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EECE 376
Electromechanics

Spring 2015
Instructor: Dr. Juri Jatskevich
Class Webpage: http://courses.ece.ubc.ca/eece376

Module 3 (Read Chap. 3):
Part 1. Brushed DC Motors Fundamentals
and Steady-State Analysis

Learning Objectives & Important Topics and Concepts
» Construction of DC machines, fundamentals

* Induced voltage and torque

» Equivalent circuit

» Basic types of dc machines, their characteristics

» Starting
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DC Machines
Range of Sizes -

* Miniature dc motors — mW range :
+ Fractional HP (1HP = 746W) &N
 Medium Size —1 ... 500 HP

e Large DC Machines — 500 HP and up

Applications
» Very popular and easy to use in various applications
* Tools, robotics, toys, medical, automotive & other industries

General Properties
* Very easy to control ! )
» (Good torque-speed performance )%
e Brushes is a weak point of design

« Limits the application

e Limits the lifetime

e Maintenance S

N
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Motor (Machine) Speed

Transmitting power through the mechanical shaft

Source
(Prime Mover) Load

Commonly used units of speed

o, - |rad/sec]

m =— [rev/sec]
2

30

n=60-2 =

o [rev/min]
27

RPM = >Most commonly used
3
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Mechanical Speed and Torgue

Electric Motor Mechanical Load

Useful mechanical

Electromagnetic torque T torque on the shaft ' M

dw,
dt

Torque balance T, =J

T Tm T Tmech _loss

Total moment of inertia J=17 2
— 4] . [kg-m
(motor and load combined) dc_machine * = mech_load kg ]

Mechanical loss (friction) Tmech_loss =T tic = Dmoy
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DC Machine Motoring and Generating

, <: Power Flow I Electrical
Mechanical fa  gystem Mechanical load torque
System 0 . is applied in the direction

Voch ~ Wy 3_{' e | Vv opposite to rotation
ec
Load ~ j ' Vt <> s de
T . - Source
m O
P.,=o,T =P Vil =F,
— Electrical
Mechanical Power I:IOW—> [a Svstem _ _
System E— y Mechanical torque is
T, A m,, + applied in the direction
I » )
Prime N V. Load  of rotation
Mover / — t
T, 5
I:)in = &)me = I:)m tha = Pout 5
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Electromechanical Interaction
« Current-carrying conductor in magnetic field

=> mechanical force
« Conductor moves in magnetic field

=> voltage induced, emf

Electrical Electrical Machine Mechanical
System Sl System
Magnetic
I/:I., Pe Field Ezmm; n, Pm
— w— Motor
Energy Flow

Generator ——ea———
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Force & Torque
Consider a conductor frame (single-coil)

F
..__®\

v |
% \
oA
Vo
\ !l
vy @)
a \

1] i *
a /n \
L
. A"
Lorentz Force F = |B|a a- ax1‘s/ A m
@f‘ F

Torque T = 2RIBi, cos(6) B 4
= ABij c0s(@) = D i, cos(6) Y

d - axis (direct axis)

-

NOTE: Maximum torque iswhen @ — axXIS 1 B . _
Field axis

and Te ~O pia

7
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Induced Voltage
Consider a conductor frame (single-coil)

dd
e=—r

dt
® = BAsin(6)= B2Rlsin(0)

€))

Faraday’'s Law

Let us rotate the frame with speed (1)
0 = ot
® = BAsin(at)= @ sin(at)

=93P _ o coslat) = e~wd,
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Conductor Frame (1-turn coil)

Consider a conductor frame placed on a rotor between magnetic poles

Permanent magnet

Rotating conductor
Slip rings

Stationary brushes

9
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Elementary DC Machine

Consider a two-pole case
Voltage Equations

o dag
Vf — I‘f |f +—
dt
Insulation fa —_ 1 d ﬂ‘a
Cogper " ‘ Va = I’ala + —dt

Flux linkages

At = Lgls + Lgly

ﬂ'a = Laia + Lafif

Approximate the mutual inductance Laf = Lfa = — L COS(HI, )

