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Design and Temporal Analysis of Hardware-in-the-loop Simulation for
Testing Motor Control Unit

Chinchul Choi*, Kangseok Lee* and Wootaik Lee

Abstract — This paper describes a design and temporal analysis of a hardware-in-the-loop (HIL)
simulation environment for testing a motor control unit (MCU). The design concepts and main
characteristics including unavoidable time delays of each component module are described. From
temporal analysis results according to the module integration method, an appropriate solution is
proposed to fix and minimize time delays. In order to verify the effectiveness of the proposed solution,
the HIL test results are compared with the results of experiments and an offline simulation.
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1. Introduction

With increasing demand for environmentally friendlier
and higher fuel economy vehicles, automotive companies
are focusing on electric vehicles, hybrid electric vehicles,
and fuel-cell electric vehicles. In developing these vehicles,
key challenges include achieving high efficiency,
ruggedness, small size, and low cost in the power converter
and electrical machines, as well as in the associated
electronics [1, 2]. Great emphasis has recently been placed
on the efficiency and optimal utilization of permanent
magnet motors for a variety of automotive applications,
such as hybrid propulsion, electric power steering, braking,
engine cooling fans, fuel/water pumps, air-conditioning
compressors, and so on [3, 4].

Such systems require motor control units (MCUs),
which incorporate more complex control schemes such as
high performance sensorless operation, fault tolerance,
advanced diagnostics, and self-tuning capabilities [5] .The
increasing complexity of the MCU has made efficient
design and test environments indispensible. Engineers have
found quantitative simulations to be a vital tool for
designing and testing a variety of control functions. A
hardware-in-the-loop (HIL) simulation is a kind of real-
time simulation, and has been used to test controllers
thoroughly, efficiently, and safely [6, 7].

There are various approaches for HIL simulation of
electric drives. These approaches can be mainly
categorized according to two points of view, interface and
model level [8, 9].

According to the interface level between the controller
and the HIL simulator, there are three approaches:
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* Signal level [10, 11]

* Electrical level [12, 13]

* Mechanical level

The signal level is very flexible, because it provides full
access to modify the real-time model. However, the other
levels are dependent on the power level and entail the same
risks when testing using actual plants.

The two common approaches for modeling are [8, 9]:

* Oversampling model

* Average-value (Mean-value) model.

The oversampling model requires computation that is
more than 10 times faster than the PWM period [9]. This
allows for the simulation of high frequency ripples on the
current waveform, which are caused by the PWM
switching effects. Because of the higher execution rate, the
oversampling model is computationally more intensive. A
FPGA based model implementation is an appropriate
solution to satisfy the requirement of fast execution time
[8]. The FPGA requires conversion of a floating point
model (generally used in offline simulation) into a fixed
point model. This converting process makes it difficult to
modify and add features of the model, e.g., the model
implementation for fault simulation is very complicated.

On the average-value model, the average values of the
PWM signals are sampled once per PWM period. The main
advantage of the average value approach compared to the
oversampling approach is reduced computational load.
Therefore, the average value model is more useful for fast
analysis of system level behaviors than for obtaining
detailed switching effects. Also, this approach allows the
use of the floating point model, which is used in offline
simulations. Additionally, a low-cost configuration can be
achieved [10].

On the other hand, the average value approach has some
delays depending on the integration method [9, 10]. A
temporal analysis and design process are required to
determine and minimize these delays.

This paper describes the design and temporal analysis of
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the signal and average value level HIL simulation
environment for testing the MCU. The main characteristics
of each component module are described. From the
temporal analysis results according to the module
integration method, an appropriate solution is then
proposed to fix or minimize the time delays. In order to
verify the effectiveness of the proposed solution, the HIL
simulation results are compared with experiments and
offline simulation results.
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Fig. 1. A general PMSM control system.

2. System Configuration

Fig. 1 shows a general PMSM control system that
consists of a MCU, VSI (Voltage Source Inverter), PMSM,
and sensors. Current transducers and a position sensor such
as an incremental encoder are indispensible for
fundamental PMSM vector control. The MCU samples the
sensor signals and then the calculated results are outputted
as low power PWM pulse signals to operate the VSI.
According to the PWM signals of the MCU, the VSI
converts the DC power source to 3-phase AC power for the
PMSM.

