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ABSTRACT This paper presents a 12 V mechanical torque converting belt-driven integrated starter and
generator (BSG) system without a DC-DC converter. A micro hybrid electric vehicle (micro HEV) typically
uses a 12 V battery with a 12/48 V bidirectional DC-DC converter to satisfy its high starting torque and wide
operating speed for generating the required power. In contrast, the proposed BSG consists of a wound field
synchronous machine (WFSM), planetary gears, and a belt-type pulley, which does not require an additional
bidirectional DC-DC converter. Owing to the mechanical torque converter, the proposed BSG system
produces a high starting torque in starter-mode with a 12:1 gear ratio, and it operates in generator-mode
with a 1:2 gear ratio to satisfy the required target specifications. To verify that the proposed BSG system
meets the required target design specifications, simulations using MATLAB/Simulink 2018b and ANSYS
electromagnetic 19.0 were performed. Additionally, the experimental results verify that this proposed BSG
meets the required starter and generator modes specifications. Based on an analysis of the cost and vehicle
environment conditions, the proposed BSG provides an efficient solution to the high cost issue incurred by
a micro-HEV that requires a DC-DC converter system.

INDEX TERMS Belt-driven starter and generator, field-current control, mechanical torque converter, micro
hybrid electric vehicles, wound field synchronous machine.

I. INTRODUCTION
A. RELATED WORK AND MOTIVATION
Owing to the increased fuel efficiency regulations required
of automobile manufacturers and the increased demand for
high fuel economy from consumers, hybrid electric vehi-
cles (HEVs) has been developed [1]–[3]. These HEVs are
classified asmicroHEVs,mildHEVs, and full HEVs depend-
ing on the operating voltage and electrical power level.
Among these HEVs, this study focuses on micro HEVs that
use a 12 V battery, because the need for these micro-HEVs
has steadily increased in the market [3].

The first-generation micro-HEV employs a 12 V battery
system that uses an enhanced starter motor with a separate
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alternator to implement an idle stop-and-go function, as pre-
sented in TABLE 1. The second-generationmicro-HEV, pow-
ered by a 12 V battery, uses a belt-driven integrated starter
and generator (BSG) [4], [5]. As presented in TABLE 1, this
boost-type BSGmicroHEVoffers an improved fuel economy
with a voltage-boosting system such as an additional DC-DC
converter. This is because the size of the 12 V battery pow-
ered BSG can be increased to produce the torque required
in starter-mode. In other words, a high current is required
by starter-mode operation of a 12 V BSG system [6], [7].
Therefore, to resolve the design and high current issues of
the BSG, this boost-type BSG typically requires an additional
DC-DC converter to step up the 12 V battery voltage to the
BSG operating voltage (i.e., 48 V) [8].

This boost-type BSG micro HEV entails an additional
manufacturing cost because of the required additional
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TABLE 1. Comparison of micro HEVs powered by a 12 V battery.

DC-DC converter. As presented in TABLE 1, the manufac-
turing cost of this boost-type BSG micro-HEV system is
higher than that of the first-generation micro-HEV system
according to the original automotive equipment manufacturer
[4]–[8]. The boosting power conversion stage also requires
additional mounting space and many electronic components,
including a controller, resulting in increased complexity of
the overall system [4]–[8]. In addition, complete insulation
between 12 V and 48 V is required for the protection and
safety of electronic components in the vehicle.

In addition, a BSG micro HEV requires a wide operating
range of power generation under various load conditions to
improve the fuel efficiency and charge the battery. When a
DC motor is used for a micro HEV BSG system, there is a
limitation on the wide operating range due to the limitation of
the stator voltage during high-speed operation [9]. Achieving
a wide power generation range under various load conditions
requires field-weakening control at high speed [10], [11].
In addition, to satisfy the voltage limitation in high-speed
operation, parameters such as the stator, rotor, and windings
should be considered [10], [11].

To resolve these issues, a wound field synchronous
machine (WFSM) with a mechanical torque converter for a
12 V BSG micro-HEV (see TABLE 1) is proposed. When
this WFSM is used as a BSG, operation at high speed
under field-weakening control is possible. It also has a high
power factor and a wide operating range in power generation,
which are important for the BSG function [12], [13]. This
WFSMwith a mechanical torque converter has different gear
ratios in accordance with the clockwise (CW) direction in
the starter-mode and the counterclockwise (CCW) direction
in generator-mode. As a result of the high gear ratio in
starter-mode of the proposed BSG system, the 12 VBSGwith

a mechanical torque converter can achieve the required high
starting torque. In other words, the proposed BSG system
that uses a pulley, planetary gears, and a 12 V BSG can
produce a high torque without a DC-DC converter. Hence,
if this mechanical torque converter is applied, the BSG and
the entire control system can be simplified. For detecting the
defects of this mechanical torque converter, vibration-based
techniques can be used, which are widely used as methods for
diagnosing defects in planetary gears [14], [15]. As given in
TABLE 1, its production cost can be reduced in comparison
with that of the voltage-boosting-type BSG system. Addition-
ally, the proposed WFSM for a 12 V BSG micro-HEV uses
a field-weakening control to satisfy a wide power generation
range under various load conditions [16], [17]. Because the
proposed WFSM BSG system controls the field current with
Hall sensors, it is possible to simplify the control method and
reduce the cost of the control system [18], [19]. Therefore,
the proposed WFSM with a mechanical torque converter is
particularly useful for a BSG system requiring a high torque
in starter-mode and a wide power generation range.

