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= Dr. Sam C. M. Hui o =
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Know The Instructor

Dr. Sam C M Hui — Dept. of Mech. Engg.,
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HKU Dept. of Mechanical Engineering (4.5 years)
HKU Dept. of Architecture (6 years)
Asia Pacific Energy Research Centre, Japan (~1 year)

PhD study (4 years)
Associated Consulting Engineers (2 years)

Current role in ASHRAE:
President of ASHRAE Hong Kong Chapter
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ASHRAE Study Guide

“Fundamentals of HVAC Control Systems”

List price at US$150

Included for each participant of the workshop

Divided into 10 chapters

Typical structure of each chapter
Instructions

Study Objectives P
Main Body A e

The Next Steps ':'-. [,,wg
Summary L =
Bibliography

Skill Development Exercises
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Main Topics in Study Guide

. Introduction to HVAC Control Systems
. Basic of Electricity
. Control Valves and Dampers
. Sensors and Auxiliary Devices
. Control Diagrams and Sequences
. Self-Powered Controls
. Electric Controls
. Pneumatic Controls
. Analog Electronic Controls
10. Digital Controls

(* Practical considerations and applications are added too.)

© 0N O~ OWODN-
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Assumptions & Focus

Assumptions

Audience knows the basic HVAC equipment &
terminology

Audience members have interest in HVAC control
systems and may have some experience before or
working on it now

Focus of this workshop

Basic concepts of HVAC control systems
Practical considerations and applications
Updated with latest developments too, e.g. DDC system
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Introduction to HVAC
Control Systems
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Why We Need Controls?

To regulate the output of systems and
equipment

Such as your car
For HVAC system, to regulate the
movement of air, water, electricity to

obtain desired indoor conditions
Also for energy management and safety
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Control System Types

Self-powered controls
Electric controls
Pneumatic controls
Analog electronic controls

Digital controls
Direct Digital Control (DDC)

* Most control systems today use a

combination of the 5 system types
Hybrid control system
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Block Diagram of a Control Loop

Controlled Process
Controller Device Plant

To
Input Controlled

Signal + Variable
- ><§§>—————> —> —»
(setpoint) Y

Sensing
Element

(Feedback)
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Simple Heating System

Setpoint
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Controller
C
Sensor Controlled
Device
T
C
% Heating
Air Flow
4—
Coll
>
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Key Terms

Controlled variable

Control point

Setpoint

Sensor

Controlled device

Process plant

Controller

Control loop

Closed loop (i.e. w/ feedback)
Open loop (i.e. w/o feedback)
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Some Definitions

Automatic control system: A system that
reacts to a change or imbalance in the
variable it controls by adjusting other
variables to restore the system to the
desired balance.

Controlled Variable: The quantity or
condition that is measured and controlled.

Controller: A device that senses changes
in the controlled
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100%
OPEN

ACTUATOR 50%
POSITION  OPEN

CLOSED f--—---

POSITION OF FINAL
CONTROL ELEMENT

A

22.5 23 23.5 24 24.5
CONTROL POINT ("C)
THROTTLING RANGE -

[Source: Honeywell, 1997. Engineering Manual of Automatic Control: for Commercial Buildings]
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Basic Types of Control Modes

Two-position control
Floating control
Modulating control
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Two-Position Control

A
A7\ A
Controlled _ _
Variable _ o 2.5
= ==
- =B T Q
S @ 0 O
OE Q=
/ s 1°9
Setpoint
L Y W A v
\4
Control /]
Point

Time >
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Two-Position Control
With Anticipator

Temperature in space w/anticipator

—————. Temperature sensed in thermostat w/anticipator
— — — Temperature in space w/o anticipator

_ 7 N\ A
____________ A A N N,
[N N
Controlled # ) ‘ — <
Variable ' =3 OT T
X £E=T | T8
—————————————————————————————— O E § 9 .6 8% %
. O+ C DQ
Setpoint /] / SE S S
/Y O3
________ e
Control / _
Points Time ——»
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Step Control

Stage 1 off

Stage 1 on Stage 2 off
Controlled / \
Variable

Control _|
Point

Setpoint
Stage 1 -

Setpoint _|
Stage 2

A — Operating Differential, Stage 2
B — Operating Differential, Stage 1
C - Overall Operating Differential
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Floating Control

Valve stays at Valve starts Valve stops
last position to close closing
Controlled \ AN // Y
Variable | | _ _ _ _ __\ __ _ _ _ ________ ¥
A
Setpoint { = S 0
o C — C
__________________________________ c @ Qo
o0 O O
O = S-E
Control __ 0 =
Point . i
\
f \
/ A\ .
Valve starts Valve stops Time ——»
to open opening
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P-1-D Control