Fig. 2 shows the configuration of the signal level HIL
simulator, which replaces the actual VSI and PMSM
hardware as real-time models for testing functions of the
MCU. The HIL simulator consists of I/O interface modules
and a real-time processor. Detailed features of each
component are described in the following subsections.

2.1 Motor Control Unit (MCU)

The modern MCUs run not only the basic vector control
algorithm for high performance drives, but also perform
additional advanced functions such as fault detection and
tolerance, diagnostics, and so on. Digital signal processors
(DSPs) are widely used as the main CPU (central
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Fig. 2. The HIL simulation configuration.
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Fig. 3. Typical behaviors of the MCU.

processing unit) of MCUs because of the DSP’s specific
peripherals for electric drives [14, 15]. Fig. 3 describes the
typical time sequence of sensing, computation, and the
PWM output. From [14] and [15], we can assume
behaviors of the MCU as follows.

The vector control is computed every PWM period,
which is typically in a range of 5 kHz to 20 kHz. Sampling
of the current is done at the center of the PWM period to
eliminate most of the harmonics caused by the PWM and
to capture the average value of the current during the
sampling time. The position information is also sampled
with current at the same time by counting pulse signals of
the incremental encoder. Using this sampled information,
the MCU calculates the next duty cycle of each PWM
signal. The calculated duty cycle is only updated at the
reload time.
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Fig. 4. PWM signals for the PMSM control
2.2 PWM duty capture

The duty cycle is computed by taking the capturing
relative time at each rising and falling edge of the PWM
signal. Fig. 4 shows the center-aligned PWM signals fed to
the VSI for the PMSM drives. Two PWM signals for the
top and Dbottom switch of each phase have a
complementary relationship and include dead-time to
prevent the two switches being turned on together.

If the PWM period and dead-time are known, the duty
cycle can be computed by only using three PWM signals
for the top switches. For other cases, all PWM signals are
required for computing the dead-time.

DutyRatio, =T,, ,/T,,,
. (1)
DutyRatio, = 1—(T0ﬁ-J 1T )
Towm =Ton_x +Top_+ (2)
Tdead = Ton_x_top _%ff_x_bottom (3)

where x is a, b, or c¢. Even if design details of the MCU are
unknown (e.g. when black box test), the PWM period and
dead-time can be obtained with little effort to check the
PWM output signals. Therefore, we propose that the use of
three PWM signals of the top switches is more appropriate.
Under these assumptions, the duty cycle can also be
obtained within a half PWM period by use of the simple
formula given as Eq. (4).

- T, ~T,
Duty]z'(’atlox :Ton i _( pwm ; ofjix) (4)

2.3 Encoder pulse generator

The encoder pulse trains are generated by use of the
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Fig. 6. Generating the high resolution position information.

N-10 1 2. N-1 v

rotor position information obtained from the real-time
processor, as shown in Fig. 5. For accurate generation of
the encoder pulses, high resolution position information is
required. Fig. 6 shows an extrapolation and interpolation
method for creating the position information with high
resolution. The dotted line indicates the extrapolation
method using the M-th position and speed information. The
solid line indicates the linear interpolation method. The
information obtained from M-1 to M is linearly
interpolated in the M to M+l region. 6" is the
extrapolated position information and @™ is the
interpolated information.
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Fig. 7. Time sequence diagram for integration of the MCU and HIL simulator

where N is the integer result of 7,, over7,, and 7 is the
circularly counting value from 0 to N-1.

The extrapolation method produces a discontinuous
point at a transient state (when 6, -6, #6,, -0, or
0,41 220, —0,_,). The interpolation method is free to
discontinuous but causes a Il-step time delay. The
generated encoder pulse with discontinuous causes drifts of
the position information between the real-time processor
and the MCU [16]. If these drifts are accumulated in excess
of a half cycle of the rotated position, the synchronous
drive can break. Although a 1-step delay can be endured,
interpolation is recommended for stable operation.

2.4 Digital to analog converter

This module outputs the analog signals, which are
converted from the current information of the real-time
processor in order to be fitted to the current transducer’s
characteristics. Although the current information can be
used as soon as the computation of the real-time processor
is completed, the current information must be synchronized
with the position information.

2.5 FPGA abstraction layer (FAL)

This software layer converts fixed-point signals of the
FPGA to floating-point signals of the real-time model, and
vice versa. By use of this layer, the offline simulation
model can be directly used as the real-time model.