B. PAPER CONTRIBUTION
The main contributions of this study are summarized as
follows:
• Solution for the unit cost issue of the boost-type BSG
system: By replacing the various electronic components
that make up the boosting system with a structurally
simple mechanical torque converter, the proposed 12 V
BSG system results in a more cost-effective solution.

• Analysis of electrical and mechanical effects of the 12 V
BSG according to component temperature variation:
By comparing variations in electrical characteristics
of power semiconductors and variations in mechanical
characteristics of the mechanical torque converter, it was
derived that the proposed mechanical torque converter
has a lower influence at high temperature.

• Suggestion of suitable 12 V BSG motor type selection
method: Through the proposed algorithm for satisfy-
ing required characteristics, it can be confirmed which
motor type (PMSM, WFSM) is suitable for the 12 V
BSG before design.

• Performance verification of the proposed 12 V WFSM
BSG with a mechanical torque converter system: The
proposed 12 V WFSM BSG with a mechanical torque
converter was shown to exhibit the required starting
torque and a wide power generation range under var-
ious load conditions for a 12V micro-HEV through
simulation and experimental analysis.

C. PAPER STRUCTURE
To demonstrate this 12 V BSG system, the remainder of this
paper is organized as follows. Section II presents an electrical
and mechanical effects comparison of a bidirectional DC-DC
converter and the mechanical torque converter according
to temperature variation. In addition, through the proposed
algorithm, which motor type (PMSM, WFSM) is suitable
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FIGURE 1. Boost-type BSG using a 12/48 V bidirectional DC-DC converter.

TABLE 2. Parameters of the 12/48 V bidirectional DC-DC converter.

for the 12 V BSG system is presented. Section III describes
the simulation studies of starter and generator modes with
MATLAB/Simulink and ANSYS electromagnetic 19.0 to
verify the bidirectional control algorithm for the proposed
WFSM BSG with target specifications. Section IV presents
experimental results that demonstrate the performance of the
proposed WFSM BSG system; the results demonstrate that
this WFSM BSG system is suitable for a 12 V micro HEV
BSG system. Finally, Section V concludes this paper with
summaries and findings.

II. 12 V WFSM BSG WITH A MECHANICAL TORQUE
CONVERTER
A. COMPARISON OF A 12/48 V BIDIRECTIONAL DC-DC
CONVERTER AND MECHANICAL TORQUE CONVERTER
In this section, the operating characteristics and cost of
between a 12/48 V bidirectional DC-DC converter and the
proposed mechanical torque converter are compared. First,
the schematic of the 12/48 V bidirectional DC-DC converter
type BSG is shown in Fig. 1, and the 12/48 V bidirectional
DC-DC converter parameters are presented in TABLE 2.
In starter-mode, the bidirectional DC-DC converter oper-
ates in boost-mode. In generator-mode, the bidirectional
DC-DC converter operates in buck-mode for battery charg-
ing. The 12/48 V bidirectional DC-DC converter applied to
a micro-HEV generally uses a full-bridge/push-pull struc-
ture [20]. Therefore, a full-bridge/push-pull structure of the
12/48 V bidirectional DC-DC converter was analyzed in this
section. In buck-mode, phase shifted pulse width modulation

FIGURE 2. Switch voltage spikes of the manufactured bidirectional DC-DC
converter in boost-mode.

is implemented with zero-voltage-switching (ZVS). How-
ever, the 12/48 V bidirectional DC-DC converter has high
voltage spikes of switches (S1, S2) in boost-mode as shown
in Fig. 2. These high voltage spike of switches (S1, S2)
may cause severe damage in the power conversion operation.
As a solution to the high voltage spike of switches (S1, S2),
a snubber circuit using resistors and capacitors or the active
clamping method with additional switches is employed [21],
[22]. Although these methods can solve the high voltage
spike of switches, they reduce the efficiency and increase the
volume and cost.

Generally, the 12/48 V bidirectional DC-DC converter is
installed in the vehicle engine room. For this reason, it is
necessary to consider the case that the ambient temperature
of the 12/48 V bidirectional DC-DC converter increases up
to 125 ◦C [23]. Among the main power losses in DC-DC
converter operation, the power loss caused by the switches is
the largest. Therefore, this section analyzes the variation
in the switching loss with the ambient temperature varia-
tion. For the designed 12/48 V bidirectional DC-DC con-
verter switches (S1, S2), considering the high voltage spikes,
IRFB4110PBF of Infineon Technologies was used. The loss
occurring in the switches consists of the switching loss
and conduction loss. The switching loss (Psw,loss) is deter-
mined by the switching frequency (fsw) and rising/falling time
(trising, tfalling) of the switch drain to source voltage (VDS ).

