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7.5 Communicating over Limited Bandwidth Channels 121
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these channels. Consider the case of a long idle line that might exist between transmissions on
two devices using asynchronous communications. That long idle time will represent a very low
frequency signal, in the limit approaching DC. This will not pass over any communications
channel whose response does not extend down to DC. In order to communicate over one of
these limited bandwidth channels, we will need to modify our signal so that it always fits
within the bandwidth provided by the communications channel.

_ The way that we modify our signal is to interpose a pair of new devices between the
two devices that wish to communicate (Figure 7.16).

The modem (MOdulator DE-Modulator) is responsible for translatmg our logical sig-
nal into somethmg that fits in the frequency range provided by the channel. This translation
can take place using any of a number of different modulation techniques, which we discuss in
the following sections.

7.5.1.1 Modulation Techniques

The modulation techniques used over limited bandwidth channels, including both RF and
the telephone system, fall mostly into a group of techniques involving amplitude modulation
(AM), frequency modulation (FM), phase modulation (PM), or some combination of these.
All of these techniques involve modulating (modifying) a carrier or base-band signal in
order to encode digital information onto that signal. The basic operation of RF modems
mimics that of the telephone modem except that the carrier frequencies are much higher.

7.5.1.2 Amplitude Modulation

In amplitude modulation, or AM, the carrier is turned on and off to indicate the changes in
logical state (Figure 7.17). '

As a result, this type of modulation is also referred to as on-off-shift keying (0OSK),
amplitude shift keying (ASK), or on-off keying (OOK). This simple approach to modulation
is not actually employed by modems for use over the telephone system, but finds application
in simple RF communications links. It serves as an excellent and easy-to-grasp starting point
for a discussion on signal modulation. In an ASK system, if the carrier signal is present, it rep-
resents a “1” in the data stream. The absence of the carrier represents a “0.” Asynchronous

Modulation

Amplitude

Modulated /VV\A /\N\A FIGURE 7.17
Signal Amplitude modulation (AM).
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known as frequency shift keying (FSK).

communications is used with this and all of the other modulation techniques that we discuss,
so both sides of the conversation must have agreed on what a bit time will be.

7.51.3 Frequency Modulation
When we modify the frequency of the carrier signal rather than its amplitude, it is called

~ frequency modulation or I‘M . This is also referred to as frequency shift keying (FSK), and is

shown in Figure 7.18.
FSK is the modulation technique used in the simplest of telephone modems. One early

_ standard governing the function of such systems is the Bell 103 standard (released by AT&T
'in 1962). Under this standard, one device represents logical 1s with a 2,225 Hz signal and log-

ical Os with a 2,025 Hz signal. The other device in the pair represents logical 1s with a 1,270 Hz
signal and logical Os with a 1,070 Hz signal. In this way, both devices can transmit at the same
time (full-duplex) and filters can be used to separate out the different frequency bands

corresponding to the two devices. However, the maximum data rates allowed with this

approach are quite low, since a few cycles are needed to determine the frequency present
at any given time. In practice, devices employmg the Bell 103 standard ach1eved data rates -
of 300 bps.

- 7514 Phase Modulation

If we modulate the carrier by creating sudden phase shifts, it is referred to as phase modula-
tion (PM) or phase shift keying (PSK), and is depicted in Figure 7.19.

Because it is relatively easy (though outside the scope of this textbook) to detect phase
shifts, even over a telephone system, it is possible to have more than two possible phases
involved in the modulation. Figure 7.20 shows a system in which a pair of bits (a dibit) is rep-
resented by the relative shift in phase between two adjacent cells.