2.6 Simulink model
The models dealt with in this paper are implemented

under the MATLAB/Simulink environment, which is
basically a digital simulation program for nonlinear

dynamic systems. Simulink is widely used as one of the de
facto standard tools for efficient system level modeling of
complex systems including motor drives [17, 18]. These
offline models can be used as the real-time model for the
proposed HIL simulation. This paper uses a well-known
linear PMSM model which is implemented by circuit based
modeling toolboxes (SimPowerSystems) in MATLAB
/Simulink [18]. The real-time processor (National
Instruments (NI) PXI-8106 with 2.16GHz Intel dual core)
requires 45 second in the worst case in order to execute
the model. This worst case execution time (WCET)
occupies 72 % of a PWM period, 62.5n second in this
paper. According to the test scope and purpose, more
complex models included harmonic model or thermal
model can be used. However, it is important that the
WCET do not exceed a PWM period in the presented HIL
system.

3. Temporal Design and Analysis

Based on the design results of each module this section
deals with the interface and integration of modules for the
HIL simulation. Fig. 7 shows the general time sequence
diagram for integration of the MCU and the HIL simulator.
We define the event #as an occurrence at a point in time
and the duration, T as the time interval between two events.

The MCU samples at #; and then the calculated results
are output as the PWM signals at the reload time, #; . The
PWM duty capture module computes the duty cycle during
the effective region, T,. for the outputted PWM signals at
t7 . The captured duty cycle is then transferred to the real-
time processor at #; . At ¢, the real-time processor is
activated, and model execution is completed at 7, . As
soon as model execution is completed, the real-time
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processor transfers the executed results to the encoder
pulse generator and the DAC module. These two modules
update 1-step delayed results. Additional delay (7, ) can be
inserted intentionally. The total response time from sensing
of the MCU to updating I/O interface of the HIL simulator
is calculated as Egs. (8).

T=1 -
:TYU+];C+7;G+TQG+T +T

eu u_delay

®)

Some kinds of duration are constant with use of the
suggested module design. 7, constantly consumes time
equal to a half PWM period, as assumed earlier for the
MCU operation. 7. is determined by selecting the duty
capture method regardless of whether a full or half PWM
period is used. 7y deiay is the PWM period, which is the
same as the sampling period.

T, =0.5T

pwm
Tac = prm or O'Sprm (9)
T

Eidelay =L pwm

In the following subsections, the total response time is
calculated according to the system configuration method.

3.1 Asynchronous configuration

Each module asynchronously operates with its own
fixed-time step. The propagation delay T,, cannot
exceed Ty if the execution time T, of the real-time
processor is kept within 7}, . There is no reason to select
T,,, such that the sum of 7, and 7, exceeds 7 pum .

According to the range of these durations, the minimum
and maximum response times are calculated as Egs. (11)
and (12), respectively.

0< T;va <T, pwm
0< Tae < prm (10)
OSTeu < (prm _Tae)
Trimin = Tm +T()c +Tcaimin +Taeimin + Teuimin + 7;47a7day
=0.57,, + 1) +0+0+0+7,,,
= 2.5prm (11)
Trﬁmax = Tso +Tuc +Tcu7max +Tae7max +Teu7max +];47deluy
= O'Sprm +prm +prm +Tae +(prm _Tae)+prm
= 4.5prm (12)

According to T, ,T,,, and T, , the total response time

varies in a range from 2 to 4.5 steps. In this configuration,
the k-th information can be lost when the k+1-th
information is used in the real-time processor before the k-
th information [19-21], because some jitter of each event
and duration is unavoidable.

3.2 Synchronous configuration

After the information of the precedent phase is valid, the
following phase 1is triggered at fixed timing for
synchronization. Two approaches are possible for the
synchronization. First one uses a hardware connection for
the synchronization in addition to six PWM signals. And
the second calculates the synchronization timing from the
PWM signals. The second method, which is used in this
paper, does not have an additional wire but requires a fast
computation and sampling rate in order to avoid jitters The
PWM duty capture module, which is implemented by
FPGA, calculates the synchronization timing and transfers
this event signal to the real-time processor. As soon as the
PWM duty cycle is captured and valid, the real-time
processor is triggered and activated for execution (i.e.
t; =ty ). Additional delay (7, ) is added in order to fix the
update timing at the sampling or output timing of the MCU
(le. T, = (T wm —Tae)). Under these conditions, the total
response time is calculated as Eq. (12).

