INST 200 (Introduction to Instrumentation)
Lab
Building a simple control loop: Questions 111 and 112, due at the end of day 5
Feedback questions
Questions 101 through 110, due at the end of day 5
Circuit Concepts Review Exam
Day 1
Specific objectives for the “mastery” exam:
• Sketch wires connecting components together to form a circuit fulfilling a specified function
• Analyze a DC resistor circuit (Ohm’s Law, Kirchhoff ’s Laws)
• Analyze a DC circuit containing capacitance or inductance (charging and discharging, components as
sources vs. loads)
• Solve for a specified variable in an algebraic formula
• Calculate side lengths and/or angles in a right triangle
• Determine the possibility of suggested faults in a simple circuit given measured values (voltage, current),
a schematic diagram, and reported symptoms (predicting the effects of shorts vs. opens)
• Analyze an AC circuit containing capacitance and/or inductance (passive filters, capacitive and inductive
phase shift, transformers)
• Analyze a DC operational amplifier circuit (Ohm’s Law, Kirchhoff ’s Laws, negative feedback vs. positive
feedback vs. no feedback)
• Analyze a relay ladder logic circuit (contact and coil states)
• Analyze a semiconductor logic circuit (BJT/MOSFET transistor states, logic gate functions)

Question 113 identifies resources for you to review these foundational circuit concepts
Recommended daily schedule
Day 1

Theory session: Introduction to second-year program objectives, industry expectations
Questions 1 through 20; answer questions 1-4 in preparation for discussion (remainder for practice)
Take INST200 mastery exam (circuit concepts review)
Lab session: Review INST200 mastery exam, read lab question (111), begin lab project construction
Day 2
Theory session topic: General introduction to instrumentation and control systems
Questions 21 through 40; answer questions 21-29 in preparation for discussion (remainder for practice)
Day 3
Theory session topic: Analog electronic and HART instruments, signals
Questions 41 through 60; answer questions 41-48 in preparation for discussion (remainder for practice)
Day 4
Theory session topic: Standard diagrams for instrumentation ; Signal wiring and tube connections
Questions 61 through 80; answer questions 61-69 in preparation for discussion (remainder for practice)
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Day 5
Theory session topic: Problem-solving
Questions 81 through 100; answer questions 81-89 in preparation for discussion (remainder for practice)
Feedback questions (101 through 110) due at the end of the day
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How To . . .
Access the worksheets and textbook: go to the Socratic Instrumentation website located at
http://www.ibiblio.org/kuphaldt/socratic/sinst to find worksheets for every 2nd-year course section
organized by quarter, as well as both the latest “stable” and “development” versions of the Lessons In
Industrial Instrumentation textbook. Download and save these documents to your computer.
Maximize your learning: come to school prepared each and every day – this means completing all your
homework before class starts. Use every minute of class and lab time productively. Follow all the tips
outlined in “Question 0” (in every course worksheet) as well as your instructor’s advice. Submit feedback
questions at the end of every course section for review. Don’t ask anyone to help you solve a problem until
you have made every reasonable effort to solve it on your own.
Identify upcoming assignments and deadlines: read the first page of each course worksheet.
Relate course days to calendar dates: reference the calendar spreadsheet file (calendar.xlsx), found
on the BTC campus Y: network drive. A printed copy is posted in the Instrumentation classroom.
Locate industry documents assigned for reading: use the Instrumentation Reference provided by
your instructor (on CD-ROM and on the BTC campus Y: network drive). There you will find a file named
00 index OPEN THIS FILE.html you can read with any internet browser. Click on the “Quick-Start Links”
to access assigned reading documents, organized per course, in the order they are assigned.
Study for the exams: all mastery exam objectives appear near the top of the front page in every course
worksheet. Daily assigned questions address these objectives. Proportional exams challenge students to
apply general principles learned to new problems, for which the only adequate preparation is daily and
independent problem-solving practice. Feedback questions should be treated as practice for the proportional
exam, being similar in scope and complexity to proportional exam questions. Feedback questions should be
answered independently (with no help from classmates) in order to give you the most accurate assessment
of your readiness for the proportional exam.
Calculate course grades: download the “Course Grading Spreadsheet” (grades template.xlsx) from
the Socratic Instrumentation website, or from the BTC campus Y: network drive. Enter your quiz scores,
test scores, lab scores, and attendance data into this Excel spreadsheet and it will calculate your course
grade. You may compare your calculated grades against your instructors’ records at any time.
Identify courses to register for: read the “Sequence” page found in each worksheet.
Identify scholarship opportunities: check your BTC email in-box daily.
Identify job openings: regularly monitor job-search websites. Set up informational interviews at employers
you are interested in. Participate in jobshadows and internships whenever possible. Apply to jobs long before
graduation, as some employers take months to respond! Check your BTC email account daily, because your
instructor broadcast-emails job postings to all students as employers submit them to BTC.
Impress employers: sign the FERPA release form granting your instructors permission to share academic
records, then make sure your performance is worth sharing. Master your project and problem-solving
experiences so you will be able to easily reference them during interviews. Honor all your commitments.
Begin your career: take the first Instrumentation job that pays the bills, and give that employer at least
two years of good work. Employers look at delayed employment, as well as short employment spans, very
negatively. Failure to pass a drug test is an immediate disqualifier. Criminal records can also be a problem.
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General Student Expectations
Your future employer expects you to: show up for work on time, prepared, every day; to work safely,
efficiently, conscientiously, and with a clear mind; to be self-directed and take initiative; to follow through
on all commitments; and to take responsibility for all your actions and for the consequences of those actions.
Instrument technicians work on highly complex, mission-critical measurement and control systems, where
incompetence and/or lack of integrity invites disaster. This is also why employers check legal records and
social networking websites for signs of irresponsibility when considering a graduate for hire. Substance abuse
is particularly noteworthy since it impairs reasoning, and this is first and foremost a “thinking” career.
Mastery: You are expected to master the fundamentals of your chosen craft. “Mastery” assessments
challenge you to demonstrate 100% competence in specific knowledge and skill areas (with multiple
opportunities to re-try if necessary). Failure to fulfill any mastery objective(s) by the deadline results
in your grade for that course being capped at a C-, with one more day given to demonstrate mastery. Failure
to fulfill any mastery objective(s) by the end of that extra day will result in a failing grade for the course.
Punctuality and Attendance: You are expected to arrive on time, every scheduled day, and attend for
the full duration of the scheduled day, just as you would for a job. If a session begins at 12:00 noon, 12:00:01
is considered late. Each student has 12 hours of “sick time” per quarter applicable to absences not verifiably
employment-related, school-related, weather-related, or required by law. Each student must confer with the
instructor to apply these hours to any missed time – this is not done automatically for the student. Students
may donate unused “sick time” to whomever they specifically choose. You must contact your instructor and
team members immediately if you know you will be late or absent, and it is your responsibility to catch up
on all missed activities. Absence on an exam day will result in a zero score for that exam, unless due to a
documented emergency.
Time Management: You are expected to budget and use your time productively, just as you are expected
to budget and use time productively on the job. It is important for your learning that you remain “on task”
during the entire school day and reserve enough time outside of school to complete all of your homework.
Frivolous use of computers and smart phones (e.g. games, social networking, internet surfing) is unacceptable
when there is work to be done. Trips to the cafeteria for food or coffee, as well as breaks for smoking, should
similarly take place on your own time. These expectations are commonplace in industrial work environments.
Most students find their homework requires a minimum of 3 hours of study time per day. Question 0 (included
in every worksheet) lists practical tips for creating more study time.
Independent Study: Industry advisors and successful graduates consistently identify self-directed learning
as a vital skill for this career, more important even than trade-specific knowledge and skills. All second-year
Instrumentation courses follow an “inverted” model where lecture is replaced by independent study outside
of class, and class time is spent answering questions and demonstrating learning. Showing up to class
unprepared (e.g. incomplete homework assignments) is unprofessional and impedes your learning. Question
0, which is included in every worksheet, lists practical study tips.
Problem-solving: Industry advisors and successful graduates also consistently identify general problemsolving as a vital skill for this career, more important even than trade-specific knowledge and skills. You are
expected to take every reasonable measure to solve problems on your own before asking for assistance from
anyone else. If you are confused about any homework problems, that is okay, but you are expected to apply
problem-solving strategies modeled by your instructor and to precisely identify where you are confused so
your instructor will be able to give you targeted help. Asking classmates to solve the problem for you is
unacceptable because it circumvents your responsibility to solve the problem yourself. When troubleshooting
systems in lab you are expected to use appropriate tools to perform diagnostic tests (e.g. don’t just visually
inspect for faults), as well as consult the equipment manual(s) before seeking help. If you identify failed
equipment, you are expected to label that equipment with a detailed description of its symptoms so the next
person can proceed to fix it more efficiently. Question 0 (included in every worksheet) lists some practical
tips for problem-solving.
4

General Student Expectations (continued)
Safety: You are expected to work safely in the lab just as you will be on the job. This includes wearing
proper attire (safety glasses and closed-toed shoes in the lab at all times), implementing lock-out/tag-out
procedures when working on circuits over 24 volts, using ladders to reach high places rather than standing
on tables or chairs, and correctly using all tools.
Cleanliness: You are expected to keep your work area clean and orderly just as you will be on the job. This
includes discarding all food and drink containers every day, putting tools and parts back where they belong
after you are finished with them, and participating in all scheduled lab clean-up sessions.
Teamwork: You will work in instructor-assigned teams to complete lab assignments, just as you will work
in teams to complete complex assignments on the job. As part of a team, you must keep your teammates
informed of your whereabouts in the event you must step away from the lab or cannot attend for any reason.
Any student regularly compromising team performance through lack of participation, absence, tardiness,
disrespect, unsafe work, or other disruptive behavior(s) will be given the choice of either completing all
labwork independently for the remainder of the quarter or receiving a failing grade for the course.
Cooperation: The structure of these courses naturally lends itself to cooperation between students. Working
together, students have a large impact on each others’ learning. You are expected to take this role seriously,
offering real help when needed and not absolving classmates of their responsibility to do the hard work
themselves. Solving problems for classmates and/or doing assigned work for classmates is unacceptable
because these actions circumvent learning. The best form of help you can give to your struggling classmates
is to share with them your tips on independent learning and general problem-solving. A practical way to
offer guidance is to ask questions leading to the solution rather than merely providing the solution.
Academic Engagement: Instrumentation is a complex career, full of challenges requiring creative and
critical thinking. As industry advisors have said, “Being an instrument technician is as close as you get
to doing engineering without a four-year (Bachelor’s) degree.” The only way to prepare for the challenges
of being an instrument technician is to exercise that same level of creative and critical thinking before
you step into the career, mastering first principles of science and general problem-solving strategies rather
than focusing on low-level cognitive exercises such as memorization and procedural solutions. This also
means personally involving yourself in every learning exercise, not being content to merely observe others.
Individual (unassisted) performance is the gold standard for learning: unless and until you can consistently
perform on your own, you haven’t learned!
Grades: Grades are to learning as a fuel gauge in a vehicle is to the actual amount of fuel stored in the tank.
Like a fuel gauge, a grade is an imperfect representation of reality, and as such may be skewed upward or
downward by factors unrelated to the reality it’s supposed to measure. Far too many students worry about
the gauge’s reading when they should be worried about how much fuel is in the tank! As an Instrumentation
student you will be expected to prioritize learning over grades, because only learning will help you on the
job. This, for example, is why extra-credit assignments are customized to each student’s needs based on
their weakest areas rather than arbitrarily assigned to pad a student’s grade.
Representation: You are an ambassador for this program. Your actions, whether on tours, during a
jobshadow or internship, or while employed, can open or shut doors of opportunity for other students. Most
of the opportunities open to you as a BTC graduate were earned by the good work of previous graduates,
and as such you owe them a debt of gratitude. Future graduates depend on you to do the same.
Responsibility For Actions: If you lose or damage college property (e.g. lab equipment), you must find,
repair, or help replace it. If your represent BTC poorly to employers (e.g. during a tour or an internship),
you must make amends. The general rule here is this: “If you break it, you fix it!”
file expectations
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Course Syllabus
INSTRUCTOR CONTACT INFORMATION:
Tony Kuphaldt
(360)-752-8477 [office phone]
(360)-752-7277 [fax]
tony.kuphaldt@btc.ctc.edu
DEPT/COURSE #: INST 200
CREDITS: 2

