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Control System Building Blocks

Automatically adjust a piece of machinery to give us what we want by
comparing what is going on to what we want to go on and making
appropriate adjustments to the process we want to control
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Control System Building Blocks

Automatically to give us what we want by
comparing what is going on to what we want to go on and making
appropriate adjustments to the process we want to control

Inputs Measure the process variable

Control Process Logic and algorithms that tries to
bring the controlled variable into
agreement with the set point
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Control System Building Blocks

Automatically to give us what we want by
comparing what is going on to what we want to go on and making
appropriate adjustments to the process we want to control

Inputs Measure the process variable

Control Process Logic and algorithms that tries to
bring the controlled variable into
agreement with the set point

Set Point Our requirements for the process
that is under control, which can be
fixed or variable
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Life Cycle Cost Purchased 550 Ton North Tower New Chiller kW/Ton
vs. Base Bid Machine and Existing Machines

=a—Non VFD Equipped Chiller

Set Points ! tssassataens

=
2]

kW per Ton

=
.
(]

Do the resets provide the
intended value?

Best Life Cycle Cost Towers
twp = 72.9 °F (San Deigo Desigh Condition)
Target CW Lowered CW  Tower fan kW Tonnage at Break Even Point;
Temp Temp penalty which colder
water could be
produced (Note

1)

kW per ton improvement at different load conditions, tons

Best First Cost Towers
tup = 72.9 °F (San Deigo Design Condition)
Target CW Lowered CW  Tower fan kW Tonnage at

Temp Temp penalty which colder
water could be

produced (Note
1

Break Even Point; kW per fon improvement at different load conditions, tons

100 200 300

85 78.30 2552 31 0.26 0.13 0.09
Note 1: Tonnage is based on a hérhinal 45,060 Biit/hi(cTHeat Irejecrion Forevery ton (12,000 844/ hr-aficooling.




Two Different Worlds

VHETCRW T A 1 Bl Where We Are
Digital

Discrete units

1
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A 1950/60’s
Vintage Analog
Controller

10
LBS. PER SQ. IN.




A 1950/60’s
Vintage Analog
Controller

10
LBS. PER SQ. IN.
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A 1950/60’s
Vintage Analog
Controller
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A 1950/60’s
Vintage Analog
Controller
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A 1950/60’s
Vintage Analog
Controller




and Automatlon System
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Not Being Able to See or Get Your Hands on
What's Going On

... adown side to DDC

L

Black Box

a4
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Even Though You Can’'t See Them ...

... the inner workings and controlling software of a DDC

controller are critical to success

Black Box /
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Even Though You Can’'t See Them ...

... the inner workings and controlling software of a DDC
controller are critical to success

Network Interface

4

Communications

Amplifier Amplifier

¢ A

Sample/Hold Memory
v $

AtoD Micro-processor/ DtoA
. —> .
Conversion Controller Conversion

?
Power Supply

Multiplexer
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Even Though You Can’'t See Them ...

. the inner workings and controlling software of a DDC
controller are critical to success

Network Interface |
3
4_ Communications Happe .

Controller

13

Amplifier Amplifier
A

v
Sample/Hold Memory
v :
AtoD Micro-processor/
Conversion Controller

op *

DtoA
Conversion

De-multiplexer

Multiplexer

Power Supply

!I! 'I!EI! I!ii |
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Even Though You Can’'t See Them ...

. the inner workings and controlling software of a DDC
controller are critical to success

Network Interface

4

Communications
Controller

Multiplexer

Amplifier

v

Y o S
~ ] .Y.Y.'_

Amplifier

Sample/Hold

Memory

v

4

A

AtoD
Conversion

Micro-processor/
Controller

DtoA
Conversion

De-multiplexer

milumqm. il

?

Power Supply

Y oo U
~ | .Y.Y.Y_
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Step Outside the Black Box and its Still and
Analog World

L

Black Box
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Generally, there's and

No moving parts in the controller The controller is a black box
More information The information may not be
correct

Capable of doing dumb things
very quickly
. Capable of doing dumb things
Precision very precise|y

Not everyone took the high
Modifications made by typing school typing elective
things in stead of wiring or piping
things Can implement misapplication of

Infinitely flexible fundamentals
Flexibility sacrificed by poorly

defined designs in competitive
bid environments

Still have to deal with the real
world

Fast response

Cost effective

Out of this world capabilities
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By Definition, a Lot of HVAC Processes are

Variable Air Volume
Variable Flow Pumping
Variable Speed Drives
Variable Pitch Inlet Vanes
Variable Pitch Fans
Variable Flow Refrigeration
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Percent Flow

