed motor. (a) Stator and rotor. (b) Assembly of the
designed motor.

Fig. 12. Experimental setup to test the performance of the motor.

constant is decreased because the rotor inertia becomes smaller
as SR increases. The change in time constants according to SR
can be seen in Fig. 10(b) and (c). Then, the maximum bandwidth
and SR are 252.4 rad/s and 0.82, respectively, considering the
constraints.

After the rotor size is determined, the stator should be de-
signed considering the magnetic circuit. Since the stator is
magnetically saturated by the flux due to the PM and armature
current, the width of the tooth and yoke should be determined so
as to minimize the reluctance. The design process in [18], which
is a method to minimize the reluctance of stator, is applied in
this article. The flux through the tooth is divided into half along
the yoke. The divided flux passes over the yoke to the next
tooth. Then, the reluctance of the stator is determined along the
magnetic flux path, and the tooth and yoke width are determined
to generate the maximum flux when the armature current is the
same.

C. Experimental Verification

Fig. 11 shows the stator, rotor, and assembly of the designed
motor. The most effective way to verify the design results is to
compare the designed motor with the other motor that has low
bandwidth. Instead of comparing the designed motor with the
other model, we focused on comparing the experimental results
with the simulation results of the designed motor. To verify the
validity of the design results, the electromagnetic performance at
the rated power and the speed response to reach the rated power
are verified. The torque, speed, and current characteristics of
the motor were tested to verify the design results. The test was
conducted using a dynamometer shown in Fig. 12. A Magtrol

Fig. 13. Verification of the motor performance.

Fig. 14. Comparison of the designed motor systems frequency response. (a)
Magnitude and bandwidth. (b) Phase.

TM302 torque sensor and Yokogawa WT1800 power analyzer
were used in experiment to verify the simulation results. Fig. 13
shows the performance of the designed motor. The designed
motor has sufficient output power to overcome the friction and
load torque within the limited dc voltage.

Fig. 14(a) and (b) shows the frequency response of the de-
signed motor system. The bandwidth using the measured param-
eters was 219.8 rad/s, and the bandwidth using the calculated
parameters was 252.4 rad/s. The phase margin of the motor
system was 16.4◦ at 2350 rad/s. Since the maximum speed of
the motor system is 1564 rad/s as shown in Fig. 13, the motor
system operates in a stable region. The electrical time constant
of the designed motor system can be negligible compared with
the mechanical time constant, as shown in Fig. 10(b) and (c).
Thus, the bandwidth of motor system is relative low, but it is
the highest bandwidth under limited conditions. Therefore, the
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Fig. 15. Control scheme for simulation and experiment to measure the speed
response of the motor system.

Fig. 16. Verification of the speed response.

bandwidth of the servo system can be increased when the motor
system is designed by using the proposed method.

In order to derive the result of open-loop speed response, a
current controller for simulation and experiment was designed
in Fig. 15. A d-axis current PI controller and q-axis voltage
controller are implemented. The “id = 0” control is applied in
the d-axis controller to synchronize the phase of the current and
back EMF. The q-axis reference voltage to maintain a constant
maximum phase voltage is calculated as follows:

V ∗
q =

√
V 2

ph,max − V ∗2
d (33)

whereV ∗
d andV ∗

q are the d-, q-axis reference voltage, andVph,max

is the maximum phase voltage. The electromagnetic system
includes a three-phase switching device and the designed motor.
The mechanical system includes the inertia of the motor system
and the friction model of Fig. 9. To measure the speed response
of the motor system to the step voltage input, the experiment
set of Fig. 8(a) was used. In this experiment, the designed motor
was used to operate the load instead of the servomotor. Since the
speed response is constant regardless of the disturbance torque,
only the experiment using the friction load was performed [17].
Fig. 16 shows the simulation and experiment results of the
speed response of the motor system. The settling time of the
experiment result was measured as 115 ms, 3.7 % different from
the simulation result. The steady-state speed of the experiment
result was the same as the rated speed 3683 r/min, which was
1.4 % different from the simulation results.

V. CONCLUSION AND FUTURE WORKS

In this article, we proposed the design methodology of the
motor that can improve the dynamic speed response of the
motor system. The speed response can be further improved
through the motor design rather than the control technique in
applications where the dynamic response is important. In the
proposed method, the bandwidth of the motor system was used
to evaluate the speed response. As the bandwidth is affected by
electrical and mechanical time constants, the correlation of the
bandwidth and time constants was investigated. The load model
based on experiments was established for the determination
of the required torque of the motor system and the prediction
of the accurate speed response. The results showed that the
designed motor system with the maximized bandwidth satisfied
the rated power. Finally, the rated power of the designed motor
and the speed response of the motor system were verified through
simulations and experiments.

The motor system with high bandwidth can respond to a rapid
disturbance torque. However, the motor generates a high torque
to maintain its state when a sudden disturbance torque is applied.
Since the high torque can degrade a thermal performance of
the motor, the current density should be limited to maintain the
thermal performance. In addition, the limited torque can lead to
a result of decreasing the bandwidth of the motor system. Based
on this study, the speed response of the motor system considering
the thermal performance of the motor and the decrease of the
bandwidth of the motor system due to the maximum torque limit
will be further studied as future work. In addition, a compara-
tive study on high- and low-bandwidth motor systems and a
study on the bandwidth when the feedback current regulator
is attached will be also conducted according to the switching
frequency.
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