Lecture Hours: 10

Lab Hours: 20

Work-based Hours: 0

COURSE TITLE: Introduction to Instrumentation
COURSE DESCRIPTION: This course introduces you to the trade, terminology, and basic principles
of instrumentation. It is a preparatory course for any one of three sections within the second year
of Instrumentation: measurement, control, and systems, enabling you to begin your second year of
Instrumentation at the start of Fall, Winter, or Spring quarter. Prerequisite course: MATH&141
(Precalculus 1)
COURSE OUTCOMES: Build and document a functioning control system, using industry-standard test
equipment to measure and interpret signals within that system.
COURSE OUTCOME ASSESSMENT: Each student must demonstrate mastery (100% competence)
in the construction, documentation, and testing of a functional control loop in the lab. Failure to meet all
mastery standards by the next scheduled exam day will result in a failing grade for the course.
STUDENT PERFORMANCE OBJECTIVES:
• In a team environment and with full access to references, notes, and instructor assistance, perform the
following objectives with 100% accuracy (mastery). Multiple re-tries are allowed on mastery (100%
accuracy) objectives:
→ Communicate effectively with teammates to plan work, arrange for absences, and share responsibilities
in completing all labwork
→ Construct and commission a working pressure control “loop” consisting of pressure transmitter, PID
controller, and final control element (e.g. control valve)
→ Generate an accurate loop diagram compliant with ISA standards documenting your team’s system,
personally verified by the instructor
→ Demonstrate proper assembly of NPT pipe fittings, personally verified by the instructor
→ Demonstrate proper assembly of instrument tube fittings (e.g. Swagelok brand), personally verified
by the instructor
→ Demonstrate proper use of safety equipment and application of safe procedures while using power
tools, and working on live systems
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COURSE OUTLINE: A course calendar in electronic format (Excel spreadsheet) resides on the Y:
network drive, and also in printed paper format in classroom DMC130, for convenient student access. This
calendar is updated to reflect schedule changes resulting from employer recruiting visits, interviews, and
other impromptu events. Course worksheets provide comprehensive lists of all course assignments and
activities, with the first page outlining the schedule and sequencing of topics and assignment due dates.
These worksheets are available in PDF format at http://www.ibiblio.org/kuphaldt/socratic/sinst
• INST200 Section 1: 5 days theory and labwork
METHODS OF INSTRUCTION: Course structure and methods are intentionally designed to develop
critical-thinking and life-long learning abilities, continually placing the student in an active rather than a
passive role.
• Independent study: daily worksheet questions specify reading assignments, problems to solve, and
experiments to perform in preparation (before) classroom theory sessions. Open-note quizzes and work
inspections ensure accountability for this essential preparatory work. The purpose of this is to convey
information and basic concepts, so valuable class time isn’t wasted transmitting bare facts, and also to
foster the independent research ability necessary for self-directed learning in your career.
• Classroom sessions: a combination of Socratic discussion, short lectures, small-group problem-solving,
and hands-on demonstrations/experiments review and illuminate concepts covered in the preparatory
questions. The purpose of this is to develop problem-solving skills, strengthen conceptual understanding,
and practice both quantitative and qualitative analysis techniques.
• Lab activities: an emphasis on constructing and documenting working projects (real instrumentation
and control systems) to illuminate theoretical knowledge with practical contexts. Special projects
off-campus or in different areas of campus (e.g. BTC’s Fish Hatchery) are encouraged. Hands-on
troubleshooting exercises build diagnostic skills.
• Feedback questions: sets of practice problems at the end of each course section challenge your
knowledge and problem-solving ability in current as as well as first year (Electronics) subjects. These
are optional assignments, counting neither for nor against your grade. Their purpose is to provide you
and your instructor with direct feedback on what you have learned.
STUDENT ASSIGNMENTS/REQUIREMENTS: All assignments for this course are thoroughly
documented in the following course worksheets located at:
http://www.ibiblio.org/kuphaldt/socratic/sinst/index.html
• INST200 sec1.pdf
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EVALUATION AND GRADING STANDARDS:
• Mastery lab objectives = 50% of course grade
• Lab questions = 25%
• Daily quizzes = 25%
• Tardiness penalty = -1% per incident (1 “free” tardy per course)
• Repair bonus = +5% per repaired instrument (instrument’s broken and repaired statuses must be
verified by the instructor)
All grades are criterion-referenced (i.e. no grading on a “curve”)
100% ≥ A ≥ 95%
90% > B+ ≥ 86%
80% > C+ ≥ 76%
70% > D+ ≥ 66%

95% > A- ≥ 90%
86% > B ≥ 83%
76% > C ≥ 73%
66% > D ≥ 63%

83% > B- ≥ 80%
73% > C- ≥ 70% (minimum passing course grade)
63% > D- ≥ 60%
60% > F

A graded “preparatory” quiz at the start of each classroom session gauges your independent learning
prior to the session. A graded “summary” quiz at the conclusion of each classroom session gauges your
comprehension of important concepts covered during that session. If absent during part or all of a classroom
session, you may receive credit by passing comparable quizzes afterward or by having your preparatory work
(reading outlines, work done answering questions) thoroughly reviewed prior to the absence.
If any “mastery” objectives are not completed by their specified deadlines, your overall grade for the
course will be capped at 70% (C- grade), and you will have one more school day to complete the unfinished
objectives. Failure to complete those mastery objectives by the end of that extra day (except in the case of
documented, unavoidable emergencies) will result in a failing grade (F) for the course.
“Lab questions” are assessed by individual questioning, at any date after the respective lab objective
(mastery) has been completed by your team. These questions serve to guide your completion of each lab
exercise and confirm participation of each individual student. Grading is as follows: full credit for thorough,
correct answers; half credit for partially correct answers; and zero credit for major conceptual errors. All
lab questions must be answered by the due date of the lab exercise.
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REQUIRED STUDENT SUPPLIES AND MATERIALS:
• Course worksheets available for download in PDF format
• Lessons in Industrial Instrumentation textbook, available for download in PDF format
→ Access worksheets and book at: http://www.ibiblio.org/kuphaldt/socratic/sinst
• Spiral-bound notebook for reading annotation, homework documentation, and note-taking.
• Instrumentation reference CD-ROM (free, from instructor). This disk contains many tutorials and
datasheets in PDF format to supplement your textbook(s).
• Tool kit (see detailed list)
• Simple scientific calculator (non-programmable, non-graphing, no unit conversions, no numeration
system conversions), TI-30Xa or TI-30XIIS recommended
ADDITIONAL INSTRUCTIONAL RESOURCES:
• The BTC Library hosts a substantial collection of textbooks and references on the subject of
Instrumentation, as well as links in its online catalog to free Instrumentation e-book resources available
on the Internet.
• “BTCInstrumentation” channel on YouTube (http://www.youtube.com/BTCInstrumentation), hosts
a variety of short video tutorials and demonstrations on instrumentation.
• ISA Student Section at BTC meets regularly to set up industry tours, raise funds for scholarships,
and serve as a general resource for Instrumentation students. Membership in the ISA is $10 per year,
payable to the national ISA organization. Membership includes a complementary subscription to InTech
magazine.
• ISA website (http://www.isa.org) provides all of its standards in electronic format, many of which
are freely available to ISA members.
• Purdy’s Instrument Handbook, by Ralph Dewey. ISBN-10: 1-880215-26-8. A pocket-sized field reference
on basic measurement and control.
• To receive classroom accommodations, please contact our Accessibility Resources office. Call 360-7528345, email ar@btc.ctc.edu, or stop by the AR office in the Admissions and Student Resource Center
(ASRC) located in room 106 of the College Services building.
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Sequence of second-year Instrumentation courses

Core Electronics -- 3 qtrs
including MATH 141 (Precalculus 1)

(Only if 4th quarter was Summer: INST23x)

INST 200 -- 1 wk
Intro. to Instrumentation

Prerequisite for all INST24x,
INST25x, and INST26x courses

Summer quarter

Fall quarter

Winter quarter

Offered 1st week of
Fall, Winter, and
Spring quarters

Spring quarter

INST 230 -- 3 cr

INST 240 -- 6 cr

INST 250 -- 5 cr

INST 260 -- 4 cr

Motor Controls

Pressure/Level Measurement

Final Control Elements

Data Acquisition Systems

INST 231 -- 3 cr

INST 241 -- 6 cr

INST 251 -- 5 cr

INST 262 -- 5 cr

PLC Programming

Temp./Flow Measurement

PID Control

DCS and Fieldbus

INST 232 -- 3 cr

INST 242 -- 5 cr

INST 252 -- 4 cr

INST 263 -- 5 cr

Loop Tuning

Control Strategies

PLC Systems

Analytical Measurement

INST 233 -- 3 cr

CHEM&161 -- 5 cr

Protective Relays (elective)

Chemistry

ENGT 122 -- 6 cr
CAD 1: Basics

Prerequisite for INST206

All courses
completed?

Yes

INST 205 -- 1 cr
Job Prep I
No
INST 206 -- 1 cr
Job Prep II

Graduate!!!
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Offered 1st week of
Fall, Winter, and
Spring quarters

The particular sequence of courses you take during the second year depends on when you complete all
first-year courses and enter the second year. Since students enter the second year of Instrumentation at four
different times (beginnings of Summer, Fall, Winter, and Spring quarters), the particular course sequence
for any student will likely be different from the course sequence of classmates.
Some second-year courses are only offered in particular quarters with those quarters not having to be
in sequence, while others are offered three out of the four quarters and must be taken in sequence. The
following layout shows four typical course sequences for second-year Instrumentation students, depending on
when they first enter the second year of the program:

Possible course schedules depending on date of entry into 2nd year
Beginning in Summer
July

Summer quarter

Beginning in Fall
Sept.

Intro. to Instrumentation

Intro. to Instrumentation

Intro. to Instrumentation

INST 231 -- 3 cr

INST 240 -- 6 cr

INST 250 -- 5 cr

INST 260 -- 4 cr

PLC Programming

Pressure/Level Measurement

Final Control Elements

Data Acquisition Systems

Protective Relays (elective)

Fall quarter

Dec.
Jan.

INST 251 -- 5 cr

INST 262 -- 5 cr

PID Control

DCS and Fieldbus

INST 242 -- 5 cr

INST 252 -- 4 cr

INST 263 -- 5 cr

Loop Tuning

Control Strategies

Analytical Measurement

CHEM&161 -- 5 cr

Winter quarter

Intro. to Instrumentation

INST 240 -- 6 cr

INST 250 -- 5 cr

Pressure/Level Measurement

INST 241 -- 6 cr

Mar.
April

Chemistry

Spring quarter

ENGT 122 -- 6 cr
June
July

CAD 1: Basics

Summer quarter
INST 230 -- 3 cr

Final Control Elements

INST 205 -- 1 cr
Job Prep I

INST 251 -- 5 cr

INST 260 -- 4 cr

INST 231 -- 3 cr

Temp./Flow Measurement

PID Control

Data Acquisition Systems

PLC Programming

INST 242 -- 5 cr

INST 252 -- 4 cr

INST 262 -- 5 cr

INST 232 -- 3 cr

Loop Tuning

DCS and Fieldbus

CHEM&161 -- 5 cr

INST 263 -- 5 cr

Chemistry

Control Strategies

Analytical Measurement

Winter quarter

Mar.
April

ENGT 122 -- 6 cr

Spring quarter

June

CAD 1: Basics

Motor Controls

PLC Systems

INST 233 -- 3 cr
Aug.
Sept.

Protective Relays (elective)

Fall quarter

Final Control Elements

INST 206 -- 1 cr
Job Prep II

INST 251 -- 5 cr

INST 260 -- 4 cr

INST 230 -- 3 cr

INST 240 -- 6 cr

PID Control

Data Acquisition Systems

Motor Controls

Pressure/Level Measurement

INST 252 -- 4 cr

INST 262 -- 5 cr

INST 231 -- 3 cr

INST 241 -- 6 cr

Loop Tuning

DCS and Fieldbus

PLC Programming

Temp./Flow Measurement

CHEM&161 -- 5 cr

INST 263 -- 5 cr

INST 232 -- 3 cr

Chemistry

Control Strategies

Spring quarter
INST 206 -- 1 cr
Job Prep II

July

Summer quarter
INST 230 -- 3 cr

Data Acquisition Systems

Motor Controls

INST 262 -- 5 cr
DCS and Fieldbus

INST 263 -- 5 cr

INST 232 -- 3 cr

Sept.

Jan.

