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2.1 dc motor equivalent circuit

* Review
— DC motor is widely used in industry
— Rating: 0.1W~1000kW
— Applications: train, elevator, steel mill,...etc.
Anywhere a widely adjustable speed is required
— Advantages:
Easy to control the motor speed
— Disadvantages:
» Expensive
» Commutator needs to be maintained

2.1 dc motor equivalent circuit

» Equivalent circuit:
Terminology :
V;, |, —field voltage and current,[V]
V,, I, — terminal voltage and armature current,[V]
R, R, —field winding resistance ,[Q]
and armature winding resistance
L;, L, —field winding inductance ,[H]

and armature winding inductance
Field circuit Ea — Back EMF, where E, = K, ®a,,[V]
K, —armature constant
Mechanical Load @ — flux produced by field current, [Wh]
w, —mechanical speed, [rad/sec]
T, — Developed mechanical torque, where T, = K,®1,,[Nm]
Prot

Armature
circuit

T, —output mechanical torque, where T, =T, —

,[Nm]

m
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2.1 dc motor equivalent circuit

* Important equations:

[ I

Dynamic Equations :
(1) Armature circuit :

v,=Raia+La%+Ea

(2) Field circuit :

. di;
° Ve =Ry + L —

dt
(3) Motor structure :

E, =K, 9w,
T, =K, i,
(4) Energy conversion :
E.i, =T.@,
(5) Mechanical load (R, =0):
dw,
dt '

Armature Field circuit

circuit /
Mechanical Load

s == =]

where J is the monent of inetia, [kg - m?]

Steady state Equations:

(1) Armature circuit :
V,=R,I, +E,

(2) Field circuit :
Vi =Rl

(3) Motor structure :
E, =K, 9w,
T, =K, @I,

(4) Energy conversion :
Eala = Tewm

(5) Mechanical load (P, =0) :
T, =T, =T,

2.2 Speed control

» Speed-torque characteristic:

Ve _ no load speed
()

a)m m0
a)mO
@ (rated _ V, . R, T i \
TOKe (K@) i slope
0 1
Te(rated)




2.2 Speed control

 Adjust motor speed:

@, Operating points
V
mel = LA R & g
K, 0 Aw,
» _ Vt2
m02 — K @
a
V
Doz = Ktib

a_ = q'onstant

Y

=
&

Method : Adjust terminal voltage

usually :V, <V, .4 (to avoid insulation breakdown) — @,, < @, g
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2.2 Speed control

» Speed close loop control:

Input—— AC/DC-DC DC
da, Controller
T =T +J at - Converter motor
1 ¢t
W, (t) =, (to ) + Fl IO (Te -T )dt feedback

and T, = K,®l,

Speed T— T, T I, T— increaseV,
Speed > T, {— I, — decreaseV,

o,, can be controlled by controlling I,




2.3 Motor starting

o Assumption: I =constant— & = constant

Armature
circuit

Mechanical Load
(1) Att =0, switch SWisclosed, w, =0 > E, = K,®@, =0

— starting current (without considering L, ) = %

(2) with considering L,, the peak of starting current is still very high.
(3) Starting current will be decreased to no load current until the motor
enters steady state : @, T— E, =K, ®a, T I, = VicE )

a

2.3 Motor starting

» Reduce starting current

Operating points Acceleration  Deceleration

t

[}
load torque / Steady state

m

b t t

2
Ramp function
vV p

t

™ Adjustable slope
Method : Increase or decrease :

terminal voltage slowly (ramp function) t, t,

t




2.4 Converters

» One quadrant chopper

1,>0
V, >0 Features:

\"A  Simple topology, low cost

Output of one- ¢ 1,>0—no braking torque —slow dynamic
quadrant chopper response
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2.4 Converters

» Two quadrant chopper

Features:

V, * 1,<0—provide braking torque —fast
dynamic response

Output of two-

quadrant chopper
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2.4 Converters

» Four quadrant chopper (full bridge)
5 Topology

(o,
FoT i T, i , L R

-||§ -||§ E

A
Vv B
d T, T, |_6

KT KT

oN 11 ' la=+
V=+

Features: Vi
« Four quadrant operation. Output of two-

quadrant chopper
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2.4 Converters