Tr:]-;'o+Tac+Tae+(Tp _Tau)+7:4

wm _delay
= 0.5 + T + T + Lo
=3.5T,,,, (13)

If 7,.is0.57,,,,, T.becomes 3T, .

Although the synchronous configuration may
occasionally have more delay than the asynchronous
configuration, the system has a fixed-step delay, which
makes the system more deterministic. If it is assumed that
T, is larger than 0.57,,,, and T,.consumes0.57),,, , the
synchronous configuration has the same delay as the
asynchronous configuration with 3-step delay. In addition,
all modules are operated in consecutive order without
sample rejection in the synchronous configuration. Fig. 8
shows the time sequence for the proposed HIL simulation
configuration.

4. Test Results

Several tests are carried out to validate the HIL
simulation environment by comparison with actual
experimental and offline simulation results. To perform the
offline simulation, a model of the drive system including
the MCU is assembled in MATLAB/Simulink. The MCU
model takes into account physical implementation of the
actual MCU, such as the various sampling rates and fixed
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On the other hand, the real MCU is interfaced to the HIL
simulator for the HIL simulation. The vector control
algorithm is implemented in a digital signal processor (DSP)
56F8367 manufactured by Freescale Semiconductor
Incorporation. The specifications and parameters of the digital
controller and 0.5kW PMSM are described in Table 1.

The first test scenario is that the speed reference
increases constantly from 0 to 4000 rpm for two seconds.

time[sec]

(b)

1 1.5 2 0 0.5 1

time[sec]

(©)

1.5 2

10. Offline(dashed line) and HIL test results(Solid line): (a) motor speed; (b) measured dq current; (c) dq voltage

Fig. 9 shows the experimental results and Fig. 10 shows
the offline simulation results and HIL simulation results.
The experiment and offline simulation yield similar results
but the HIL simulation shows voltage deviations with an
increase of speed.

The second test scenario for both the offline and HIL
simulation consists of stepped changes of the speed
reference, as 1000, 4000, and 8000 rpm. In order to
regulate the motor speed according to the step reference,
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Fig. 11. Step response comparison between offline simulation (dashed line) and HIL simulation (solid line) with an
asynchronous configuration (a) 1000rpm, (b) 4000rpm, (c) 8000 rpm

Table 1. Rating and parameters of PMSM

Descriptions Value Unit
DC Bus Voltage 180 \Y%
Current (peak) 3 A
Speed 8000 Rpm
Load torque 0.5 Nm
Stator resistance 0.98 Q
Stator inductance 23 mH
Rotor flux linkage 6.55 mWb
Number of pole 4 EA

the speed PI controller outputs the reference of the g-axis
current. The reference of the d-axis current is always zero
in these cases. And then each for d and g-axis current PI
controller outputs the reference voltage of each axis to
regulate the motor current.

Fig. 11 shows the results of a comparison between the
offline simulation and HIL simulation using the
asynchronous configuration. At 1000 rpm, two simulation
results have similar values of speed, current, and voltage.
But the HIL simulation has ripples due to sample rejection.
These sample rejections are caused by the tiny difference
in the sampling time between the MCU and HIL simulator.
The low cost MCU shows limited resolution of the timer

module and experiences difficulty to produce precise
sampling time. With increasing motor speed, the negative
influences become larger and finally the speed regulator
loses control at a speed of 8000 rpm, as shown in Figs. 11.
(b) and (¢).

Fig. 12 shows results of the HIL simulation with the
synchronous configuration. The results show that the motor
speed is controlled effectively up to 8000 rpm without
ripple. The figure also shows that the voltage references of
the HIL simulation deviate from the offline model with an
increase of the motor speed. The time delay is represented
in the time domain as x(¢—7,) and can be transformed
in the frequency domain as ¢™*"» X (s5) or ¢ /? X (jw).
Therefore, there is relationship between the digital
controller side voltage, 'u;q and HIL simulator side
voltage, Uqy as Uy, —e /o -U;q. Because the amount
of time delay, 7, of the HILS is different from the offline
simulation or experiments, there exists distortions of the
HIL simulation results compared with the offline
simulation or actual experiments. Due to the speed and
current controller, the values of the MCU and HIL
simulator are the same although there exists a time delay
between the MCU and HIL simulator. The time delay
effects results in voltage deviation compared with the
offline simulation.
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Fig. 12. Comparison between offline and HIL simulation with the synchronous configuration (solid line : HIL simulation,
dashed line : offline simulation): (a) 1000rpm; (b) 4000rpm; (c) 8000 rpm

