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EECE 376

Electromechanics

Module 7: Brushless DC Motors (Chap. 8)

Spring 2015

Instructor: Dr. Juri Jatskevich
Class Webpage:
http://courses.ece.ubc.ca/376/

Important Topics & Concepts

Types and construction of commonly Brushless DC and Servo Motors
Principle of operation & torque production
2-phase BLDC Motor model

Model in gqd-Rotor Reference Frame (RRF)
Steady-state analysis characteristics

Similarity with conventional brushed DC Motors
3-phase BLDC Motor model

6-step 180/120 deg inverter operation

Principle of PWM drive of Brushless DC Motors
Simulink Model implementation
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Typical Brushless DC Motors

Propulsion & Transportation

Computers
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Typical Brushless DC Motors

Servo motors for positioning and industrial automation
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Typical Configurations of BLDC Motors

i DCLink fpy T : BLDC Motor Drivers
DC Input . i, PMSynM.
requires E A A
additional DC

power supply l T4 W1 TS )L 16
(24 — 48V DC) IO

Other Inputs —f Control
Algorithms

Other Outputs +—

Command Signals T

Brushless AC or DC Servo Motors

L Rectifier i, Ly DCLink Inverter

)|
]
2y O

3-Phase AC input:  omerinpus — ¢
no additional power Ot Oupse—] e
Supply IS needed Command SignalsT
(208/120 V AC) 4
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Hall-Sensor-Driven BLDC Machine

DC-AC Inverter

| +S1”5 J: Slg”f Js SF”% ﬁs

Features ISR « e L.
«  Simple & low cost g — L pd Jﬁ
Work with various sl T8k Tl

loads Vo § | oo
 Drivers work with JYasg AL Ves

different motors Tl i
« Motors work with L

different drivers “’f;\
e (ood speed/torque A

characteristics E
* High dynamic response Aot Hall | H3
d ngh effICIenCy sensor outputs

Wide speed ranges Permanent Magnet

Synchronous Machine

(PMSM) .
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Hall Sensors in BLDC Motors

Typical Industrial BLDC Machine
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Brushless DC Motor
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2-Phase Brushless DC Motor

bs axis
[
» as (!J,- Uas ias NS
——
S X f\/ N,
4 Ts — 00 —
. L,
bs' s | asaxis TZ
ibs r‘
N
- Ups +
S
Hall-effect sensors control
Assume inverter circuit the inverter

7 T1 & T4 => as positive
T2 & T3 => as negative

?1'4 TGA# A 7' F,TS T5 & T8 => bs positive

" Tl_|:z 7 3

T6 & T7 => bs negative




Brushless DC Motor Principle

Hall-effect sensors: Under N — on (positive), under S — off (negative)
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bs-axis

S
bs'
as-axis
N, Y
as & libS
S1 d-axis + Vbs -
N

Assume stator self inductances
Lasas = Lls + Lms
Lbsbs = LZS + Lms

2-Phase Brushless DC Motor Model
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Voltage equations

V. =rd s
as — Istas Jt
) dﬂbs
Vhe = Folpe +
bs stbs dt
. dh bs
Vabs =Yslgps t af;

Flux linkage equations
|:/161S j| — |:Lasas O j| . |:ias j| + |:ﬂ“asm:|
ﬂ'bs 0 Lbsbs ibs ﬂ'bsm
Aaps =Liigpg +2p

Flux linkage due to Permanent Magnet

= 2 ] o)
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2-Phase Brushless DC Motor Model

P ow ( 0 ) Assume magnetically W, = Wf

Electromagnetic Torque T

2 T linear system
1.7
Wf 2 abs (L LZSI)'abs abs)“
1 2 2 . :
= ELmslaS +§Lmslbs +igsAasm + ibs Absm
1 2 .
= 2Lms(as +ipg )+ﬂ“ [ Sm(g )_lbs COS(HF )]
P ; ; i Recall for P-pole motors
I, = E;Lm [las COS(HI" )+ lps SII’](@,, )] we can define:
Mechanical System P
da) Wy = 2 Drm
Jiotal — d =1, —T fric — — Ty, P
! 0, == O

Rotor position

0, =0,(0)+ | w,dt
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2-Phase Brushless DC Motor Model

Voltage equations = State equations
d)"abs

dt
1
=-T,L; ()"abs - )"m )+ Vabs

= Tlgps + Vaps

Flux linkage equations

;‘abs - ;‘m = Lsiabs

igps = Lgl()"abs - )"m)

+ Vg -
Mechanical System Electromagnetic Torque
Jotal da;,t =1, Tfrlc T I, = g/zm [ias COS(@,, )+ Ihs Siﬂ(@r )]
0,.=0, (O)+Ia)rdt How similar is this to a conventional
brushed DC motor ?

