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n the two previous articles of
this series, I have discussed
current trends in DDC sys-
tem architecture toward

what many in the industry call full
DDC systems. Full DDC systems
are those that incorporate terminal
control as well as system control.
To develop successful high-perfor-
mance configurations of full DDC
systems requires special attention
to some of the features of the DDC
system.

The previous articles focused on
evolving capabilities of terminal
controllers and programming lan-
guages. They suggested ideas for
improvements in those areas that
may be beneficial for this current
trend toward full DDC systems.

The purpose of these articles is to
encourage a dialog within the in-
dustry aimed at defining features
useful in high-performance appli-
cations of full DDC systems. The

view of many who are successful
with DDC systems is that the in-
dustry is flying blind. Manufactur-
ers are developing products based
on criteria that may be flawed or
lack relevance. Many A/E firms
continue to employ DDC specifica-
tions and procurement procedures
that display a profound lack of
knowledge about the features that
are most crucial to a successful
DDC system.

Recent research conducted by
trade associations on DDC seems
to have reached at least as many
wrong conclusions as correct ones
about what ingredients are neces-
sary for successful DDC implemen-
tation. .i the DDC revolution con-
tinues, our industry needs to
attract and make better use of the
ideas from those associated with
successful high performance DDC
systems.

This final article will focus on in-
put and output devices employed
for terminal control. We will start
by considering how the evolution to
full DDC is placing enormous im-
portance on how the designer

chooses terminal input/output de-
vices. Then, we will look at some of
the newer hardware that may re-
duce the cost of full DDC systems
without compromising their qual-
ity. Finally, we will explore some
approaches DDC system manufac-
turers could incorporate in their
products and interface schemes to
provide more functional and eco-
nomical terminal control.

Terminal control devices
DDC system inputs and outputs

(commonly referred to as points)
have increased enormously in sig-
nificance as terminal control op-
portunities have encouraged the
use of full DDC system config-
urations. DDC systems that con-
trol only fans, chillers, and central
plant equipment often require 200
points or less to control a large size
building effectively.

Full DDC configurations that in-
corporate lighting and temperature
control for every space may require
5000 or more points. This 25-fold
increase in points has changed the
rules by which DDC systems are
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I/O devices

configured to be cost effective and
perform successfully.

The role of input/output device
cost has changed from a minor item
to the leading factor in determining
DDC system cost effectiveness. A
rule of thumb is that the installed
cost of a full DDC system must be
kept under $200 per point to have a
chance of being cost effective when
compared to other approaches
from a purely economic stand-
po in t .  Th i s  ob jec t ive  can  be
achieved only if the system de-
signer pays close attention to the
selection of input and output de-
vices employed for terminal con-
trol.

A strong emphasis needs to be
placed on the terminal control in-
put/output devices because these
often represent more than 90 per-
cent of the total input/output de-
vices in a full DDC system. The de-
signer’s task is to select com-
ponents that provide desired sen-
sing or control characteristics at
the lowest possible cost. To do this,
the designer must first determine
what characteristics are realistic.
For example, precision RTD tem-
perature sensors are still commonly
specified for space temperature
sensors. Such devices can cost up to
$100 or more apiece. But the limit-
ing factor in space temperature
sensing accuracy is almost never
the sensing device. The end-to-end
accuracy of space temperature
sensing for DDC systems involves a
number of considerations, the most
important of which is usually the
space itself.

Consider that typical occupied
spaces in buildings are supplied
with air that is 20 F warmer or
cooler than the space. As this air is
circulated to mix with the space air
to add or reject heat, temperature
gradients within spaces are often
significant. If several independent
instruments are placed within a few
inches of a space temperature sen-
sor, their readings will frequently
differ by 0.2 to 0.5 F. Stable therm-
istor-based space temperature sen-
sors cost only a fraction of pre-
cision RTD sensors yet provide

stable operation and precision that
is far better than the 0.2 to 0.5 F
precision that can be realistically
achieved in space sensing applica-
tions.

In selecting input/output de-
vices, designers should remind
themselves that if their full DDC
systems are configured such that
they cannot be economically justi-
fied over pneumatic alternates,
their clients and the building oc-
cupants are the big losers. Compare
the precision and stability of pneu-
matic thermostats and humidistats
to those of the most economical
electronic devices. If DDC systems
cannot be configured to meet bud-
getary and/or cost benefit require-
ments, the lower cost alternative is
usually pneumatic controls. But
pneumatic devices provide control
that is several orders of magnitude
less precise and also require con-
stant calibration to maintain even
that low level of precision.