Modulation

FIGURE 7.19

) Phase
Phase modulation (PM) or phase ~ Modulated
shift keying (PSK). Signal

This use of FM is the same as that used in FM radio. The principal difference being that in FM radio an analog,
rather than digital, voltage is being used to control the modulation. FM modems for use with phone lines operate on
audio signals in the range of a few kHz, while FM radio operates with RF signals in the range of 88-108 MHz.
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7.5.1.5 Quadrature Amplitude Modulation

We can combine PSK with a variation on AM to encode even more information into a signal.
While this approach is mathematically equivalent to modulating both phase and amplitude,
the scheme is implemented by modulating only the amplitude of two carriers that are 90° out
of phase (in quadrature) and then summing the two carriers together. It goes by the name of
quadrature amplitude modulation or QAM. We represent this system with a plot that shows
amplitude of the two carriers (I and Q) on the x- and y-axes (Figure 7.21). Another way to
view this presentation is as a polar plot with the length of the vector representing its ampli-
tude and the angle with respect to the positive x-axis, the phase.

For the increased complexity that this approach requires, it returns benefits in
increased encoding efficiency (more bits transferred in a given period of time). The system
of Figure 7.21 uses two amplitude levels and eight phases to give 16 distinct phase-amplitude
combinations. This allows us to encode 4 bits of information into a single tone. This approach
can be extended to larger numbers of phase-amplitude combinations. Telephone modems
have been built with up to 512 combinations of amplitude and phase allowing 9 bits of infor-
mation to be transmitted by a single tone with a unique amplitude and phase.

7.6.. COMMUNICATING WITH LIGHT

R

]

Every time you use the remote control on your TV or DVD piayer, you are using a form of
communications that employs IR light. The range of light wavelengths in the IR spectrum is

Q
®© | ®
@ .
<
&
O0—0- O—0-1
® O]
®
© © FIGURE 7.21
C? An example of quadrature amplitude
modulation (QAM).
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IR remote control modulation of the carrier.

very large, spanning from 750 to 1 mm, though most IR communications devices operate in
the region between 850 and 950 nm. The remote control encodes your command as varia-
tions of the IR light level produced by an IR light emitting diode (LED), ,

It is not easy to modulate the frequency of the light directly, so IR remote controls gen-
erate a carrier by turning the IR LED on and off at the carrier frequency and then modulate
the carrier. Most remote controls use a carrier frequency in the range of 32-40 kHz. The IR
receivers used by the appliances are designed to interpret the presence of the carrier as a
logical 0 and the absence of the carrier as a logical 1, see Figure 7.22.

While ‘it might be possible to transmit an asynchronous data stream using this
approach, the realities of the response of the IR receivers make this difficult. There are time
shifts between the appearance of the IR signal and when the presence of the carrier is
detected. These delays vary to some degree depending on ambient light levels, making it dif-
ficult to maintain framing between the transmitter and receiver. As a result, most remote
controls use OOSK to modulate the carrier, but use a different encoding technique to
encode the 1s and 0s. There are a number of different approaches that have been developed
but all rely on incorporating timing.information into every message and sending discrete
messages rather than arbitrary strings of data.

The timing information is included by adding a preamble to every message. This pre-
amble will consist of a predefined pattern of pulses of the carrier. The receiver uses the pre-
amble and its knowledge of what the pattern should be to determine the bit time associated
with this particular message. In this way, the receiver adapts to the transmitting rate for
every message and the transmit timing only needs to be stable for a very short period of time
(usually just a small fraction of a second). Figure 7.23 shows a preamble consisting of three
equal pulses followed by a pulse that is twice as long that indicates the end of the preamble and
the beginning of data.

To increase the reliability of the transmission, most IR remote controls do not
use the simple presence or absence of a carrier to indicate logical 1s and 0s. Instead, they
encode the logical data in the timing of the period that the carrier is present or absent. There

camer (I U000 O NI




23.3 Bidirectional Control of Motors 561

23.3 BIDIRECTIONAL CONTROL OF MOTORS

.Any of the circuits discussed above that include kickback suppression are good choices for
unidirectional control of DC motors, but what about applications that will require a motor to
spin in both directions (clockwise —CW, and counterclockwise —CCW)?