5. Conclusions

The system configuration of the signal and average
value level HIL simulation environment is introduced.
Appropriate design approaches of the main components are
also proposed. From the results of a temporal analysis, the
synchronized system configuration minimizes the time
delay equivalent to as the amount of 3-step. By comparing
the experimental and offline simulation results, the HIL
simulation results are validated. The results show that the
synchronous configuration is an appropriate solution for
obtaining more accurate simulation results than an
asynchronous configuration. For the application of high
speed drives, a proper compensation method for the time
delay effects is needed.

Nomenclature
pwm : The PWM period
T,, :Ontime of PWM signal
T,y : Off time of PWM signal
Toea : Dead time of PWM signal
T,,  :Sampling time of the real-time model
T, : Sampling time of the encoder pulses generator

: Motor position information of the real-time model

o

n
int
en

ext
9}1

t : k-th sensing of MCU
t : k-th output of MCU

using sensing data

HILS
T,

ae

T,

eu

HILS

: Generating motor position information
: Interpolated position information of motor
: Extrapolated position information of motor

: Capture complete of k-th output duty of MCU
a : m-th acquisition of HILS for Z.
: m-th execution complete of HILS
: m-th update of HILS
: The required time to output the executed result

: The required time for capture the duty ratio
: The propagation delay to invoke the execution of

: The execution time for HILS
: The delay time to update the executed result of

T, elay : The delay time for interpolation of updated data

T, : The propagation delay to invoke the execution of
MCU

T, : Total response time

Iy : g-axis current

g, : d-axis current

Uy : reference voltage of g-axis

u : reference voltage of g-axis

: reference voltage of d-axis



374

Design and Temporal Analysis of Hardware-in-the-loop Simulation for Testing Motor Control Unit

Acknowledgements

The authors of this paper were partly supported by the
Second Stage of Brain Korea21 Projects.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

References

A. Emadi, L. Young Joo, and K. Rajashekara, "Power
Electronics and Motor Drives in Electric, Hybrid
Electric, and Plug-In Hybrid Electric Vehicles," /[EEE
Trans. Industrial Electronics, vol. 55, pp. 2237-2245,
2008.

J.G. Lee, “A Lookup Table Based Loss Minimizing
Control for FCEV Permanent Magnet Synchronous
Motors”, Journal of Electrical Engineering &
Technology, vol. 4, No. 2, 2009.

Y.D. Son, “Drive System Design for a Permanent
Magnet Motor with Independent Excitation Winding
for an Electric Bicycle”, Journal of Electrical
Engineering & Technology, vol. 5, No. 4, 2010.

Y. K. Chin and J. Soulard, "Modeling of Iron Losses
in Permanent Magnet Synchronous Motors with
Field-Weakening Capability for Electric Vehicles,"
International Journal of Automotive Technology, vol.
4, pp. 87-94, 2003.

R. Champagne, L. A. Dessaint, H. Fortin-Blanchette,
and G. Sybille, "Analysis and validation of a real-
time AC drive simulator," [EEE Trans. Power
Electronics, vol. 19, pp. 336-345, 2004.

L. Jianhui, K. R. Pattipati, Q. Liu, and S. Chigusa,
"An Integrated Diagnostic Development Process for
Automotive Engine Control Systems," IEEE Trans.
Systems, Man, and Cybernetics, Part C: Applications
and Reviews, vol. 37, pp. 1163-1173, 2007.

A. Saleem, R. Issa, and T. Tutunji, "Hardware-In-the-
Loop for on-line identification and control of three-
phase squirrel cage induction motors," Simulation
Modelling Practice and Theory, vol. 18, pp. 277-290,
2010.

A. Wagener, T. Schulte, P. Waeltermann, and H.
Schuette, "Hardware-in-the-Loop Test Systems for
Electric  Motors in  Advanced Powertrain
Applications," in 2007 SAE World Congress, pp.
2007-01-0498,2007.

