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ABSTRACT

An advanced sumulation model for brushless de (BLDC) motor drives usmg Matlab 1s presented In the developed

model, the dynamc charactenistics of speed and torque as well as voltages and currents of pwm 1nverter components can

be effectively monitored and analyzed Therefore, 1t can be expected that the developed simulation model can be an

easy-to-design tool for the development of BLDC motor drives including control algorithms and topological variations

with reduced computation time and memory size.
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1. Introduction

Brushless dc (BLDC) motor drives are beconung
widely used mn various consumer and mdusinal systems,
such as servo motor drives, home appliances, computer

peripherals, and automotive applications!'!1*]

ntly, many machine design and control schemes have been
developed to enhance the performance of BLDC motor
drives!® ! In general, the overall system consists of three
parts 1) power conversion pwim mvertets, 2) BLDC motor
and load, and 3) speed, torque, and current controllers
Therefore, exact understanding of each part 15 a
prerequisite for analysis and prediction of the overall

system operation.

Until now, several simulation models have been

proposed for the analysis of BLDC motor drives

Conseque

Manuscript received Apnl 17, 2002, revised April 7, 2003
Corresponding Author bklee@ker: re kr
Tel +82-55-280-1416, Fax +82-55-280-1436

Copyright (C) 2003 NuriMedia Co., Ltd.

These models are based on state-space equations,
Fourier-sertes, and d-q axis model™ 12 Even though the
previous works made a great contribution to analysts of
BLDC motor drives, to the best our knowledge, no unified
approach for modeling and analysis of three parts of the
drive has been proposed. In [11], the authors proposed a
model by means of state array matrices to simulate the
drive system along with pwm inverter, However,
addition to 1ts mherent complexity, detailed investigation
of the inverter 1s not concluded 1n this work

In this paper, we propose a simulation model for an
entire BLDC motor drive and 1ts actual implementation In
this model, the trapezowdal back EMF waveforms are
modeled as a function of rotor position, so that 1t can be
actively calculated according to the operating speeds
Moreover, switching function concept 18 adopted to model
the pwm mverter This 1n turns results in obtaming the
detailed voltage and current waveforms of the mnverter and
calculating the design parameters, such as average/rms
ratings of components!"*"'"l The developed model can
produce precise prediction of drive performance during
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transient as well as steady state operation Therefore, the
mechamsm of phase commutatton and generation of
torque mipple can be observed and analyzed m this model.
Especially, the proposed model 15 made mto several
functional modular blocks, so that 1t can be eastly
extended to other ac motor applications with a little
modification, such as the induction motor, the permanent
magnet ac motor, and the synchronous reluctance motor
Therefore, 1t can be expected that the developed
simulation model can be an easy-to-design tool for the
development of BLDC motor drives wcluding control
algorithms and topological variations with reduced

computation ttme and memory size.

2. Analysis of BLDC Motor Drive System

Fig 1 shows the overall system configuration of the
three-phase BLDC motor drive. The pwm inverter
topology 1s six-switch voltage-source configuration with
constant de-link voltage (Vy), which 1s 1dentical with the
mduction motor drives and the permanent magnet ac
motor drives The analysis 15 based on the following

assumption for simphficationt'-

The motor 15 not saturated.

Stator resistances of all the windings are equal and self

and mutual inductances are constant

Power sermconductor devices in the inverter are 1deal

Iron losses are negligible

Under the above assumptions, a BLDC motor can be

represented as
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where e,, e, and e, are trapezoidal back EMFs.

The electromagnetic torque 1s expressed as

Te = L(e.:;t'ir;' + ebzb + eclc ) (2)
a)f

And, the mteraction of 7, with the load torque

determines how the motor speed builds up:
T :TL+J%‘;’—+B@, 3)

where T} 1s load torque, J1s mertia, and B 1s damping.
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Fig 2 Back EMF and phase current waveforms of BLDC
motor drive
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Fig 1 Configuration of BLDC motor drive system
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Fig 3 Switching states and conduction sequence according to the operating modes

The pwm three-phase nverter operation can be divided
into six modes accordimg to the current conduction states
as shown mn Fig 2 The detailed switching states and
conduction sequence are described 1 Fig, 3.