Psw,loss = 0.5× VDS × IDS × (trising + tfalling)× fsw (1)

The rising/falling time is proportional to the switch internal
capacitance. Even if the ambient temperature changes from
25 ◦C to 125 ◦C, the variation in the internal capacitance is
less than 10 %. Thus, the variation in the rising/falling time
of VDS is less than 10 %. For this reason, the switching loss
variation with ambient temperature variation can be omitted.

However, the conduction loss of the switch is greatly
affected by the ambient temperature variation. The switch
junction temperature (TJ ) according to the ambient
temperature (Ta) is as follows.

TJ = Ta + Rθ (j−a) + Rθ(j−c) + Rθ (c−s) (2)

where Rθ (j−a) is the switch junction to ambient thermal resis-
tance, Rθ (j−c) is the switch junction to case thermal resistance
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and Rθ (c−s) is the switch case to heat sink thermal resistance.
Rθ (j−a), Rθ (j−c) and Rθ (c−s) are values that can be changed
according to the heat dissipation system by the designers.
Even if the values ofRθ (j−a),Rθ (j−c) andRθ (c−s) are very small
according to the heat dissipation system design, the variation
in Ta directly affects TJ . Therefore, to analyze RDS,on and
the variation rate in the conduction loss (PCond,loss) with the
variation in Ta, this section assumed that the values of Rθ (j−a),
Rθ (j−c) and Rθ (c−s) are very small due to the heat dissipation
system using fans or a water cooling system. The PCond,loss of
switches (S1, S2) is calculated by the drain to source current
(IDS ) and RDS,on.

PCond,loss = I2DS × RDS,on (3)

In the case of Ta is equal to 25 ◦C, RDS,on is 3.7 m�,
and PCond,loss in each switch (S1, S2) is 83.25 W under the
maximum load condition. When Ta rises to 125 ◦C according
to the vehicle engine room temperature, RDS,on increases to
approximately 6.7 m�. At this time, the PCond,loss occurring
in each switch (S1, S2) is approximately 148.5 W under
the maximum load condition. The switch conduction loss
variation with the ambient temperature is as follows, (4)–(6),
as shown at the bottom of the page, Therefore, the variation
in the conduction loss factor with the temperature variation
of the switch is approximately 78.37 %.

In this section, the raw materials cost of the 12/48 V
bidirectional DC-DC converter and the mechanical torque
converter are compared by configuring the actual hardware.
TABLE 3 shows the main components, quantities and cost of
the 12/48 V bidirectional DC-DC converter designed based
on TABLE 2. The total cost of the 12/48 V bidirectional
DC-DC converter was set in TABLE 3 according to the costs
from the online retailers (Digikey,Mouser).

The gear information of the planetary gears for proposed
mechanical torque converter is shown in TABLE 4. The
gear type of the mechanical torque converter is a spur gear
type. The number of teeth of the sun gear, planetary gear
and ring gear are 16 T, 32 T and 80 T, respectively. Each
gear and shaft of the designed mechanical torque converter
is made of SCM415 material for high gear strength and
wear. SCM415 contains 0.13 ∼ 0.18 % carbon and is widely
used in fields requiring high durability [24]. The frictional
losses in gears are determined by the thermal expansion
coefficient of the material with temperature variation. When
SCM415 is applied to the mechanical torque converter,
the thermal expansion coefficient is 12.2 µm/m◦C. Accord-
ing to this thermal expansion coefficient, the variation in

TABLE 3. Main components and cost of the 12/48 V bidirectional DC-DC
converter.

TABLE 4. Gear Information of the proposed mechanical torque converter.

the thermal expansion coefficient with vehicle engine room
temperature is very slight. Therefore, the proposed BSG with
the mechanical torque converter can avoid the friction loss
occurring in the gear according to the vehicle engine room
temperature.

However, to configure the mechanical torque converter
with SCM415, the inherent yield strength according to the
temperature must be considered. Yield strength refers to
the critical stress at which permanent deformation occurs.

Conduction loss factor at 25oC =
83.25[W]
1800[W]

× 100% = 4.625% (4)

Conduction loss factor at 125 oC =
148.5[W]
1800[W]

× 100% = 8.25% (5)

Variation conduction loss factor =
Conduction loss factor at 125oC− Conduction loss factor at 25oC

Conduction loss factor at 25oC
=78.37% (6)
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When the ambient temperature of the mechanical torque con-
verter increases up to 125 ◦C according to the vehicle engine
room temperature, the inherent yield strength of SCM415 is
600 MPa or higher [25]. Even though SCM415 has high
strength, it is necessary to analyze the variation in yield
strength and safety factor in order to apply it to the vehicle
gear. The relationship between the yield strength and safety
factor is as follows.

