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This paper demonstrates the performance of a metal-
substrate power module with multiple fabricated chips for 
a high current electrical application, and evaluates the 
proposed module using a 1.5-kW sinusoidal brushless 
direct current (BLDC) motor. Specifically, the power 
module has a hybrid structure employing a single-layer 
heat-sink extensible metal board (Al board). A fabricated 
motor driver IC and trench gate DMOSFET 
(TDMOSFET) are implemented on the Al board, and the 
proper heat-sink size was designed under the operating 
conditions. The fabricated motor driver IC mainly 
operates as a speed controller under various load 
conditions, and as a multi-phase gate driver using an N-ch 
silicon MOSFET high-side drive scheme. A fabricated 
power TDMOSFET is also included in the fabricated 
power module for three-phase inverter operation. Using 
this proposed module, a BLDC motor is operated and 
evaluated under various pulse load tests, and our module 
is compared with a commercial MOSFET module in 
terms of the system efficiency and input current. 
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I. Introduction 

A brushless direct current (BLDC) motor has been widely 
utilized in various devices such as air conditioner compressors, 
washing machine tubs, industrial robots, and electric (EV) and 
hybrid electric (HEV) vehicles [1]–[6]. The operation system 
for this type of motor is composed of a speed or torque 
controller, a gate driver, and power switches. These 
components are released using several types of packages or 
integrations on a single substrate. The integrated type using 
these components is called a power module, and has been 
researched in various forms [7], [8]. Toshiba has demonstrated 
several motor module line-ups of integrated ICs using power 
MOSFETs (called a driver IC) and not power MOSFETs 
(called a controller IC) according to the levels of the operating 
current [9]. Several researches have used an integrated system 
with gate drivers and power MOSFETs [1], [10]–[16]. In 
addition to EVs and HEVs, integrated modules have been 
researched widely by automotive makers to reduce their size 
and weight [3]–[6]. The power module for an EV/HEV is 
manufactured to reduce its weight and decrease the package 
size while maintaining outstanding heat dissipation 
characteristics.  

The base plate of an existing power module is made using an 
epoxy material such as FR-4 when low-current or low-heat 
generating operations are recommended. The epoxy material 
used in a power module has several advantages, and enables 
small-sized and multi-layer designs to be created. On the other 
hand, through a high current operation, the heat induced is too 
difficult to dissipate in an epoxy-made module, and thus an 
epoxy material is unsuitable for the construction of a power 
module for a high current operation. A module manufactured 
using a metal substrate is a good alternative for use with high a  
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Fig. 1. Schematic of (a) proposed power module, (b) epoxy board, (c) Al board, and (d) bonding information. 
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current. Owing to its simple layer (one or two) manufacturing, 
the module size can be larger than that of an epoxy module. 
However, it has excellent heat dissipation and allows the 
extensibility of the heat sink.  

This work reports a fabricated hybrid module structure with 
an epoxy material for reducing the module size, and a metal 
material for an expandable heat sink. A 1.5-kW PMSM was 
operated using a fabricated power module, and the 
manufactured module was evaluated under various electric 
load tests.  

II. Hybrid Structure of Proposed Power Module 

1. Entire Structure of Proposed Power Module 

Figure 1 shows the hybrid structure of the proposed power 
module, and Fig. 1(a) shows it in schematic form. As referred 
to previously, a multi-layer epoxy board (epoxy board, 
hereafter) and an aluminum substrate layer board (Al board, 
hereafter) are implemented to compose the proposed power 

module. The two boards are connected with several lead 
frames. For a high current operation, the Al board is required to 
be heat-sink extensible, and a heat dissipation setting is needed, 
as shown in Fig. 1(a). On the Al board, seven chips are placed 
properly by considering the heat dissipation and routing 
connectivity. As you can see in the top view of the Al board, a 
motor driver chip is placed independently, and power 
MOSEFT chips are grouped for reducing the wiring and EMI 
effects on the motor driver chip. Lead frames for the 
connectivity of the epoxy board are implemented on both sides 
of the Al board. In the cross section of the Al board in Fig. 1(a), 
a wire/die bonding and pad are shown. Fabrication information 
including the materials and connecting methods of the bonding 
are described later, and the main structures of the two boards 
are provided in detail.  

First, an epoxy board is mainly utilized to connect the 
input/output power, of which the input is DC power from the 
supply, and the output is three-phase AC power for the motor 
system. Figure 1(b) shows a schematic diagram of the epoxy 
board. This board includes connectors from hall sensors,  
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Table 1. Specifications of the fabricated boards. 