12
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Apply Rotor Frame Reference (RRF)

gd-frame is fixed on the rotor Phases have variables f —iv A

bs-axis
! Define a vector s = [fas Tbs ]T
_ Define change of variables to gd-coordinate
g-axis
0 fds:[qu de]T
as-axis |:qu} _ {COS(QF) Sm( ) :| |:fas}
fds Siﬂ(@r) COS( ) fbs
fqu = Kg abs
1
d-axis fabS — ( ET f
Rotor position 6}, = (9’, (O)+ Ia)rdt (Kg )71 _ K’; _ (KI;)T

Express all equations in transformed gd variables !
13
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Voltage Equations in RRF

Original voltage equation Substitute the qd-variables
: bs - -
Vabs =Tslaps +— 1 1 d 1
dt ( §T Vgds = Ts (KZ;T Yads +E (KLCT ;"qu
1, i 1
—Kr (Kr)i qu +K§% (Kg)i ;\.qu

o o2
KSE|:KS ;‘qu _KSE s )"qu""Ks s dt

{005(9,») Sin(é’r)} {—Sin(@) 008(9,/)}_@{0 1}

sin(0,) —cos(@,)| | cos(6,) sin(6,)|”“"|-1 o
0 1 hy |
w{ }qus =, _xs = M ggs Resulted voltage equation
-1 0 gs "
qds

Vods =Yl gge + @M —
qds qds dgs T dt

14
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Flux Linkage Equations in RRF

Original equation Ay L+ L, 0 I 4 sin(er)
= . +
Aps 0 Lig + Ly | | g " - COS(H,, )

)“abs - Lsiabs + )“m

Substitute the qd-variables where
1 1, r 1L _ Lig + Ly 0
(K;)( ;\,qu ILS(KL’;)i lqu +)"m KSLS(KST _{ 0 Lig + Ly
1,
A gds =KL (KFT s +KA,, cos(d,) sin(6,) 9 sin(6,.) _. o
sin(9,) —cos(6,) ~cos(6,)] ™1

Resulted flux linkage equation

o RSP P R
Ags 0 Lig+L | iz | |1
Ags =(Lis + Ly Jigs = Ligigs

Age = (Lig + Ly Vigs + Ay = Lygigs + Ay
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2-Phase Brushless DC Motor Model in qd RRF
Expanded Voltage Equations

. d;tqs . . diqs
Vgs =Tslgs + WAy +—— = Folgs + @, Ly + @, A, + L I
, dA g , di g
Vg =Tl — @, ﬂ, g T —— 2 =Tl — @ LSquS + L >

. -1 .
dt | iyq 0 L @y Lgg —Ts s 0 Vds

Electromagnetic Torque igs | _[cos(6,) sin(6;) Tigs|_ 'gs cos(, )+ igs sin(6), )
Ihs Sin(gr) —COS(@,,) Ls qs SII’](@) Ids COS(Hr)

P , o
I, = E/Im [las COS(H,, )+ lps Sm(er )]

/1 [ c0s2(6, )+ iy sin(6, )cos(8, )+ i, sin® (0, )— iy sin(@r)cos(ﬁr)]

qs
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Steady-State Operation

Voltage Equations

Vqs = rslqs +w

Vas = 1 gs _a)l’LSS](]S

rLss]ds + a)rﬂ'm

. P
Electromagnetic Torque 7, = E/’Lmlqs

P
T

e

Assume applied voltages
Vs =2V, cos(w,t + ¢, )

Vie =2V sin(w,t +¢,)
¢v = 96 _01/

:96(0)_‘9r<0)+'..(a)e_a)r)5” 1

v

r-=ss

q

: . diqs
gs = Tslgs T @y Lggigs + @p Ay + Ligg Jr
: : digg
Vds = Vslds — a)rLsslqs + L Jt

Fs

w, L
—___ms |y ISy _m A
2 rS2+a)2L2 ( v s : m]

Voltages in RRF Vas = «/EVS COS(¢V)

Vas = _\/EVS Sin(¢v)

Common Operation Mode: Set @, =0
— a)I’LSS

Ly

@y Lgs
slgs T @y L Iqs + a)r/lm

rS
17

Steady-State Operation

Brushless DC Motor in COM
* Voltage equation
ry +o, L
Vqs =
 Back emf

Ea,peak = wrﬂ’m

A
Ly + 0,4,

Fs

» Electromagnetic torque

P
Tezzl I

m* qs

* Torque-speed characteristic

T

e

P A1 (

— A Vs_wrﬁm)
2 2+ ofly "
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PM Brushed DC Motor
Voltage equation

V,=rl,+o.k,

Back emf

E,=w,k,
Electromagnetic torque

I, = kvla
Torque-speed characteristic

k
T, =_V(Va _a)rﬂ'm)

