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ABSTRACT This paper deals with a design method to improve the power density and energy efficiency of

a wound-field synchronous motor (WFSM) using hairpin type rectangular wire for electric vehicle traction.

First, the prototype is analyzed via experiments to come up with plans to improve it. In addition, mechanical

loss of the prototype including the bearing and brush friction losses is obtained and used for designing the

improved motor. After then, an analytical approach is presented for the magnetic circuit design to minimize

magnetic resistance in the motor core. Also, the analytical methods are proposed to predict the resistance

of the field and armature windings. At this step, rectangular wire is considered for the armature winding to

reduce the copper loss. Moreover, the calculation process is presented to estimate the iron loss considering

harmonics. The performances such as power density and efficiency of the improvedWFSM are analyzed and

compared with those of the prototype. In addition, the energy efficiency of the motors in the new European

drive cycle (NEDC) is analyzed. Finally, the performances of the improved WFSM are compared with the

experimental results to verify the validity of the proposed design process.

INDEX TERMS Copper loss, efficiency, electric motor, electric vehicles, iron loss, mechanical loss, new

European drive cycle, wound-field synchronous motor.

I. INTRODUCTION

Recently, on account of high efficiency and power density,

interior permanent magnet synchronous motors (IPMSMs)

using rare-earth magnets have been applied as tractionmotors

for electric vehicles (EVs) [1]. However, the issues related

to the rare-earth magnets, which is high cost and unstable

supply, have brought the development of variousmotors with-

out rare-earth materials such as neodymium and dysprosium.

In particular, as IPMSMs are operated at high-speed, high-

voltage terminals can be generated due to the shortage of

control in power electronics and this leads supplemen-

tary protection systems to disconnect the motors from

the network for the damage limit on the vehicles. This

problem can be solved with a wound-field synchronous

motor (WFSM) [2]–[4]. Nevertheless, the efficiency of a

WFSM is lower than that of an IPMSM because of the losses

incurred on the coil and brush of the rotor.

The associate editor coordinating the review of this manuscript and
approving it for publication was Xiaodong Sun.

FIGURE 1. New European Drive Cycle (NEDC).

This study focuses on the design of aWFSM for enhancing

the power density as well as energy efficiency in the new

European drive cycle (NEDC) mode. The NEDC mode has

been widely employed for testing and evaluating systems for

EVs in Europe [5]–[10]. Fig. 1 displays the torque-speed

relationship to which the NEDC mode has been applied. The

details of the design process are explained as follows.
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At first, the performance of the existing WFSM i.e., the

prototype, is analyzed via the experiment to come up with

plans to improve it. In addition, mechanical loss of the pro-

totype including bearing friction loss and windage loss is

measured through the no-load experiment. The mechanical

loss calculated from the no-load test result is considered to

design the improved WFSM.

Secondly, the geometric design methods and material

selection processes are presented in order to increase both

the torque density and efficiency of the WFSM [10]–[16].

If the stator core has high magnetic flux density, considerable

iron loss is produced to meet the required performance of

the WFSM. Moreover, the stator core with a high fill factor

results in high winding resistance and, in turn, more copper

loss. In order to solve these two problems, a method is sug-

gested for determining the optimal turn number of the field

and armature and the tooth and yoke widths. In addition,

a hairpin winding is applied, and the electrical steel sheet

considering magnetic saturation level is selected. As a result,

such design methods can lower the winding resistance and

magnetic flux density in the stator core. Especially, the fill

factor increased by using the hairpin winding makes a signif-

icant contribution to the reduction of loss [17].

The third step is to accurately estimate design parameters

such as flux linkage, inductance, and losses using finite ele-

ments analysis (FEA) and an analytical method [18]. The

copper loss of both armature and field winding is calculated

by Joule’s First Law taking into account the operating temper-

ature. The mechanical loss is determined via a no-load test of

the prototype. The eddy current loss in its laminated iron core

is considered in iron-loss data [19]. The iron loss, flux link-

age, and inductancemaps according to the load conditions are

obtained using the armature and field currents. Map data is

calculated for field currents of 0 to 15 Adc, armature currents

of 0 to 450 Arms, and armature current phase angles of −30◦

to 90◦.
Lastly, characteristics of the designed motor such as torque

and power are analyzed by using the parameter analysis

results in the third step. In addition, the efficiency map

according to the load conditions as well as energy efficiency

under the NEDCmode is calculated. As a result of the design

method, both the NEDC efficiency and power density of

the WFSM increased. The feasibility of the proposed design

method and the design result is verified with the load and

efficiency tests.