Analytical Measurement

Winter quarter
INST 206 -- 1 cr
Job Prep II

Fall quarter

INST 250 -- 5 cr

INST 231 -- 3 cr

INST 240 -- 6 cr

INST 251 -- 5 cr

PLC Programming

Pressure/Level Measurement

PID Control

INST 241 -- 6 cr

INST 252 -- 4 cr

Temp./Flow Measurement

Loop Tuning

INST 233 -- 3 cr
Aug.

Protective Relays (elective)

INST 242 -- 5 cr
Dec.

INST 206 -- 1 cr
Job Prep II

PLC Systems

ENGT 122 -- 6 cr

Graduation!

INST 233 -- 3 cr
Aug.

INST 205 -- 1 cr
Job Prep I

Summer quarter

PLC Systems

CAD 1: Basics

INST 260 -- 4 cr

CAD 1: Basics

July

ENGT 122 -- 6 cr
June

Control Strategies

June

INST 241 -- 6 cr
Temp./Flow Measurement

INST 205 -- 1 cr
Job Prep I

INST 250 -- 5 cr

April

Spring quarter

Motor Controls

INST 205 -- 1 cr
Job Prep I

Mar.

April

INST 200 -- 1 wk

INST 200 -- 1 wk

Jan.

Winter quarter
INST 200 -- 1 wk

INST 233 -- 3 cr

Dec.

Jan.

INST 200 -- 1 wk

PLC Systems

Sept.

Fall quarter

Beginning in Spring

INST 230 -- 3 cr

INST 232 -- 3 cr

Aug.

Beginning in Winter

Final Control Elements

INST 242 -- 5 cr

Protective Relays (elective)

Dec.

Graduation!

Analytical Measurement

Graduation!

file sequence
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CHEM&161 -- 5 cr
Mar.

Chemistry

Graduation!

General tool and supply list
Wrenches
• Combination (box- and open-end) wrench set, 1/4” to 3/4” – the most important wrench sizes are 7/16”,
1/2”, 9/16”, and 5/8”; get these immediately!
• Adjustable wrench, 6” handle (sometimes called “Crescent” wrench)
• Hex wrench (“Allen” wrench) set, fractional – 1/16” to 3/8”
• Optional: Hex wrench (“Allen” wrench) set, metric – 1.5 mm to 10 mm
• Optional: Miniature combination wrench set, 3/32” to 1/4” (sometimes called an “ignition wrench” set)

Note: when turning a bolt, nut, or tube fitting with a hexagonal body, the preferred ranking of hand
tools to use (from first to last) is box-end wrench or socket, open-end wrench, and finally adjustable wrench.
Pliers should never be used to turn the head of a fitting or fastener unless it is absolutely unavoidable!
Pliers
• Needle-nose pliers
• Tongue-and-groove pliers (sometimes called “Channel-lock” pliers)
• Diagonal wire cutters (sometimes called “dikes”)
Screwdrivers
• Slotted, 1/8” and 1/4” shaft
• Phillips, #1 and #2
• Jeweler’s screwdriver set
• Optional: Magnetic multi-bit screwdriver (e.g. Klein Tools model 70035)

Note: when driving a screw, one should choose a screwdriver engaging the maximum amount of surface
area on the screw’s head in order to reduce stress on the screw.
Measurement tools
• Tape measure. 12 feet minimum
• Optional: Vernier calipers, bubble level
Electrical
• Multimeter, Fluke model 87-IV or better
• Wire strippers/terminal crimpers with a range including 10 AWG to 18 AWG wire
• Soldering iron (10 to 40 watt) and rosin-core solder
• Package of compression-style fork terminals (e.g. 14 to 18 AWG wire size, #10 stud size)
• Optional: Test leads with banana-style plugs

Safety
• Safety glasses or goggles (available at BTC bookstore)
• Earplugs (available at BTC bookstore)
Miscellaneous
• Simple scientific calculator (non-programmable, non-graphing, no conversions), TI-30Xa or TI-30XIIS
recommended. Required for some exams!
• Teflon pipe tape
• Utility knife
• Optional: Flashlight
An inexpensive source of high-quality tools is your local pawn shop. Look for name-brand tools with
unlimited lifetime guarantees (e.g. Sears “Craftsman” brand, Snap-On, etc.). Some local tool suppliers give
BTC student discounts as well!
file tools
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Methods of instruction
This course develops self-instructional and diagnostic skills by placing students in situations where they
are required to research and think independently. In all portions of the curriculum, the goal is to avoid a
passive learning environment, favoring instead active engagement of the learner through reading, reflection,
problem-solving, and experimental activities. The curriculum may be roughly divided into two portions:
theory and practical.

Theory
In the theory portion of each course, students independently research subjects prior to entering the
classroom for discussion. This means working through all the day’s assigned questions as completely as
possible. This usually requires a fair amount of technical reading, and may also require setting up and
running simple experiments. At the start of the classroom session, the instructor will check each student’s
preparation with a quiz. Students then spend the rest of the classroom time working in groups and directly
with the instructor to thoroughly answer all questions assigned for that day, articulate problem-solving
strategies, and to approach the questions from multiple perspectives. To put it simply: fact-gathering
happens outside of class and is the individual responsibility of each student, so that class time may be
devoted to the more complex tasks of critical thinking and problem solving where the instructor’s attention
is best applied.
Classroom theory sessions usually begin with either a brief Q&A discussion or with a “Virtual
Troubleshooting” session where the instructor shows one of the day’s diagnostic question diagrams while
students propose diagnostic tests and the instructor tells those students what the test results would be
given some imagined (“virtual”) fault scenario, writing the test results on the board where all can see. The
students then attempt to identify the nature and location of the fault, based on the test results.
Each student is free to leave the classroom when they have completely worked through all problems and
have answered a “summary” quiz designed to gauge their learning during the theory session. If a student
finishes ahead of time, they are free to leave, or may help tutor classmates who need extra help.
The express goal of this “inverted classroom” teaching methodology is to help each student cultivate
critical-thinking and problem-solving skills, and to sharpen their abilities as independent learners. While
this approach may be very new to you, it is more realistic and beneficial to the type of work done in
instrumentation, where critical thinking, problem-solving, and independent learning are “must-have” skills.
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Lab
In the lab portion of each course, students work in teams to install, configure, document, calibrate, and
troubleshoot working instrument loop systems. Each lab exercise focuses on a different type of instrument,
with a eight-day period typically allotted for completion. An ordinary lab session might look like this:
(1) Start of practical (lab) session: announcements and planning
(a) The instructor makes general announcements to all students
(b) The instructor works with team to plan that day’s goals, making sure each team member has a
clear idea of what they should accomplish
(2) Teams work on lab unit completion according to recommended schedule:
(First day) Select and bench-test instrument(s)
(One day) Connect instrument(s) into a complete loop
(One day) Each team member drafts their own loop documentation, inspection done as a team (with
instructor)
(One or two days) Each team member calibrates/configures the instrument(s)
(Remaining days, up to last) Each team member troubleshoots the instrument loop
(3) End of practical (lab) session: debriefing where each team reports on their work to the whole class
Troubleshooting assessments must meet the following guidelines:
• Troubleshooting must be performed on a system the student did not build themselves. This forces
students to rely on another team’s documentation rather than their own memory of how the system was
built.
• Each student must individually demonstrate proper troubleshooting technique.
• Simply finding the fault is not good enough. Each student must consistently demonstrate sound
reasoning while troubleshooting.
• If a student fails to properly diagnose the system fault, they must attempt (as many times as necessary)
with different scenarios until they do, reviewing any mistakes with the instructor after each failed
attempt.

file instructional
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Distance delivery methods
Sometimes the demands of life prevent students from attending college 6 hours per day. In such cases,
there exist alternatives to the normal 8:00 AM to 3:00 PM class/lab schedule, allowing students to complete
coursework in non-traditional ways, at a “distance” from the college campus proper.
For such “distance” students, the same worksheets, lab activities, exams, and academic standards still
apply. Instead of working in small groups and in teams to complete theory and lab sections, though, students
participating in an alternative fashion must do all the work themselves. Participation via teleconferencing,
video- or audio-recorded small-group sessions, and such is encouraged and supported.
There is no recording of hours attended or tardiness for students participating in this manner. The pace
of the course is likewise determined by the “distance” student. Experience has shown that it is a benefit for
“distance” students to maintain the same pace as their on-campus classmates whenever possible.
In lieu of small-group activities and class discussions, comprehension of the theory portion of each course
will be ensured by completing and submitting detailed answers for all worksheet questions, not just passing
daily quizzes as is the standard for conventional students. The instructor will discuss any incomplete and/or
incorrect worksheet answers with the student, and ask that those questions be re-answered by the student
to correct any misunderstandings before moving on.
Labwork is perhaps the most difficult portion of the curriculum for a “distance” student to complete,
since the equipment used in Instrumentation is typically too large and expensive to leave the school lab
facility. “Distance” students must find a way to complete the required lab activities, either by arranging
time in the school lab facility and/or completing activities on equivalent equipment outside of school (e.g.
at their place of employment, if applicable). Labwork completed outside of school must be validated by a
supervisor and/or documented via photograph or videorecording.
Conventional students may opt to switch to “distance” mode at any time. This has proven to be a
benefit to students whose lives are disrupted by catastrophic events. Likewise, “distance” students may
switch back to conventional mode if and when their schedules permit. Although the existence of alternative
modes of student participation is a great benefit for students with challenging schedules, it requires a greater
investment of time and a greater level of self-discipline than the traditional mode where the student attends
school for 6 hours every day. No student should consider the “distance” mode of learning a way to have
more free time to themselves, because they will actually spend more time engaged in the coursework than
if they attend school on a regular schedule. It exists merely for the sake of those who cannot attend during
regular school hours, as an alternative to course withdrawal.

file distance
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Creative Commons License
This worksheet is licensed under the Creative Commons Attribution License, version 1.0. To view
a copy of this license, visit http://creativecommons.org/licenses/by/1.0/ or send a letter to Creative
Commons, 559 Nathan Abbott Way, Stanford, California 94305, USA. The terms and conditions of this
license allow for free copying, distribution, and/or modification of all licensed works by the general public.

Simple explanation of Attribution License:
The licensor (Tony Kuphaldt) permits others to copy, distribute, display, and otherwise use this
work. In return, licensees must give the original author(s) credit. For the full license text, please visit
http://creativecommons.org/licenses/by/1.0/ on the internet.

More detailed explanation of Attribution License:
Under the terms and conditions of the Creative Commons Attribution License, you may make freely
use, make copies, and even modify these worksheets (and the individual “source” files comprising them)
without having to ask me (the author and licensor) for permission. The one thing you must do is properly
credit my original authorship. Basically, this protects my efforts against plagiarism without hindering the
end-user as would normally be the case under full copyright protection. This gives educators a great deal
of freedom in how they might adapt my learning materials to their unique needs, removing all financial and
legal barriers which would normally hinder if not prevent creative use.
Nothing in the License prohibits the sale of original or adapted materials by others. You are free to
copy what I have created, modify them if you please (or not), and then sell them at any price. Once again,
the only catch is that you must give proper credit to myself as the original author and licensor. Given that
these worksheets will be continually made available on the internet for free download, though, few people
will pay for what you are selling unless you have somehow added value.
Nothing in the License prohibits the application of a more restrictive license (or no license at all) to
derivative works. This means you can add your own content to that which I have made, and then exercise
full copyright restriction over the new (derivative) work, choosing not to release your additions under the
same free and open terms. An example of where you might wish to do this is if you are a teacher who desires
to add a detailed “answer key” for your own benefit but not to make this answer key available to anyone
else (e.g. students).