Fs
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3-Phase Brushless DC Motor

Sensor Assume 3-phases are symmetric and 120 deg apart

Assume 3-phase (leg)
inverter circuit

19
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3-Phase Brushless DC Motor Model

-y Voltage equations
dA
Vas = Fslgs -
dt
_ dAp
Vo =Folpe +
bs stbs dt
dA
Ves = Tsles dCS
t
. d}"abcs
\% =r.i +—=
abcs stabcs dt
Flux linkage equations
Ags | [Lyg+L,s —05L,, —05L, ] [i, sin(6,. )
Aps |=| =05L,,; Ly +L,, —05L, |- iy |+A,|sin(@, —120)
Aes | | =05L, —05L,  Lji+L,||i. sin(6, +120)

;“abcs - Lsiabcs + ;“m

20
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3-Phase Brushless DC Motor Model

Electromagnetic Torque T, :%% ﬁ;::g?::;%”enca”y W, =W,
r

1.7 T
Wf = 2 abcs (L LISI)'abcs abcs;"m

P.|(. 1. 1, V3
Te = Eﬁm{(las _Elbs _Elcsjcos(‘gr)+7(lbs “les )SII’](H,,)

Mechanical System

J dw,,, ST -T,. -T, Recall for P-pole motors:
total — ,, dt - fric — P
Rotor position Wy = 2 Drm
P
0, =0,(0)+ | w,dt 0, = Om
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Apply Rotating Frame of Reference (RRF)

P i< g h _ .
qd-frame is fixed on the rotor Consider that each phase has variables

bs-axis
f=i,v,A,..
, T
g-axis Define avector  fgpc5 = [f as Jbs S cs]
0 Define change of variables to gd-coordinate
as-axis fqu = [f gs / dS]T
{qu}_Z cos(d) cosl@-120°) cos|g+120° Jas
Al . . o . ol fbs
fas| 3|sin(@) sinl@-120°) sinl@+120 p
cS-axis .
d-axis f =K f bes
. cos(6,) sin(6,.)
( ;T =| cos(d, —120) sin(d, —120) f b =( ;T f

cos(6, +120) sin(6, +120)

Pseudo inverse !
22
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Voltage Equations in RRF

Original voltage equation Substitute the qd-variables
. dhgpes B 7
Vabes = Yslabes + ( Tl ( Tl. d ( Tl
dt Kg quS =TI K; lqu +E Kg ;\‘qu
1 dl 1]
Vads = Kgrs (K;’)i Yyds +K§ E (Kg)i )“qu
e il
r r T r vy
Ky E|: K ;‘qu:| =K |:E K ;"qu + K K dt
Following the same
procedure as for 2-phase dh s
case, the resulted voltage Vads = Yslgds + @k gys +7
equation is
where

Ads {0 1}
Migs = = Ay
@ {—ij -1 07

23
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Flux Linkage Equations in RRF

Orlglnal equatlon ﬂas Lls +Lms _O'5Lms _O'5Lms ias sin(@r)
Aps |=| =0.5L,5  Ljg+Lys —05L || ipg |+ Aggm| SIN(6, —120)
~05L,s —05L,s Ljg+Lys sin(6, +120)

A Ing
Mabes =Ligigpes

(&

Substitute the qd-variables where

L L I 3
Ky )"qu =LK lyds + - - ( rTl Lis +§Lms 0
1 KL \K ) = 3
}'qu = K;’LS(KQT iqu +K§;‘m L 0 Lis +ELmS
- 0
Kk =Ap 1

Resulted flux linkage equation

{/ICIS } — {LSS 0 ]{iqs } + A, {O} Define
/lds 0 LSS Lds 1 L. = Ll _|_§ L

) sS S ms
/1qs = Lsslqs 2

ﬂ'ds = Lssids + /Im

24
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3-Phase Brushless DC Motor Model in gd RRF

Expanded Voltage Equations

: dﬂ’qs . . diqs
Vgs = Tslgs + W, Ay +—— = Folgs + @, Lyl + @, A, + L 2
_ dA g i di g
Vds = Tslds — @y ﬂ' s T =g — 0Lyl qs + L dt

i iqs _ Lss
dt ids 0

-7

O :|_1{|: S
LSS a)l"LSS

Electromagnetic Torque

P )
Te = Eim |:(las

3P/Iz
22

m'qs

2

—w, L

o, A

rss iqs n et
— I idS 0

Steady-State Operation = Same as 2-phase motor !