For the circuits shown in Figures 23.4, 23.6, 23.7, and 23.8, current can only flow from
the positive terminal of the power source to ground, so the motor can only turn in one direc-
tion. Enabling a motor to turn either CW or CCW requires the capability to cause current to
flow through the motor in either direction. A different, more complex drive circuit will be
required to accomplish this. One possibility is to make use of a “dual” power supply, that is,
one with both a positive voltage supply and a negative voltage supply. By switching one on or
the other, current can flow through the motor in either direction. Figure 23.10 illustrates this
configuration. Note that kickback diode protection must be included, preventing inductive
kickback from exceeding the maximum collector-emitter voltage for each of the transistors.

+V +V

PNP

Transistor giizl:;;%k
Input CW

DC Motor

FIGURE 23.10

* A circuit for bidirectional current
e flow through a DC motor using a
-V -V - - ‘ dual power supply.

I
nput CCW Kickback

Diode

NPN
Transistor

For this circuit, if the voltage at the Input cwW node is at least 0.6 V below the positive
voltage supply (+V) and the Input CCW node is held at the negative supply voltage (=V),
the PNP transistor will be on and conductlng, and the NPN transistor will be off, resulting in
current ﬂowmg from the +V terminal through the motor to ground. This will cause the
motor to spin in one direction (our labeling convention indicates that it will spin CW),

We can reverse the direction of current flow through the motor by changing which tran-
sistor is on. If Input CW is held at +V, and Input CCW has a value of at least 0.6 V above —V,
the PNP transistor will be off and the NPN transistor will be on and conducting, Under these
conditions, current will flow from ground (0 V) to the negative supply terminal (—V), which

~ has a voltage potential lower than that of ground, and the motor will spin in the CCW direction.

Turning on both transistors at the same time must be avoided in this circuit, as it would
result in a short circuit from +V to —V through the transistors. ThlS would hkely destroy the
transistors and/or the power supply.

For this example, current flows from left to right across the motor if the upper transistor
is on, and from right to left across the motor if the lower transistor is on. This is one way to
accomplish bidirectional current flow, but in practice, it is not common to have a high current
negative voltage supply available. It would be more practical to design a circuit capable of
causing current to flow in either direction through a motor using only a single positive power
supply. The most common way of accomplishing this is through the use of a network of transis-
tors, arranged in what is known as an H-bridge configuration, The shape of the circuit resem-
bles an “H,” which gives rise to the distinctive name. Figure 23,11 illustrates an H-bridge.

Recall that the objective of this circuit is to enable current to flow through the motor in
either direction (left-to-right or right-to-left) using only a single positive power supply

~ Exhibit 1051 - Pace 8 of 17



i 562 . Chapter 23 : Permanent Magnet Brushed DC Motor Applications

NPN

FIGURE 23.11

A typical H-bridge circuit, including kickback
diodes to protect against inductive kickback.

(shown in Figure 23.11 as +V). The diodes that surround the motor are in place to protect
the transistors from the inductive kickback, as described in Section 23.2. Since current may
flow in either direction across the motor, the high voltage inductive kickback can occur on
either motor terminal and must be snubbed to prevent the destruction of the transistors.
i Though any of the snubbing techniques discussed above are applicable with H-bridges, by
' far the most common practice for brushed DC motors is the use of standard diodes.

Examining Figure 23.12a first, we see that we have established the situation where the

. left PNP transistor is on, the right PNP transistor is off, the left NPN transistor is off, and the
right NPN transistor is on. For these conditions, current can flow from the positive voltage
terminal of the power supply, through the left PNP transistor, through the motor from left to
right, and finally through the right NPN transistor to ground.

In Figure 23.12b, the opposite conditions have been established: by reversing the state
of each of the transistors, current can now flow from the positive terminal of the power sup-
ply, through the PNP transistor on the right side, through the motor (this time from right to
left), and finally through the left NPN transistor to ground.