II. PROTOTYPE AND MECHANICAL LOSS

A. PROTOTYPE AND REQUIRED SPECIFICATIONS

The specifications for the prototype were obtained from

the load test. The experimental setup for the test is shown

in Fig. 2. The test was conducted by controlling the proto-

type’s speed and load torque. The test results and the required

specifications are given in Table 1. The power density was

calculated considering not only the motor core but other com-

ponents such as coil, bearing, brush, and slip ring, etc. Given

FIGURE 2. Test setup of the prototype.

TABLE 1. Specifications of the prototype.

these specifications, the efficiency of the machine is rele-

vant, because there is considerable copper loss in the high-

torque region, and iron loss increased significantly in the

high-speed region. These losses are caused by the motor’s

magnetic saturation and winding resistance, and they are

directly proportional to the current. Therefore, one of the

critical design objectives is to determine the optimal features

of the machine for reducing both iron and copper loss to

maximize the efficiency as well as increasing power density.

B. MECHANICAL LOSS

The mechanical loss of the prototype including its bearing

and brush friction losses were obtained via two different

no-load tests. The reason for adopting these tests is that

exact calculation of the mechanical loss is difficult and time-

consuming as analytical methods and the FEA are applied.

Especially, the mechanical loss data of the prototype obtained

from the no-load tests can be used to design an improved

machine. Firstly, no-load test was conducted with the pro-

totype assembled with the brush and slip ring. The input

power as the total no-load loss was calculated by multiplying

the input current and the measured voltage of the machine.

Secondly, only the dynamo system’s friction loss was mea-

sured by using the same method. For this test to measure the

dynamo friction torque only, however, the brush and slip ring

were removed from the motor. Then, the mechanical loss was
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calculated by subtracting the dynamo’s friction loss from the

total no-load loss [20]. During this process, copper loss was

omitted because the square of the input current was negligibly

small, and iron loss was also neglected because there was

no magnetized iron core in the WFSM under the no-load

condition. The calculated mechanical loss was ultimately

used to design an improvedmodel, as discussed in SectionVI.

III. DETERMINATION OF THE CORE SHAPE

A. FIELD-TURN NUMBER

Magnetomotive force of theWFSM can be represented by the

product of turn number and input current of the field winding.

If the magnetomotive force is constant, the voltage can be

derived in order to determine optimal turn number and input

current. Moreover, as the magnetomotive force and current

density are constant, slot area of the rotor can be determined

in accordance with the turn number of the field winding. This

value can be used as the criterion for determining the tooth

and yoke widths of the rotor. Meanwhile, in case of the

WFSM, the voltage induced by the field winding from the

armature reaction at high speeds can interrupt direct-current

control. Therefore, it is advantageous to lower the induced

voltage when the motor is operated at high speed.

The equation for the field’s induced voltage is as follows:

Vf = If Rf +
dλf

dt
(1)

Parameters can be used to build an equation in relation to

the turn number in order to calculate the optimal value of

the field’s turn number. Assuming that the magnetomotive

force and current density applied to the field are constant,

the induced voltage equation can be expressed as follows:

Vf = Nf

(

l1−turnJf
σ

+
dφf

dt

)

(2)

where,

F = Nf If = constant (3)

Jf =
If

Afieldcoil
=

F

Nf Afieldcoil
= constant (4)

Rf =
l

σAfieldcoil
(5)

l = Nf l1−turn (6)

dλf

dt
= Nf

dφf

dt
(7)

In the preceding equation, Vf is the induced voltage of the

field winding. Nf and If are the number of turns and current

of the field winding, respectively. Jf is the current density

of the field coil, and σ is the conductivity of the coil. F is

the magneto-motive force. Rf is the resistance of the field

winding. Afieldcoil and l1−turn denote the cross-sectional area
and the length of one turn of the field coil, respectively. l is

total length of field coil considering the turn number. λf is

the flux linkage of the field winding, and φf is the flux of the

field winding.

FIGURE 3. Magnetic circuit and equipotential line of the simplified WFSM
model.