The three phase currents are controlled to take a form of
quasisquare waveform 1n order to synchromze with the
trapezoidal back EMF to produce the constant torque. This
task 15 performed by the speeditorque control loop in
cooperation with rotor position sensor and hysteresis
current controller as shown in Fig, 4.
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Fig 4 Block diagram of control scheme of BLDC motor drive
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3. Modeling and Implementation

In this section, the modeling process 1s explaned and
the actual implementation using Matlab Simulink 1s
described Fig 5 shows the overall block diagram of the
developed model for BLDC motor drives. As shown n
Fig. 5, the proposed model consists of seven functional
blocks: back EMF block, load current block, hysteresis
current control block, pwm 1nverter block, diode recufier
block, pure switch and diode currents generating block,
and speed/torque controller block

3.1 Back EMF Block
As shown in Fig. 2, the back EMF 15 a function of rotor

position (&} and has the amphtude of £=K, o, (K,

15 back EMF constant) In this paper, the modeling of the
back EMF 1s performed under the assumption, such that
all three phases have identical back EMF waveforms.
Based on the rotor position, the numernical expression of
back EMF can be obtained as egs. (4), (5), and (6) and 1t 1s
implemented as shown 1 Fig 6 Therefore, with the speed
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Fig 5 Overall block diagram of the developed model for BLDC motor drive systems

command and rotor position, the symmetric three phases In  practical situation, due to manufacturing
back EMF waveforms can be generated at every operating unperfection, deterioration of permanent magnets, or
speed. unbalanced stator windings, the back EMF waveforms
become unbalanced. In this case, the real back EMF could
[(6E/7)8, (<6 <7/6) be modeled using finite element analysis (FEA)
E (m/6<8 <5x/6) @ Consequently, back EMF block can be modified by
e,=|—(6E/m)& +6E (5z/6<6, <Tx/6) FEA program. In the next step, this data will be fed into
-FE (Tr/6<0 <1lx/6) “S-Function Block™ in Matlab Smmulink, which passes the
(6E/m)0. ~12E  (1lz/6< 0, <27x) program written n M, C, or Fortran to Matlab Workspace.
Therefore, 1t 1s noted that the proposed model can be
-E (0<8, <z/2) applied not only to the ideal back EMF case, but also to
(6E/FZ’)9, —-4F (7.’.'/2 < 9) < 57[/6) (5) the pract]ca[ case
e,=E (5m/6<0 <97/6)
—(6E/m)8 +10E (=/6<6, <1lz/6)
E (11z/6 <8, <27)
(E 0<0, <7/6) s 3
-(6B/m)8, +2E  (n/6<6, <x/2) ‘ ,-E D] )
e, =|~E (m/2<8, <77/6) ©)
6E/m)0, 8BE  (T2/6<0 <97/6) =
E (97/6<8 <2r)

L Fig. 6 Back EMF generating block fiom rotor positions
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3.2 Speed and Torque Centrol Block

Speed and torque characteristics of the BLDC motor
can be explamed from eq. (3), neglecting the damping
factor as

1 1
@, :7J(TG—TL)dt=7J.[(Tﬂ+Tb+Tc)7TL]dt )

And, the relation between electrical power ( £,) and
mechantcal power ( £ ) 1s
P, = Elpax = Py =T, (8)

Also, torque can be controlled very directly by varying
the current amplitude as

T =" =KI_ (K=—="txK)

e max 17 max? 4 e

@, @

'

where g is torque constant
Therefore, using egs. (7), (8) and (9), the speed and
torque control circutt can be implemented as shown n Fig

7. In this model, from the rotor speed (@, ), the rotor

posttion {6, ) 18 converted to vary from 0 to 2m per

electrical cycle And, it 1s fed to back EMF block and used
as data to calculate the proper back EMF waveforms, The
converted rotor position can be obtamed using a Matlab
function, “Floor”, which 15 rounds the element to the
nearest integers as

fw) = ull] - floor(u(1]/ 27) 27] (10)
where u[1] 18 rotor position.