+V v
i N
~—
5 \PNP
‘f; Y 'y ON
l JT/\T] P
| A NPN
K 'y OFF

(a) Current flow: L>R

‘ (b) Current flow: L <R
FIGURE 23.12

Using an H-bridge to control the direction of current flow in a motor. B
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23.3 Bidirectional Control of Motors 563

Other possibilities exist for combinations of transistors states, of course. For instance, if R
both transistors on either the left side or the right side of the “H” are switched on, current ;
will flow without any resistance, directly from power to ground, Figure 23.13. In this case, a H
short circuit is effectively established between power and ground, since there is no load or
other component in the path to resist the flow of current. This results in very high levels of

-.current flow. If it is sustained for any significant length of time, one of the components
involved is very likely to be destroyed by the excessive current levels. This unrestrained cur-

_rent is referred to as shoot-through current. Shoot-through current can occur under normal
circumstances, such as while an H-bridge is in the process of switching from one desirable
configuration to another (for instance, when reversing the direction of the current flow
through a motor). This occurs because the transistors don’t have symmetric turn-on and
turn-off times (turn-off time usually being longer than turn-on time). Under these condi-
tions, brief bursts of shoot-through current may be experienced. Shoot-through current hap-
pens, but it is NOT desirable. The designers of H-bridges take great care to ensure that
shoot-through currents are minimized, often including intentional delays, called dead time,
into the switching of the transistors to minimize the overlap time, when the transistors on
one side of the H-bridge are both conducting, that results in shoot-through. The need to con-
trol shoot- through currents is one of the sxgmﬁcant issues that makes the design of success-

 ful H-bridges a nontrivial task.

PNP

NPN
'y OFF

FIGURE 23.13

Shoot-through current in an H-bridge, where
current flows unimpeded from power to
ground, usually with disastrous effects.

Another, more useful, combination of transistors to-turn on configures an H-bridge to
dynamically brake, or resist the rotation of, a. motor. When the leads of a spinning motor are
shorted together, the current that is generated by the back-EMF (recall that the spinning
motor acts as a generator) causes current to flow in-a loop, as’shown in Figure 23.14. The
direction of current flow during dynamic braking depends on the direction of the motor’s
rotation. Current will flow from one of the motor’s terminals, through one of the kickback
diodes, around to one of the transistors that are in the “on” state, and finally around to the
motor’s other terminal. The internal resistance of the motor coils, the forward voltage drop
across the diode, and the saturation voltage of the transistors serve as the load for this

current, and the electrical power being generated by the rotating motor will be dissipated
as heat. In the absence of a load caused by dynamic brakmg, the only forces acting to slow
the rotation of a motor are the frictional resistance of the motor bearings and other mechan-
ical systems coupled to the motor. Dynamic braking can be performed with an H-bridge

Exhibit 1051 - Page 10 of 17



564 Chapter 23 Permanent Magnet Brushed DC Motor Applications

e B ~~\|
PNP J | ! RN
ON | X % E j—- ON
] I
I l |
A
NPN § NPN
FIGURE 23'14 OFF x % OFF
An H-bridge configured to short both leads
of motor together, creating dynamic braking.

Depending on the direction of rotation of the
motor, the current flow will be either CW or
CCW, as shown. e

|||—4-

by turning on both the upper transistors while turning off both the lower transistors, or by
turning off both the upper transistors while turning on both the lower transistors. This effec-
tively shorts both leads of the motor together and results in dynamic braking. This is useful
when switching a motor off in circumstances where it is desirable for the motor to stop rotat-
ing more quickly than would otherwise occur if it were simply allowed to slowly decelerate
and coast to a stop.

23.3.1 Commercially Available H-Bridge Integrated Circuits

Bidirectional switching of current through a load, such as a motor, is such a common need in
electronic design that there are numerous integrated circuits (ICs) in the market that imple-
ment H-bridges in a single convenient package, so that designers don’t have to create one
from discrete components. H-bridges are available in a wide variety of current drive capabil-
ities, package sizes, and features. They all perform the same basic task, however: switching
current through a load in two directions. Some integrated solutions you may wish to investi-
gate are the Texas Instruments SN754410NE, the ST 1293, the ST 1.298, and the National
Semiconductor LMD18200, several of which are discussed in detail in Chapter 17: Digital
Outputs and Power Drivers.