Such an understanding of the
role and importance of cost consid-
erations is required for a designer
to make reasonable choices for ter-
minal input/output devices. Termi-
nal output devices such as damper
actuators and reheat valves have
often been considered to be perfect
applications for pneumatic actu-
ators. However, when the applica-
tions are scrutinized more closely,
pneumatic devices are often not a
good choice at all for terminal con-
trol  applications.  Furthermore,
pneumatic devices do not interface
well with electronic control sys-
tems. As a result, a number of new
economical actuation devices have
been growing in popularity over the
last few years.

Electric actuators
Modulating electric actuators

have been manufactured for many
years, but  they have not been
widely employed in North Ameri-
can HVAC applications. Until re-
cently, these devices were generally
comparatively expensive and not
noted for durability. Electric con-
trols of different manufacturers
were often incompatible with one

another. The increasing demand
for electric control devices that can
be interfaced directly with DDC
systems appears to be improving
the situation.

Electric actuators are falling in
price and are becoming more stan-
dardized on the 0 to 10 v DC control
signal to modulate their position.
An electric modulating actuator of
the type employed to control a
VAV box damper is shown in Fig.
1. This type of actuator is now be-
coming available for $100 to $200.
Electric actuators have several fea-
tures that make them desirable for
the control of small dampers. Gen-
erally, a unit modulates by com-
paring the modulating voltage from
the DDC system with a voltage that
depends on the position of the ac-
tuator.

Unl ike  pneumat ic  ac tua to rs
whose force is related to the output
and position, most electric actu-
ators provide constant force (or
torque) at all outputs and stop only
when the position corresponding to
the DDC voltage is reached. This
eliminates the uneven movement
that is often associated with pneu-
matic actuation. Some electric ac-
tuators also maintain constant
torque whether running or stalled.
This feature is particularly useful
in applications that require torque
to be applied at the end stops to
hold dampers fully open or fully
closed.

Two-motor actuators
A more economical electric zone

damper  ac tua tor  employs  two
small constant-speed clock motors
connected together. These, as do
the previously described actuators,
rotate the shaft collar or clamp
through a gear drive. The two-mo-
tor type actuator is interfaced with
the DDC system through two digi-
tal output points. The two motors
run in opposite directions. One mo-
tor drives the damper open, the
other drives the damper closed.
This device is commonly called a
floating control actuator.

An example of a two-motor actu-
ator is shown in Fig. 2. This type of



1 Electric actuator 0 to 10 v DC modulating signal, 24 v (AC or D C )  power.

actuator typically costs under $50. times resulted when the control
The speed of rotation of each mo- system provided continuous power
tor is constant and generally geared to the controlling motor at the fully
to be slow-l to 3 min to rotate open or fully closed position. The
fully each direction. resulting locked rotor condition ap-

In the past, reliability problems pears to have led to abnormal fail-
with the two-motor actuator some- ures of the motor or gear train. Re-

liability problems also may have
resulted from the mechanical
switching mechanism that operates
the motors. Switches or relays in
the control circuit are subject to a
great deal of cycling, and unreliable
contact closure may have also
caused some problems in the past.

Although many of the two-motor
actuators are built much sturdier
than they were a few years ago,
proper operation by DDC control-
lers have also contributed to re-
duced reliability problems. Because
DDC systems today typically drive
their outputs with solid state triacs,
there are no mechanical compo-
nents involved in running or switch-
ing the motors.

To eliminate locked rotor prob-
lems and to provide improved con-
trol, several DDC manufacturers
have provided special interfaces for
the two-motor actuator so that it
looks like any other analog point to
the operator. The interface auto-
matically calculates the position of
the actuator by keeping track of
the time each motor has operated.
When the actuator reaches one ex-
treme or the other, the position is
automatically reset, and the power
to the motor is shut off. This ap-
proach works well and usually per-
mits two-motor actuators to oper-
ate by standard PID controllers
just like other analog outputs. Be-
cause each motor is shut off at ex-
treme positions, locked rotor prob-
lems are eliminated.