Safety factor =
Yield stress

Working stress
× 100% (7)

where Yield strength means the inherent yield strength
according to the temperature of the SCM415, and Working
stress means the strength exhibited by the gear according to
the conditions applied to the gear. In this case, assuming that
Working stress is k , the variation in the safety factor according
to the temperature variation of SCM415 can be derived.When
the temperature of SCM415 is 25 ◦C and 125 ◦C, the inherent
yield strengths of SCM415 are approximately 620 MPa and
610 MPa, respectively. The safety factor variation according
to the temperature variation of SCM415 is as follows:

Safety factor at 25oC

=
620 [MPa]

k
× 100% (8)

Safety factor at 125oC

=
610 [MPa]

k
× 100% (9)

Variation safety factor

=
Safety factor at 25 oC−Safety factor at 125 oC

Safety factor at 25 oC
=1.64%

(10)

Therefore, since the variation in the safety factor according
to the temperature variation of SCM415 is approximately
1.64 %, it can be derived that SCM415 has sufficient
durability according to the temperature variation.

With the ambient temperature variation, the 12/48 V
bidirectional DC-DC converter affects the electrical char-
acteristics, and the mechanical torque converter affects the
mechanical characteristics. In the case of the 12/48 V bidi-
rectional DC-DC converter, the electrical characteristic (con-
duction loss factor) variation with the ambient temperature
variation is 78.37 %. However, in the case of the mechan-
ical torque converter, the mechanical characteristic (safety
factor) variation with the ambient temperature variation is
1.64 %. Therefore, the mechanical torque converter can
operate more stably than the 12/48 V bidirectional DC-DC
converter.

The weight of the planetary gears is 11.17 kg, as presented
in TABLE 4; thus, the percentage change in the micro-HEV
weight is slight. In addition, the fuel economy variation
with installation of the mechanical torque converter can be
derived [26].

Fuel economy = −0.01× Vehicle weight + 117 (11)

TABLE 5. Target characteristics of 12 V BSG operation.

Assuming that the weight of the typical micro HEV is
1,500 kg, the fuel economy variation with the installation of
the mechanical torque converter is derived as approximately
0.001 %. Therefore, it is considered that the influence of the
fuel economy change due to the mechanical torque converter
weight in a micro-HEV is insignificant.

Based on the comparison and analysis, a 12 V BSG sys-
tem using a mechanical torque converter can be constructed
simply with a lower cost. When comparing the maintenance
cost incurred by component replacement due to fault andwear
of the DC-DC converter and the planetary gear, the cost of
failure-prone components of the DC-DC converter such as
switches, capacitors and drivers is higher than the manufac-
turing cost of the mechanical torque converter, as presented
in TABLE 3 and TABLE 4. Therefore, when a mechanical
torque converter is mounted on a 12 V BSG system, it is
possible to operate the BSG system with high durability
while solving the unit cost issue of the boost-type BSG
system.

B. COMPARISON OF MOTOR TYPES FOR 12 V BSG
SYSTEM
In case the of a belt-driven integrated starter and generator
(BSG), a permanent magnet synchronous machine (PMSM)
and a wound field synchronous machine (WFSM) are gen-
erally used. A PMSM has the advantages of high torque and
high efficiency [27], [28].

However, in the micro-HEV using a 12 V BSG, the input
voltage for driving the BSG is low. Thus, it is necessary to
test whether the PMSM is applicable to the 12 VBSG system.
In this section, whether the PMSM is applicable to the 12V
BSG is tested based on the required characteristics (torque
and voltage limit in a high speed range). TABLE 5 lists the
target characteristics of the 12 V BSG system.

The voltage limit value (Vlimit ) of the motor is generally
determined by the input voltage and the control method.
There are typically three control methods: space vector pulse
width modulation (SVPWM), sinusoidal pulse width mod-
ulation (SPWM) and the 6-step control method [29]–[31].
According to control methods (SVPWM, SPWM and 6-
step), the voltage limit values with a 12 V input voltage
are shown in TABLE 6. The stator phase voltage (Vabc) is
derived through the stator phase voltage equation. When Vabc
exceeds Vlimit , operating the motor is impossible. The output
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TABLE 6. Voltage limit value according to the control methods.

FIGURE 3. Algorithm for deriving the maximum output torque and
minimum stator phase voltage.

torque(T ) can be calculated by the parameters from the stator
phase voltage equation.

Vabc = ωr

√(
Ld id + λpm

)2
+
(
Lqiq

)2
≤ Vlimit (12)

T =
3
2
p
(
λpmiq +

(
Ld − Lq

)
id iq

)
(13)

where Ld is the d-axis inductance of the rotor, Lq is the q-axis
inductance of the rotor, id and iq are the d-axis and q-axis
currents of the stator, respectively, ωr is the rotor electrical
angular velocity, p is the numbers of poles and λpm is the
magnet flux from the permanent magnet.