Note: the text on this page is not a license. It is simply a handy reference for understanding the Legal
Code (the full license) - it is a human-readable expression of some of its key terms. Think of it as the
user-friendly interface to the Legal Code beneath. This simple explanation itself has no legal value, and its
contents do not appear in the actual license.

file license
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Metric prefixes and conversion constants
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Metric prefixes
Yotta = 1024 Symbol: Y
Zeta = 1021 Symbol: Z
Exa = 1018 Symbol: E
Peta = 1015 Symbol: P
Tera = 1012 Symbol: T
Giga = 109 Symbol: G
Mega = 106 Symbol: M
Kilo = 103 Symbol: k
Hecto = 102 Symbol: h
Deca = 101 Symbol: da
Deci = 10−1 Symbol: d
Centi = 10−2 Symbol: c
Milli = 10−3 Symbol: m
Micro = 10−6 Symbol: µ
Nano = 10−9 Symbol: n
Pico = 10−12 Symbol: p
Femto = 10−15 Symbol: f
Atto = 10−18 Symbol: a
Zepto = 10−21 Symbol: z
Yocto = 10−24 Symbol: y
METRIC PREFIX SCALE
T
tera
1012

G
M
giga mega
109
106

k
kilo
103

(none)
100

m
µ
milli micro
10-3 10-6

102 101 10-1 10-2
hecto deca deci centi
h
da
d
c

•
•
•
•
•

Conversion formulae for temperature
o
F = (o C)(9/5) + 32
o
C = (o F - 32)(5/9)
o
R = o F + 459.67
K = o C + 273.15
Conversion equivalencies for distance
1 inch (in) = 2.540000 centimeter (cm)
1 foot (ft) = 12 inches (in)
1 yard (yd) = 3 feet (ft)
1 mile (mi) = 5280 feet (ft)
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n
nano
10-9

p
pico
10-12

Conversion equivalencies for volume
1 gallon (gal) = 231.0 cubic inches (in3 ) = 4 quarts (qt) = 8 pints (pt) = 128 fluid ounces (fl. oz.)
= 3.7854 liters (l)
1 milliliter (ml) = 1 cubic centimeter (cm3 )

Conversion equivalencies for velocity
1 mile per hour (mi/h) = 88 feet per minute (ft/m) = 1.46667 feet per second (ft/s) = 1.60934
kilometer per hour (km/h) = 0.44704 meter per second (m/s) = 0.868976 knot (knot – international)

Conversion equivalencies for mass
1 pound (lbm) = 0.45359 kilogram (kg) = 0.031081 slugs

Conversion equivalencies for force
1 pound-force (lbf) = 4.44822 newton (N)

Conversion equivalencies for area
1 acre = 43560 square feet (ft2 ) = 4840 square yards (yd2 ) = 4046.86 square meters (m2 )

Conversion equivalencies for common pressure units (either all gauge or all absolute)
1 pound per square inch (PSI) = 2.03602 inches of mercury (in. Hg) = 27.6799 inches of water (in.
W.C.) = 6.894757 kilo-pascals (kPa) = 0.06894757 bar
1 bar = 100 kilo-pascals (kPa) = 14.504 pounds per square inch (PSI)

Conversion equivalencies for absolute pressure units (only)
1 atmosphere (Atm) = 14.7 pounds per square inch absolute (PSIA) = 101.325 kilo-pascals absolute
(kPaA) = 1.01325 bar (bar) = 760 millimeters of mercury absolute (mmHgA) = 760 torr (torr)

Conversion equivalencies for energy or work
1 british thermal unit (Btu – “International Table”) = 251.996 calories (cal – “International Table”)
= 1055.06 joules (J) = 1055.06 watt-seconds (W-s) = 0.293071 watt-hour (W-hr) = 1.05506 x 1010
ergs (erg) = 778.169 foot-pound-force (ft-lbf)

Conversion equivalencies for power
1 horsepower (hp – 550 ft-lbf/s) = 745.7 watts (W) = 2544.43 british thermal units per hour
(Btu/hr) = 0.0760181 boiler horsepower (hp – boiler)

Acceleration of gravity (free fall), Earth standard
9.806650 meters per second per second (m/s2 ) = 32.1740 feet per second per second (ft/s2 )
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Physical constants
Speed of light in a vacuum (c) = 2.9979 × 108 meters per second (m/s) = 186,281 miles per second
(mi/s)
Avogadro’s number (NA ) = 6.022 × 1023 per mole (mol−1 )
Electronic charge (e) = 1.602 × 10−19 Coulomb (C)
Boltzmann’s constant (k) = 1.38 × 10−23 Joules per Kelvin (J/K)
Stefan-Boltzmann constant (σ) = 5.67 × 10−8 Watts per square meter-Kelvin4 (W/m2 ·K4 )
Molar gas constant (R) = 8.314 Joules per mole-Kelvin (J/mol-K)
Properties of Water
Freezing point at sea level = 32o F = 0o C
Boiling point at sea level = 212o F = 100o C
Density of water at 4o C = 1000 kg/m3 = 1 g/cm3 = 1 kg/liter = 62.428 lb/ft3 = 1.94 slugs/ft3
Specific heat of water at 14o C = 1.00002 calories/g·o C = 1 BTU/lb·o F = 4.1869 Joules/g·o C
Specific heat of ice ≈ 0.5 calories/g·o C
Specific heat of steam ≈ 0.48 calories/g·o C
Absolute viscosity of water at 20o C = 1.0019 centipoise (cp) = 0.0010019 Pascal-seconds (Pa·s)
Surface tension of water (in contact with air) at 18o C = 73.05 dynes/cm
pH of pure water at 25o C = 7.0 (pH scale = 0 to 14)
Properties of Dry Air at sea level
Density of dry air at 20o C and 760 torr = 1.204 mg/cm3 = 1.204 kg/m3 = 0.075 lb/ft3 = 0.00235
slugs/ft3
Absolute viscosity of dry air at 20o C and 760 torr = 0.018 centipoise (cp) = 1.8 × 10−5 Pascalseconds (Pa·s)

file conversion constants
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Question 0
How to get the most out of academic reading:
• Articulate your thoughts as you read (i.e. “have a conversation” with the author). This will develop
metacognition: active supervision of your own thoughts. Write your thoughts as you read, noting
points of agreement, disagreement, confusion, epiphanies, and connections between different concepts
or applications. These notes should also document important math formulae, explaining in your own
words what each formula means and the proper units of measurement used.
• Outline, don’t highlight! Writing your own summary or outline is a far more effective way to comprehend
a text than simply underlining and highlighting key words. A suggested ratio is writing one sentence
of your own thoughts per paragraph of text read. Include in your outline any points where you either
disagree or are confused, so that you may review these points in the future.
• Work through all mathematical exercises shown within the text, to ensure you understand all the steps.
• Imagine explaining concepts you’ve just learned to someone else. Teaching forces you to distill concepts
to their essence, thereby clarifying those concepts, revealing assumptions, and exposing misconceptions.
Your goal is to create the simplest explanation that is still technically accurate.

How to effectively problem-solve and troubleshoot:
• Study principles, not procedures. Don’t be satisfied with merely knowing the steps necessary to compute
solutions – challenge yourself to learn why those solutions work. If you can’t explain “why,” you really
haven’t learned the most important part.
• Sketch a diagram to help visualize the problem. When building a real system, always prototype it on
paper and analyze its function before constructing it.
• Identify what it is you need to solve, identify all relevant data, identify all units of measurement, identify
any general principles or formulae linking the given information to the solution, and then identify any
“missing pieces” to a solution. Annotate all diagrams with this data.
• Perform “thought experiments” to explore the effects of different conditions for theoretical problems.
When troubleshooting real systems, perform diagnostic tests rather than visually inspecting for faults.
• Simplify the problem and solve that simplified problem to identify strategies applicable to the original
problem (e.g. change quantitative to qualitative, or visa-versa; substitute easier numerical values;
eliminate confusing details; add details to eliminate unknowns; consider simple limiting cases; apply an
analogy). Often you can add or remove components in a malfunctioning system to simplify it as well
and better identify the nature and location of the problem.
• Work “backward” from a hypothetical solution to a new set of given conditions.
How to create more time for study:
• Kill your television and video games. Seriously – these are incredible wastes of time. Eliminate
distractions (e.g. cell phone, internet access, conversations) in your place and time of study.
• Use your “in between” time productively. Don’t waste time driving off campus to eat lunch. Arrive to
school early. If you finish your assigned work early, begin studying the next day’s material.
Above all, cultivate persistence in your studies. Persistent effort is necessary to master anything
non-trivial. The keys to persistence are (1) having the desire to achieve that mastery, and (2) realizing
challenges are normal and not an indication of something gone wrong. A common error is to equate easy
with effective: students often believe learning should be easy if everything is done right. The truth is that
mastery never comes easy, and that “easier” methods usually substitute memorization for understanding!
file question0
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Questions
Question 1
The range of industries where you may go to work is staggering, not only in its scope but also in its
breadth of knowledge and skills required to be a successful instrument technician. If time permits, survey
some of these industries (showcased in the “answer” section of this question).
In 2009, the Industrial Instrumentation and Control Technology Alliance (IICTA) conducted a survey
of 23 industrial instrumentation experts from across the United States to rank the relative importance of
knowledge and skill areas listed on the Texas Skill Standards Board (TSSB) skill standard for “Industrial
Instrumentation and Controls Technician.” The following is a list of knowledge/skill areas from this skill
standard where “critically important” (the absolute highest importance) was the most popular vote of the
experts surveyed, along with the percentage of experts voting the knowledge/skill area as “critical”, and also
a qualitative judgment of how difficult it is for someone to first acquire that knowledge or skill:
Knowledge / Skill area
Ability to learn new technology
Interpret and use instrument loop diagrams
Configure and calibrate instruments
Knowledge of test equipment
Interpret and use process and instrument diagrams
Interpret and use instrument specification sheets
Knowledge of basic AC/DC electrical theory
Knowledge of basic mathematics
Interpret and use electrical diagrams
Interpret and use motor control logic diagrams
Knowledge of system interactions (e.g. interlocks & trips)
Knowledge of permits and area classifications
Understanding consequences of changes
Proper use of hand tools
Knowledge of control schemes (e.g. ratio, cascade)
Proper tubing and wiring installation
Motor control circuit knowledge
Electrical wiring knowledge

% vote
65%
65%
65%
61%
57%
52%
52%
48%
48%
43%
43%
43%
43%
43%
39%
35%
30%
30%

Difficulty
Hard
Moderate
Moderate
Hard
Moderate
Easy
Hard
Moderate
Moderate
Moderate
Hard
Easy
Hard
Moderate
Hard
Moderate
Moderate
Moderate

Which of these knowledge/skill areas would you consider yourself proficient in right now?
On January 24, 2013 the Washington State Workforce Training and Education Coordinating Board
presented results of a survey gathering input from over 2800 employers state-wide. One of the questions on
this survey asked employers if they had experienced difficulty with entry-level employees demonstrating the
following skills. A partial listing of results is shown here:
Knowledge / Skill area
Solve problems and make decisions
Take responsibility for learning
Listen actively
Observe critically
Read with understanding
Use math to solve problems and communicate
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Percentage experiencing difficulty
50%
43%
40%
38%
32%
31%

In July and August of 2011, the Manufacturing Institute and Deloitte Development LLC worked together
to adminster a “Skills Gap study” across a range of manufacturing industries in the United States. Survey
results were collected from 1123 respondents, with one of the survey questions asking “What are the most
serious skill deficiencies in your current employees?”. The responses to this question are tabulated here:
Knowledge / Skill area
Inadequate problem-solving skills
Lack of basic technical training
Inadequate “soft skills” (attendance, work ethic)
Inadequate computer skills
Inadequate math skills
Inadequate reading/writing/communication skills