"

1. 1. V3.
— A~ lbs _Elcsjcos(er)+7(lbs ~les )SII’](@,, ):|

Vgs }
Vds
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180-Deg., 6- Step BLDC Motor Dr|ve

Step Rotor Position Active Transistors
1 -30 to 30 T1,T5,T6 ‘ﬁ_j ﬁ ﬁ_}
2 30 to 90 T1,T2,T6 s
3 90 to 150 T2, T4,T6
4 150 to 210 T2, T3, T4 -
5 210to 270 T3, T4, T5
6 270 to 330 T1,T3,T5 Hall-effect sensors control the inverter
A N A T1 => as positive
T4 => as negative
T2 => bs positive
T5 => bs negative
T3 => cs positive
c o e c @ : c o : T6 => cs negative
A A A

26




3-Phase Brushless DC Motor Drive

6-Step, 180 deg. Operation:

Typical waveforms
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L A

% RN RNR A FATARaNE RS FTITISTI T —

M Jf Mo M 030
A O \ ' v
‘ ﬁ-z J‘f WARA al et g T.,N'm 0'25'%
' — K—0.05 s L
20[ e 0 |— T, stepped to 0.1 N-m
Vs V ‘3[ 200 '
(
w,, rad/s 100 |-
iq:, A 23 [W% 0t
0

Note: current harmonics cause the torque ripple !
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120-Deg., 6-Step BLDC Motor Drive

Step Rotor Position Active Transistors
1 -30 to 30 T1,T5
2 30 to 90 T1,T6
3 90 to 150 T2, T6
4 150 to 210 T2, T4
5 210to 270 T3, T4
6 270 to 330 T3, T5
A A
c ) \ B c o
A A
c ) ‘\ B C / (5)

TR
CHE A

Hall-effect sensors control the inverter

A

T1 => as positive

T4 => as negative

T2 => bs positive

T5 => bs negative

‘/ @ ‘\ 8

Z2

T3 => cs positive
T6 => cs negative

28




3-Phase Brushless DC Motor Drive

6-Step, 120 deg. Operation: Typical steady state waveforms
NZ Mode

Startup transient

g 50 J J
g : :
.—c . )
£ 5 i ]
[:¥]
E _
5 : :
:é .
8 :
% .50 - -
0 0.05 0.1 0.15

Note: current harmonics will cause the torque ripple !
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3-Phase Brushless DC Motor Drive
6-Step, 120 deg. Operation with PWM

Apply PWM to cont
average voltage !

niy —

EECE 376 S15, M7

rol the

30
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Possible Implementation

Voltage Equations Vgs =Ts (1+ TS )lqs + @, Ll gs + 0,4,
di vgs = 7s(L+ 748 )igy — @y Ly
. . qs ds — s s° Mds r-sstqs
Vgs = Tslgs + a)rLssldS + wrim + Lss W ]7/
. 7y .
di p lgs = (Vqs - a)rLsslds - wrﬂ'm)
Vds = Fslds — a)rLssiqs + L, . TS T
!
) ids = ]7/7”5 (Vds + wrl’sslqs)
Electromagnetic Torque Tes+1
P : _ Ly
T, == Al s Stator time constant 7 = r

Mechanical System

Rotor Position
tzda)r :Te_Dmga)r_Tm
0, =0,(0)+ [ w,dt P dt
1 P2
_ - w, =—— AT, - T
6, Gr(0)+Swr r JtS+Dm( e =Tn)

31
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Possible Implementation

Z‘m qu
| >
Vs /rs | las £
—b(ZP > Tt 1 ;-®~1— 5 Mom

Ly O P2
- | Y )-—

Vds L/ ids ~ @,
—»—(:}—» S (X ) -
TS+ 1 C/ ;

Labs

(K)'—

I
“ow
Y
L 4

—Ulln—l—
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Possible Im
=0l x|

nlementation

1 bldc_motor/Motor Model
File Edit View Simulation Format  Tools

Help
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(D
Te, [Mm]
[Nm] T

e
GO Subsystem )
Tm gqd-model W
Sahs
sinuih Hal-Gensar
Ferl Qutput
Hall-Effect
Sensars
Ready [1179% I [ |ode4s 4

Edit

View

Simulation

File Edit ‘iew Simulaton Format Toc Help
Mas Wheinputwoltages [W] o
> D
m—b Yo Vads
Wiz, Wds
o Wab Po{ " abz lqds
Source b bl
Sabs labs Scope
las, Ibs, [4]
Inverter Te |:|
Te, [Nm]
| -
| m_. T W ir, [radisec] il
| Tm Sabs Scopel
Load
Matar
Madel
[11194 | | lodeds %
= ol x|
Edit Simulation Format Tools Help
. Positive Rail
Yo I
[ | - l “ahs
Ll
Sabs
Ly
Hall-Effect
Sensors Switchl i
Input 1 Swvitch2
Megative Rail
Ready |10594 [ [ lodeds >

Vads

Ready

Transfer Fon3

Transfer Fen2

[101%% [

lode4s
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