W -ref

3.3 Hysteresis Current Contro! Block

In BLDC motor dnive, duty-cycle controlled voltage
pwm technique and hysteresis current control technique
can be regarded as the mamn current control strategies In
this paper, bipolar hysteresis current control 1s used for
obtamming the fast dynamuc responses during transient
states This current control method 1s explained based on
the case of phase A. As shown m Fig 8(a), current control
for phase A can be divided mto each four-period as
following the polarity of the current

{1)Casel I,>0
Pciiod 1 f, < Lower Lumuit(LL) — Switch S; 15
turned on,
Period 2. I, < Upper Limu(UL) — Switch S, 18
turned off and Dy 15 conducted.
Periecd 3 LL < la< UL and dl, /dt > 0 — S| 18
turned on
Period 4 LL < Ja < UL and di, / df < § — Switch
S; 18 turned off and D, 15 conducted

{(2)Casell I, <0
Period 1: I, > UL — Swiich 8415 turned on
Period 2 I, < LL — Switch S, 18 turned off and D,
1s conducted.
Period 3 LL <Ja < UL gnd dl, /dt < (0 — Sy 18
turned on.
Penod 4; LI < la < UL and dI, / dt > 0 — Switch
S, 15 turned off and D; 15 conducted
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Fig 7
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Fig 8 (a) Detailed imvestigation of hysterests curtent control for phase A, and (b) 1ts implementation

(u[1]< u[3]% 0.9) = (u[1] > u[3] * 1 1)+
F(w)=(u[8]> 7/6) (W[41<5m/6) | (@[1])>ul3]%0 9)* (ull] < u[3]*1 1) (u[1]>uf2]}- |+
(u{1] > ul3]% 0 O)x (1} < l31# 1 1) (u[1) <2f27) (11)

~ (1] > —3]* 0 9)+ {1} < —uf3]*1 1) -
(41> 7776) (u[4] <11z /6) | (uft] < —ul3]* 0 9)x (u[1] > —u[3) * 1 1)* (ul1] <u[2])+
(1] < —u[3]* 0 9) = (1] > —uf3] * 1 1)* (u1] > u[2])

This hysteresis current control logic 1s realized in a uf1] 1s the measured L,

function block £, () 1 cooperation with the measured u{2] is the previous value of I,

phase A current I,, current reference / g, and rotor u[3] is the maximum value of current reference (I_max),
* -

position & as shown in Fig 8(b), such as form (11), u[4] 1s the rotor position (6,),

h u[37*%0 9 1s the lower limt,
whete, u[3]*1.1 1s the upper limut.
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From the hysteresis block, the switching function SF
SF| ., and SF, . are determined to model the operation of
pwm mverter The switching function concept 13 a
powerful tool 1 understanding and optmmzing the
performance of the static power converters/iverters!' > ']
Usmg the

conversion circuits can be modeled according to therr

switching function concept, the power
functions, rather than ciwcuit topologies Therefore, 1t can
achueve simphfication of the overall power conversion
functions, so that the convergence and long-run time
problems, which are common m PSPICE and SABER, can
be solved!'”,

In this model, the switching function SF, 1s used to
Also, it 1s
modified to SF, for obtammng the pure switch and diode

generate the inverter line-to-line voltages

currents according to the switching states. Consequently,
using switching functions (SF; and SF;), the detailed
mverter operation under hysteresis current control can be
effectively expressed

3.4 PWM Inverter, Load Current and Pure
Switch/Diode Current Blocks

As shown in Fig. 3, the only two phases are excited
through the conduction operating modes. Therefore, the
three phases currents are considered in terms of the
line-to-line voltages From Fig 9, the following voltage
and curtent equations can be obtained as

d
Va = Rty +(L=M), d_t:+ €a

(12)

di
Vye =Rty +(L-M),, d_;+ €pe

d
v, =Rt +(L-M), dL;-F e

o

where, R, 1s the hne-to-line resistance and equals to 2R,
(L - M);; 1s the line-to-line inductance and equals
to 2(L-M),
e€.,, € and e_ are the line-to-line back
EMFs and ¢, =¢,—¢,, ¢, =€, —¢,  and

e, =¢e —e,.