Control Time now
Point —> l
Setpoint Derivative term proBBrtlonaI to slope (rate)
e § TN

N 7 S ="
N

Proportional term proportional to error

>

Integral term
proportional to
shaded area
(error)

Controlled
Variable

T1 TZT T3 T4 T5 T6
Time now Time
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Proportional-Only Control

Setpoint /\/ Control Point Offset
- l

Controlled
Variable
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P-1 Control

«— Control Point
Offset

Setpoint \/\\%

Controlled
Variable
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CONTROL
POINT  OFFSET OFFSET

SETPOINT /\/— *

CONTROL
A Do INT OFFSET

SETPOIMT \/\f_ SETPOINT

1 T2 T3 14 T5 T6 TT T2 T3 T4 15 16 ™ T2 T3 T4 Ts T6
TIME C2050 TIME 2100 TIME Z2501
Proportional Control Proportional-Integral Proportional-Integral-
(P1) Control Derivative (PID) Control

KE"‘ T]JEdt—i_KTD dt ‘|‘M
\ J v G v _J

Proportional Integral Derivative

[Source: Honeywell, 1997. Engineering Manual of Automatic Control: for Commercial Buildings]
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Recommended control modes for HVAC system

Application Control mode
Space temperature P, PID

Mixed air temperature Pl, Enhanced PID
Coil discharge temperature Pl, Enhanced PID

Chiller discharge temperature |Pl, Enhanced PID

Air flow Pl (use wide proportional band & a
fast reset rate), PID

Fan static pressure Pl, Enhanced PID
Humidity P, possibly PI for tight control
Dewpoint temperature P, possibly Pl for tight control

[Source: Honeywell, 1997. Engineering Manual of Automatic Control: for Commercial Buildings]
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Pulse Width Modulation

ON Y

OFF
time
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Time-Proportioning Control

) /

OFF

im
Fixed time

Cycle
Time
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Proportional Control

(Gain and Loop Tuning — adjust the %gain to meet the specific application)

Controlled
Variable

7

Setpoint
Change

Control Point with

3% prop. gain Control Point with

\ 7% prop. g
./"'. “ . s

ain

Control Point with
1.5% prop. gain

'¢~
p3 -~
.

Kp% is the percent of input range
required to cause 100% output

Setpoint  -------
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P-1 Control

(Loop Tuning is an “art”. Usually tune the P gain first, then adjust | gain to eliminate offset)

Controlled
Variable

Change

Control Point with 1.5% prop.
— gain (P) and 0.20 min. (l) repeats

PR
r 7/
%

d L4

-
-----

" Control Point with 1.5%
: 5% prop.
Setpoint .~ gain (P) and 0.10 min. (l) repeats

- - == — 7
.

e wm —
— — ——
—_— =

-------

Control Point with 1.5% prop. Gain (P)
and 0.05 min. (I) to repeat error calculation
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Time ———»
e L. Kp=15% _ _ _ Kp = 1.5% _ Kp=1.5%
Setpoint Ki = 0.2 min. Ki = 0.1 min. Ki = 0.05 min.
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P-1-D Control

(Derivative is seldom used because HVAC system response is rather slow.)

Control Point with 2% prop. gain (P),

repeat 0.08 min. (I) error calculation
- and rate 0 min. (D) calculation — e ——
. =<
Ditto except rate ‘s
= . //
Controlled 2.0 min. (D) ¥
. B ,‘v-_'_'_':_'~_~._______—__—_ ——
Variable \Waprs ,\
I,
B ‘;-’ Ditto except rate 1.0 min. (D)
—
: :
Setpoint ]
Change
Time ——»
_ Kp = 2% Kp = 2% Kp = 2%
Setpoint  ------. Ki=0.08 min. - =~ Ki=0.08 min. - --"-Kj=0.08 min.
Kd = 0 min, Kd =1 min, Kd = 2 min.
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Proportional Control

Max.
Position \
\
\
Reverse —1 '\\ Direct
Acting \ Acting
\
Control \
Output :
A
SN
\
\
\
: \
Min. : \
Position -
c —Ird < Throttling
ontrolle :
Variable Rarslge

\

Setpoint
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Control Action & Normal Position

100 — Closed 100 — Open
2 75 — 2 75 —
g N Il g N Il
— ormally ] ormally
) 50 Open ° 50 Closed
5 £
o 25 — o 25 —
Open Closed
0 — 0 |
SETPOINT + - SETPOINT +
Controlled Variable Controlled Variable
Direct Acting Controller
100 — 100 —
§_ 75 — §_ 75 —
3 Normally 3 Normally
5 50 — Open 5 50 — Closed
5 5
(8] 25 — o 25 —
Open Closed
0 | P 0 |
- SETPOINT + - SETPOINT +
Controlled Variable Controlled Variable