Fig. 3 shows an algorithm that shows how to find the max-
imum output torque (T ) and minimum stator phase voltage
(Vabc). In Fig. 3, Section 1 represents a process for finding
common parameters from output torque and stator phase
voltage equations. Section 2 represents a process for reducing
the number of parameters using relationships of parameters
(Ld , Lq, id and iq). These parameters have a dependent
relationship with each other. The following equations show
the dependent relationships of these parameters (Ld , Lq, id
and iq).

δ =
Lq
Ld

(14)

id = − Ia sinβ (15)

iq = Ia cosβ (16)
∂T
∂β
=

3
2
p
(
−λpmIa sinβ +

(
Ld − Lq

)
I2a cos 2β

)
= 0

(17)

FIGURE 4. Stator phase voltage distribution at the rated speed.

where δ is the inductance ratio, Ia is the stator phase current
and β is the angle at which the maximum torque occurs. This
section uses inductance ratio values that lie within the range
of the PMSM (1.2 to 2.5) [32]. In addition, it is possible to
calculate the d-axis and q-axis inductance of the rotor by
using Ia and β. β is determined as the angle at which the
maximum torque occurs within the angle range of 0 ∼ 90.
In (17), β is calculated from λpm, Ld , Lq and Ia. By selecting
the region of the inductance ratio, β and variable combi-
nations (Ld , Ia and λpm), it is possible to derive the output
torque and stator phase voltage distribution. However, it is
difficult to show the distribution using 3 variables (Ld , Ia
and λpm). Therefore, this paper, an additional condition (Ia
range: 0 ∼ 20 A) is added to present the distribution map.
In Fig. 3, Section 3 represents comparing each output torque
and stator phase voltage obtained for different combinations
of parameters (Ld , Ia and λpm). When the maximum output
torque andminimum stator phase voltage are determined, it is
possible to derive the distribution map.

Through these distribution maps, it can be determined
whether the PMSM motor satisfies the target specification
conditions (torque and voltage limit in a high speed range).
With the combination of these 3 variables (Ld , Ia and λpm),
voltage and torque distribution graphs can be obtained as
shown in Fig. 4 and Fig. 5. The PMSM has a section
that satisfies the voltage limit value at the maximum speed
(10,000 rpm) as shown in Fig. 4. However, the torque required
for the maximum speed (10,000 rpm) does not lie in the
voltage limit satisfying section, as shown in Fig. 5.

To satisfy the required torque at the maximum speed,
the stator current must be increased. Fig. 6 shows the voltage
limit ellipse and armature current limit circle according to the
speed of the PMSM. The voltage limit ellipse equation is (12),
and the armature current limit circle equation is Ia2 = Id2 +
Iq2 . The range of the voltage limit ellipse is inversely pro-
portional to the speed of the PMSM. As the speed increases,
the overlap with the armature current limit circle decreases.
To operate the motor, the voltage limit ellipse should pro-
duce a crossing point with the armature current limit circle.
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FIGURE 5. Maximum torque distribution at the maximum speed.

FIGURE 6. Variations in PMSM voltage limit ellipse and armature current
limit circle.

However, if the speed of the PMSM continues to increase,
then a crossing point does not occur (see voltage limit ellipse
2 in Fig. 6). In this case, the voltage limit ellipse must be
moved to the right or the armature current limit circle must
be increased to produce a crossing point. Considering the
voltage limit, it is impossible to increase the size of the
armature current limit circle. Therefore, it is appropriate to
move the center point of the voltage limit ellipse to the right.
The center point of the voltage limit ellipse is determined by
the magnetic flux of the rotor (λpm). However, the PMSM
magnetic flux of the rotor (λpm) is determined by the per-
manent magnet. Therefore, to solve this problem, the WFSM
which can control the field flux (λf ), is used. Replacing λpm
with λf , the voltage limit ellipse equation of the WFSM is as
follows. (

id +
λf
Ld

)2
(
Vmax
ωrLd

)2 + i2q(
Vmax
ωrLq

)2 = 1 (18)

Fig. 7 shows the WFSM voltage limit ellipse and current
limit circle. As the magnitude of the field flux decreases
(field current decreases), the value of λf /Ld decreases. Thus,
the center of the voltage limit ellipse moves to the right and
close to the origin and the armature current limit circle (see
voltage limit ellipse 2 in Fig. 7). Through this field-current
control, the WFSM can be operated at high speed with a
limited input voltage (12 V).

FIGURE 7. Variations in WFSM voltage limit ellipse and armature current
limit circle.

TABLE 7. Parameters of the 12 V WFSM BSG design.

For these reasons, in this paper, the WFSM was applied
to the 12 V BSG requiring a wide operating range of power
generation under various load conditions. The parameters of
the 12 V WFSM BSG are listed in TABLE 7. In addition,
by considering the magnitude of the non-load back electro-
motive force (back EMF) and the air magnetic flux density,
a 12-pole, 36-slot, 6-step model with a concentric winding
method was selected. Because the available battery voltage
of micro-HEVs is very low, a delta connection (i.e., 1 con-
nection) was chosen to increase the voltage utilization rather
than a Y connection.