10
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Commutation of Elementary DC Machine

(Qr = (T
=< 3= =7

Induced voltage e, = oy, Li]c sin(@r)

—ri a
Vg =1l + di

Assume
I, =0 and 6, =t
)“a — La'a + Laf'f

11
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More Realistic DC Machine

Resulted Winding Connection

shown above 12
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Realistic DC Machine

Resulted Winding Connection

Mor

13
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DC Machine Construction

DC machine with field winding Permanent Magnet (PM)
DC machine

Radially magnetized
permanent magnets

coil side

14
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Cutaway View of a Two-Pole DC Machine

15
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~ Eauivalent Circuit
7 vy L, ro 1
O /\/ /-m_\/\_o
+ + +
Vs L f €a a
o - o
V - is the field voltage Va - applied terminal voltage
i]c - is the field current ia - is the armature current
I's - field winding resistance La - armature winding inductance
_ o I'; - armature winding + brush
Lf - field winding inductance resistance

ea - Induced back emf (voltage)

16
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Dynamic Equivalent Circuit

Field Winding Equations Armature Equations

Ve = ¢l +d£ V=ri+L%+e
f frf dt a aa a dt a

lf:Nf(Dp:Lfif ea:kla)rCDp

Electromagnetic Torque Te = kZ(D pia

Power balance Tea)r = kZ(D piaa)r = eaia = kla)r(D pia

17

EECE 376, S-15 M-3

Equivalent Circuit

AL,
Recall flux @D = = | f
" N, N
Induced voltage f f Torque
L; D 3 Le . .
ea:k(Dpa)r:kN—th)r Te: (Dp|a: N—lfla
f f

Defi L . k f - is the mutual inductance Na N f

etine af — between field and rotating Laf =

N f armature winding m

Re-define expression for back emf and torque

eazl—aflfa)r:kva)r Te:LafIfIa:ktla

Machine voltage/torque constant for PM machine kV — kt — Laf |f

18
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Steady-State
Iy Lo ry 1

Loy La
'\ : °
Vy Lf§ E, 2

o

Field Winding Equations
Armature Equations

Vi =Rl V,=rl, +E,
Zf:Nf(Dp:Lflf Ea:a)rkv:a)rl—afi

Electromagnetic torque Te = Laf | i |a = ktla

Torque balance Te — Tm + Tmech_ loss
19
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Example 1: No Load Test PM Motor

Assume you know Ra

Measure |a ,Va y Dy

V,=R,l, +E,
Te=kia P =1Ey =T,
E. =k w
v Te :Tfriction — a)rKfriction

k — k Torque / voltage
t V' machine constant

20
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Example 2: PM DC Motor

Consider a small PM DC Motor with the following parameters:
Vi rated = 6V, Lo 1000 = 0-15A, R, = 7Q), and torque constant K, = 0.014 [Vs/rad].
Find no-load speed n,, [rpm], back emf E,, and friction torque T, at V, =6V

Ve =BT +E, = RT+Ki-w

~V ‘Rarq__ -/ 0/5 —_
Wne = St—gass - %ﬁzg‘ff%- 235357 Medfsee

e =32 0, -
”f‘fwwe“ 3,375.‘/ Fpm
Raci ems F. =Ky w-00/4-353. $7 =798V

Efe C%P—Omzagh.eh‘c '/“ov‘?’ “w e

Te= K¢ I=0014-015 =0 002/ V-w

-

~ Pe I.FBE. 0IS-79§_
le~ = ° 0% *W'C?ODZ/A/'M

T{NclTe T O 002/ Mwm

21
B n T f DC M h n EECE 376, S-15 M-3
Basic DC Machines
* Shunt or Series field windings are possible
Series
winding
Shunt
! winding |
‘ Shunt
winding
0
Separately Shunt DC Series DC
Excited Machine Machine
DC Machine
* Field winding is * Field winding is
designed for up to designed for up to
rated armature voltage rated armature current
* Field winding has * Field winding has
large number of turns small number of turns
e Field current is small e Field current is the
compared to armature same as the armature
current current