In other words, induced voltage can be reduced, and easier

control is possible as less number of turns is applied. How-

ever, less number of turns requires a higher input current for

the same magnetomotive force namely Nf If . Therefore, it is

reasonable to determine magnetomotive force by minimizing

the turn number within range of not exceeding the current

limit. To achieve the same magnetomotive force 2092.5 A·
turns of the prototype, thus, the turn number of the improved

motor can be determined as 145 turns/pole because the input

DC limit is 14.5 A. As a result, the slot area of the rotor

became 590 mm2. These results were reflected in the calcu-

lations of the rotor’s tooth and yoke widths.

B. DETERMINATION OF THE TOOTH AND YOKE

WIDTHS OF THE ROTOR AND STATOR CORES

The tooth and yoke widths of rotor and stator are obtained

through an analytical method in this paper. Their values are

used to minimize magnetic resistance in the magnetic circuit

of the motor. Because the coils in the rotor are concentrated

on one tooth, the flux through the tooth in the center is divided

into two sides at the yoke, and the divided flux passes to

the next tooth. However, as distributed winding is applied

in the stator, the flux through several teeth is divided into

two sides at the yoke, and the divided flux passes along the

flux from the next several teeth to the teeth on the opposite

pole side. The equipotential lines were shown in Fig. 3 to

present these flux paths. In these cases, there are many fluxes

with these paths flowing through the core of rotor and stator.

The average flux path must be determined in order to obtain

the average magnetic resistance. Therefore, assuming that the

middle line of the path is the average flux path, it can be

represented by the black arrows in Fig. 3. When this path is

used as the magnetic circuit to derive the average magnetic

resistance, (8)-(13) can be calculated:

Rrm = 2Rrt + Rry (8)

Rsm = 2
R3st + 3R2stRsy + RstR

2
sy

3R2st + 4RstRsy + R2sy
+ Rsy (9)
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where,

Rrt =
2Dr−Dry−Dshaft

4µxrLstk
, Rry=

π
(

Dry+Dri
)

−2xrsrn

µsrnLstk (Dry−Dri)
(10)

Rst =
Dsy+Ds−2Dsi

8µxsLstk
, Rsy=

π
(

Dsy+Ds
)

µLstk (Ds−Dsy)
(11)

Dry =
2srnxr

π

+

√

(

2srnxr

π

)2

+D2
ri−

4srn

π
(xrDri+Afieldcoil) (12)

Dsy =
2ssnxs

π

+

√

(

2ssnxs

π

)2

+D2
s −

4ssn

π
(xsDs−Aarmcoil) (13)

In the preceding equation, Ds and Dsi are the outer and

inner diameters of the stator, respectively. Dr and Dri are the

outer and inner diameters of the rotor, respectively, Dsy is the

inner diameter of the stator yoke, Dry is the outer diameter

of the rotor yoke, Lstk is the stack length of the core, ssn and

srn are the number of stator slots and rotor slots, respectively,

and xs and xr are the halved stator and rotor tooth widths,

respectively. Dsi can be determined by the rotor diameter Dr ,

and the air-gap lengths Dsy and Dry are calculated using (12)

and (13), respectively, accounting for the slot area determined

from the current density and the number of turns in (3)–(6).

The calculatedmagnetic resistance that varies with xs, xr ,Dsy,

andDry of the 8-pole/48-slot motor is shown in Fig. 3. Finally,

xs, xr , Dsy, and Dry should be determined from the minimum

point of the total reluctances Rsm and Rrm of the motor.

FIGURE 4. Conventional round wire and hairpin type rectangular wire.

IV. COPPER LOSS

A. ARMATURE COPPER LOSS

In this study, for a hairpin winding, the rectangular-wire type

was used. This winding has several advantages. First, the

gap between the tooth and coil is minimized reducing dead

space. In other words, current density of the armature can be

reduced by increasing the cross-sectional area of the wire.

Consequently, as heat generated by the coil which is the

copper loss is reduced, efficiency of motor can increase [17].