C. 12 V WFSM BSG SYSTEM WITH A MECHANICAL
TORQUE CONVERTER
Fig. 8 illustrates the detailed size and configuration of the
proposed 12 V WFSM BSG with a mechanical torque con-
verter, and TABLE 8 lists gear ratios of the 12VWFSMBSG.
Gear information of the planetary gears is shown in TABLE
4. The belt-type pulley connected to the planetary gears has a
2:1 gear ratio in starter-mode and a 1:2 gear ratio in generator-
mode. For the mechanical torque converter, a 6:1 planetary
gear ratio is used in starter-mode, and a 1:1 planetary gear
ratio is used in the generator-mode. Therefore, for the pro-
posed BSG with a mechanical torque converter system, its
gear ratios are 12:1 in starter-mode (i.e., the clockwise direc-
tion) and 1:2 in generator-mode (i.e., the counterclockwise
direction) when a pulley is considered, as depicted in Fig. 8.
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FIGURE 8. Configuration of the proposed 12 V WFSM BSG system.

FIGURE 9. Load characteristic torque–speed curves of the proposed
WFSM BSG system with the mechanical torque converter.

Because of the high gear ratio, the low starting torque issue
with the 12 V BSG can be resolved with the mechanical
torque converter. However, a WFSM BSG requires either a
brush and slip-ring assembly or a brushless exciter to supply
its field current. A brush and slip-ring assembly may cause
abrasion, and a brushless-exciter-type WFSM has size and
control issues [6]. To decrease the overall size of the sys-
tem and simplify its control, we used a brush and slip-ring
assembly to supply the field current with a 12 V battery in
the proposed 12 V WFSM BSG system. To reduce the wear
rate of the system brush and slip-ring assembly, we used
carbon brushes with higher rated current and sufficient hard-
ness to guarantee reliable operation of the proposed 12 V
WFSM BSG system during the lifetime of the micro-HEV.
The simple structure, simple control method, and highly
durable material of the 12 V WFSM BSG can overcome the
maintenance issues of a mechanical torque converter.

Fig. 9 presents the load characteristic curves of the pro-
posed BSG with the mechanical torque converter in starter
and generator modes. The starting torque required for the
target micro-HEV engine is above 100 N·m. To achieve the
required high starting torque, the conventional BSG with

TABLE 8. Gear ratios of the proposed 12 V WFSM BSG.

FIGURE 10. Proposed 12 V WFSM BSG control method without a
voltage-boosting converter.

a 12 V battery requires a high discharge current from the
battery in a short time; this may exceed the battery capacity.
However, the required starting torque of the 12 V WFSM
BSG is approximately 9.5 N·m when the starting speed of
the motor is 1,200 rpm as shown in Fig. 9. Because the gear
ratio including the pully and planetary gears is 12:1 in starter-
mode as given in TABLE 8, the required driving current
for the 12 V WFSM BSG is significantly less than that for
the conventional BSG; thereby, the battery capacity shortage
issue is possibly resolved by using the mechanical torque
converter. In addition, the target micro-HEV engine speed in
the idle state is maintained at 1,000 rpm, and its maximum
engine speed is 5,000 rpm. Depending on the engine type, the
maximum speed can increase to a value exceeding 5,000 rpm.
Based on the 1:2 gear ratio including the pully and planetary
gears, the proposed WFSM BSG was designed to satisfy the
power generation speed range (10,000 rpm) as depicted in
the generator-mode of Fig. 9. The proposed WFSM BSG
generates above 15V for charging a 12V battery in generator-
mode.

III. 12 V WFSM BSG SIMULATION
Fig. 10 presents the bidirectional control algorithm for the
WFSM BSG simulation analysis using the field-current con-
trol method. The existing reinforced starter for the BSG has
no separate controller, and its regulator controls the field
current to maintain a constant voltage with various engine
speeds in generator-mode. The starting torque requirement
for the proposed 12 V WFSM BSG in starter-mode can be
satisfied with a torque control method by detecting its rotor
position with Hall sensors. The WFSM simulation analysis
of the proposed field-current control method is divided into
starter and generator modes.
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FIGURE 11. Equivalent circuit model for WFSM starter-mode.

A. STARTER-MODE SIMULATION RESULTS
The WFSM BSG must satisfy the required starting torque
of 9.5 N·m at 1,200 rpm in starter-mode, given the pulley and
planetary gear ratio of the WFSM BSG. Because a starter-
mode simulation can be performed by using voltage source
analysis with the BLDC motor control method, a BLDC
motor drive circuit was used for the voltage source analysis as
shown in Fig. 11. Each phase voltage equation of the WFSM
stator and field winding in starter-mode can be expressed as
follows.[

va vb vc vf
]T
= Rs

[
ia ib ic if

]T
+ (Ls −M )

d
dt

[
ia ib ic if

]T
+
[
ea eb ec ef

]T (19)

where the stator phase voltage and current are vabc =
[va vb vc]T and iabc = [ia ib ic]T , respectively, vf and if are
the field winding voltage and current, respectively, Rs is the
stator resistance, Ls is the inductance of the stator including
the magnetic inductance and the leakage inductance, ea, eb,
and ec are the back EMFs of each phase of the stator and ef is
the back EMF of the field winding. A mathematical model of
the WFSM BSG was constructed using MATLAB/Simulink
to test the WFSM BSG for the target specifications in starter-
mode. For verification of the starter-mode algorithm using the
mathematical model and the parameters of the 12 V WFSM
BSG listed in TABLE 7, the starting torque was simulated.
As shown in Fig. 12, the starting torque reached 9.5 N·m
at 1,200 rpm, which satisfied the target specifications in this
study.