Reverse Acting Controller
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Seqguencing

Controller

Setpoint C

DA
T N.C. N.O.
J J

Airflow
o o
Cooling Heating
Coll Coall
Open —
Heating
Coll
Valve .
Position C%‘ﬂ'i?g
Control range
heatin Closed |
( g) < > < o
0% 50% 100%

VvV —>
Controller Output

© 2007 ASHRAE Hong Kong Chapter

Typical control ranges:
- Pneumatic = 3-13 psi
- Electronic = 2-12 Vdc

Control range
(cooling)
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Chapter 2
Basics of Electricity

Introduce simple electrical circuits and common devices for controlling electrical
power in HVAC systems. Some concepts of electronics are also helpful.

Common devices: relays, transformers, starters
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Simple Electrical Circuit

V=IxR P=VxI=ExR
Battery
I ‘ ‘
RN

— +
Current \
I
\

Switch Resistance
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Water Tank Analogy

/Tank
NNANNAN S T
Water
Valve X
Height
Y
/N
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Parallel Circuits

T NANANNANS N M
X
Height
X / I\
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Series Circuits

Height

v

/IN\
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Alternating Voltage

+V —

0 Time —»
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Simple AC Circuit

AC Power Source
(A )
nJ
\/

. AA

Switch Resistance
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Capacitor in DC Circuit

V/R—
I
:‘ | | Current as
= capacitor is
o charged
5
: @)
Capacitor
L | —AA— .
R 0 Time —»
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Voltage & Current Out of Phase

4+ —

Voltage -—-—"— Current
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Magnetic Field

Current
/ Current

A
Magnetic
Fleld Magnetic
/ Field
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Inductor in DC Circuit

V/R —_
1]
I= Current after
g switch closes
3
_/ Inductor
R 0 Time ——»

© 2007 ASHRAE Hong Kong Chapter Slide 43



3-Phase Voltage

P=VxI|xPFx+3

O » Time
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Transformer

T T

Vp VS
Input (primary) Output (secondary)
voltage voltage

: '
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120/208V Service

(4-wire Wye Connected)

From
Utility

Transformer

T3 T ;
208/1¢ 120V /10
ol ¥
) }
208/1¢ 208/10 120V /10
ol ¥ } |
A
120\+//1¢ l
Q= "
1
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480/277V Service

(4-wire Wye Connected)

O C * * \
From 480\£/ 10 T 277V /10
Utility

Transformer © G A | A > WV
480V /10 480V /10 277V /10
o o1—1 ! | J
277V /10 l
¥ v
€
jal
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Electromagnetic Relay

(On/Off signal; a type of remote-controlled switch)

Contact

Solenoid C <«—] |: ‘/Clapper

Coll

A s
Energizing

o (D) s

B» — Spring
—da D
PHYSICAL SCHEMATIC
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Solenoid Coil

/
Energizing A @ B

Power

Controlled | |
Circuit C I*I D
\
Contact
DIAGRAM
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Simple DC Circuit With Relay

Power Source

s o

N.O. Switch

—— Relay Coil

| | <
- Relay Contact N.O.

Power Source

| 1] AN—
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Multipole Relay

; ®

(4) N.O. Contacts /

5

S — |

o— |—e

D

D

o— |—o
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5
5

S Energizing Circuit

Other Circuits
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Single- & Double-Throw Contacts

Power Source

© 2007 ASHRAE Hong Kong Chapter

_'\"O/SWitCh Relay Coil

C Pilot
. L N.O. YR\< Lights

A

y |N.C. Y‘{

‘ zda 2L

_INoO. }’R\{

I A

C |N.C. }’G\{

I A

Single throw, normally open

Single throw, normally closed

Double throw
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Across-the-Line Motor Starter

(Start/stop control and overload protection)

Magnetic 3 Phase Power

Contactor —
Solenoid

__________________________________ Auxiliary

. Contacts
oL @L2 @L3 |

to other circuit

|

Control
Voltage

<

Starter
Contacts

Overload

Devices
Overload

Contacts

Motor
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Remote
Auto Start
Contact

Starter

With H-O-A Switch

(H-O-A = hand-off-auto)

Control
Transformer

A.C. Power

H-O-A
Switch

AUTO

Magnetic
® Starter
HAND Coil
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Starter With H-O-A Switch
& AuX. Contact

F p—
T e
Fuse Control
Transformer
AUTO
—e
/# OFF J— ) H-O-A Switch
Auto Start : Magnetic
Contact HAEND Starter Coil
. M1
7IZ | |
| Aux
/ //r |
Safety Contacts I
4 4

Auxiliary Contact to
Interlocked Devices
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Starter With Manual
Start/Stop Buttons

: E Power !
: 9R2RL E
! Fuse Iransformer, !
| 24 VAC .
i (or starter :
| coil voltage) :
| START
| STOP
: ® @ I
Lelery O iiwiw il

Magnetlc :

Starter Coil !