By Nature, Most HVAC Components Have
Analog, Non-linear Characteristics

3

Damper Alph —
(a) [==—10
a =200 = the T

damperis |

1/200 of the | =30
system | 100
pressure drop—....200

Parallel Blade Damper Characteristics
Developed from data in the 2001 ASHRAE Hondbook of Fundamentals, Figure
14; Similar data can be found in the Honeywell Gray Manual and the MCC
Powers Damper Sizing Bulletin AE-24

0%

10%

20% 30% 40% 50% 60% 70% 80% 90% 100%
Percent Blade Rotation

Percentn Flow

Opposed Blade
Damper
Characteristics

Developed from data in the
2001 ASHRAE Hondbook of
Fundamentals, Figure 14;
Similar data can be found in the
Honeywell Gray Manual and the
MCC Powers Damper Sizing
Bulletin AE-24

Damper Alph (a)
a =200 = the damper is
1~1/200 of the system pressure
drop

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Percent Blade Rotation
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By Nature, Most HVAC Components Have
Analog, Non-linear Characteristics

Temperature Measurement

12", 6", and 5" Bray Valve Cv vs. Valve Position Output Variation with Temperature

12" Valve Cv
from Bray
Data

6" Valve Cv
from Bray
Data

+—5" Valve Cv
from Bray
Data

— —Cv Target at
Minimum
System Flow

Resistance Yoltage, Current

— —Cv Target at
System : R T S
T T ; ; Maximum Thermistor
S0 Flow : : : -
Disc Angle Temperature
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By Nature, Most HVAC Components Have
Analog, Non-linear Characteristics

Airfoil Fan Wheel
Characteristics

1 Static Pressure

g
=
£
@
=
=
w
)
L
a
o
T
7]

et pos auction
gad lire

Increasing Head

Increasing Flow

Flow, 10,000 cfm
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By Nature, Most HVAC Components Have
Analog, Non-linear Characteristics

U.S. Motors B421 with Twin City BAE-222
5 hp, 460 vac, 60 hz DWDI 7,500 cfm at 2.5 in.w.c

Variable Frequency Drive Efficiency vs. Load
Safetronics Data as Published in DOE Motor Tip Sheet

11, June 2008

60%

50%

40%

Drive Efficiency

30%

20%

10%

0

200

400

600

0%

g00 1,000 1,200 1400 1,600 1,800 2,000
Speed, rpm Percent of Rated Load
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=a-5 hp - 2008 Data

—e—50 hp - 2008
Data

100 hp - 2008
Data

=e=5hp - 2003 Data

=e=50 hp - 2003
Data

100 hp - 2003
Data




SNOAST TRANE SERVIC
N 408 181-3700

A Simple Digital
Control Process




A Simple Digital
Controller




§Opeﬂ
'Contact

Manual Test

Mechanism
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Common C ta

Connection
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A Simple Digital
Controller




A Fun Digital Control
Process




~ Multiple Relays Allow

-




For power N4V 4 V4
and red

layer wirin
Ceow.02 A

For blue
player wiring
see W-03

1010

For green 11884
player and

game organizer

wiring see 30181

W-04 -
W-01 - Jeopardy Game Wiring-- Overview

Il‘. tj" ll‘.

— VA R = = _* ;, - &
eY4¥¢
|
L B

—————— &

o
For chime and
buzzer wiring
see W-05

-
For player
light wiring
see W-06

Drawn by: DAS Checked by: DAS
December 26, 2005, Rev 1 12-29-05



Simple Things are Sometimes Complex

Fan Truth Table
Switch Position

sl gl el 30° Right

o
=
=y
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Simple Things are Sometimes Complex

Fan Truth Table
Switch Position

Diagram Mode Hetwork Project

| off | on | on | on | on | EeReEe
[ off | off [ on | on | on | Rt
[ off | off | Off | on | On |

“off | off | of | off | on

Centered

Selector Switch Truth Table
Desired Function

Fan 1 Runs
Fans 1 and 2 Run
Fans 1,2, and 3 Run

Switch Position

w Instructions
Instructions

<
5
a
<
-
<
S
)
~
=
v
2
(=
w
=
=
S
a
o
o
)

Centered

+ [ 7| Constants

Contact 1
Contact 2
Constact 3

L ——

= || special functions

orsEn L
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Multiple Relays Allow
You to Perform Logic

For more about how to make your own Jeopardy game,
see Learning about Relay Logic; Build Your Very Own
Jeopardy Game and Making a Jeopardy Game Board in
PowerPoint to Supplement Your Light and Buzzer System
(and Learning a Bit About PowerPoint Templates)
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A Simple Control Requirement

The make up valve is the
device to be controlled; a.k.a.
the Controlled Variable or Final
Control Element
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A Simple Control Requirement

The tank water level is the Process Variable

The desired level becomes the Set Point
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A Simple Proportional Control System

The valye handle anq The lever arms and the pivot
linkage is the Actuation point are the controller
System

The float is the Sensor
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A Simple Proportional Control System

The linkage system makes
the water level proportional
to the amount the control
valve is opened
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A Simple Proportional Control System

A The ratio of the lever arms on
each side of the fulcrum sets
the proportional band and gain
the of the control system
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A Simple Proportional Control System

Set P0|nt ......... .