22




Basic Types of DC Machines

Compound DC Machines

* Both Shunt and Series field windings are present

Series

e VYY) 0
winding Series
winding
Shunt Shunt
winding winding
_ —0 ®)
Short shunt Long shunt
Short-Shunt Long-Shunt
Compound Compound
DC Machine DC Machine
23

+

Parameters of DC Machine =~
 Locked-Rotor Test (DC Measurements)

Variable lf'
DC Source =~ —™—

] Variable
Sl ~ DC Source
+ @ +
A0, Ve

V

t

R, = |
a

(armature + brush combined
resistance at no speed!)

24
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Parameters of DC Machine

* No Load Test for PM Motors (Friction vs. Speed)

i Variable
R, -9 . DC Source

P

A
+ \/\ + ~ T Assume you know Ra
[ | E, Vi W Vic

Measure Ia ’Vt y D,

®,; - o
V,=R,I,+E,
Te:KaCDpIa:KtIa PeZIaEa:a)mTe
E.=K.® o =K w
2 a~pom v Te :Tfric(a)m):a)meric
K = K Torque/voltage Measure Friction Torque-Speed

25
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Parameters of DC Machine
« Stopping Transient for Determining Inertia

R, La
—/ > & —.
P
,; - 5 )
Vi
E{I

Assume you know T fric (wm )

Measure & Record |V, @

dop,

Te =Tm + Ttric (a)m)"' J

E,=K,®,0,=Ko,

Aoy, AE,

Te _ __
frlc(wm) J At J K, At

26
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Parameters of DC Machine
* Open-Circuit Test (Generated Voltage vs. Speed)
Variable Ir Ry R,
rce fﬁ'\ _:’)-/\/ . é

+ )
@ Vdc Vf Lf

Vi=E,©

L

Prime Mover <) ®,,= 0 ... Wpom= vary
E _K(D _K Lf I Ea Vrac
a~ '“a pa)m_ aN f Oy 4
f Ea_nom f
= Laf | fa)m
= Kyon

Wpom  ®,,
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Parameters of DC Machine

* Open-Circuit Test (Generated Voltage vs. Field Currents)

Variable I
DC Source (R) _{, o_/\/Rf R“

+ Y,
dPVdc Vi Ly é

Prime Mover

/1f_Lf|




DC Machines Characteristics:
Speed Regulation (for Motors)

SR =

a)m,load

, 1 Electrical
Mechanical a System
System —
(Dm » Te * §
Mech N
Load . J/ Vt SVdC
. Source
Tm‘ c
,

m,no_load ~ ®m load 100% = Mno_toad ~ Mioad 100%

nIoad

Voltage Regulation (for Generators) Load-voltage Characteristic

Electrical
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Speed-Torque Characteristic
m A

Q%)

Wyoad

A =N, @, =L,I,

Torque balance

Mechanical ]a System v Vf“
System —
Tm L 2 no load
Prime AN nj\‘. /ib |28 |j Load V
Mover o t rated
T, :
VR = Vt,oc _Vt,load 100% = Vno_load _Vnom 100%
Vt,Ioad nom -1,
]mred
29
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Separately Excited
: _— _IJ:_ rr La Va [a
Field \_Nlndlng o /\/ /\/ Armature
Equations + Vi Equations
Vy Ly
o
Rf — I‘f + I’rh
V, =R, I, Va=lla+E,

Electromagnetic torque Te = Laf | f |a = ktla

Te = Tm + Tmech_ loss

Ea — a)rkv — wrl—afi

30




EECE 376, S-15 M-3

Separately-Excited DC Motor

} (SIope
-7,
Speed-Torque Characteristic
Va:Ea-l-Rala ) _V _IaR
T:Laflfla:ktla r kV
a = Lar L1 =Koy wp =% ——T
Ky k¢
S h u nt DC M Otor EECE 376, S-15 M-3
- I: ? O‘)I’ A
W9
Va1
| Va 5
o Va3
o -