C

And

3

'1'(: = Il __13

’ (13)

p =1 ]

=1l —1,
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Using switching function SF, ,;., which 15 obtamed
from hysteresis block, the Vg, Vy,, and V., can be
calculated as

Vi = -V—"SFU = %Z A, sin(net)
[}
14}

d Vi s o (
Vi :TfSFl_,1 :T’ZUZA,, sin m{@t —120°)

V! Vf o
v, =—L8F =-%% A sinn(ar—240°
i o 2 1_¢ 2 ; n ( )

Then, the inverter line-to-line voltages can be dertved as

_SFI_b)

a

v
vnb = vao _v.'m = Td(SF‘I_

v

vbc =V "V = ?(K(S‘Flfb _SF'lfc) (15)
Vd

vCﬂ :vﬂﬂ _vao = ?(SF'I7€ _SF’liﬂ)

Next, the three phases currents are obtamed solving the
eqs. (12) and (13). From the calculated phase currents, the
detailed pure switch and diode currents are dertved using
switching function SF, Each phase has two switching
functions of SF,, such as SF; 5, and SF, g4 for switches S
and 3, respectively with the following definition as

SF, 4 =SF_, >0
SFy 54 =8F , <0

(16)

Based on the eq. (16) and Fig. 8(a), the switch and
diode currents for phase A are calculated as

sis =W, >0)'SFL51

sio=U, <0)‘SF2_51

I
I —
Igy s =(1, <0)-SF,
Iy ,=(, >0) SF, 4,

(17)

where, IS]_S and ISI_D are pure switch and diode

currents of switch 8y as [, =7, -1 p»

fS4_S and fS4_D are pure switch and diode

currents of switch S4a8 [, =1 .

— 454 5 S§4_D*
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inverter, load current, and switch/diode blocks, all voltage
and current variables of the pwm mverter can be obtamned.

| Ia

outl

» o
[T
Fig. 9. Voltage and current parameters i three-phase BLDC
motor
Ie
Dutd
§Fl-a Yao
L ey Fig 11  Implementation of three-phase currents block.
Ot
SFL-h
%3 o] Vho | | D Vhe
Dtz
Lo
oug
oy SFLe v
na
Out
v P
Ind

Fig 10 Inverter line-to-hine voltage generating block using
switching functions.

Fig 12 Pure switch and diode currents generating block for
Also, the mverter mput current { / . ) can be obtained by phase A

Im :‘[Sl +[SB+ISS (18)

Finally, the average and rms values of current 4. Simulation and Experimental Results
parameters can be expressed by the vector forms such as
egs. (19) and (20) and 1t can be calculated in Matlab Table 1 shows the BLDC motor specification to
workspace by getting the data from Fig 5 examine the performance of the proposed model.

"

T
T savg = %I[m_s {(Odt = ﬁz [Ists (ky+1Ig (k- ])] Table 1  Motor Specification (LL lie-to-line}
0

k=1
(19) K. {} 21476[Nm)] R 15[Q)
T ]
Iy s = ljfs F(0)de = LZ[Im 2+, Sz(k—l)] K. 11 || 021486{V/(radisec)] | (L-M) 11 6 1[mH]
_ s T : L 2n = _ _
(20) ] 8 2614e-5[kgm’] Power 1[HP]
The implementations of the above-explamed numerical Rated
pwm mverter voltage and current equations are shown in Tu 0.662[Nm] Speed 3500[rpm]
Fig. 10, Fig. 11, and Fig. 12 Consequently, from the
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Fig. 13 shows the generated back EMF from the rotor
position and the phase cumrents waveforms according to
the each operating speed, such as 23500[rpm] and
3500[rpm] As shown m Fig. 13, the three-phase
symmetric back EMF waveforms are actively calculated
and generated from the rotor position At 2500[rpm], the
rotor posttion 1s varted from 0 to 2r per electric cycle
0 024[s] and the back EMF has the amplitude of 28 11[V]
On the other hand, at 3500[rpm], electric cycle 15 0.017[s]
and amplitude 1s 39 36[V] Also, the actual phase currents
are successfully obtamed by the hysteresis control
algorithm and they are well synchromized with their
counterpart back EMF waveforims as explamed 1n Section
II-C. In Fig 14, the expanded current waveforms for
phase A are depicted In these waveforms, the current

é Rotoré Posm:bn j .

ety

_____________
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035 0155 016 0165 D17 0175 018 0185 G19 0185 02
time[s]

(¢) At 2500[rpm]

pulsation 1s measured at the muddle of 120° conduction
periods. They result from the commutation of the other
two phases (phases B and C)