The two-motor controller pro-
vides economical modulating con-
trol that is adequate for most ter-
minal control applications_ These
devices are typically configured
with low-speed gear trains because
hunting problems can result when
the devices are controlled by simple
floating-point controllers. The low
speeds may not be adequate for
opening or closing in certain cir-
cumstances. However, with output
controllers that permit PID control
of the two-motor actuators, much
higher speeds can be controlled
with ease, and some two-motor ac-
tuators are now becoming available
that operate at greater speeds.
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Air velocity sensors
One of the most noticeable ad-

vantages of DDC terminal VAV
control is the ability to provide air
balancing of terminal boxes with
the DDC system. DDC air bal-
ancing is much easier than tradi-
tional methods. The maximum and
minimum air flows for each box are
set by the DDC system, and each
VAV box damper operates to pro-
vide a specific air flow within that
range based on space conditions.
Duct pressure compensation is au-
tomatic.

To achieve all these features re-
quires an air flow sensor at each
VAV box, connected to the DDC
system. At present there are two
approaches  employed  by  the
HVAC industry to measure air flow
at terminal boxes. Both actually
measure air velocity, which is mul-

I I

2 Two-motor electric actuator, 24 v AC.

tiplied  by a constant (the constant
includes factors for duct area and
flow profile compensation) to ob-
tain air flow.

One approach employed to de-
termine air velocity at terminal
units is to measure the velocity
pressure of the air through the use
of a pitot tube arrangement. Some
of these velocity pressure devices
actually measure the average veloc-
ity pressure with a series of up-
stream orifices to help compensate
for the irregular velocity profiles

that occur in many ducts.
The velocity pressure air flow

measurement technique has one
serious limitation. At low air veloci-
ties, the velocity pressure of air is
very small. Much literature recom-
mends the velocity pressure tech-
nique be limited to air velocities
above 300 fpm. Tests conducted by
our firm found reasonable accuracy
somewhat below that figure under
certain conditions, but the bottom
limit of accurate flow measurement
is still above the lowest velocities
encountered at  VAV terminal
boxes.

Another problem with velocity
pressure type sensors is that the
differential pressure/electric trans-
ducer required to convert the veloc-
ity pressure into an electric signal
and the sensing equipment can be
costly. Some DDC manufacturers
include the pressure/electric trans-
ducer with their box controller,
which seems to reduce transducer
cost dramatically. Controllers in-
corporating the transducers are
usually competitively priced with
those not including transducers.

A second approach to measuring
air flow is to determine the air ve-
locity by measuring its capacity to
provide cooling. Methods that em-
ploy this approach are sometimes
referred to as “hot wire” or “heated
thermistor” techniques. There are a
number of variations in operation
from manufacturer to manufac-
turer and depending on the exact
devices incorporated in the design.
Fig. 3 shows one type of heated
thermistor air velocity sensor.

Essentially, one device is heated
while some mechanism determines
the cooling effect of air passing over
it by measuring the actual temper-
ature of the device (or the current
required to maintain the device at a
constant temperature).

The cooling effect approach has
one big advantage over the velocity
pressure technique: it can accurate-
ly measure air velocities as low as
50 fpm.

The most economical of the coo-
ing effect velocity sensors employs
several thermistors. Exact oper-

ation varies, but a popular tech-
nique is to employ one thermistor
to measure the ambient tempera-
ture of the air stream. The second
thermistor (slightly downstream of
the first) has a voltage applied to it,
and the current required to main-
tain the voltage is measured. Be-
cause the resistance of the therm-
istors varies with temperature, the
temperature of the heated therm-
istor can be calculated. The combi-
nation of ambient temperature,
heated thermistor temperature,
and energy to the heated therm-
istor can be used to calculate the air
velocity in smoothly flowing air.

This sequence may seem compli-
cated, but these comparisons are
usually made in a small IC chip.
The cost of thermistor-based cool-
ing effect air velocity sensors is
about $25 or less, and some of them
automatically provide leads that
can be connected to another input
of the DDC system to provide the
air temperature as well. Most do
not provide a linear output. Far
more expensive devices are re-
quired for that. But most DDC sys-
tems offered today have the ability
to linearize such signals with cali-
bration tables that are included in
their input point databases.

A disadvantage of the cooling ef-
fect air flow measurement tech-
nique is that it provides a reading
of air flow at only one point in the
air stream. To read more points for
average air flow (which is easily ac-
complished with the velocity pres-
sure technique) requires an array of
a number of individual sensors.
Thus, a sensor designed to measure
several  points can become ex-
pensive.