Information Boards  Specification 

Epoxy board 125 mm × 105 mm 
Size  

Al board 58 mm × 50 mm 

Epoxy board FR-4 (epoxy) 
Material  

Al board Aluminum  

Epoxy board 4 
Number of layer 

Al board 1 

Epoxy board 1.6 mm 
Thickness of layer 

Al board 1.6 mm 

 

 
voltage regulators for the core and I/O voltages, an external 
clock, and capacitors for the input power stability. The 
fabricated Al board is placed at the middle of the epoxy board. 
This board plays an important role in constructing the entire 
power module, and provides electrical connectivity to the 
proposed Al board. 

The Al board is implemented to allow multiple chips, 
including a motor driver and power MOSFETs, to be placed in 
their proper position. As shown in Fig. 1(c), the metal widths for 
routing are varied according to the current level. A small current 
signal of under 1 A near the motor driver chip has a minimum 
metal routing design. The middle current signal near 1 A is 
connected with a gate of the TDMOSFET. A high current signal 
of over 100 A from the source/drain of the TDMOSFET has the 
maximum metal routing. Table 1 shows the specifications of the 
two fabricated boards. Figure 1(d) shows that the wire bonding 

 

varies according to the current levels.  

2. Al Board  

The Al board is implemented for high current operation, and 
has excellent thermal dissipation owing to a single heat 
dissipation surface, as shown in Fig. 2(c). This heat dissipation 
surface is also extensible to connect an external heat sink. 
Therefore, a metal substrate power module is a good 
alternative in a high-current operating system. Seven chips are 
embedded on the aluminum board, one of which is a mixed 
signal IC and the others are power MOSFETs. The mixed 
signal IC is fabricated using a 0.18 um BCD process, and plays 
an important role in the regulation and control of the motor 
speed. Several other functions have also been reported [17]–
[19]. Specific information regarding these functions is provided 
in Appendix A. For a three-phase motor, the outputs of the 
power module need to use three types of wiring, U, V, and W, 
and six power MOSFETs are required to be implemented in 
the power module. The fabricated power MOSFET is a trench 
gate DMOSFET (TDMOSFET) made using fabrication 
technology developed at ETRI. The performance levels of the 
manufactured TDMOSFET have also been reported [20]–[22], 
and are shown in Appendix B.  

The Al board is composed of a single metal layer, a dielectric 
layer for electrical insulation, and a Cu pad for the chip 
connection. The role of the single metal layer is significant for 
helping the module dissipate heat. The thickness of the metal 
layer is initially 1.6 mm, and can be extensible with various 
types of heat sinks. 
 

 

 

 

Fig. 2. (a) Proposed power module, (b) fabricated Al board, (c) bottom of the Al board, and (d) Au ribbon bonding for high current.

 

(a) 

(b)

(c) (d) 

Al board 

Epoxy board 

Heat sink attached side 
of Al board 



 

648   Jongdae Kim et al. ETRI Journal, Volume 38, Number 4, August 2016 
http://dx.doi.org/10.4218/etrij.16.0116.0251 

Multiple fabricated chips are placed properly to reduce the 
concentration of heat and the parasitic components through 
wire bonding. Concentrated heat points such as the 
TDMOSFET drain or source contact area damage the power 
module. The parasitic nature of the components caused by the 
wiring induces unnecessary capacitances/inductances that 
deteriorate the noise characteristics. The lead frames in the top-
view on the left-hand side of Fig. 1(a) are connected with low 
current signals from the motor driver chip. On the other hand, 
the lead frames on the right-hand side are connected with high 
current signals from the TDMOSFETs to reduce the bad 
effects of the driver IC, such as the electro-magnetic 
interference from the high power level.  

Chip bonding information is shown in Fig. 1(d). Electrical 
connections between the multiple chips on the Al board can be 
made using a Cu pad or wire bonding. Fundamental connections 
between the passive components are designed using metal 
routings with Cu. The fabricated chips need to be connected to 
Cu pads using wire bonding. A motor driver chip is placed on   
a Cu pad connected using a zero electrical potential. This 
connection is called die bonding, and the material for this 
bonding is applied using a silver epoxy. The pads of the motor 
driver chip are connected with the pads on the Al board using   
1 mil Au bonding, called wire bonding herein. TDMOSFETs are 
also required to be die/wire bonded. The bottom of a 
TDMOSFET is a drain area to be connected with the input 
power of the inverter system. AuSn and Silver epoxy materials 
are utilized for a high thermal conductivity and excellent 
electrical conductivity. The source of the TDMOSFET is placed 
on the top area, and high-power wire bonding needs to be 
connected with the pads on the Al board. Our target motor has a 
high rated current (DC 33.2 A) for high torque operation in 
which a high current duration and rapid heat dissipation are 
needed for the proposed power module. Au ribbon (4 × 1 mi2) 
bonding can be a proper connector, and one Au ribbon can 
endure 5 A to 10 A. Twenty ribbon bonding connections can help 
the module bear a high AC current operation.  