Percentage experiencing difficulty
52%
43%
40%
36%
30%
29%

In December of 2001, the question “What qualities should an Instrumentation graduate possess
in order to excel in their profession?” was posed to representatives on the Advisory Committee for
BTC’s Instrumentation program. In addition to a firm knowledge of fundamentals (electronics, physics,
mathematics, process control), one advisor in particular noted that “self-direction and the ability to learn
on your own” was even more important than these.
Do you see a pattern emerging from a comparison of these feedback results? As any economist can
tell you, the highest-valued commodity is one with the greatest demand and the least supply. Which
knowledge/skill area do you see in these survey results meeting both criteria? Are there other (lesser-valued)
knowledge/skill areas of high value as defined by the same criteria of low supply and high demand?
Now, discuss how is it possible for a program of instruction such as BTC’s Instrumentation and Control
Technology program to teach students these critical knowledge and skill areas, and to do so in just two years.
file i00001
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Question 2
Use a computer to navigate to the “Socratic Instrumentation” website:
http://www.ibiblio.org/kuphaldt/socratic/sinst
When you get there, click on the link for the quarter (Summer, Fall, Winter, or Spring) you are enrolled
in, and download the INST200 “Introduction to Instrumentation” course worksheet. Today’s classroom
session will cover Day 1 of this worksheet.
Near the very beginning of this document, as is the case for all the 200-level Instrumentation course
worksheets, you will find a page titled “How To . . .”. Locate this page and take several minutes to read
through it. The “How to . . .” tips make reference to a “Question 0” which is also found in every course
worksheet. Feel free to read the points listed in Question 0 as well.
When the class is finished with the reading, it’s time to have a conversation about what you’ve read by
applying these principles to actual student scenarios. This exercise will serve as a thumbnail sketch for how
all class work is handled in the second year: you complete reading and research assignments prior to each
class session, and then you spend nearly the entire class session discussing what you’ve learned while the
instructor challenges you to explore the concepts deeper.
Your instructor will also hand out copies of a release form (“FERPA form”) which you may sign to grant
permission to share your academic performance records with employers. This is voluntary, not mandatory.
Without signed consent from student, federal law prohibits any instructor from sharing academic records
with anyone but the student and appropriate college employees.
Suggestions for Socratic discussion
• One of the purposes of this exercise is to practice active reading strategies, where you interact with the
text to identify and explore important principles. An effective strategy is to write any thoughts that
come to mind as you are reading the text. Describe how this active reading strategy might be useful in
daily homework assignments.
file i00002
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Question 3
Near the beginning of every course worksheet there are some pages titled “General Student
Expectations”. Locate these pages and take several minutes to read through them. These expectations
reference “Question 0” which is also found in every course worksheet. Feel free to read the points listed in
Question 0 as well.
We will practice a proven reading technique for boosting comprehension (listed in Question 0 for future
reference), which entails summarizing the text in your own words at a suggested ratio of one
sentence of your own thoughts per paragraph of text. This exercise will not only familiarize you
with the basic expectations for the second-year Instrumentation courses, but also model a sound learning
strategy you will find helpful throughout the rest of your education and career.
After the class is finished summarizing the reading, we will apply the “General Student Expectations”
to actual student scenarios.
Suggestions for Socratic discussion
• One of the purposes of this exercise is to practice active reading strategies, where you interact with the
text to identify and explore important principles. An effective strategy is to write any thoughts that
come to mind as you are reading the text. Describe how this active reading strategy might be useful in
daily homework assignments.
file i00003
Question 4
One of the unique features of this program is the inclusion of mastery exams, where students must
answer questions with 100% accuracy in order to pass. Conventional “proportional” exams allow students
to pass if a certain minimum score is achieved. The problem with this testing strategy is that students may
not actually learn all the concepts they’re supposed to, but may still pass the exam if they are strong enough
in the other concepts covered in that assessment. The purpose of mastery exams is to guarantee proficiency
in all critical concepts and not just some.
Your instructor will hand out copies of the mastery exam for the INST200 “Introduction to
Instrumentation” course, covering several critical concepts of circuit analysis taught in the first year of
the Instrumentation program. Do your best to answer all the questions correctly. If you get any incorrect
on the first attempt, the instructor will mark which sections (not which questions) you missed and return it
to you for one more attempt. If a mastery exam is not passed by the second attempt, it counts as a failed
exam.
Mastery exams may be re-taken any number of times with no grade penalty. The purpose is to give
students the constructive feedback and practice that they need in order to master all the concepts represented
on the exam. Every mastery exam must be passed before the next scheduled exam is given in order to receive
a passing grade for that course, a period of approximately 2 weeks. If any student is not able to pass a mastery
exam with 100% accuracy by the deadline date, they will receive an “F” grade for that course, and must
re-take the course again during some future quarter.
The INST200 mastery exam is given for the purpose of exposing students to this unique type of
assessment. Failing to pass the INST200 mastery exam will not result in a failing grade for the INST200
course, but students should be warned that poor performance on this exam often marks trouble in future
Instrumentation courses, since so much of the second year’s material builds on what was taught during the
first year.
file i01230
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Question 5
Locate the question in your worksheet outlining the lab project for this course section. What
information is given to you here to help you construct the lab project? Which objectives must be completed
individually, versus as a team? How does a “mastery” objective differ from a “proportional” objective?
file i03856
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Question 6
Read the “Teaching Technical Theory” section of Appendix D (“How to Use This Book – Some Advice
for Teachers”) in your Lessons In Industrial Instrumentation textbook. This will serve as the basis for a
discussion on why the second-year Instrumentation courses are not lecture-based.
Imagine a child wishing to learn how to ride a bicycle. Seeking knowledge on the subject, the child
approaches an adult asking for that adult to explain how to ride a bike. The adult responds with a detailed
and thorough explanation of bicycle riding, including all the relevant safety rules. After this explanation
concludes, will the child be able to ride a bicycle? Now imagine that same child reading a book on bicycle
riding. The book is well-written and filled with clear illustrations to aid understanding. After finishing this
book, will the child be able to ride a bicycle? Now imagine that same child watching a demonstration video
on bicycle riding. The video is professionally shot, with very clear views on technique. The actor in the
video does a great job explaining all the important aspects of bicycle riding. After watching the video in its
entirety, will the child be able to ride a bicycle?
It should be obvious at this point that there is more to learning how to ride a bicycle than merely being
shown how to do so. Bike riding is a skill born of practice. Instruction may be necessary to learn how to
ride a bicycle safely, but instruction in itself is not sufficient to learn how to ride a bicycle safely – you must
actively attempt riding a bicycle before all the pieces of information come together such that you will be
proficient. What is it about bicycle riding that necessitates practice in order to learn?
Now imagine someone wishing to learn how to write poetry. Seeking knowledge on the subject, this
person consults poets for advice, reads books of poetry and books about writing poetry, and even listens to
audio recordings of poets presenting their work in public. After all this instruction and research, will the
person be a proficient poet?
Here we have the same problem we had with learning to ride a bicycle: instruction may be a necessary
part of learning to write poems, but instruction in itself is not sufficient to become a poet. One must actively
write their own poems to become good at it. What is it about poetry that necessitates practice in order to
learn how to write it?
The fundamental principle here is that we master that which we practice, because the brain strengthens
neural pathways through repeated use. There is nothing unique about bicycle riding or poetry in this regard:
if you wish to master any skill you must repeatedly do that skill. The problem with learning about bicycleriding or poetry from other people is that you aren’t doing any bicycle riding or poetry yourself. The most
valuable assistance any learner can receive is prompt and constructive feedback during the learner’s practice.
Think of a child attempting to ride a bicycle with an adult present to observe and give practical advice;
or of a person learning poetry, submitting their poems to an audience for review and then considering that
feedback before writing their next poem.
When we research which skills are most valuable to instrument technicians, we find self-directed learning
and general problem-solving top the list. These skills, like any other, require intensive practice to master.
Furthermore, that practice will be optimized with prompt and expert feedback. In order to optimally prepare
students to become instrument technicians, then, those students must be challenged to learn on their own
and to individually solve problems, with the instructor coaching them on both activities.
Here is where schools tend to cheat students: the majority of class time is spent presenting information
to students, rather than giving students opportunity to practice their problem-solving skills. This is primarily
the consequence of lecture being the dominant mode of teaching, where a live instructor must spend hour
upon hour verbally presenting information to students, leaving little or no time for those students to solve
problems and sharpen their critical thinking skills. Assigned homework does a poor job of providing practice
because the student doesn’t receive detailed feedback on their problem-solving strategies, and also because
many students cheat themselves by receiving inappropriate help from their classmates. Furthermore, lecture
is the antithesis of self-directed learning, being entirely directed by a subject matter expert. The skills
practiced by students during a lecture (e.g. taking dictation on lengthy presentations) have little value in
the career of an instrument technician. More time in school could be spent practicing more relevant skills,
but only if some other mode of instruction replaces lecture.
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Not only does lecture displace more valuable activities in the classroom, but lecture isn’t even that good of
an instructional technique. Among the serious shortcomings of lecture are the following:
• Students’ attentions tend to drift over the span of any lecture of significant length.

• Lecture works well to communicate facts and procedures but fails at getting students to think for
themselves, because the focus and pace of any lecture is set by the lecturer and not the students.
• Lecture instills a false sense of confidence in students, because complex tasks always look easier than
they are when you watch an expert do it without trying it yourself. (An oft-heard quote from students
in lecture-based classes: “I understand things perfectly during lecture, but for some reason I just can’t
seem to do the homework on my own!”)
• A lecturer cannot customize (“differentiate”) instruction for individual students. Rather, everyone gets
the exact same presentation (e.g. the same examples, the same pace) regardless of their diverse needs.
The pace of lecture is perhaps the most obvious example of this problem: since the lecturer can only
present at one pace, he or she is guaranteed to bore some students by going to slow for them and/or
lose others by going too fast for them.
• Students cannot “rewind” a portion of lecture they would like to have repeated without asking the entire
class to repeat as well.
• Students’ must simultaneously dictate notes while trying to watch and listen and think along with the
instructor, a difficult task at best. Multitasking is possible only for simple tasks, none of them requiring
intense focus.
• If the instructor commits some form of verbal error and doesn’t realize it (which is very common because
it’s difficult to simultaneously present and self-evaluate), it is incumbent upon the students to identify
the error and ask for clarification.
• The instructor cannot accurately perceive how each and every student is understanding the presentation,
because the instructor is too busy presenting. Body language during the lecture isn’t a reliable enough
indicator of student understanding, and the time taken by lecture precludes the instructor visiting every
student to inspect their work.
• Lecture instills an attitude of dependence on students by reinforcing the notion they need to personally
consult an expert in order to learn anything new. This discourages students from even trying to learn
complex things on their own.
For these reasons – the fact that lecture displaces class time better spent coaching students to solve
problems, as well as the many problems of lecture as an instructional mode – there is almost no lecture in
any of the 200-level Instrumentation courses at BTC. Instead, students learn the basic facts and procedures
of the subject matter through reading assignments prior to class, then spend class time solving problems and
demonstrating their understanding of each day’s major topic(s) before leaving. This is called an inverted
classroom because the classroom and homework roles are swapped: what is traditionally lectured on in
class is instead done on the students’ time outside of class, while the problem-solving traditionally done as
homework is instead completed during class time while the instructor is available to coach. This format is
highly effective not only for learning the basic concepts of instrumentation, but also for improving technical
reading and critical thinking skills, simply because it requires students to practice the precise skills they must
master.
The primary reason reading was chosen as the preferred mode of instruction is feedback from employers
as well as observations of student behavior, both sources revealing an aversion to technical reading. Some
employers (most notably the BP oil refinery in Carson, California) noted reading comprehension as being
the weakest area when testing BTC students during recruiting trips. Also, a failure to reference equipment
manuals when working on real systems is a chronic problem both for novice technicians in a wide range
of industries as well as students learning in a lab environment. Given the fact that far more high-quality
technical information is available for continued learning in this career than high-quality videos, reading
comprehension is a vital skill for technicians to keep their knowledge up to date as technology advances.
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Prior to 2006 all 200-level Instrumentation courses were strictly taught by lecture. Making matters
worse, many of the courses had no textbook, and homework was seldom assigned. All 200-level exams
focused exclusively on rote memorization and execution of procedural problem-solving rather than problemsolving requiring creativity and synthesis of multiple concepts. It was common for second-year students to
flounder when presented with a new piece of equipment or a new type of problem, because no instructor can
teach procedures to cover any and all possible challenges.
Since 2006 the 200-level Instrumentation courses have morphed from lecture to “inverted” format, with
measurable gains in learning. Proportional exam scores from the Fall quarter courses (INST240, INST241,
and INST242 – those courses where the content has remained most stable over this time span) demonstrate
this, each histogram showing the number of students (vertical axis) achieving a certain exam score (horizontal
axis):
Fall 2006: limited text resources for students (no standard textbook for the curriculum), classroom format a mixture of lecture and group discussion
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Fall 2009: Lessons In Industrial Instrumentation textbook available to students, classroom format still a mixture of lecture and group discussion
Exam complexity increased significantly since the introduction of the new textbook in 2008
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Fall 2013: Lessons in Industrial Instrumentation textbook greatly expanded, classroom format fully inverted (i.e. no lecture)
Mastery exam complexity increased significantly since 2009, requiring broader competence and leaving less time to complete proportional exams
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Note the general improvement in average exam scores (2009) toward the end of the quarter, despite
the exams being more complex than they were in 2006. Students were held accountable for the assigned
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textbook reading with graded “prep quizzes” at the beginning of each class session. Note also how the
standard deviations increased, representing a greater degree of “spread” between student performance on
these exams. The increased standard deviation shows some students falling behind their peers, since lecture
was not providing for their needs with a more challenging curriculum.
In the third set of histograms (2013) we see general increases in average scores as well as marked
improvements in standard deviation across the board (showing fewer students “left behind” their peers).
The inverted classroom format allows the instructor to spend one-on-one time with each and every student
to probe for misconceptions and offer assistance when needed. This kind of differentiated instruction is
impossible in a lecture format.
One of the most striking improvements realized since abandoning lecture is the ease of which students
grasp some of the more complex concepts throughout the year. These concepts used to be difficult to convey
in a lecture format (mostly due to pacing problems, since different students would get “stuck” at different
points in the presentation), and so long as some lecture existed in the classroom students would tend to
give up when they encountered difficult concepts in the assigned reading (knowing they could rely on the
instructor to lecture on these tough concepts in class):
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