Speed-Torque Characteristic

0. — Rf,total R Rf total
L.V r
kv:LafIf — af "a Laf ( fV )2

32
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Series DC Motor

a T.lk

T start

o<

Ql

= Ia(Ra + Rsr + I:Qae)+ Laf Iaa)m

- O,

Torque-Speed Characteristic

Va T — Laf Va2

- Ry + Ry + Rye + Lys o (Ra + Ry + Rge + Ly wm>2

. 2
_Lafla

33
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Starting Considerations

Consider a 1.2kW, 120V, Shunt DC Motor with Ra = 2Q, and la_max = 20A

Rated current | ... = @ =10A
! 120
| V,-E, 120-0 Too high | =>
Starting current Ia,start = aR a_— 2 = 60A Bﬁ?n tlr?e motor |
a

1. Use additional starting resistor in series with armature
2. Use reduced voltage
3. Use Power Electronic Drive & Controller

34
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Part 2: Brushed DC Motor Drives
and Dynamics

Important Topics & Concepts

» Basic types of dc motor drives

 DC to DC choppers (Chap. 3.8)

» AC to DC controlled rectifiers

 Dynamic (State) equations of the separately-excited motor
* Possible model & implementation/solution

* Dynamic (State) equations of the PM motor

» Possible model & implementation/solution

35
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Speed/Torque Control of DC Motors

Recall the Separately Excited DC Motor

if vV L r ]
_ i e f a "a, 4
Ky = Lat It —\/ - ;
V, =l + Ko, Vi Ly €q Va
T = kv'a Control methods:

V. —i.r 1. Varying the armature resistance
o). =2 aa 2. Varying the field

r k 3. Varying the terminal voltage
V .
4. Varying the armature current

Va ra

w, =—=——=T

36
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Solid-State Converters for DC Motors

DC-DC Converters (Choppers) — used with small & large motors

» Voltage Source (VS) (Pulse Width Modulation — PWM)
* One-quadrant
e Two-quadrant
Four-quadrant
e Current Source (CS) (Hysteresis & Delta Modulation)
* One-quadrant
 Two-quadrant
Four-quadrant

AC-DC Controlled Rectifiers — used with large motors
* Single-Phase
e Half-wave
* Full bridge (full wave)
e Three-Phase
Half-wave
« Full bridge (full wave)
37

DC-DC Converters (Choppers)
Assume a dc voltage source wherein the

averaged output voltage can be controlled
v, A

a

38




One-Quadrant VS DC-DC C

a

Pulse Width Modulation (PWM)
||

| T | Comparator L]
jr—

=%

d ——|

Switch can be realized using:
* Bipolar Junction Transistor (BJT)

* Insulated Gate Bipolar Transistor (IGBT)
 Metal Oxide Semiconductor Field Effect

Transistor (MOSFET)

Unit /I’IA/I/ T
Ramp 0 - d T
Generator -
[ty —— S
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onverter
Vg , B ] I
0 |

1T t
va:?ova(t)dt— LV,

Ct 4t

39

L
e

+ .
ls1 l

VS i

52 l

Pulse Width Modulation (PWM)

~ Two-Ouadrant VS DC-DC Converter
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0
t]_ ; t2
_ T | -
i 1
L= ; |
iq /‘:\ | /’\
e N N
T i
I . | |
::312 :/'] : : /‘l
T 1 T 1
| } I |
o
1_2-_ _______ ! . ]
1 ] I ]
R - T\ : AN
: Lo
—igy f—u it
[ EREEEEIAN ~N
| I 1
_iDl : I i |
Y

40
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Four-Quadrant VS DC-DC Converter

g k JS is3 k -ve |
. i . T ia kvmr Y . T ’ 3] ' otg
im — L, + - D3 - -
Vg _?,_NV\_O— B T E —i
g\
\ YW L N
1 LN N
. . II:Sl Ig_-é_ _____ 1 E i
Pulse Width Modulation (PWM) & /‘| _ ]
1 PTOONG N
Va:?.“o Va('[)il'[deS o .
‘i.‘;‘ao : : 'I :
BT
41
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Current Source DC-DC Converter
Hysteresis Modulation (HM)