One lead frame is of several milliohms and is connected with 
a single signal pad in a motor driver IC. For a reduction of the 
resistance effect from the frame, the connection is implemented 
using four lead frames for the TDMOSET. As shown in    
Fig. 1(d), Au ribbon wire bonding is applied between the top of 
the TDMOSFET and the Cu pad of the Al board. 

III. Operating Test Using Proposed Power Module 

An epoxy board integrated with an Al board was connected 
to a target BLDC motor. The specifications of the target BLDC 
motor are shown in Table 2. The rated power is 1.5 kW and the 
rated voltage is 48 V. There are four inner PM poles used. 

Table 2. BLDC motor specifications. 

Characteristics Specification 

Rated power 1.5 kW 

Rated voltage 48 V 

Rated current 33.2 A 

Number of poles 4 

Rated speed 3,000 rpm 

Rotor position Inner type 

Inductance 0.10 mH 

Armature phase resistance 0.04 Ω 

Back-EMF constant 0.10 Vs/rad 

 

 

1. Pulse Load Test 

The evaluation board was connected with a 1.5-kW BLDC 
motor and tested under several conditions. Under no-load test 
conditions, the BLDC motor was smoothly regulated with a 
minimum speed of 100 rpm and maximum speed of 4,500 rpm. 
Under the load test conditions, the BLDC motor was combined 
with a hysteresis electric brake. When the input current of the 
electric brake was increased, the holding load to the motor 
shaft also increased. Before this experiment, the input current 
of the electric brake needed to be matched with the real load 
value. Figure 3 shows the experimental results for the various 
load tests. The BLDC motor was controlled at a speed of  
1,000 rpm, and the load conditions varied at 1, 2, and 3 Nm. 
When the load current of the electric brake was increased, the 
input current IPVDD of the three-phase inverter and the U phase 
current IU also increased. The U phase peak current was 6 A at 
1,000 rpm, and increased to 11 A under 1 Nm load conditions. 
Without the 1 Nm load conditions, the phase current returned 
to 6 A without a sudden stop. Similarly, for the 2 Nm and 3 Nm 
tests, the phase peak current was increased to 20 A and 30.5 A, 
respectively. The variation of the phase peak current was 
stabilized within approximately 3 s. During this time, the speed 
control mspd was calculated and reached the proper control 
value. Figure 4 shows the thermal characteristics using a 
manufactured heat sink. The tests were conducted using the 
fabricated metal module at 1,000 rpm and 3 Nm. The 
temperature distributions in the fabricated module were 
detected using a Fluke Ti105 thermal imager. As expected, the 
maximum temperature point was near the contact area of   
the TDMOSFETs, where the phase peak current was 
approximately 30.5 A and the temperature was 60.9 °C. After 
the electric load was eliminated, the load-off temperature 
differed depending on the heat sink size and pattern, as shown 
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Fig. 3. Various pulse load tests. 
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Fig. 4. (a) Thermal characteristic tests using a hybrid board at
1,000 rpm under 3 Nm load conditions, and (b) infrared
light image of the Al board. 
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in Fig. 6. The results in Fig. 4 were verified using the heat sink 
shown in Fig. 5(b), which was attached using thermal 
conductive grease. If insufficient heat dissipation when using a 

 