Our firm has also conducted per-
formance tests of air flow measur-
ing devices. The tests concluded
that by following some basic rules
for sensor location, we can employ
a single-point velocity sensor to
measure air flow in the duct sizes
typically employed for VAV termi-
nal units with adequate precision.
In addition to sensor location,
these tests found that how the ve-
locity-to-flow factor is determined



is important in achieving accurate
measurements.

Because they generally offer the
lowest cost air flow measurement
option, thermistor-based air flow
measurement has a jump on other
techniques. However, thermistor-
based velocity sensors have pitfalls
that  designers should consider
when selecting air flow devices. The
low-cost thermistors employed in
HVAC applications are generally
stable and drift-free in applications
up to about 300 F. Above this tem-
perature many are subject to drift.

Because the heated thermistor in
an air flow sensor usually operates
at about 300 F, some in the indus-
try have expressed concern that pe-
riodic recalibration of air flow sen-
sors may be required. I have seen
no conclusive evidence on the sub-
ject of drift for heated thermistor
sensors. However, most of the in-
stallations we are familiar with are
only several years old. Meanwhile,
manufacturers are very short on
facts that might prove drift will not
be a problem.

One solution to the drift problem
is to employ sensors that use stable
RTD sensors in hot wire config-
urations. Another is to select higher
quality thermistors that are not
subject to drift at elevated temper-
atures. Glass-encapsulated therm-
istors are generally very stable at
higher temperatures.  A recent
entry into the air velocity sensor
market utilizes glass-encapsulated
thermistors that are still priced at
about $20 apiece in quantity.

Other sensing devices
Temperature sensors, air flow

sensors, relays, and damper actu-
ators currently represent the vast
majority of terminal end devices
typically associated with DDC ter-
minal units. A number of other de-
vices will become widely used as
high-performance DDC systems
gain in popularity.

Occupancy sensing is becoming
standard fare for high-performance
DDC systems as lighting control is
integrated with HVAC terminal
control strategies. The simplest

_  sensor

3 The photo on the left shows a heated thermistor-type velocity sensor and
integrated circuit chip. The upper diagram shows dimensions in millimeters.
The diagram on the right shows connection to IC chip.

type of occupancy sensing device is
a button on the space temperature
sensor that occupants push when
they arrive at the zone. When the
button is pushed, the DDC system
turns on the lights and establishes
an HVAC occupancy mode for the
zone. Typically, the zone remains
in the occupied mode for the re-
mainder of the day if the button
has been pushed during normal
working hours, or for a prede-
termined time if it is activated dur-
ing off hours.

Many manufacturers now incor-
porate such buttons in versions of
their  temperature sensors.  The
temperature sensor input is also
used by some to transmit the oc-
cupancy signal to the DDC system.
The result is that this type of oc-

cupancy device can be very inex-
pensive to provide-adding only a
few dollars per zone to the cost of
the system.

A more effective, but also more
costly, occupancy sensing device is
an infrared or ultrasonic sensor.
Such sensors-usually mounted on
the ceiling or high on the wall-de-
tect movement and can thus be em-
ployed to establish occupancy au-
tomatically as people arrive at each
zone. This type of occupancy sen-
sor costs about $50 to $100. The
added cost over pushbuttons can
often be justified because the mo-
tion type sensor offers greater en-
ergy savings and less inconvenience
to building occupants.

It is a nuisance for zones to lapse
out of occupancy while still oc-

rorrlrfllllY~orr  pug‘. I(X)
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cupied,  so most pushbutton oc-
cupancy strategies employ long pe-
riods of occupancy each time the
button is pushed. If someone comes
into an office to pick up some pa-
pers, the zone may remain in the
occupied mode for several hours or
all day. But an occupancy sensor
can automatically return the zone
to the unoccupied mode after just a
few minutes.

Other devices that are growing in
popularity are humidity sensors
and various kinds of air quality
sensors. Such sensors are not re-
quired in every zone. But sensors
that provide VOC (volatile organic
compounds) and CO, readings in
typical and critical areas can pro-
vide useful information to the
building control system. The trend
is clearly toward considering air
quality control as important as
temperature control. Most sensors
that measure the quality of the
bu i ld ing  env i ronment  a re  be -
coming very economical as new in-
expensive technologies are devel-
oped  to  accompl i sh  the  mea-
surements.