+
1
+ : —f—a— S Vg
i:—"" | B e
—£ IO +€ _
H i
l, 1 T :
! i
S
¥ —| —
e o - I D R S
The same modulation g B[~ e i s R w e o o s e W 2
can be applied to two-
and four-quadrant *
choppers I,=1,x¢

42
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Thyristor Controlled Rectifiers

Control the Averaged Output Voltage
a) Single-phase, half-wave i

N ] ]

@ V;‘ I Vt é V-ck
SN2
V, =2V sin(wt) |

V== I (t)dt— Vins (1+cos(a)) ‘R“T?“_ I

<aoa<lrx

o

0

IA

\ZS—ZV
T

rms

43
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Thyristor Controlled Rectifiers

Control the Averaged Output Voltage
b) Single-phase, full-wave

| 0 a T+ o 27 + o >t
A * VS /\
f/ : 1 1 | N

0 a T\ *rta 2r 2x + a 3x

} s \SZ/ $s,

V, =2V sin(a)t)

:_j t)dt_ﬂ(HCOS(a)) K“fj\"ﬁ“’\%

o < L r+ a 2r 27+ «

T 44
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Thyristor Controlled Rectifiers

Control the Averaged Output Voltage o M e
d) Three-phase, full-wave
V, =v2V,__sin(at) ; o
V, =2V sin(a)t—120°)
| e
Ve =2V, sin(et +120°) A s
Ve Jac Vac
Vi
o .
x| |
— 1,
A1 Vt:?jovt(t)jt O<a<rm
E B M I I/Vt
S 0V, <72V,
A T
o 45
Closed-Loop Electric Drive System
Electrical System
M h . I VSOUI‘CC
ecnanica (AC or DC)
System
Reference
) : _ .
Mech er’ \r: Te Var la V;, l,; Controller signals
) ) Converter
(Load) / PI, PID, etc.

Xmech

46
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Dynamic Modeling

Circuit is valid for lf ry L, r, i,
transient analysis o— -
+

Voltage Equations

da, .

Va — rala +W+ea — I’ala + €
dA di .
. . . - Coupling Terms
ea = a)r Laf |

Speed Equation

do T, = Ly,
Te = J d—tr—'_Tm + Dma)r

a7
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Re-Write the Equations to Express Derivatives

State Equations Coupling Terms
di, T,.

—S=—"], ——e, +—V — '
dt L, : L, ] L, ] a = Orbatl
di; Iy . 1 Te = Larltla
dt Lf Lf

do, Dy, 1

=M +=(T,-T,)
r e m
dt J J

Are these equations coupled or decoupled ?
Are these equations linear or non-linear ?

How do we solve these equations ?

48
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Implementation of State Equations

di, r,. 1 1 do D 1
=—2j,——e, +—V r—_—m —(T. —
dt La a La a La a dt J a)r + J (Te Tm)

1
L[ " gq—”ﬂ
a1 1 e, Iy r D,
Joffo-Bijof JHoB
[ 1 Tm
e eememeeeeeeeees e ee et eemeemeeeeaeee @ ..... 7 - R
€, = oLyl dif=—rfi +1V T, =Ll
dt Lf f Lf f e af 'f'a
Try to implement it in Simulink ?
Is this a unique implementation ?
49
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Implementation of State Equations

ia 1/!“,
ToS + 1

+ v,

Re-write the equations

r vy =1+ 7,8)i, +e,

1 i
, Js+D,, ea = Wy Laf |
> X tfLar Te _Tm — (Dm + 'Js)a)r
Te — Laf Isly
Define time constants
L L
Tqg = —4 Ty =—
Iy I's

50
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5-HP Shunt DC Motor Simulink Model

E!dc_motor_Shp 1ol %]
File Edit ‘View Simulation Format Tools Help
O FHS| &R 5| 8| um wl| B (WG