INST230 course: Three-phase electric power system calculations
INST230 course: Normally-open versus normally-closed contact status
INST240 course: Interface liquid level measurement (hydrostatic and displacer)
INST240/250 courses: Force-balance versus motion-balance pneumatic mechanisms
INST241 course: Coriolis mass flowmeters
INST242 course: Gas chromatograph operation
INST242 course: Non-dispersive optical analyzers (NDIR, Luft detectors, etc.)
INST250 course: Fluid power system analysis (hydraulic and pneumatic diagrams)
INST250 course: Split-ranged control valve sequencing
INST250 course: Control valve characterization
INST252/263 courses: Feedforward control strategies
INST252 course: Loop stability analysis (based on trend recordings)
INST260 course: Data acquisition hardware connections (e.g. differential vs. single-ended connections)
INST262 course: FOUNDATION Fieldbus and wireless (radio) digital communications
INST263 course: Selector and override controls

This improvement in student learning has been verified by industry representatives, when they are
invited to come to BTC to review certain complex topics such as Fieldbus, WirelessHART, and control
valves. The general feedback they give is that BTC students are unusually well-prepared on these subjects.
The “secret” of course is that students learning in an inverted classroom format spend more time immersed
in the subject matter, and the feedback they receive from their instructors in class is better tailored to their
individual learning needs.
Another significant gain realized since abandoning lecture is the immediate placement of inexperienced
BTC Instrumentation graduates in jobs typically reserved for engineers with 4-year degrees. This simply did
not happen when BTC’s Instrumentation program was lecture-based, and it is due to the fact that students
explicitly learn higher-order thinking skills when they must gather information on their own outside of class
and then demonstrate critical thinking before an instructor every day. This has happened once in December
2011, again in December 2012, again in March 2013, and again in August 2013.
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Yet, despite the gains realized by abandoning lecture in favor of an “inverted” teaching format, some
students are highly resistant to the concept. Some of the critical comments routinely heard from students
against the inverted format are as follows:
(1) “I learn better in a lecture format.”
(2) “My learning style is visual, which means I need to see someone work the problems for me.”
(3) “When I arrive to class after doing the assigned reading and trying to solve the homework problems, I’m
completely lost.”
Discuss each of these comments in detail. Here are some starting points for conversation:
(1) What does it mean to learn something better? How may a student measure how well they’ve learned
something new? What, exactly, is it that is learned better in lecture? Is there anything significant that
students don’t learn in a lecture?
(2) Would someone with an auditory or kinesthetic learning style fare any better in an inverted classroom?
Does a visual learning style preclude effective reading, or independent learning? Are learning styles real
or merely perceived? Are learning styles immutable (i.e. permanent), or is it possible for people to
cultivate new learning styles?
(3) What does it mean if a student is lost after completing the homework for an inverted class, assuming a
significant number of their classmates are not lost? What would be an appropriate course of action to
take in response to this condition?
file i00004
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Question 7
You may find the course structure and format of the INST courses to be quite different from what you
have experienced elsewhere in your education. For each of the following examples, discuss and explain the
rationale. What do you think is the greater purpose for each of these course attributes and policies?
• Homework consists of studying new subjects prior to arriving to class for the theory sessions. Students’
primary source of new information is in the form of written materials: textbooks, reports, and
manufacturer’s literature. Daily quizzes at the start of each class session hold students accountable for
this preparatory learning. Why study new subjects outside of class, instead of doing normal homework
that reviews subjects previously covered in class? Why the strong emphasis on reading as a mode of
learning?
• Classroom sessions are not lecture-oriented. Rather, classroom sessions place students in an active role
discussing, questioning, and investigating what they’re learned from their independent studies. Learning
new facts (knowledge) and how to interpret them (comprehension) is the students’ responsibility, and it
happens before class rather than during class. Class time is devoted to higher-level thinking (application,
analysis, synthesis, and evaluation). What’s wrong with lecture, especially when the overwhelming
majority of classes in the world are taught this way?
• Students are expected to track their own academic progress using a computer spreadsheet to calculate
their own course grades as they progress through each school quarter. Why not simply present the grades
to students?
• Students must explicitly apply “sick hours” to their absences (this is not automatically done by the
instructor!), and seek donations from classmates if they exceed their allotment for a quarter. Why not
simply allow a fixed number of permitted absence for each student, or let the instructor judge the merits
of each student’s absence on a case-by-case basis?
• Mastery exams, where students must answer all questions with 100% accuracy. What’s wrong with
regular exams, where a certain minimum percentage of correct answers is all that’s necessary to pass?
• Students may submit optional, ungraded assignments called “feedback questions” to the instructor at the
end of most course sections in order to check their preparedness for the higher-level thinking challenges
of the upcoming exam. Why in the world would anyone do work that doesn’t contribute to their grade?
• Troubleshooting exercises in lab and diagnostic questions in homework, where students must
demonstrate sound reasoning in addition to properly identifying the problem(s). Isn’t it enough that the
student simply finds the fault?
• Extra credit is offered for students wishing to improve their grades, but this extra credit is always in the
form of practical and realistic work relevant to the specific course in which the extra credit is desired.
Why doesn’t unrelated work count?
file i03484
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Question 8
Explain the difference between a mastery assessment and a proportional-graded assessment. Given
examples of each in the course(s) you are taking.
file i00113
Question 9
Participation is always an important factor in student success, both in being able to learn enough to
pass the assessments given in a course, and also to fulfill certain policy expectations. It is vital that students
learn to manage their time and life outside of school so that their time in school is well-spent. This carries
over to work ethic and the ability to contribute fully on the job. Your instructor’s duty is to prepare you
for the rigors of the workplace as instrument technicians, and the policies of the courses are set up to reflect
this reality.
Explain the attendance policy in these courses, according to the syllabi.
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Question 10
If and when you are unable to attend school for any reason, you need to contact both your instructor
and your team-mates. Explain why.
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Question 11
You are required to prepare for the classroom (theory) session by completing any reading assignments
and/or attempting to answer worksheet questions assigned for each day, before arriving to class. This
necessarily involves substantial independent research and problem-solving on your part.
What should you do if you encounter a question that completely mystifies you, and you have no idea
how to answer it? By the same token, what should you do if you encounter a section of the required reading
that you just can’t seem to understand?
file i00122
Question 12
Watch the US Chemical Safety Board video on the 2005 Texas City oil refinery explosion (available
on such Internet video sites as YouTube, and at the USCSB website directly), and answer the following
questions:
• What factors caused the explosion to occur?
• How was instrumentation involved in this accident?
• What precautions could have prevented the accident?
Now, shift your focus to this program of study you are engaged in here. Given the context of what you
have just seen (dangerous environments, complex systems), identify some of the skills and traits you will
need at the workplace as an instrument technician, and identify how you may gain these skills and traits
while in school.
file i03852
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Question 13
Read and discuss the bullet-point suggestions given in “Question 0” of this worksheet on how to maximize
your reading effectiveness. Then, apply these tips to an actual document: pages 81 through 89 of the Report
of the President’s Commission on The Accident at Three Mile Island, where the prologue to the “Account
of the Accident” chapter explains the basic workings of a nuclear power plant.
After taking about half an hour in class to actively read these nine pages – either individually or in
groups – discuss what you were able to learn about nuclear power plant operation from the text, and also
how active reading helps you maximize the learning experience.
file i03861
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Question 14
Suppose an ammeter inserted between test point C and the nearest lead of resistor R2 registers 10 mA
in this series-parallel circuit:

R3

C

A

E

1 kΩ
R2

1 kΩ
R1
B

1 kΩ

F

D

10 mA
(24 volts
voltage-limited)

Identify the likelihood of each specified fault for this circuit. Consider each fault one at a time (i.e. no
coincidental faults), determining whether or not each fault could independently account for all measurements
and symptoms in this circuit.
Fault
R1 failed open
R2 failed open
R3 failed open
R1 failed shorted
R2 failed shorted
R3 failed shorted
Current source dead

Possible

Impossible

Suggestions for Socratic discussion
• Identify which fundamental principles of electric circuits apply to each step of your analysis of this
circuit. In other words, be prepared to explain the reason(s) “why” for every step of your analysis,
rather than merely describing those steps.
• This type of problem-solving question is common throughout the Instrumentation course worksheets.
What specific skills will you build answering questions such as this? How might these skills be practical
in your chosen career?
• An assumption implicit in this activity is that it is more likely a single fault occurred than multiple,
coincidental faults. Identify realistic circumstances where you think this would be a valid assumption.
Hint: research the philosophical proverb called Occam’s Razor for more information! Are there any
realistic circumstances where the assumption of only one fault would not be wise?
This question is typical of those in the “Fault Analysis of Simple Circuits” worksheet found in the
Socratic Instrumentation practice worksheet collection (online), except that all answers are provided for
those questions. Feel free to use this practice worksheet to supplement your studies on this very important
topic.
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Question 15
Question 16
Question 17
Question 18
Question 19
Question 20
Question 21
Read and outline the introduction to the “Introduction to Industrial Instrumentation” chapter in your
Lessons In Industrial Instrumentation textbook. Note the page numbers where important illustrations,
photographs, equations, tables, and other relevant details are found. Prepare to thoughtfully discuss with
your instructor and classmates the concepts and examples explored in this reading, including the following
definitions:
• Process
• Process Variable (PV)
• Setpoint (SP)
• Primary Sensing Element (PSE)
• Transducer
• Lower Range Value (LRV)
• Upper Range Value (URV)
• Zero
• Span
• Controller
• Final Control Element (FCE)
• Manipulated Variable (MV) or Output
file i03862
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Question 22
Read and outline the “Example: Boiler Water Level Control System” section of the “Introduction to
Industrial Instrumentation” chapter in your Lessons In Industrial Instrumentation textbook. Note the page
numbers where important illustrations, photographs, equations, tables, and other relevant details are found.
Prepare to thoughtfully discuss with your instructor and classmates the concepts and examples explored in
this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 23
Read and outline the “Example: Wastewater Disinfection” section of the “Introduction to Industrial
Instrumentation” chapter in your Lessons In Industrial Instrumentation textbook. Note the page numbers
where important illustrations, photographs, equations, tables, and other relevant details are found. Prepare
to thoughtfully discuss with your instructor and classmates the concepts and examples explored in this
reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 24
Read and outline the “Example: Chemical Reactor Temperature Control” section of the “Introduction
to Industrial Instrumentation” chapter in your Lessons In Industrial Instrumentation textbook. Note the
page numbers where important illustrations, photographs, equations, tables, and other relevant details are
found. Prepare to thoughtfully discuss with your instructor and classmates the concepts and examples
explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 25
Read and outline the “Indicators” subsection of the “Other Types of Instruments” section of
the “Introduction to Industrial Instrumentation” chapter in your Lessons In Industrial Instrumentation
textbook. Note the page numbers where important illustrations, photographs, equations, tables, and other
relevant details are found. Prepare to thoughtfully discuss with your instructor and classmates the concepts
and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
file i03866
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Question 26
Read and outline the “Recorders” subsection of the “Other Types of Instruments” section of
the “Introduction to Industrial Instrumentation” chapter in your Lessons In Industrial Instrumentation
textbook. Note the page numbers where important illustrations, photographs, equations, tables, and other
relevant details are found. Prepare to thoughtfully discuss with your instructor and classmates the concepts
and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
file i03867
Question 27
Read and outline the “Process Switches and Alarms” subsection of the “Other Types of Instruments”
section of the “Introduction to Industrial Instrumentation” chapter in your Lessons In Industrial
Instrumentation textbook. Note the page numbers where important illustrations, photographs, equations,
tables, and other relevant details are found. Prepare to thoughtfully discuss with your instructor and
classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
file i03868
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Question 28
Examine these two pneumatic control “loops” (transmitter-controller-valve systems) for an industrial
boiler, controlling both water level and steam pressure:

Exhaust stack
A.S.
Steam

LT

PT

Steam drum

A.S.

water
A.S.
Riser
tubes

LIC
SP

PIC
SP

PV

Boiler

PV

Controller

Downcomer
tubes
A.S.