The detailed analysis of the torque rippie due to the
commutation 15 well explamed m [10] Based on the
sumulation conditions at 3500[rpm], DC-Link voltage
{160V) 1s larger than the value of 4E (157.44V), that 1s V,
> 4F Therefore, the phase C current reaches the [, value
before phase B current goes to zero [10] As the result of
that, the phase A current decreased and torque becomes to
be increased during the commutation period. Tlus
phenomenon can be observed mn Fig. 15 Therefore, 1t 15
noted that 1n the developed simulation model, the transient
characteristics are well exammed as well as the steady
state ones.
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(d) At 3500{rpm]

Fig 13 Back EMF (upper) and phase currents (lower) waveforms based on the rotor position,
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Fig 16(a) shows the dynamic responses of the speed
and torque controller, winch 13 designed as shown n Fig
7. With the help of PI controller, the real speed 1s reaching
to the command value in 0.02[s] Also, from the generated
constant torque reference, maximum current reference
value (I.) 18 calculated, and then 1t 15 used m the
hysteresis control block From the expanded waveform in
Fig 16(b), the torque pulsation due to the commutation
can be measured and using eq (19), the average values of
torque and maximum current reference value are
calculated about 0 65[Nm] and 3 15[A], respectively

From Fig 17 to Fig 18, the detailed operational
charactenistics of the pwm wverter are examined As
explained m Section III-C and D, the pwm inverter
modeling 1s based on switching function concept

Fig, 17(a) and Fig. 17(b) show the switching function
SF, for the three phases (SF) ,, ST;p, SF; ) From the
figures, 1t 15 noted that the switching function signals are
only generated during the 120° conduction periods mn
order to force the currents to be switched between the
hysteresis upper and lower bands. The positive (negative)
value 1 {-1) expresses the upper (lower) switch or diode 1s
under the conducting state Therefore, from the switching
function SF,, the line-to-line voltage waveforms can be
obtamed. Fig 17(c) and Fig (d) show the generated
line-to-lme  voltage (V) according to the conduction
modes In case of Fig 17(c), phase A current 15 positive
and phase B cwrrent 1s negative, which 1s mode I in Fig 3
Therefore, during positive slope of phase A (d,,/dt>0} and
negative slope of phase B (d,,/dt<0), switches 5, and 34

Table 2 V,, and Conducting Devices according to the Current States

la
Vo and
>0 <0
Conducting Devises
di/dt=0 di,/dt=<0 di/dt>0 di/dt<0
-0 di,/de>0 X % >< -Vy4, S3, S
b dlb/ dé< X X Vd, D], Dﬁ X
- di,/de-0 x Ve, D3, Dy x x
du/dt<0 Vi, S1, S5 x x x
Table 3V}, and Conducting Devices according to the Current States
L
Vi and
=0 <0
Conducting Devices
d/de=0 dr,/dt<0 dip/de=0 dr/dt<0
dlc/dt>0 X X X -Vd, S_s, S(,
>0
i difdt<0 X X Vi D2, Dy P
) @ di/de-0 x -V, Ds, Dg - < x
di/dt<0 Vi, 82, 83 X X X
Table 4 V., and Conducting Devices according to the Current States
L
Ve and
>() <Q
Conducting Devices
di/de-0 di/dt<0 di/dt=0 di/de<0
d]a/dt>0 X X X -Vd, Sl: Sg
=0
I dla/dt<0 X X Vd, Dy, Ds X
‘ < di,/de=0 x V4, D, D; X x
di/dt<0 Vi Sa» Ss x x x
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are conducted, so that V,, has positive value of V4 (160V)
On the other hand, V, has negative Vy for the period of
d,/di<0 and dg/dt>0 (diodes D, and D are conducted)
The similar explanation can be applied to the case of 1,<0
and Iy>0 (mode V) as shown i Fig. 17(d) Consequently,
the patterns of the line-to-lne voltages (Vb Vi, Voo) and
conducting devices according to the currents states are
summarized 1n Tables II, III, and IV

In order to obtain the optimal design parameters of the
pwm mverter, the pure switch and diode current
waveforms are necessary for calculating the average and
rms values They also can be obtamed from the
combination of the phase currents and switching function
SF, Fig 18 explains the detailed process of calculating
the pure switch and diode currents

i v

‘ '

' ] '
' '

' ‘ ‘ '
1

' I '

I I

Dt D185 016 D165 017 0175 018 0188 019 0195 02

T

]

] '
-1

]

3 ; H H H ; ! ; ; :
015 0185 016 0185 D17 0175 015 0185 013 0195 02
time[s]