Ready [125% [ fodeas 4

Eldc_motor_Shp_tr _ ol x|

File Edit ‘iew Simulation Format Tools Help Try to dO |t yourself |
la 1/Aa

Ta.s+1

Transfer Feni

Wi If
1/Rf
m_. : Laf
Ti.e+1

Wi Transter Fen
Source
1
ot J.s+Dm
Transfer Fon2

- . Lead
l Ll

>
-
L

Scope
Ready 125% [ode4s 4 51
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Dynamic Response of a 5-HP DC Motor

Motor parameters:
Va = Vf = 240V, Rf = 240Q2, Lf = 120H, Ra = 0.6€2, La = 0.012H, Laf = 1.8H,
J = 1kg*m”2, Dm = le-4 N*m*s, Tm = 29.2 N*m

AL
In this computer study: < osf
TN
Zero initial conditions o) ; 3 s p B 5
assumed
300+
Step-1: field winding < 200F
is energized 5 100
Step-2: armature . J . .
is energized 0 1 2 3 4 5 6
Step-3: load torque o 1%
is applied 8 1ol
©
©
o 50
8 O L L L L
0 1 2 3 4 5 6
Time, sec.

52
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PM DC Motor Dynamics

State Equations Coupling Terms

iy _ fh, 1. 1, e. =k.w T. =k,
it [ am Gt Va a vr e via

a a a .
Are these equations coupled or decoupled ?
da)r — Dry W -I-E(T -7 ) Are these equations linear or non-linear ?
r e 'm
dt J J How do we solve these equations ?

Standard State-Space Form

ok 1
di| | L, Ly | fa|,|La Va
dt| o, k,  Dp | o 1Ty
L J J L i
dx
— = AX+ Bu
dt
53
PM DC Motor Implementations
State Equations Coupling Terms
di, . 1 1 —k _ i
——aj _ " e + v €, =K@ T. =kl
dt La a I_a a La a a \"And § € v'a
Are these equations coupled or decoupled ?
da)r —_ Dry W -I-E(T ~T ) Are these equations linear or non-linear ?
dt J "ogyrenm How do we solve these equations ?
1
L ™
laf 1 L]__ea L[] D
S _CE L, 77 k‘f‘""""(;)r S Jm

Sl
||
~
<
|

54




ia 1/?',, + va
TS + 1
k w,
>k, -
W,

Implementation of State Equations
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Re-write the equations
Vy =1, (1+7,8)i, +¢e,
e, =k,o,

T, - T, =(D,, + Js)o,
T, =kii,

Define time constants

(X
I's

55

Simulink Model of a PM DC Motor

EECE 376, S-15 M-3

M [=lFI[™ pmdc_motor_ss =lofx|
File Edit View Simulation Format Tools Help File Edit Wiew Simulation Format Tools Help [Minimize]|
la 1/Ra [ | la [ |
[ | Ta.s+1 - I:l X' = Ax+Bu Y2 ||
Transfer Fond Va W ¥ = Co+Du Wa Source
- Solree r
|:| Soope State-Space T
t T Load
Wr Trn
Scope 1 Ready [125% [ |odeds 4
J s+0m Q = -
Transfer Fon2 ) II)r:d _ ra ﬁ i
= | | \Y
» d| 1, _| Ly L, || 'a + L, a
Ready [125% |odeds 4 dt @y k_v _ Dm (N 4 Tm
1 J J J |
la = (1 S)(Va_ea)
UL+ 7y
I 1 i 0 Ofv
e. =k w a |_ a |, a
a v 1 0 0T
1 Wy Wy m
Wy = (Te Tm)
D, +Js
m
Te - kv'a
56



Dynamic Response of a 6V PM DC Motor

Motor parameters:

Va =6V, Ra=7Q, La=120mH, Kv = 0.0141 N*A/m, J = 1.06e-6 kg*m”"2,
Dm = 6.01e-6 N*m*s, Tm = 3.53e-3 N*m

In this computer study:
Zero initial conditions assumed
Step-1: voltage is applied

Step-2: load torque is applied

Y
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0.5F
0.4r
g 03r
0.2F
0.1

f

I
=

\__

1 1 l 1
05 0.6 0.7 0.8 0.9 1
Tlme sec.
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