Control

Point
As long as the demand does not exceed the
capacity of the delivery system (i.e. steady state

can be achieved inside the proportional band)

the system will be under control

The proportional band is the
change in the process variable
that causes the controlled variable
to go through its full range

-------
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Proportional

By its nature, a proportional control system
will always have a difference or “error”
between the set point and the control point
B except at one specific condition

Set Point === =-rrrreerrmmnn, AagessssssnadnnsnnnsnsnnnsnnnnnsansnennnnsfBunnnasn
S—
Control
HO s TPVRI VEPRTRRRPRRRPTRN TR
Point
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A Simple Proportional Control System

We could reduce the error by increasing the
gain of the controller (making it more
sensitive to a level change in this case) ...

..................................

Set Point

Control
Point

TAB 12-1 - PROPORTIONAL AN PID CONTROL PROCESSES 49



A Simple Proportional Control System

... but at some point, feedback from the
process would interact with the control loop
in a way that would make it unstable

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

EEREEEEREEEEE LB

Set Point

Control
Point
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The Impact of Narrowing Throttling Range

Proportional band =400% and set point changed to 80%
(black line)

Significant error between the
control point and set point
05 Set point changed to 80% e S i
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The Impact of Narrowing Throttling Range

Proportional band =400% (black line)

Proportional band =300% and set point changed to 80%
(red line)
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The Impact of Narrowing Throttling Range

Proportional band =400% (black line)
Proportional band =300% (red line)

Proportional band =200% and set point changed to 80%
(blue line)

“ Signs of instability and hunting emerge
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The Impact of Narrowing Throttling Range

Proportional band =400% (black line)
Proportional band =300% (red line)
Proportional band =200% (blue line)

Proportional band =150% and set point changed to 80%
(gray line)

The system begins to

| resonate at it's natural

i _ frequency (hunting begins)
N Set point changed to 80% : : 7 : : T
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The Impact of Narrowing Throttling Range

Proportional band =400% (black line)
Proportional band =300% (red line)
Proportional band =200% (blue line)
Proportional band =150% (gray line)

Proportional band =100% and set point changed to 80%
(second black line)
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Bottom Lines On Proportional Control

. All proportional control processes will show a difference
between set point and control point (a.k.a. error) under
all operating conditions other than one very specific
condition

. The error can be reduced by narrowing down the
throttling range

. There is a limit to how much you can narrow the
throttling range with out hunting

. The limit is a function of the physics of the control
system; things like lags, play in the linkage system, the
nature of the process, etc.
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Then a Miracle Occurs

| THINK YOU
SHOULD BE MORE
SPECIFIC HERE IN

STEP TWO

Image from




roportional plus Integral plus Derivative
Control (PID)

PID is the Miracle that can:
Eliminate error

Reduce the magnitude of a spike when a system is
upset

Reduce the settling time after an upset
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Eliminating Proportional Error;
A Simple Proportional Control System
Becomes Less Simple

By its nature, a proportional control system
will always have a difference or “error”
between the set point and the control point
except at one specific condition

ESE e R W T r W R T
e e 6 £ B A

Error

Control
Point
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Eliminating Proportional Error;
A Simple Proportional Control System
Becomes Less Simple

If the system has
capacity beyond the
current operating
requirement, and the
error had persisted for
= a while, the operator
Set Point =====---freeeerrreennees (R . \. could adjust the float to

. eliminate the error at

ContrOI ph A unbldi ki B R S R RRRRRRRE the Current Ioad

Point ‘:E'EE'E;E‘E‘;i».:::‘,:,::,:::::::: EEEEEE%EEE::::::::::::::::EEEEEEEEEW condition

.....
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Eliminating Proportional Error;
A Simple Proportional Control System
Becomes Less Simple

If the system has
capacity beyond the
T e EEEE; current operating
requirement, and the
. error had persisted for

a while, the operator

Set Point - i " "~ &K sl could adjust the float to
Control i G g 5 eliminate the error at
ONTot —......... Lt the current load
Point "
condition
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Eliminating Proportional Error;
A Simple Proportional Control System
Becomes Less Simple

. By monitoring the error

e e R e ] X over time, the operator

i could adjust the float

. r . setting so that it always

Set Point B . .
I maintained the desired
Control " T ek} setpoint

Point
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Eliminating Proportional Error;
A Simple Proportional Control System
Becomes Less Simple

. This is what the

EERSESRERERENERNBNENENBSRSNSEEEuENEREnSwSwany  desussssssssmal . Integral function in a

o \ Proportional plus

Set Point . Integral plus Derivative
_ control loop does

ContrOI L L e SERE
Point
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The Impact of Adding Integral Gain

CONTROLLED VARIABLE

Proportional only response;
250% proportional band

Set point changed to 80%
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The Impact of Adding Integral Gain

CONTROLLED VARIABLE

Error eliminated!