Bu

rn

er

Mud drum

Feedwater

Fuel gas

If the PIC setpoint is 225 PSI and the measured pressure begins to fall below that value, how should
the PIC respond, and how will this response bring the steam pressure back up to setpoint?
If the pump supplying feedwater to the boiler begins to wear down over time, becoming less and less
effective at providing water pressure to the level control valve, how do you suspect the LIC will respond over
time as it works to maintain steam drum water level at setpoint?
Describe a situation where manual mode might be useful to either the boiler operator, or to an instrument
technician tasked with maintaining either of these control loops.
Suppose the level transmitter’s calibration was 12 to 22 inches of water level while the level indicating
controller’s calibration was 10 to 20 inches of water level. How many inches of water level would the LIC
indicate when the actual steam drum water level was 17 inches?
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Question 29
Suppose the electric motor refuses to run when the “Run” pushbutton switch is pressed. A technician
begins diagnosing the circuit, following the steps shown (in order):

Run
C

A

12 volts
(1.8 amps
current-limited)

+
−

E

Motor

B

D

F

• Test 1: Measured 12 volts DC between points C and D, with “Run” switch pressed.
• Test 2: Measured 0 volts DC between points A and C, with “Run” switch unpressed.
• Test 3: Measured 12 volts DC between points A and B, with “Run” switch pressed.
• Test 4: Measured 12 volts DC between points E and F, with “Run” switch pressed.
• Test 5: Measured infinite ohms between points E and F, with “Run” switch unpressed.

Identify any useful information about the nature or location of the fault derived from the results of each
test, in order of the tests performed. If the test is not useful (i.e. provides no new information), mark it as
such. Assuming there is only one fault in the circuit, identify the location and nature of the fault as precisely
as you can from the test results shown above.
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Question 30
Desktop Process exercise
The concept of feedback control is much easier to grasp when you have the luxury of experimenting
with a real control system. In this program, one of the ways you will gain hands-on experience with control
systems is to experiment with a miniature process that fits on a desktop.
A simple diagram of this “Desktop Process” is shown here, where a single-loop controller controls the
speed of a DC electric motor:
Controller
To source of
power

PV

Variable-speed
drive (VSD)

SP
Out
Power

A

/M

Output
Motor command
signal

Motor
Input

4-20 mA
output

Two-wire cable

Tach

1-5 V input

Shaft
coupling

Tach

Voltage-sensing
analog-to-digital
converter

Feedback

Two-wire cable

Motor speed signal

The motor receives its power from the Variable-Speed Drive (VSD), and reports shaft speed to the
controller by means of a tachogenerator (“tach”) which generates a DC voltage proportional to shaft speed.
Experiment with this “Desktop Process” in the following ways:
• Place the controller into manual mode and adjust the controller’s output to see how the motor spins
(and how its speed is registered on the controller’s process variable display).
• Place the controller into automatic mode and adjust the controller’s setpoint to see how well the motor
speed tracks setpoint. How closely does the motor speed come to being equal with setpoint? How long
does it take the motor speed to equalize with setpoint (if it ever does)?
• Place the controller into manual mode with the motor spinning at approximately 50% speed, then touch
the motor shaft with your finger to “load” it down.
• Place the controller into automatic mode with the motor spinning at approximately 50% speed, then
touch the motor shaft with your finger to “load” it down. How does the automatic-mode response differ
from the manual-mode response? In which mode is the motor easiest for you to slow down?

Suggestions for Socratic discussion
• In your own words, explain the purpose of the controller having a “manual” mode. If a controller’s job
is to exert automatic control on a process, why would it ever be useful to turn that automatic option
off and go to manual mode?
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Question 31
A water reservoir located high on a hill stores fresh water for a town’s drinking needs. A float connected
to a lever provides visual indication of the water level inside the reservoir. Nearby this reservoir, a person
has the most boring job in the world: to turn the pump on when the water level gets too low, and to turn
the pump off when the water level gets too high. Note that the float mechanism showing water level in the
reservoir cannot show the entire capacity of the reservoir, but only the top ten feet (from 20 feet to 30 feet
of level):

stationary
pivot, or fulcrum

lever

cable

20 ft

Reservoir
float

pointer

scale

30 ft

25 ft

30 ft

Bored
person

Water
Pump

Water to town

Well
As crude as it is, this system contains instrumentation, and we may apply standard instrumentation
terms to its components. Apply the following terms to this water-supply system, as best as you can:
•
•
•
•
•
•
•
•
•
•
•
•

Process
Primary sensing element
Final control element
Measurement range
Lower-Range Value (LRV)
Upper-Range Value (URV)
Measurement span
Indicator
Transmitter
Controller
Measured Variable (or Process Variable)
Controlled Variable (or Manipulated Variable)
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Question 32
An instrument technician working for a pharmaceutical processing company is given the task of
calibrating a temperature recording device used to display and log the temperature of a critical batch
vessel used to grow cultures of bacteria. After removing the instrument from the vessel and bringing it to a
workbench in the calibration lab, the technician connects it to a calibration standard which has the ability
to simulate a wide range of temperatures. This way, she will be able to test how the device responds to
different temperatures and make adjustments if necessary.
Before making any adjustments, though, the technician first inputs the full range of temperatures to this
instrument to see how it responds in its present condition. Then, the instrument indications are recorded
as As-Found data. Only after this step is taken does the technician make corrections to the instrument’s
calibration. Then, the instrument is put through one more full-range test and the indications recorded as
As-Left data.
Explain why it is important that the technician make note of both “As-Found” and “As-Left” data?
Why not just immediately make adjustments as soon as an error is detected? Why record any of this data
at all? Try to think of a practical scenario where this might matter.
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Question 33
Define the following terms as they apply to the level controller shown in this P&ID (LIC 135), controlling
the level of liquid in the horizontal receiver vessel:

LT
135

LIC

PV
LAL
LAH

radar

MV

LI
135

LG

I

/P

LY
135
AS
100 PSI

LV
135
•
•
•
•

Process Variable (PV)
Setpoint (SP)
Manipulated Variable (MV)
Process alarm
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SP

135

AS
20 PSI

Question 34
Identify the meanings of the following instruments in this P&ID:
PDAH
Pump shutdown

LAH

LSHH

PSHH

LSH

PSH
PIT

LSL

PDIR

PAH

∆

PIT
FSL

LSLL
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Question 35
Explain how the following annunciator circuit works:
VDD
10 kΩ
VDD

Alarm annunciator circuit
with "acknowledge"
(all NAND gates are 74HC00 quad DIP units)

Ack

Lamp
relay

1 kΩ

1

/2 PVT322

10 kΩ
Process (NC)
switch

Process (NO)
switch

10 kΩ
Pulse from
555 timer

1 kΩ
1

/2 PVT322

Buzzer
relay

Note the jumper options shown in the diagram: one set of jumper positions configures the alarm for a
process switch that alarms when its contacts open, and the other positions configures the alarm for a process
switch that alarms when its contacts close. In either case, the circuit is designed to indicate an alarm status
when the line going in to the lower-left NAND gate goes high.
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Question 39
Question 40
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Question 41
Read and outline the “4 to 20 mA Analog Current Signals” section of the “Analog Electronic
Instrumentation” chapter in your Lessons In Industrial Instrumentation textbook. Note the page numbers
where important illustrations, photographs, equations, tables, and other relevant details are found. Prepare
to thoughtfully discuss with your instructor and classmates the concepts and examples explored in this
reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
file i03872
Question 42
Read and outline the introduction to the “Relating 4 to 20 mA Current Signals to Instrument Variables”
section of the “Analog Electronic Instrumentation” chapter in your Lessons In Industrial Instrumentation
textbook, then work through at least two of the calculation examples shown in the subsections that follow
the introduction.
Many students find the subsections entitled “Graphical Interpretation of Signal Ranges” and “Thinking
in Terms of Per-unit Quantities” helpful as alternative approaches to relating signals to instrument variables.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 43
Read and outline the “Controller Output Current Loops” section of the “Analog Electronic
Instrumentation” chapter in your Lessons In Industrial Instrumentation textbook. Note the page numbers
where important illustrations, photographs, equations, tables, and other relevant details are found. Prepare
to thoughtfully discuss with your instructor and classmates the concepts and examples explored in this
reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 44
Read and outline the “4-Wire (‘Self-Powered’) Transmitter Current Loops” section of the “Analog
Electronic Instrumentation” chapter in your Lessons In Industrial Instrumentation textbook. Note the page
numbers where important illustrations, photographs, equations, tables, and other relevant details are found.
Prepare to thoughtfully discuss with your instructor and classmates the concepts and examples explored in
this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 45
Read and outline the “2-Wire (‘Loop-Powered’) Transmitter Current Loops” section of the “Analog
Electronic Instrumentation” chapter in your Lessons In Industrial Instrumentation textbook. Note the page
numbers where important illustrations, photographs, equations, tables, and other relevant details are found.
Prepare to thoughtfully discuss with your instructor and classmates the concepts and examples explored in
this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 46
Read and outline the “Using Loop Calibrators” subsection of the “Troubleshooting Current Loops”
section of the “Analog Electronic Instrumentation” chapter in your Lessons In Industrial Instrumentation
textbook. Note the page numbers where important illustrations, photographs, equations, tables, and other
relevant details are found. Prepare to thoughtfully discuss with your instructor and classmates the concepts
and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 47
Read and outline the “Basic Concept of HART” subsection of the “The HART Digital/Analog Hybrid
Standard” section of the “Digital Data Acquisition and Networks” chapter in your Lessons In Industrial
Instrumentation textbook. Note the page numbers where important illustrations, photographs, equations,
tables, and other relevant details are found. Prepare to thoughtfully discuss with your instructor and
classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 48
Connect a loop-powered differential pressure transmitter (with HART capability along with analog 4-20
mA output) to a DC voltage source, a 250 ohm resistor, and a diode as shown, using parts supplied by the
instructor. You will need to bring your own multimeter for this experiment, but your instructor will supply
the HART communicators. All electrical connections must be made using a terminal strip (no twisted wires,
crimp splices, wire nuts, spring clips, or “alligator” clips permitted):

Loop

Loop-powered (2-wire)
DP transmitter

Schematic

250 Ω
Diode
9V

H

L
1

2

3

4

5

6

7

2-wire
transmitter

8

9V
250 Ω
+

-

9 volt

+

-

9 volt

When you have your transmitter powered and functioning, answer the following questions:
• Trace the direction of current through this DC circuit (using conventional flow notation) and identify
the polarity of the voltage across each component in accordance with that component’s function as
either an electrical source or an electrical load.
• Demonstrate how to measure the transmitter’s output signal three different ways:
→ Measuring a voltage drop across the 250 Ω resistor (1-5 V signal)
→ Breaking the circuit to directly measure current with a milliammeter (4-20 mA signal)
→ Connecting a milliammeter in parallel with the diode (4-20 mA signal)
• How does an applied pressure (blowing into the plastic tube) to the “High” pressure port on the
transmitter affect the electrical signal? How about an applied pressure to the “Low” pressure port?
• Explain how the differential pressure transmitter, with its “High” and “Low” pressure ports, can act
either as a direct-acting or as a reverse-acting instrument.
• While measuring current (with the milliammeter shorting across the diode), temporarily short past the
250 ohm resistor with a jumper wire. How does this affect the circuit current, and why?
• Use the data-recording (“Min/Max”) mode of your digital multimeter to capture the highest loop current
signal value, as well as the lowest, explaining how this multimeter function might be diagnostically useful.
• Connect a HART communicator device in parallel with the transmitter, turn it on, and use it to access
the transmitter’s programmable parameters.
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• Use a multimeter set to measure AC volts to detect HART communications in the circuit. What
happens to the AC voltage measurement when the HART communicator is turned off? Is there any
way to capture the peak HART signal values using your multimeter?
• Temporarily short past the resistor with a jumper wire and note whether or not this has any affect on
the HART data communications.