Aux. Contact
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Magnetic Starter With
Life Safety Fan Wiring

i Power
! Fuse Iransformer
—
Stat 7 Starter Details
' (not shown)
T é I ]
Contact T~ ! : :,.-f
E | Magnetic
! StarterCoil
R [ N RS Fan Control Panel
: : H Remote
S S ¢—— Fireman’s
"OFF" "ON" : Panel
RELAY RELAY !

Life Safety
Control Relays
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Variable Speed Drives -
Inverter Variable
Freqguency Drive

3 Phase u AC DC
AC Power { — o Filter to
Input DC AC

\ — Rectifier Inverter

VSD = variable speed drive
ASD = adjustable speed drive
VFD = variable frequency drive
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Voltage

Sine-Coded PWM Waveform

(PWM = pulse-width modulation)

<— \/oltage Pulses

Desired Wave Form
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Variable Speed Drive
With Optional Starter

(the starter is provided as a backup, in case the VSD fails)

3 Phase Power

N,
/ / / Disconnect
o /o /o
3 wires
¥~ shown as 1
for clarity
Speed signal
VFD ¥~ from control
system
Bypass contactor | — =i ; e - ! (Note: Schematic
and starter : N : concept - not
(optional) : Interlock : wiring diagram)

e é/')
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Simple Relay Logic

(Boolean logic notation, e.g. if (A or B) then C)

120 VAC
A
| -
1 ¢—¢ & ‘ ! ¢ Either

| | -
B

| | | | ; ;

A B Light
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Relay Logic With
Double-Throw Contact

| o H:. ? < Either, but
T ‘_. I A not both

Light
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Three-Way Light Switch

(A
NG
120 VAC
® o
D g
o ° Light
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Symbols for Elec. Logic Devices
__||||T DC Battery Time Delay Relay (Coil)
eSS

—@_ AC Power Source NC, Instant open, Time close
—°E°— Closes on.
pressure rise _oTo_ NO, Instant open, Time close
° | o Opens on
pressure rise NC. Instant cb Ti
, Instant close, Time open
—}To_ Closes on ](
"flow"
o— NO, Instant close, Time open
—°T— Opens on _07\
"flow"
—°~5°— Closes on _ﬁm
temperature rise NO Contacts
—o—'\a’b— Opens on Relay
temperature rise
Switch NC C
@ Electric-Pneumatic Relay ontacts
(interface to pneumatic controls) ¥ IRe|ay
( : ) Control Relay Solenoid :I o— DPST Switch
(also designated "CR") - or Contacts
Magnetic Motor
Starter Coil o— DPDT Switch
or Contacts
o—
Pilot Light
(color indicated in circle) o=l o0—nC
Limit Switches
A4 —oF o }
— — Alarm Horn E
—1T1— Fuse
QN OFF AUITO
>0 | o—  3.position o™ o Circuit Breaker
: Rotary Switch
—_— Transformer
ON Q= . . | |
3 o OFF 3-Position Switch
AUTO © (alternate style) ‘
TR Time Delay Relay
1
- e Push Buttons
| " (momentary contact) Motor (or Motorized Actuator)
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Voltage Feedback Bug

(Ladder diagrams to show how devices are to be physically wired in the field.)

< CONTROL VOLTAGE >

{ .

Low limit
thermostat Fancoil 1
o I I o c{ o & o
SP
TC
Fancoil 2

g
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Correction for
Voltage Feedback

< CONTROL VOLTAGE >

t |

R3-1

R L

|
I
R3-2

I e
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Ladder Diagram

o< 120 V CONTROL VOLTAGE > @
Time
Clock

FC-1
ON OFF AUTO Fan OL OL OL

s e ] - W — @

Smoke Freeze
Detector  Stat

4 0—' '—0 © (2)
R1-1
5 »—0{ o—!
Night
Low Limit HW-1
6 ke ° @_/H/_/H/_/H’_“
M2-1
P ped . [—@——too
M1-1 OA Aux To Pnleumatic
Aux T'stat T'stat

Damper Motor

8 ¢ | N 2)

R1-2 f/\<
N\
Tt
N.O.
10
TR-1 EF-1
30 sec TC Exh Fan
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