Proportional + Integral response;
250% proportional band, Integral

Set point changed to 80% time = 2 minutes
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The Impact of Adding Integral Gain

Proportional + Integral response; 250%
proportional band, Integral time = 0.75 minutes

Signs of instability and hunting emerge

Z N\

Proportional + Integral response;
250% proportional band, Integral

Set point changed to 80% time = 2 minutes
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Eliminating Proportional Error;
A Simple Proportional Control System
Becomes Less Simple

Similarly, the operator
could monitor the

5 I 5 5 5 5 O S 5 5 5 5 5 S S S

B process and if he or
, she saw the error start
Set Point v to rapidly change
= relative to time, they
Control . TaSAA [ could quickly push the
Point -} float up or down to

minimize the deviation

from set point a
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Eliminating Proportional Error;
A Simple Proportional Control System
Becomes Less Simple

Once the sudden
change is over the

:-E_E_?EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE}}..EEEEEEEEE§.§.§.§“E'§ > Operator COU|d reset
, the float to match the
Set Point g current load condition

and maintain the
Control At I required set point
Point
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Eliminating Proportional Error;

A Simple Proportional Control System
Becomes Less Simple

This is what the

..\ — Derivative function in a
> Proportional plus
, Integral plus Derivative
Set Point = g control loop does
Control K ||| [1]][]]]]

Point
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The Impact of Adding Derivative Gain

Proportional + Integral + Derivative response;
250% proportional band, Integral time = 0.75
minutes, Derivative time = 0.1 minutes

CONTROLLED YARIABLE

Properly applied, derivative
reduces the spike at upset and
shortens the settling time

Set point changed to 80%
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PID; Its Been Around for a While




P1D

Eliminate offset
e Save energy
* Improve precision

Minimize process swings at
start-up

Not well understood by the
HVAC industry

 More difficult to tune and
adjust

 More difficult to maintain

Algorithm used varies with the
manufacturer

« Tuning solution specifics are
not portable

* Auto-tuning is not a panacea
Difficult to apply correctly
Often misapplied
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PID; The Math Perspective

Output =K, x Proportional Offset +K; x Zﬂme Proportional Offset + K x oProportional Offset

oTime
Where :

K, =Proportional Gain
K; =Integral Gain

Zﬂme Proportional Offset = Acumulated proportional offset over time
Ky =Derivative Gain

oP tional Offset : :
roporat_,ci al Offse =Rate of change of proportional offset over time
ime
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P only response = = —

Integral Gain;
Minutes per Repeat or Repeats per Minute

Proportional only
response to the upset

®
C
=2
0p]
.
>
o
o’
)
O

Increasing

Process upset occurs
|

1 3
Increasing Time
Minutes
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P only response = = —

Integral Gain;
Minutes per Repeat or Repeats per Minute

Integral response to
the upset

Increasing
Output Signal

Process upset occurs

! !
1 2 3

Increasing Time
Minutes
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P only response = = —

Integral Gain;
Minutes per Repeat or Repeats per Minute

Integral gain of 1 repeat per minute
will increases the output by an

§ amount equal to the P only
response after one minute

Process upset occurs
|

Increasing Time

Minutes
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Potential Problems when Adding Integral
Action

Loop instability unless a commensurate reduction in
proportional gain is made

Tuning and maintenance become more complex, time
consuming and difficult

“Wind-up” can occur
* During HVAC system overload conditions.
* During HVAC shut down if not handled appropriately
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P only response = = —

Derivative Gain is in Minutes

®
C
=2
0p]
.
>
o
o’
)
O

Increasing

Process upset occurs

! !
1 2 3

Increasing Time
Minutes
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P only response = = —

Derivative Gain is in Minutes

Derivative response
to the upset

®
C
=2
0p]
.
>
o
o’
)
O

Increasing

Process upset occurs

! !
1 2 3

Increasing Time
Minutes
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Derivative Gain is in Minutes

A derivative gain of 1 minute will
immediately increases the output
by an amount equal to the Integral
response after one minute

®
C
=2
0p]
.
>
o
o’
)
O

Increasing

Process upset occurs

!
1 3

Increasing Time
Minutes
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Derivative Action |s Difficult to Apply

Provides no benefit if there is not enough
Too much can cause many more problems than it is worth

Typically not necessary for HVAC applications
Use it with !
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