- Bipolar PWM: Waveforms  Note: Textbook: page 188-194
VGl’VGZ t

on —wtoff >

v - Area Al- Area A2
Vs Ves T t oavg Ts
) t _ thon _thoff
Van - T,
V .
¢ ¢ -V, =(2D, -1,
VBN
v, where D, = Ly T
t s
"AB- y Feature:
‘ t Use fast decay modes, large
] A2 V, ripple current —large ripple
s | torque —More noisy
_75&_“74\_-_07(_“ .
~—Z I 7

13




2.4 Converters

— tUnip(t)lar PWM; Waveforms

Vo on off
A
v T =N
VAN \‘I \‘\
v t
tO" ton'l <—:>T / 2
N T
Ves oy i t
_— t
Van ¥
d
t
tcn _toﬂ ) 2
Vag B 7] ] m ]
Al A2

vV = Area A1+ Area A2

oavg T

=\£ ton-’_tof'f XZ
T 2

S

=V, =(2D, -1\,

where D, = t%

Feature:

¢ Use slow decay modes,
small ripple current
—small ripple torque

« Effective switching

frequency is doubled. 1

2.4 Converters

— Switching modes

Normal

Normal

o—>
i, L R Tooh i, Lo R
A ]-e-ﬁm—'vw—- HAHQ A QYA 3
+ R < + N
A Eadﬁ vV, T, T A ng
S - 14K A bo—p

i,>0andv, >0

i, <Oandv, <0

+0

Fast Decay

L
JY%
=l
L i
L
5
l
Lal
N
-
ml_
0
5
o
A
L
A

Fast Decay

i, <Oandv, >0

i,>0andv, <0
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2.4 Converters

— Switching modes

(e, (e,
T T, i SL:ow Dsacay Sa— T, | Sloaw Dec?y
KK A : KE K& ol
b
v — Vv ¢ v e
“ T T a T |4 T r‘ ! a\
-4% y Qe -44 x -||2§ 1;17‘ <
5 o
i, >0andv, =0
° T T Slow Decay ° T > Slow Decay
1 : . e i L R
g“ }g“ y *K\[ VA @ PPET SN
* +
Voo, il B
A A 4% ) R=="
o
i,<Oandv, =0
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2.4 Converters

* SCR rectifier

3-phase
input

utput of three-phase full
bridge SCR rectifer

17




2.4 Converters

» Four quadrant operation using SCR rectifier
L,

1

3-phase
input
000

4 =
FL—/
Note: L, and L, are reactors(choke) to
Output of four- Lo . .
limit thecirculating current.

quadrant operation
18

Example

» Given: V,=150V, L,=0.16mH, R,=0.80,

K, ®=0.9V'sec/rad, f,,=1KHz. The motor is

coupled to a mechanical load. Duty cycle =
40%, speed n=650rpm
e Find:
— (1) 1o and 1,

- (2) Te,(avg)
— (3) Sketch to scale the waveforms of v,, i, and T,
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Example

Solution (1) :
step1 = Assume continuous current mode

-3
step2:>rzizmzo.2ms
R, 0.8

1.1 =1ms
f,, 1000

stepd=t, =DT,=0.4x1=0.4ms
650x 27
X
60

step3=T, =

step5= E, =K,dw, =0.9 =613V

Ve’ -1 E 15021 613
step6= 1, =—+— "R 08 X -——=-68.5A
R,e%_q R 08¢ha_1 08
step 7 = |, <0 — discontinuous current mode

_ o _ .
step8= 1., —V"REa[l—e i J—1500861'3(1—e 0%-ZJ:QS.QA

a

and I ;, =0A
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Example

Solution (2):
ton — _tnn
stepl=t, = rln{e 4[1+\/"EE(1—e /ﬂ}

=0.2x 103{e0%{1+ %(1 — e0‘4°-2ﬂ} =0.562ms

step2 =V, ,, = v, 4 ot 2 08950, 170902 5 5 g5y
L U 1 1
V,ug—E  86.8-6L3
oan =R 0.8

=K, Pl ., =09%x31.9=28.7Nm

o0,avg

step3= | =31.9A

stepd =T,

e,avg

21

11



Example

Solution (3):