Second, a greater number of turns can be obtained in the same

FIGURE 5. Hairpin winding of the stator.

amount of space under the same conditions. In other words,

less space is needed for the same number of turns as shown

in Fig. 4. Therefore, the magnetic flux density of the stator

can be decreased reducing iron loss. Consequently, in this

study, the hairpin type rectangular wire is used for the purpose

of improving the efficiency of the motor. Fig. 5 depicts the

structure for the hairpin winding. Because the winding is

assembled after the hairpin wire is formed, the manufac-

turing process is simplified and the end turn height can be

uniform [17]. Meanwhile, in a high-speed machine, the high

frequencies in AC current result in skin effect, as derived

by (14). In order to avoid this effect, a sufficiently thin coil

must be used.

δ =

√

1

π f µ0µrσ
(14)

where δ and f are skin depth and frequency, respectively [21].

µ0 and µr are the permeability of the free space and the rel-

ative magnetic permeability of the conductor, and σ denotes

the conductivity of the conductor.

In other words, the skin depth is expressed in (14), and the

winding thickness must be thinner than this depth. The fre-

quency at the maximum speed of 10,000 rpm was 0.67 kHz,

and the skin depth was approximately 2.44 mm. Thus, a rect-

angular wire of 2.9 mm × 3.5 mm was selected because the

radius of the circumscribed circle of the rectangular wire is

smaller than the calculated skin depth.

After the wire is selected, the copper loss can be calculated,

even when accounting for the end coil. It is assumed that

the coil is wound evenly inside the slot. Because distributed

winding is applied to the stator, the average coil span A and

temperature can be considered when calculating the resis-

tance including that of the end coil as shown in Fig. 6(a).

The stator’s winding resistance can be expressed by the

following equation:

Ra = ρc ·
2 · (Lstk + π (A/2)) · Nph

π · r2s
·
[

1 + α ·
(

T − 20◦C
)]

(15)

where Nph is the number of turns in series per phase, respec-

tively, rs is the radius of the stator coil, T is the operating
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FIGURE 6. Average coil span A and B, and the average height C of the
end coil (a) in stator and (b) in rotor.

temperature in ◦C, ρc is the resistivity of copper at 20◦C,
and α is the temperature coefficient of the resistivity. In the

improved model, the end coil was shortened by the hairpin

winding. And the improved model’s phase resistance was

6.75 m�, which is 17% less than the prototype’s resistance at

8.25 m�. This result suggests that copper loss can be reduced

and increase the NEDC efficiency.

B. FIELD COPPER LOSS

The current induced to the field winding may fluctuate due

to the armature reaction although the current of field winding

is DC. The magnitude of these fluctuations might be small,

but because the frequency is high, the skin effect is considered

as well. The frequency of the current ripple at its maxi-

mum speed is approximately 4.6 kHz with an approximate

skin depth of 0.97 mm. Therefore, a coil with a diameter

of 0.95 mm, which is thinner than the skin depth, was used for

the field winding. The field winding was wound around each

tooth per pole. An analytical method was used to calculate

the resistance in consideration of the end coil, as shown in

Fig. 6(b). In the Fig. 6(b), the average coil span B and end-

coil height C were assumed. The field winding resistance

calculated with these values is derived as follows:

Rf = ρc ·
2 · (Lstk + B+ 2C) · Nf

π · r2r
·
[

1 + α ·
(

T − 20◦C
)]

(16)

where, Nf is the number of turns in the field winding, and rr
is the radius of the field coil of motor.

V. IRON LOSS

A. CORE MATERIAL SELECTION

A motor’s performance at high speed is limited by iron loss.

Iron loss is proportional to the magnetic flux density and

frequency. It is important to minimize iron loss under load

conditions. A silicon steel plate of 35PN230 with a thickness

FIGURE 7. B-H curves of the electrical steel 35PN230 and 35PN440.

FIGURE 8. Iron loss characteristics of the electrical steel 35PN230
and 35PN440.

FIGURE 9. Calculation process of the iron loss.

of 0.35 mm was used for the prototype’s stator and rotor.

30PN440 is an isotropic material and used in the improved

model to minimize iron loss. As shown in Fig. 7, the electrical

steel 35PN440 provides higher magnetic flux density about

8 % than 35PN230. Therefore, input current can be reduced

to achieve the required torque. As a result, it is expected that

the efficiency of the machine can be increased even though

the core loss of the 35PN440 is slightly higher than that of

the 35PN230 at the same condition as shown in Fig. 8.