B. GENERATOR-MODE SIMULATION RESULTS
TheWFSM BSG charges the vehicle battery according to the
field current and generating torque conditions in generator-
mode. For the generator-mode analysis, the three-phase full
wave rectifier circuit was constructed as shown in Fig. 13, and
the condition in which the amount of power generated varies
according to the field current and generating torque was
simulated. In the case of a delta connection, the phase voltage
and the line voltage are the same. Each diode in the upper
group of diodes (D1,D3, andD5) has a 120◦ phase difference

FIGURE 12. Starter-mode simulation results.

FIGURE 13. Equivalent circuit model for the WFSM generator-mode.

between their conduction currents. In addition, each diode in
the lower group of diodes (D2, D4 and D6) has a 120◦ phase
difference between their conduction currents. Therefore, the
average value of the output voltage is expressed as follows.

〈vo〉 =
3
π

∫ π
3

0
vcbd(ωt)

= −
3
π

∫ π
3

0

√
2V sin(ωt −

2
3
π )d(ωt) =

3
√
2V
π

(20)

To verify the generator-mode algorithm for the WFSM
BSG, a three-phase full wave rectifier circuit was used by
constructing a WFSM BSG MATLAB/Simulink model in
generator-mode. In generator-mode, as shown in Fig. 14,
the maximum power generation is 1.8 kW at a field current
of 53 A and a generating torque of 10.5 N·m. This power
generation from the WFSM BSG is used for charging the
battery in generator-mode.

By applying the finite element method with ANSYS
Electromagnetic 19.0 to the generator-mode of the WFSM
BSG, the output voltage, output current, and efficiency maps
over the operating speed range of the WFSM BSG were
obtained, as shown in Figs. 15. Because the output voltage
of the WFSM BSG increases with increasing speed, its field
current decreases to generate the same voltage. As shown
in Fig. 15(a), the field current to generate the same volt-
age decreases as the WFSM BSG speed increases. Thus,
the output voltage satisfies the required voltage generation.
As shown in Fig. 15(b), the output current of the WFSM
BSG is greater than 100 A from 2,000 rpm. In addition,
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FIGURE 14. Simulation results of the WFSM in generator-mode (1.8 kW at
2,000 rpm; torque of −10.5 N·m).

FIGURE 15. WFSM generator-mode simulation results with the finite
element method: (a) Output voltage map (b) Output current map (c)
Efficiency map.

the output current can satisfy the maximum power genera-
tion considering the output voltage. Fig. 15(c) presents the
maximum power generation efficiency map of the proposed
WFSM BSG.

IV. 12 V WFSM BSG EXPERIMENTAL RESULTS
To verify the performance of the proposed 12 V WFSM
BSG with a mechanical torque converter system, a 12 V
WFSM BSG load and generation test system with an electric
motor–generator dynamometer was constructed in the labo-
ratory. In a belt-type micro-HEV, a pulley is used to connect

FIGURE 16. Proposed WFSM BSG system assembled with a mechanical
torque converter and a field current–driving control board.

FIGURE 17. WFSM BSG generation dynamometer test set.

the BSG and the engine with a belt. Because the electric
motor–generator dynamometer test was conducted instead of
an engine test with a micro-HEV, a pulley and a belt were not
used; only planetary gears were used under the starter-mode
and generator-mode test conditions of the dynamometer test
bench. To realize the engine rotation speed, the test was
performed using the rotation speed of the dynamometer load
system by considering the pulley ratio. The planetary gear
ratios in starter-mode (i.e., 6:1) and generator-mode (i.e., 1:1)
in TABLE 8 were used for the mechanical torque converter
of the BSG in the dynamometer test bench environment.

As shown in Fig. 16, a field current–driving control board
was integrated into the 12 V WFSM BSG system, and the
mechanical torque converter could be attached to the front
of the WFSM BSG. Therefore, the 12 VWFSM BSG system
could be installed in the limited space of a micro-HEV engine
room. Fig. 17 presents the load and generation test environ-
ments of the proposed 12 V WFSM BSG with a mechanical
torque converter to verify its field-current control capability.
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TABLE 9. WFSM Starter-mode test results.

To verify the field-current control performance, starter-mode
and generator-mode tests in which a bidirectional DC power
supply was used were performed.