,Example 23,7

Demgn drive c1rcu1try based o 1.293B H-bridge IC (manufacturgd by. STchroeIectromcs) that i
et ‘capable” ‘of ‘controlling a Maxon RE-13(Part #: 118638) totor’ using'a 12 V. power supply. The
i motor has’ temimal res1stahce R'=114.1 Q 4nd coil inductance L'=/0.48 mH. It will be switched on ;
{,j and off at a maximum rate of 1 kHz.To protect the circuit from’ excesswe 1nduct1ve kickback volt-
ages, use standard ledES Ensure that the specxfxcanons for all components are met by the desxgn ¥
SeInt order to sausfy‘ constramts, the 1.293B must be capable of swuchmg the maxunum cur-
rent possxble for this motor powered at 12V. Since the terminal resistance is glven, we can solve for’,
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23.4 Speed Control with Pulse Width Modulation 567

for brief intervals. The two H-bridges can also be wired together in parallel to provide a N
total of 10 A (continuous) to a single motor, or more generally, another type of load. Two s
separate power supplies are required by the DVR8402: a 0-50 V supply for the motor, and
an 11.4-13.2 V supply for the internal logic circuits. Independent control of each of the four
half-bridges on the chip is provided, enabling the use of dynamic braking. The internal
MOSFETs used in the H-bridge circuits have a low Rpg(on) specification of 90 m() (recall
that we discussed MOSFETs and the Rpg(on) specification in Chapter 10). This results in an
impressively low 0.45 V drop across each transistor when the maximum 5 A is flowing, The
DVR8402 provides protection against overtemperature and overcurrent conditions, making it
more difficult (but certainly not impossible) to damage. This device is available only in a 36-pin
surface-mount package, which can make it more challenging to use in prototype circuits.

Allegro A3985: This device isn’t actually an H-bridge (a fully integrated device to which
a motor or other load may be directly connected). Rather, this is an H-bridge driver: a type of
device that combines control logic and gate driver outputs designed to be connected to the
gates of external N-channel MOSFETs in both the high-side and low-side positions to create
a full H-bridge. The designer specifies and connects the external MOSFETs separately.
Moving the switching elements off-chip removes the most significant sources of heat within
the device, and provides the designer with much greater flexibility and control over cost and
performance of the motor-driving circuit. H-bridge driver chips allow for the control of much
higher currents than single-chip solutions, provided the MOSFETSs mated to the driver are
capable of controlling the required currents. The A3985 incorporates two separate H-bridge
driver modules, so each chip can control two motors. It requires a motor supply voltage
between 12 and 50V, is controlled via an SPI serial communications link (which we described
in Chapter 7), and is available only in a surface-mount package. The A3985 is highly config-
urable, which allows designers to set it up to match the requirements of a wide variety of
applications, but this often results in additional (sometimes extreme) effort to bring the cir-
cuit up and get everything working properly. However, if a circuit you’re designing requires a
20 A motor, H-bridge driver chips with external MOSFETSs may be the best choice.

23.4 SPEED CONTROL WITH PULSE WIDTH MODULATION

Another essential aspect of controlling motors is the ability to change the speed of rotation
and the amount of torque produced. One simple but usually impractical means of achieving
this is to adjust the supply voltage up and down as required. However, it is more effective and
common to use the concept of PWM. This is a control technique where power to the motor is
switched on and off rapidly, at rates high enough that the effects of the switching are negligi-
ble. The resulting effective voltage is then the average fraction of the time the power is on.
This technique is also used in many other applications and is discussed elsewhere in the text.
Figure 23.17 illustrates the concept. The drive signal is switchied on and off with a given
period and is'in the “on” state at voltage Voy for a fixed fraction of the period. This “on”
time is referred to as the duty cycle and is stated as a percentage, calculated as:
ZOn7time 409 (23.9)

Duty cycie (%) = - Period

-Figure 23.17 shows a duty cycle of 50%, with the resulting average perceived voltage of
this PWM signal equal to 50% of the maximum voltage. The frequency of the PWM drive
signal is calculated by taking the reciprocal of the period:

(23.10)

PWM frequency = Poriod o
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568 Chapter 23 Permanent Magnet Brushed DC Motor Applications