Fig. 5. (a) Heat sink 1 and (b) heat sink 2. 
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Fig. 6. Hybrid board effects for different types of heat sinks. 
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heat sink occurs, a high-power operation cannot be realized. 
The heat sinks are made using metal processing with an 
aluminum material, as shown in Fig. 5. Several sizes and types 
of heat sinks can be configured based on the motor operation. 
Figure 6 shows the heat sink effect for different types of heat 
sinks. The experiments were conducted under various pulse 
loads of 500 mNm to 3,000 mNm for every 500 mNm step at   
1,000 rpm. The temperatures near the TDMOSFETs were 
detected when the load was on and off using heat sinks 1 and 2. 
The turn-on temperatures for both heat sinks were increased 
with the increasing load conditions. The turn-off temperature 
using heat sink 1 was increased and irregular. This means that 
insufficient heat dissipation occurred with heat sink 1, which 
incurred a crucial limitation in the motor operation. 
Furthermore, the temperature difference between the turn-on 
and turn-off of the loads increased with an increase in the load 
condition using heat sink 1 at up to 2,500 mNm. Increasing the 
turn-off temperature using heat sink 1 increased the on-
resistance of the TDMOSFET, thereby lowering the efficiency. 
On the other hand, the turn-on temperature with heat sink 2 
was constant at 36 °C, and the turn-off temperature was also 
the same as the turn-on temperature under 1,500 mNm 
conditions. This means that 36 °C was the initial temperature, 
and the generated heat under 150 W was completely dissipated 
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Fig. 7. (a) Commercial power MOSFET board, (b) TDMOSFET board, (c) input current comparisons, and (d) system efficiency
comparison. 
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from heat sink 2. After the 1,500 mNm load, the turn-on 
temperature increased non-linearly to 61 °C at 3,000 mNm. 
The turn-off temperature was shown to be constant at the initial 
temperature under 3,000 mNm conditions. The difference 
between the turn-on and turn-off temperatures with heat sink 2 
increased from 1,500 mNm to 3,000 mNm, and was also not 
linear. These results imply that, to operate a BLDC motor 
properly, the installation of a sufficient heat dissipation setup is 
necessary.  

2. System Efficiency 

Performance verifications under various load conditions 
were conducted, as described in the previous section. In this 
section, the variations in the system efficiency are verified 
through comparisons between a commercial MOSFET and the 
fabricated TDMOSFET. The commercial MOSFET was 
implemented using NXP BUK956R1-100E, which has an 
excellent performance in terms of a high breakdown voltage, 

low on-state resistance/threshold voltage, and so on [23]. 
Figures 7(a) and 7(b) show photographs of the evaluation 
boards used. As shown in Fig. 7(a), the NXP MOSFET was 
packaged in a TO-220 type, and die/wire bonding could not be 
adopted in the fabricated hybrid board. To compare the 
difference in performance of the two devices, the fabricated 
motor driver was also packaged in a 64-pin QFN type, and the 
evaluation board for the NXP MOSFET was manufactured 
using large heat sink structures. The size of this evaluation 
board is 19.5 × 13.5 × 7.2 (1,895) cm3. The fabricated hybrid 
board was implemented using a heat sink/fan. The size of this 
evaluation board is 12.5 × 10.5 × 5 (656) cm3.  

Table 3 shows the performance comparisons between the 
commercial MOSFET and proposed TDMOSFET. The 
maximum breakdown voltage of the commercial MOSFET is 
100 V, which is 25% larger than the breakdown voltage of the 
TDMOSFET. When using an unstable power supply, a higher 
breakdown voltage is required. The threshold voltage between 
the gate and source is related with the turn-on operations in that 
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Table 3. Comparison of power MOSFET characteristics. 

Symbol Parameter Company Conditions Typ Max/Min Unit

ETRI VGS = 0 V 77 
80 
75 

V(BR)DSS 
Drain-source 
breakdown 

voltage NXP 
ID = 250 μA; 
VGS = 0 V; 
Tj = 25 ̊ C 

N/A 
N/A 
100 

V

ETRI 
ID = 250 μA; 
VDS = VGS; 

2.5 
N/A 
2.2 

VGS(th) 
Gate-source 
threshold 
voltage NXP 

ID = 1 mA; 
VDS = VGS; 
Tj = 25 ̊ C 

1.7 
2.1 
1.4 

V

ETRI VGS = 6 V > 50 N/A 
ID Drain current 

NXP VGS = 5 V N/A 
120 
N/A 

A

ETRI 
VGS = 10 V, 
ID = 50 A 

32.7 N/A 

RDSon 
Drain-source 

on-state 
resistance NXP 

VGS = 5 V, 
ID = 25 A, 
Tj = 25 ̊ C 

4.85 
6.1 
N/A 

m

 