What’s needed next
The quality of typical input/out-

put devices for DDC terminal con-
trol is improving while costs are
falling. These are good trends, but
further improvements are possible,
and cooperation with DDC system
manufacturers is required to see
them through. There remain a
number of possible improvements
in terminal input/output devices
that can increase the cost effec-
tiveness of DDC systems in the
short term.

Modulating digital outputs
A variety of electrical actuation

approaches are offered for reheat
valve operation. Those that involve
modulation are often more ex-
pensive than pneumatic alternates.
However, several manufacturers
offer small electric two- and three-
way valves that employ a very inex-
pensive method of actuation that
could be easily modulated by a
DDC terminal controller. These

valves are actuated by thermostatic
elements similar to the bimetal de-
vice that regulates the water tem-
perature in automobiles. But in-
stead of water temperature, these
actuators are energized by a small
resistance wire that is heated by
just a few watts of power. The
power requirement is small enough
that the valves can be powered di-
rectly from the triacs that drive
digital output points in most DDC
terminal controllers. While these
valves are generally used as two-po-
sition valves, they can be modu-
lated by pulse-width modulation of
the digital output points to which
they are connected. These valves
cost less than many pneumatic ac-
tuated reheat valves and have a
good record for reliability.

Similarly, electric reheat coils
can be modulated by pulse-width
modulation of a digital output sig-
nal to solid-state power relays. Fig.
4 shows a typical connection for
such modulation devices connected
to a single DDC digital output.

To make effective use of such
modulation techniques, DDC prod-
ucts require the capacity for opera-
tors to configure digital output
points to look like analog points.
This is already done by manufac-
turers who configure two-motor
electric actuators to look like single
analog outputs.  Unfortunately,
these configurations are not now
very flexible. Rather, they are typi-
cally incorporated into dedicated
controller outputs that are gener-
ally unusable for any other pur-
pose.

As was pointed out in the article
on terminal controllers, developing
products to be more flexible should
be the goal of every DDC system
manufacturer today. Flexibility in
points configuration is extremely
helpful to operators. With a config-
uration option that permits a sys-
tem to be easily configured with
digital outputs operating as analog
points, the devices shown in Fig. 4
could be operated with standard
PID loop control to provide effec-
tive modulating terminal control
despite the fact that they are digi-

tal output points.
DDC system suppliers and man-

ufacturers appear at times to be
poorly informed about interface
options for their systems. This is
understandable since they gener-
ally do not manufacture many of
the input/output devices employed
by their systems. However, if a
greater effort were made to seek out
effective and economical I/O device
options for their DDC systems,
controls companies would find a
substantially greater demand for
their terminal control products.

Those manufacturers who are
willing to spend the effort to pro-
vide effective and flexible inter-
faces to operate special I/O devices
in a manner that is consistent with
more standard devices are the ones
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that will dominate the full DDC
market in the years ahead.

Terminal DDC input/output de-
vices are becoming more effective
and lower in cost. Unfortunately,
many DDC systems presently do
not fully exploit low cost terminal
control concepts. As a result, many
DDC systems cannot provide cost-
effective full DDC for high-perfor-
mance applications. Such DDC
systems are losing out in a very im-
portant new DDC market.

In these articles, I have suggested
three areas that need the attention
of manufacturers, engineers, and
users to exploit the growing full
DDC market fully. These are DDC
terminal controllers, programming
languages, and terminal control in-
put/output devices.

The views I have expressed have
been developed from our firm’s ex-
perience and include ideas we have
gleaned from our more successful
clients. There are many other view-
points and ideas about the best way
to configure full DDC systems for
high performance applications. All
who have  success fu l ly  imple-
mented cost effective DDC systems
should be heard.

Important upcoming forums to
discuss high-performance DDC
systems will be conducted at AEE’s
WORLDCON’90 this spring and
ASHRAE’s annual meeting this
summer. It’s time those who are as-
sociated with successful high-per-
formance DDC systems get to-
gether and share ideas so manufac-
turers and designers can get a better
picture of what users need to con-
tinue their successful trends into
the era of full DDC systems.

The primary purpose of this arti-
cle series was to stimulate much
needed discussion within the in-
dustry about full  DDC system
function. Everyone stands to bene-
fit from such an exchange as the
HVAC controls industry attempts
to take the two giant steps to full
DDC system configuration and
high-performance DDC system
operation. Q
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