Duty Cycle (50%)
.-——»i '(.—.-
Von .
2 N Perceived Voltage = 0.5XVy
s S
] | Time (s) — L0 Time (s) —
' Period '
FIGURE 23.17
PWM with 50% duty cycIe

Changing the duty cycle of a PWM signal changes the average, or percelved voltage
level. For instance, adjusting the duty cycle shown in Figure 23.17 so that it is in the “on” state
for 80% of the period will change the resulting perceived voltage as shown in Figure 23.18,

Duty Cycle (80%)
v o Perceived Voltage = 0.8XVy
ON :
g e
& &
s 8
S s
L] L L L
i } Time (s) — Time (s) ~—
' Peried '
FIGURE 23.18
PWM with 80% duty cycle.

, By increasing the duty cycle to 80%, the perceived voltage i increases to 80% of Voy. If
PWM is implemented at a frequency that is too low, the result will be a jerky, stop-start
response. Instead, the desired result is to approximate the “perceived voltage” as closely as
possible with a minimum of perceptible ripple. When driving a permanent magnet brushed
DC motor with PWM, the smoothing or filtering is very effectively performed by the physi-
cal inertia of the mechanical system and the electrical inductance of the motor windings.
When done properly, the switching occurs too rapidly for the mechanical system to follow.
For applications other than controlling the speed of a DC motor (e.g., approximating an ana-
log output voltage with a microcontroller digital output pin), filtering circuits may be used to
[ perform the required smoothing of the PWM output.
| A typical mechanical time constant for a permanent magnet brushed DC motor is
; a few milliseconds, without a gearhead or other components attached. When selecting the
I frequency of the PWM drive signal, the designer must take into consideration the physical
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23.4 Speed Control with Pulse Width Modulation 569

characteristics of the mechanical drive system, as well as the electrical characteristics of the
motor. Usually, a fairly wide range of PWM frequencies will give reasonable results.

At the lower limit of acceptable PWM frequencies, the mechanical time constant of
the physical system (i.e., the amount of time the system requires to respond to a change in
an input) will dominate. In the extreme case where a very long period is chosen—much
longer than the mechanical time constant—the motor will. very obviously start and stop.
Consider the case of PWM period of 2 seconds (which is a 0.5 Hz PWM frequency):
the motor will almost certainly accelerate and decelerate noticeably during each period. This
is the undesirable torque ripple that will become much less noticeable’ if higher PWM
frequencies are used.

The same effect that leads to torque ripple also affects the llnearlty of the response of
the motor to changes in duty cycle. As an example, Figure 23.19 shows the speed of a geared
DC motor vs. drive duty cycle at several PWM frequencies.

220 —
200 —
180
160
140

g 120

B 100 4

80 —
60 |
40 -1

20 1kHz
12 V Drive-Brake Mode ~
0 1 ] I T T I i FIGURE 23.19

0 10 20 30 40 50 60 70 8 90 100 Effect of PWM frequency on the linearity
Duty Cycle (%) of the duty cycle-speed relationship.

Increasing the PWM frequency results in better linearity of the relationship between
duty cycle and motor speed. Usually, PWM frequencies in the range of 100 to 20,000 Hz will
give workable results.

Regardless of the PWM frequency, torque ripple (and, by extension, current ripple)
will occur to some degree. Higher PWM frequencies result in less ripple, but since current
flow in the inductive motor coils is never able to follow the crisp edges of the PWM drive sig-
nal, ripple is unavoidable. Figure 23.20 illustrates how a steady state, low duty cycle PWM
signal switching between a 0 V and VdC with an average value of E induces a current flow in
the motor’s windings that has a minimum value of I, and a maximum value of Iy;. Shorter
periods, 7, will reduce the magnitude of the ripple, and hence the difference between I,, and
Iy Again, the rise and fall times of the current levels are governed by the motor winding’s

|4
VicbFm M. F M —
I T i FIGURE 23.20
A A~ ™~ . current ripple characteristics for a steady state,
E low duty cycle PWM drive signal. (Courtesy of
0 t  Maxon Motor AG.)
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