B. IRON LOSS CALCULATION

Fig. 9 shows the method for calculating iron loss using the

FEA. Five steps were used, in accordance with changes in the

armature’s input current and phase angle. The harmonics in

the magnetic flux density in the radial and normal directions

were taken into account up to the 30th order. This process
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FIGURE 10. Iron loss distribution in the motor core, and iron loss
according to the armature currents and currents phase angles.

was repeated for every renewal of field current. The process

for calculating the iron loss is as follows [12], [22]:

1) Using nonlinear analysis of the finite elements, the mag-

netic flux density is calculated for each element for one period

of the electrical angle. Themagnetic flux density is calculated

in the radial and tangential directions.

2) The previously calculated magnetic flux density is

expanded into a Fourier series. The magnetic flux density

is calculated with the amplitudes and phases divided for the

fundamental and harmonic waves.

3) Using the iron-loss data from the electrical steel plate,

the magnetic flux density and phase are calculated. Iron loss

is calculated by taking account of the frequency, whose values

are obtained from the experiment.

4) All of the iron loss in each element from fundamental

and harmonic waves is calculated and summed. The iron

loss in each element for one electrical angle period can be

calculated.

5) The iron loss in all of the elements used in the FEA is

added together. Thus, the iron loss for the motor under load

can be calculated. The input current and phase of the field

and armature are modified, and the process is repeated from

Step 1.

Fig. 10 depicts the plot of iron loss with respect to the

armature’s input current and phase angle. Given the iron loss

map, as the speed increases, iron loss does as well, and as the

phase angle decreases, iron loss increases.

VI. DESIGN RESULT AND VERIFICATION

A. CHARACTERISTICS OF THE DESIGNED WFSM

In this study, the motor’s performance was predicted based

on an equivalent circuit. The performance can be predicted

by using voltage and torque equations used to build the

equivalent circuit [23], [24]. The voltage considering the iron

loss obtained from the FEA was derived from (17) and (18):

[

vd
vq

]

= Ra

[

iod
ioq

]

+
(

1 +
Ra

Rc

) [

vod
voq

]

+ p

[

Ld 0

0 Lq

] [

iod
ioq

]

(17)

[

vod
voq

]

=
[

0 −ωLq
ωLd 0

] [

iod
ioq

]

+
[

0√
3ωψf

]

(18)

The torque was calculated with (19) considering the

mechanical loss determined experimentally

T = Pp{(Lf If ioq) + (Ld − Lq)iod ioq} − (Pmech/ωm)

×





iod = id − icd , ioq = iq − icq,

icd = −
ωLqioq

Rc
, icq =

ω(ψf + Ld iod )

Rc

(19)

where,id and iq are the d- and q-axis armature currents,

respectively, vd and vq are the d- and q-axis voltages, respec-

tively, iod and ioq denote the currents subtracted the d- and

q-axis currents resulting in the iron losses from the input

currents id and iq, respectively, Ra is the phase resistance

of the armature winding, Rc is the equivalent resistance of

the iron loss, Ld and Lq are the d- and q-axis inductances,

respectively, p is the differential operator as d/dt, ψf is the

rms flux linkage of the field winding, Pp is the number of

pole-pairs, and ω and ωm are the electrical and mechanical

speeds, respectively, in rad/s. For the parameters in each

equation, the field’s magnetic flux, d , q-axis inductance,

and iron loss under the load conditions were obtained via

the nonlinear FEA; the operating point of the machine was

calculated considering all load conditions.

FIGURE 11. Iron loss of the prototype and improved model according to
the speed.

Fig. 11 represents the iron loss calculated from the FEA.

By using the iron loss and (20), iron loss resistance Rc
can be calculated, and the calculated resistance was used

in (17)-(19).

Rc =
V 2
o

Piron
(W) (20)

The shaft, bearing, slip ring, and brush for the improved

motor are the same as those of the prototype. Therefore,

the mechanical loss obtained from the no-load test of the

prototype, as described in Section II (B) can be used to design

the improved motor as it is. Fig. 12 shows the measurements

of mechanical loss tested at up to 9,000 rpm. Experimental

mechanical loss values were interpolated as (21), and it was

used to calculate torque by using (19). The loss is varied
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FIGURE 12. No-load test results.

FIGURE 13. The configuration of the improved motor as
the proposed design result.

TABLE 2. Specifications of the designed motor.

with speed, where n is the rotor speed in rpm. In this equa-

tion, n cannot be zero, or Pmech will also be zero.