 
a lower threshold voltage can fully turn-on the device with a 
low on-state resistance, and the gate-source voltage is 
sufficiently low to turn on the device. In particular, during a 
high-side N-ch MOSFET operation, a voltage drop using a 
bootstrap diode needs to be small. If a large voltage drop is 
induced by the bootstrap diode, the device cannot be turned-on 
completely, which causes the on-state resistance to be increased. 
The threshold voltage in the TDMOSFET is larger than that in 
the commercial MOSFET. However, the gate-source voltage in 
the high-side TDMOSFET is 4.3 V, which is sufficiently larger 
than the threshold voltage of 2.5 V (Typ.), and the 
TDMOSFET will operate well. In terms of the on-state 
resistance, when the gate-source voltage is 5 V, the maximum 
on-state resistance is 6.1 mΩ in the commercial MOSFET and 
50 mΩ in the TDMOSFET. In spite of this difference, the 
system efficiency is determined based on the motor efficiency, 
and thus this difference does not seriously affect the 
performance results in certain regions. Figures 7(c) and 7(d) 
show performance comparisons in terms of the input current 
and system efficiency. Figure 7(c) indicates variations in the 
input current under various load conditions. The input currents 
are detected using a drain current in a high-side MOSFET. 
Figure 7(d) shows the effects of the system efficiency under 
various load conditions. The system efficiency indicates the 
ratio of motor power to input power in a power module. The 
motor power was defined based on the motor speed and/or 
load conditions in which the motor power cannot be defined 
under very small load conditions. The input power was 

 

Fig. 8. Motor integrated power module. 
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determined based on the input voltage and/or current of the 
three-phase inverter, where the input power is varied with the 
input current owing to a constant input voltage. The motor 
operation of the TDMOSFET was adapted using a phase 
compensation scheme, which enables the motor drive to 
optimize the performance. A motor operation using the NXP 
MOSFET was implemented using a constant phase 
compensation scheme, which shows a difference in 
performance under different operating conditions.    
Constant case A shows the maximum DC link current and 
minimum system efficiency using the NXP MOSFET, and 
constant case B shows the minimum DC link current and 
maximum system efficiency. As shown in Fig. 7(c), the input 
current in the NXP MOSFET for the constant compensation 
case A was larger than that in the TDMOSFET under 2.2 Nm 
load conditions in spite of a lower drain-source resistance. In 
addition, the system efficiency of the NXP MOSFET for 
constant compensation case A with upper load conditions was 
larger than that in the MOSFET, as shown in Fig. 7(d). An 
adaptive compensation scheme with the TDMOSFET enabled 
the minimum DC link current to be 2.2 Nm, and in this case 
the on-state resistance was not in a significant region and the 
DC link current was affected by the inherent motor parameter 
and efficiency. In the previous results, in spite of the difference 
in on-state resistance of the two MOSFET types, a remarkable 
difference in the system efficiency did not appear, and the 
motor control scheme is important for optimizing the operating 
system. This result indicates that the value of the on-state 
resistance is an important consideration in a traditional motor 
system, and that this method has certain limitations. For the 
evaluation of the entire system, the motor driver ability was 
also considered. An obvious effect of the difference in the on-
state resistance appeared after a 2.2 Nm load was applied. The 
optimal operating conditions with a large on-state resistance 
show a certain limitation, as well as a decrease in performance. 
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The difference in the input current was 0.8 A at 3 Nm. These 
results indicate that the difference in input power was 38.4 W. 
The difference in the system efficiency also appeared to be 
4.5% at 3 Nm, and the operation characteristics when using the 
NXP MOSFET showed a better performance than when using 
the TDMOSFET. In spite of the phase compensation, the 
power loss in an inverter system is determined based on the on-
state resistance at high power. A direct effect from the on-state 
resistance clearly appeared after 220 W in this case. If the on-
state resistance of the TDMOSFET can be reduced, the system 
efficiency will increase after 220 W and the size of the heat 
sink can be reduced to 35% of the original size. In addition, the 
total size of the power module also decreased, and therefore it 
can be easily applied to home appliances and automotive 
applications. In the near future, a motor-integrated power 
module can be developed in which the motor housing acts as a 
heat sink, as shown in Fig. 8. 

IV. Conclusion 

A power module for a sinusoidal BLDC motor was 
implemented using a fabricated motor driver and 
TDMOSEFETs employing a metal-substrate scheme. Using 
the target BLDC motor, the power module was evaluated well 
with a speed control capability of 100 to 4,500 rpm under a no-
load test. To compare the system efficiency and input current, 
an ideal power module using NXP MOSFETs was 
implemented. The experimental results show similar 
performances of the two fabricated power modules under low 
load conditions. After a 220-W power operation, the system 
efficiency and input power were determined based on the on-
state resistance of the power MOSFETs. The system efficiency 
of the fabricated power module using a TDMOSFET was 
shown to be 63.8% at 3 Nm with a motor speed of 1,000 rpm. 
This fabricated power module employing a metal-substrate can 
be easily adapted for home appliances with a 300-W motor 
power system integrated with a motor housing, and the thermal 
and electrical characteristics were evaluated to be good under 
several different conditions.  
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