{a) Back EMF and switching function for phase A

[A] b e T e e e

4 H H . | H
0123 0123 01231 01232 01252 01233 01233

200 T T T T T
[v] ;
T R 1 O Y O |
ot : )
amf | |
) L Vab | H H
0123 g123 0123 01232 01232 01233 C1233

time[s]

() Line-to-line voltage Vg, (1,70, 1,<0)

In case of [0, the cwrrent can be flowing through the
switch S; or diode Dy, If the current is increased (d,,/de>0},
the switch S; 1s turned on and the current flows through
the switch S; Also, when the current 1s decreased
(d/dt=0), the switch §; 18 turned off and the current 15
conducted through the diode D, Switching function SF,
for S; (SF,s) and D, (SF,g4) are obtamed from the
switching function SF, ,, which 1s explamed m eq. (16)
As the result of that, the pure switch and diode currents
can be successfully obtained. As shown i Fig 18(a) and
(b), the only positive slope part of phase current I, is
selected as the pure switch current I ¢ and the negative
slope part 1s as the pure diode current I, p In case of [,<0,
the switch Sy and the diode Dy provide the current path
and the pure switch current Iy ¢ and the pure diode current

'
0

i
] '
'

' ' ' ‘ : ' ' 1
H H

5 : [ S S S N
015 0165 0 0185 017 0175 D13 0185 019 0185 02
$F1 ¢

T

i
9% I N S TR S G
015 0186 016 0185 017 0175 018 0185 019 0195 02
timel[s]

(b) Switchmng function SF,

,,,,,,,,,,,,,,,,,,,,,,,,,,,

__________________________________________
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200 : i ; i ]
01316 01316 01317 01317 21318 01318 01319
time[s]

{d) Line-to-lme voltage Vy, (1,<0, >0)

Fig 17 Switchmng function SF| .y, and line-to-line voltage (V) waveforms according to the conducting modes
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L _p can be expressed as shown mm Fig 18(d)

After obtaming the pure switch and diode current
waveforms, the average and rms values can be easily
calculated using egs. (19) and (20). As an example, for S,
and D), the average values are calculated as 0 657[A] and
0.240[A], respectively under the operating speed 1s
3500[rpm] and hysteresis window size is 10% of the
maximum current reference values, Also, about rms values,
one can obtain 1.415[A] and 0.871[A).

Fig 19 shows the experimental waveforms of general
three-phase BLDC motor drives. The motor specification
for this test 1s as follows:

K=1.605[Nm], K, =1.146[V/(rad/sec)],

J088 00481 D 8a31 0 03582
timefs]

(2) Pure swiich current I;; ¢ (1>0)

_4 : :
02898 0093 0093t 00982

0033 090%8 00981 00982
time[s]

(c) Pure swiich current I 5 (£,<0)

Fig 18
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No. of Pole=4[Pole],
R 11=7.82[Q],
(L-M) 11=77.6[mH],
Power=1[HP].

From Fig. 19(a) and Fig 19(b), it is noted that the phase
currents are synchromzed with the therr trapezoidal shaped
back EMFs and the hysteresis current controller keeps the
phase currents to follow the reference value. Switchmg
function signals for phases A and B are displayed in Fig.
19(c) This result has a good agreement with the
theoretical explanation and the simulation results as

explained in the previous sections.

-
0 0g8 00881 00381 00882
4 T T
e
0 08B fez:]| G 0931 00882
timefs]

(b) Pure diode currents L, p (I;>0)
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(d) Pure drode currents Iy _p (I,;<0)

Pure switch and diode current waveforms of switch S,
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L]

(a) Back EMFs (20ms/div.; 50V/div.)

(b} Phase currents (20ms/div , 5A/div )
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(c) Phase currents and switching signals (Sms/div , 2A/dv,

10V/div )

Fig 19. Experimental waveforms of BLDC motor drives

Copyright (C) 2003 NuriMedia Co., Ltd.

5. Conclusions

In this paper, an advanced simulation model for BLDC
motor drives ate proposed and the performance and
feasibilities have been examined by the mformative
simulation verification. From the investigation of the
developed smmulation model, 1t 18 expected that the
dynamic characteristics as well as steady state can be
effectrtvely monitored and predicted, so that the
performance of a developed system can be more precisely
analyzed according to the variation of control algorithm
and topology.
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