A. Dhaliwal and J. Allen, "Hardware-in-Loop
Simulation of Electric Drives -Desciption of a
Typical Simulation Platform," in 2007 SAE World
Congress, pp. 2009-01-2839, 2009.

B. Lu, X. Wu, H. Figueroa, and A. Monti, "A Low-
Cost Real-Time Hardware-in-the-Loop Testing
Approach of Power Electronics Controls," [EEE
Trans. Industrial Electronics, vol. 54, pp. 919-931,
2007.

V. R. Dinavahi, M. Reza Iravani, and R. Bonert,

[13]

[21]

A\ . /;L

modeling, and fault diagnosis of electric drive systems.

"Real-time digital simulation of power electronic
apparatus interfaced with digital controllers," IEEE
Trans. Power Delivery, vol. 16, pp. 775-781, 2001.

S. Ayasun, R. Fischl, S. Vallieu, J. Braun, and D. dIrll,
"Modeling and stability analysis of a simulation-
stimulation interface for hardware-in-the-loop
applications," Simulation Modelling Practice and
Theory, vol. 15, pp. 734-746, 2007.

W. Ren, M. Steurer, and T. L. Baldwin, "An Effective
Method for Evaluating the Accuracy of Power
Hardware-in-the-Loop Simulations," IEEE Trans.
Industry Applications, vol. 45, pp. 1484-1490, 2009.
J. Musil, "3-Phase PMSM Vector Control," Reference
Manuaul  of freescale  semiconductor, Inc.,
DRMO0632004.

M. Platnic, "Implementation of Vector Control for
PMSM Using the TMS302F240 DSP," Application
Report of Texas Instruments, SPRA4941998.

A. Dhaliwal, S. C. Nagaraj, and S. Ali, "Hardware-in-
the-Loop Simulation for Hybrid Electic Vehicles - An
Overview, Lessons Learned and  Solutions
Implemented," in 2009 SAE World Congress, pp.
2009-01-0735, 20009.

C. M. Ong, Dynamic Simulation of Electric
Machinary: Prentice Hall PTR, 1998.

W. Hong, C. Choi, W. Lee, J.-P. Hong, and D. KUM,

"Advanced Permanent Magent Motor Drive
Modeling For Automotive Application Under
MATLAB/Simulink Environment," International

Journal of Automotive Technology, vol. 10, pp. 489-
495, 2009.

N. C. Beaulieu, E. Biglieri, and M. Lai, "Sample
rejection and importance sampling in the simulation
of multidimensional signalling systems," IEE
Proceedings of Communications, Speech and Vision,
vol. 140, pp. 445-452, 1993.

P. Loskot and N. C. Beaulieu, "Sample rejection for
efficient simulation of binary coding schemes over
quantized additive white Gaussian noise channels,"
IEEE Trans. Communications, vol. 53, pp. 1145-1154,
2005.

M. Torngren, "Fundamentals of implementing Real-
time Control Applications in Distributed Computer
Systems," Journal of Real-time systems, vol. 14, pp.
219-250, 1998.

Chinchul Choi received the B.S., M.S.
degrees in control and instrumentation
engineering from Changwon National
University, Changwon, Korea, in 2006
and 2008, respectively. He is currently
working toward the Ph.D. degree at
Changwon National University. His
research interests are the control,



Chinchul Choi, Kangseok Lee and Wootaik Lee

Kangseok Lee received the B.S., M.S.
degrees in control and instrumentation
engineering from Changwon National
University, Changwon, Korea, in 2008
and 2011, respectively. He is currently
working toward the Ph.D. degree at
‘ Changwon National University. His
research  interests are  software
programming and testing of embedded control systems.

Wootaik Lee received the B.S., M.S.
degrees in electrical engineering and
Ph.D. degree in automotive
engineering from Hanyang University,
Seoul, Korea, in 1996, 1998, and 2002,
respectively. From 2001 to 2003, he
was with Automotive Control and
Electronics Research Center, Seoul,
Korea, where he was a senior engineer for developing
automotive electronic control unit, and designing in-
vehicle control network. Since 2003, he has been with the
Department of Control and Instrumentation Engineering,
Changwon National University, Changwon, Korea, where
he is currently an Associate Professor. His research
interests include model-based development process for
embedded control system, and motor drive for automotive
application.

375




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