Ve
150V

61.3V

150V

95.9AT —~—— === STTTTTTTTorTTo == (

e
86.3NmMf----=—== e .
28.7Nmt/------- N -f------- By AN AN
0.4 0.562 1

t (ms)

t (ms)

t (ms)
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2.5 Generate gating signals

 Analog circuit Features:
« Simple circuit and low cost
Control Comparator « Sensitive to the noise
wave —

o +

Carrier . - E.D.D.ll
wave Gate signal

N

o

Edge aligned Center aligned

For: switch mode power supply, 1Q or 2Q For: three-phase applications, full-bridge

choppers, flyback or forward converters dc-dc converter.

23




2.5 Generate gating signals

* Digital circuit

Digital comparator
AN\ Compare ,|  Buffer
L\ NV register register
Processor
g {
&)
D e
3N Counter N Digital
2N—|  control counter
Advantages:

« Stable, very robust to the noise
« Easy to be controlled by CPU/DSP
* Reduce the load of CPU/DSP
Disadvantages:
« Expensive hardware
« High frequency counter 2

2.5 Generate gating signals

* Digital circuit

2

— 0x1234=4659,
+—0x0CBE=3262,

1 \
' ! 0x0000 0x1233
| | 0x1232

’ ’
v v
. .

D [Com.pare register]+l _3263_ 0%88&1_HJ
[Period register]+1 4660
switchingfrequency
. fourr _10MHz
* [Periodregister]+1 4660

=2.146KHz

25
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2.5 Generate gating signals

» Software
Interrupt request
Digital comparator
+ = oc
N N IS
Processor
]
(D|
g(:: TCNT Advantages:
& « Software, less hardware
L « Stable, very robust to the noise
« Easy to be controlled by CPU/DSP
Disadvantages:
TCNT: Free running counter « Increase the calculation load of

OC1: output compare register #1 CPuU/DSP

26

2.5 Generate gating signals

e Software TCNT: free

OC1=[TCNTJ]+TIME_LO running counter
. OXFFFF=65535,

OC1=[TCNT]+TIME_HIGH

\

0x0000

TIME_HIGH

|

1

E

1

1 ]
 The precision of pulses is I II II II II

low due to interrupt legacy

and software execution time. Interrupt request

* Very thin or very wide ’_|_|_|_|_|_|_L Output of PA6

pulses may be neglected due
to interrupt legacy and
software execution time

IME_

27
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2.6 uP control of DC motor drives

» Open loop control

Gate Driver

Microprocessor:
(1) Generate gating signals

(2) Ramp function to reduce starting
current

. D
Generate gate signals KO

@, Operating points
v, load torque
DZVd
[nput of duty cycle K0
DSVd
K,
0 T,

28

2.6 uP control of DC motor drives

« Ramp function

D" is reference duty
cycle from Host PC

D is the real duty cycle
generated by uP

Q1: How to adjust the slope?

D* 1 1 1
| —
1 [
1 1 1
X t
D’V! ! Z <!
1 1.7 NS
1 / .r [
! 270 [
Al 1 [
t
| 4 t, t
(2™ : 1
1 /1 N\
1 1 1
1 ! [
1 I 1 1
t
4 L t

Al: Adjust delay time, which is 50ms in project 1

Q2: How to trace the reference D™?

A2 : Get reference D from host PC in the loop of ramp function

29
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2.6 uP control of DC motor drives

» Generate ramp function

Dy = Dyig +1

!

Call
conversion

12

Call delay
subroutine

Dy = Dyg =1

1

Call
conversion

L2

Call delay
subroutine
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2.6 uP control of DC motor drives

 Close loop control
L

19]103U0D dn

Gate Driver

Gate signal
generator

Current feedback

A/D

Speed feedback

Two feedback loop control:

« Current feedback loop with current
regulator —control motor current
—control torque

 Speed feedback loop with speed
regulator —generate the reference
current

Input of reference speed

* The starting current is limited by
current loop control

31
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Summary

» Dynamic and steady state equivalent circuits of

dc motor

DC motor speed control, motor starting
Power converters used for dc motor drives
Full-bridge (H-bridge) dc-dc converters
Gate signal generator

uP control of dc motor drives

32
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