Pmech = c1 + c2 · n+ c3 · n2(W)

×





c1 = 10.93643 (W)

c2 = 1.1876 × 10−1 (W/rpm)

c3 = −9.33023 × 10−7 (W/rpm2)

(21)

The configuration of the improved motor as the proposed

design result is shown in Fig. 13, and the specifications of the

motor fulfilling the requirements are shown in Table 2. As the

results, the stack length of the improved motor is 118 mm.

FIGURE 14. Output torque according to the armature current, current
phase angle, and the field current.

FIGURE 15. Simulation and test results of the performance and
the efficiency of the improved model (a) rated power and
(b) maximum power.

It is the value decreased by 8.5 % comparing to 128 mm of

the prototype.

To verify the validity of the design, the designed motor was

set up and an experiment was conducted. The drive method

of the motor was the maximum efficiency control as shown

in Fig. 14. Fig. 15 provides a comparison between simulation

results and test results of the torque and the efficiency at each

speed. The reliability of the analytical results was verified

with errors of less than 1% for the entire region. The motor’s

maximum efficiency at 40 kW and 6,000 rpm was 96.5%.

B. ENERGY EFFICIENCY

In this paper, the efficiency was calculated by considering the

battery’s input and output energy. Equation (22) provides the

method for calculating energy efficiency where the efficiency

VOLUME 7, 2019 46683
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FIGURE 16. Output power variation in the NEDC mode.

TABLE 3. Energy efficiency in NEDC mode.

of the motor at its primary speeds can be predicted.

effenergy =
∫ t
0 Poutdt
∫ t
0 Pindt

× 100(%) (22)

The NEDC was considered when calculating the energy

efficiency in the main driving region. A vehicle’s driving

points in NEDC can be expressed in terms of the velocity and

torque at that point, as shown in Fig. 1, Section I. As shown

in Fig. 16, the unit of the velocity can be changed to rad/s,

and that of the torque to Nm, generating a plot of the torque

with respect to time. The results of the energy efficiency are

shown in Table 3. The energy efficiency of the improved

model was 0.7% higher that of the prototype despite the

power density was increased. Fig. 17 shows the experimental

values of the maps for the prototype and the improvedWFSM

comparing their respective efficiency. In Fig. 16(a) and (b),

the maximum efficiency of the two models are the same.

As shown in Fig. 17(c), however, in the region that includes

the NEDC driving points, the improved model tended to

be more efficient. The improved design was somewhat less

efficient at high-velocity and -torque regions. Ultimately,

enhancing the efficiency in the entire region was overly ambi-

tious, but considering the pattern in the main driving region,

the improved model demonstrated advantages in terms of

the vehicle system. Fig. 18 presents the improved motor’s

volume, torque density, and efficiency. As a result of the

proposed design, the volume of the designedmodel decreased

and the power density and the efficiency in the NEDC cycle

increased. The maximum output, torque, and velocity were

equal to those of the prototype, and volume of the motor

decreased by approximately 8.5% in order to increase the

torque density. The motor’s torque density thus increased by

8.5 %, from 2.12 kW/kg to 2.30 kW/kg.

FIGURE 17. Efficiency map (a) of the prototype, (b) of the improved
model, and (c) difference of the efficiency between the prototype
and the improved model.

FIGURE 18. Comparison of the performance between the prototype and
the improved model.
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VII. CONCLUSION

This paper suggests a design method for 120 kW/10,000 rpm

high-speed WFSM for vehicle traction. The appropriate core

material was selected considering its material characteristics.

In addition, the paper deals with design parameters such

as the widths of the teeth and the yoke of the core and a

hairpin-type armature winding, and it discussed methods for

evaluating the mechanical, copper, and iron loss in order

to maximize the efficiency in the NEDC based on FEA,

experimental, and analytical approaches. The results indicate

that the improved model was well designed and considered

the pattern in the main driving region. Furthermore, a motor

that fulfills the required specifications was designed. With

the proposed method, the volume of this motor was reduced

and the power density increased by approximately 8.5 %.

In addition, energy efficiency increased by approximately

0.7 % considering the NEDC. Finally, the effectiveness of

the motor was verified experimentally. Thus, it is expected

that the performance of the electric vehicle system can be

improved as a result of the proposed design method and using

the designed motor.
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