A. STARTER-MODE TEST RESULTS
The starter-mode test results presented in TABLE 9 were
obtained from the dynamometer load test for the 12 VWFSM
BSG itself (i.e., the motor performance test) and the load
test for the BSG with the planetary gears (i.e., the BSG
system performance test). Because the starter-mode of the
vehicle is driven in a very short time, it is important to
instantly satisfy the required torque in the starter-mode of
the proposed 12 V WFSM BSG considering the gear ratio.
Thus, the starter-mode test of the proposed WFSM BSG
was focused on whether the required torque is satisfied in
starter-mode. The results of this WFSM BSG system in the
starter-mode experiment exhibit good agreement with the
MATLAB/Simulink results presented in Fig. 12 and the target
specifications presented in Fig. 9, which are a set of BSG
system requirements used to generate the torque (9.5 N·m at
1,200 rpm) required for the starter performance.

Therefore, the starter-mode experiment verifies that the
proposed WFSM BSG system can be used as a BSG system
of a micro HEV. In addition, the efficiency of the planetary
gears (i.e., mechanical torque converter) was estimated to
be 87.4 % by comparing the motor power (i.e., the product
of the torque and speed) from the BSG single component
and that from the BSG combined with the planetary gears.
Although the efficiency of the mechanical torque converter is
slightly less than that of a voltage-boosting power converter
(approximately 90%), the proposed 12 VWFSMBSGwith a
mechanical torque converter is a more cost-effective solution
than the conventional BSG using a DC-DC converter (as
shown in TABLE 1).

B. GENERATOR-MODE TEST RESULTS
To test the generator-mode performance, a DC current was
applied to the field winding of the WFSM. The WFSM was
rotated by the dynamometer to measure the output voltage
and current through the controller. In the generator-mode
test, field currents were applied to generate an output voltage
greater than 15 V while the speed of the WFSM varied from
2,000 to 10,000 rpm.

Fig. 18 presents the output voltage and output cur-
rent according to the proposed 12 V WFSM BSG speed

FIGURE 18. WFSM BSG test results in generator-mode: (a) WFSM BSG
speed: 2,000 rpm (b) WFSM BSG speed: 6,000 rpm (c) WFSM BSG speed:
10,000 rpm.

(2,000 to 10,000 rpm). To measure the rotation speed of the
proposed WFSM BSG, the frequency of the stator line to line
voltage was measured. Then, the measured frequency of the
stator line to line voltage was converted to the rotation speed
of the proposedWFSMBSG.According to Fig. 18, the output
current decreases as the rotation speed of the WFSM BSG
increases. However, the output voltage for battery charging is
maintained above 15 V in generator-mode.

Fig. 19 presents the measured generator-mode test data of
the 12 V WFSM BSG including the output voltage, output
current, power efficiency, field current, power generation, and
generating torque. Given that the pulley gear ratio is 1:2 in
generator-mode, the generator-mode test of the 12 V WFSM
BSG was conducted over its full speed range, which is up
to 10,000 rpm, as shown in Fig. 19. This is a reasonable
test because the operating speed range of the BSG must be
twice that of a micro-HEV engine (i.e., up to 5,000 rpm)
when the pulley ratio of the generator-mode is considered.
In the idle state of the BSG (i.e., 2,000 rpm), a high field
current is required to generate an output voltage greater
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FIGURE 19. WFSM BSG test results at various speeds in generator-mode.

than 15 V. These generator-mode experimental results for the
12 V WFSM BSG system also exhibit good agreement with
the finite element method results of ANSYS Electromagnetic
19.0 presented in Fig. 15. Therefore, the generator-mode
experiment verified that the proposed WFSM BSG system
can be used as a BSG system of a micro-HEV.

V. CONCLUSION
In this paper, a 12 V WFSM with a mechanical torque
converter was proposed for a BSG system of micro-HEVs
without an additional DC-DC converter. The conclusions of
this study are summarized as follows:

• By replacing a 12/48 V bidirectional DC-DC converter
with a structurally simple mechanical torque converter,
the proposed 12 V WFSM BSG system becomes a
cost-effective system. In addition, through the compari-
son analysis according to the ambient temperature varia-
tion, the proposed mechanical torque converter achieves
a lower influence with ambient temperature variations
than the bidirectional DC-DC converter.

• To determine the type of 12 V BSG motor, an algorithm
was proposed in this paper to derive themaximumoutput
torque and the minimum stator phase voltage of the
PMSM and WFSM. By using the proposed algorithm,
it was concluded that the WFSM has the advantage in
high-speed operation, thus it was applied to the proposed
12V BSG system.

• Simulation and experimental results demonstrated that
this 12 V WFSM BSG with a mechanical torque
converter satisfies the required starting torque in
starter-mode and has a wide generation range under
various load conditions in generator-mode.

Therefore, the proposed 12 V WFSM with a mechanical
torque converter can provide an efficient solution to the high

cost issue and temperature effects incurred by a micro-HEV
that requires an additional DC-DC converter system.
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