Suggestions for Socratic discussion
• How would the pressure transmitter respond if equal pressures were applied to both “H” and “L” ports?
• One of the basic rules electronics students learn when first using their multimeters is never connect an
ammeter in parallel with anything, only in series. Explain why shorting across the diode is okay to do,
and whether or not shorting across the resistor would be just as practical.
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Question 49
This pictorial diagram shows the wiring connections for a simple pressure control loop, where a looppowered 4-20 mA pressure transmitter sends a signal to a Honeywell controller, which in turn sends another
4-20 mA signal to a control valve:

4-20 mA loop-powered
pressure transmitter
24 VDC power supply
L1
120 VAC
power

L2
Cable
H

L

A

E

B

F

C

G

D

H

Honeywell UDC2000 controller
8
7

1-5 volt
PV input

6
5

Air-to-open control valve

4
Instrument
air supply
(20 PSI)

9
10
11

4-20 mA
MV output

12
13

L2

14

L1

15
16

I/P transducer

120 VAC
power

• Sketch all directions of current, using conventional flow notation.
• Identify which electrical devices in this system act as sources and which act as loads.
• If an operator informs you that the pressure indicated by the Honeywell controller is below range
(“pegged” full downscale, reading -25%), what types and locations of electrical faults might you suspect?
Are there any non-electrical faults which might also cause this to happen?
• If an operator informs you that the control valve remains fully shut no matter the output value of the
controller (even in “manual” mode), what types and locations of electrical faults might you suspect?
Are there any non-electrical faults which might also cause this to happen?
• Suppose that a short-circuit developed between the transmitter wires in the four-conductor cable.
Explain what effect this would have on the operation of the system, as well as how you could determine
that this fault was in the cable (and not in the transmitter) with your only piece of test equipment
being a voltmeter.

Suggestions for Socratic discussion
• Review the problem-solving tips listed in Question 0 and apply them to this problem.
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Question 50
A newly-installed pH measurement system does not seem to be measuring the pH of the process liquid
accurately. The indicating controller’s display does not match the display of the hand-held pH meter used
by an operator:

Controller
PV
SP
Out

pH transmitter
A

/M

Pwr

Out

Hand-held
pH meter

E

A

F

B

G

C

H

D

250 Ω

Voltage-sensing
analog-to-digital
converter

28 VDC
pH sensing probe

mA

mA
READ VDC

OFF
% 4 to 20 mA

LOOP CALIBRATOR

Process
liquid

POWER 2-WIRE
TRANSMITTERS

100%
20 mA

SOURCE
READ
2-WIRE
TRANSMITTER
SIMULATOR

ADJUST
4 mA
0%

The calibrated range of the 4-wire pH transmitter is supposed to be 2 to 12 pH, with a 4 to 20 mA
signal output range. An instrument technician begins to diagnose the problem by taking a loop calibrator
and measuring the current signal being sent to the indicating controller. The loop calibrator registers 15.43
milliamps.
Based on this information, determine where the problem is in this system. Also, show how the loop
calibrator could be connected to the wiring to measure the loop current (specifying the proper calibrator
mode as well).
Suggestions for Socratic discussion
• Review the problem-solving tips listed in Question 0 and apply them to this problem.
• A problem-solving technique useful for making proper connections in pictorial circuit diagrams is to
first identify the directions of all DC currents entering and exiting component terminals, as well as the
respective voltage polarity marks (+,-) for those terminals, based on your knowledge of each component
acting either as an electrical source or an electrical load. Discuss and compare how these arrows and
polarity marks simplify the task of properly connecting wires between components.
• If the technician had no test equipment except for a voltmeter, could a good diagnostic test still be
made in this system?
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• Identify where you could install a rectifying diode in this circuit to allow convenient measurement of
loop current.
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Question 51
Suppose you wish to calibrate a current-to-pressure (“I/P”) transducer to an output range of 3 to 15
PSI, with an input range of 4 to 20 mA. Complete the following calibration table showing the proper test
pressures and the ideal input signal levels at those pressures:
Input signal
applied (mA)

Percent of span
(%)
35
80
95

Output pressure
(PSI)
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Question 52
An electronic level transmitter has a calibrated range of 0 to 2 feet, and its output signal range is 4 to
20 mA. Complete the following table of values for this transmitter, assuming perfect calibration (zero error).
Be sure to show your work!
Measured level
(feet)
1.6

Percent of span
(%)

Output signal
(mA)
7.1

40
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Question 53
Shown here is a very simple pressure transmitter, a device that measures a fluid pressure and converts
that measurement into an electrical signal:

Pressure transmitter

10 V

+
−

Power
terminals

Potentiometer
5 kΩ
Output
terminals

Vout

Thin, flexible
metal diaphragm

Box

Applied
pressure

Suppose the potentiometer wiper will be at its full-down position with no pressure applied to the
diaphragm, and will be at its full-up position with 15 PSI (15 pounds per square inch) of pressure applied to
the diaphragm. Based on this information, and what you see in the schematic diagram, answer the following
questions:

• Lower Range Value (LRV) of input, in units of PSI:
• Upper Range Value (URV) of input, in units of PSI:
• Input span, in units of PSI:
• Lower Range Value (LRV) of output, in units of volts:
• Upper Range Value (URV) of output, in units of volts:
• Output span, in units of volts:
Now, suppose we make a modification to the electrical circuit portion of the pressure transmitter.
Assume the diaphragm still responds to pressure and moves the potentiometer wiper the same way it did
before. Answer the same questions again:
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Pressure transmitter

10 V

+
−

6.25 kΩ
Power
terminals

Potentiometer

5 kΩ
Output
terminals

Vout

1.25 kΩ
Thin, flexible
metal diaphragm

Box

Applied
pressure
• Lower Range Value (LRV) of input, in units of PSI:
• Upper Range Value (URV) of input, in units of PSI:
• Input span, in units of PSI:

• Lower Range Value (LRV) of output, in units of volts:
• Upper Range Value (URV) of output, in units of volts:
• Output span, in units of volts:
The latter design outputs what is commonly called a live-zero signal, whereas the first transmitter
outputs a dead-zero signal. Live-zero signals are much preferred in industrial instrumentation, because they
more readily betray wiring failures than dead-zero signals.
Explain how you answered all the questions, and also show currents and voltage drops in both circuits
(complete with arrows showing directions of current). Then, elaborate on why you think live-zero signals
are preferable to dead-zero signals.
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Question 54
Suppose an electronic pressure transmitter has an input range of 0 to 100 PSI and an output range of
4 to 20 mA. When subjected to a 5-step up-and-down “As-Found” calibration test, it responds as such:
Applied pressure
(PSI)
0
25
50
75
100
75
50
25
0

Output signal
(mA)
3.5
7.5
11.5
15.5
19.5
15.5
11.5
7.5
3.5

Sketch this instrument’s ideal transfer function on the graph below, along with its actual transfer function
graph based on the measured values recorded above. Then, determine what kind of calibration error it has
(zero shift, span shift, and/or linearity):

20
16

Output
(mA)

12
8
4
0

0

25

50

75

100

Input
(PSI)
Finally, identify how this calibration error might be corrected. What steps or procedures would you
follow to rectify this problem?
Suggestions for Socratic discussion
• How might the other two calibration errors appear when graphed?
• What purpose is served by doing an up-and-down test? Why not just check the instrument’s response
in one direction only?
• Which constant in the y = mx + b linear equation represents zero, and which represents span?
• Describe how a computer spreadsheet program (e.g. Microsoft Excel) might be a useful tool in graphing
this instrument’s response.
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Question 55
Determine the nominal resistance values of these resistors, given their band colors, and also express the
allowable tolerance in ohms (i.e. what the minimum and maximum acceptable resistance values are for each
resistor given its advertised tolerance).
For example, a 25 kΩ resistor with a 10% tolerance rating would have an allowable tolerance of +/- 2.5
kΩ.
•
•
•
•
•
•
•
•
•
•

Red, Org, Blu, Gld =
Brn, Blk, Grn, Sil =
Blu, Blk, Brn, Gld =
Yel, Vio, Red, Sil =
Grn, Brn, Yel =
Wht, Blu, Blk, Sil =
Gry, Grn, Org, Gld =
Org, Org, Gld =
Vio, Red, Sil, Gld =
Brn, Red, Blk, Sil =
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Question 56
An important part of performing instrument calibration is determining the extent of an instrument’s
error. Error is usually measured in percent of span. Calculate the percent of span error for each of the
following examples, and be sure to note the sign of the error (positive or negative):
•
•
•
•
•
•

Pressure gauge
LRV = 0 PSI
URV = 100 PSI
Test pressure = 65 PSI
Instrument indication = 67 PSI
Error =
% of span

•
•
•
•
•
•

Weigh scale
LRV = 0 pounds
URV = 40,000 pounds
Test weight = 10,000 pounds
Instrument indication = 9,995 pounds
Error =
% of span

•
•
•
•
•
•

Thermometer
LRV = -40o F
URV = 250o F
Test temperature = 70o F
Instrument indication = 68o F
% of span
Error =

•
•
•
•
•
•

pH analyzer
LRV = 4 pH
URV = 10 pH
Test buffer solution = 7.04 pH
Instrument indication = 7.13 pH
Error =
% of span
Also, show the math you used to calculate each of the error percentages.

Challenge: build a computer spreadsheet that calculates error in percent of span, given the LRV, URV,
test value, and actual indicated value for each instrument.
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Question 57
A common form of measurement error in instruments is called hysteresis. A very similar type of
measurement error is called deadband. Describe what these errors are, and differentiate between the two.
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Question 58
Analog electronic process transmitters typically have only two calibration adjustments: one for zero and
another for span. Occasionally you may find an analog electronic transmitter with a third adjustment: one
for linearity.
Modern “smart” process transmitters have more components in need of adjustment. A block diagram
of a typical smart pressure transmitter shows this very clearly:

"Smart" pressure transmitter
Range values
LRV

URV
Trim adjustments
Low
High

Trim adjustments
Low
High
Sensor

Analog-toDigital
Converter

Microprocessor

(ADC)

Digital-to
Analog
Converter

4-20 mA

(DAC)

The purpose of the analog-to-digital converter (ADC) is to translate the pressure sensor’s electrical
output signal into a digital number the microprocessor can understand. Likewise, the purpose of the digitalto-analog converter (DAC) is to translate the digital output of the microprocessor into a 4 to 20 mA DC
current signal representing measured pressure. The procedure of calibrating the ADC is called a sensor trim,
while the process of calibrating the DAC is called an output trim.
Explain the importance of performing both a sensor trim and an output trim whenever calibrating a
“smart” transmitter. In other words, explain why it is not enough to simply program LRV and URV values
into the microprocessor (e.g. LRV = 0 PSI ; URV = 30 PSI) and declare the job finished.
Furthermore, explain what external calibration equipment must be connected to the transmitter to
complete a sensor trim procedure, and also what external calibration equipment must be connected in order
to complete an output trim procedure.
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Question 59
Sketch a circuit whereby this loop-powered pressure transmitter sends a signal to an analog voltage
meter (acting as a remote pressure gauge). Be sure to route all wiring and attach any necessary components
to terminals on the terminal strip:

1-5 V voltmeter

Terminal
strip

4-20 mA loop-powered
pressure transmitter

H

24 VDC
power supply

L

Note: avoid connecting more than two wires to each screw terminal on the terminal strip, to avoid
“overcrowding” any connection points, and avoid crossing wires over each other.
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Question 60
Connect a loop-powered differential pressure transmitter (4-20 mA output) to a DC voltage source, a
250 ohm resistor, and a diode as shown, using parts supplied by the instructor. You will need to bring your
multimeter as well as a 4-20 mA loop calibrator for this experiment! All electrical connections must be made
using a terminal strip (no twisted wires, crimp splices, wire nuts, spring clips, or “alligator” clips permitted):

Loop-powered (2-wire)
DP transmitter

Loop

Schematic

250 Ω
Diode
9V

H

L
1

2

3

4

5

6

7

2-wire
transmitter

8

9V
250 Ω
+

-

9 volt

+

-

9 volt

When you have your transmitter powered and functioning, answer the following questions:
• Demonstrate how to measure the transmitter’s signal using a voltmeter connected in parallel with the
250 ohm resistor. Leave the voltmeter connected for the duration of the experiment.
• Demonstrate how to use the loop calibrator in the “Measure” (or “Read”) mode to measure the amount
of current output by the transmitter. Compare the loop calibrator’s current measurement against the
voltmeter’s voltage measurement.
• Remove the transmitter from the circuit and replace it with the loop calibrator, then demonstrate how
to use the loop calibrator in the “Simulate” mode to mimic the operation of the transmitter. Compare
the loop calibrator’s current simulation value against the voltmeter’s voltage measurement.
• Remove the batteries and the transmitter from the circuit and replace both with the loop calibrator,
then demonstrate how to use the loop calibrator in the “Source” mode to supply current through the
resistor and diode. Compare the loop calibrator’s current source value against the voltmeter’s voltage
measurement.
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Question 61
Read and outline the “Process Flow Diagrams” section of the “Instrumentation Documents” chapter in
your Lessons In Industrial Instrumentation textbook. Note the page numbers where important illustrations,
photographs, equations, tables, and other relevant details are found. Prepare to thoughtfully discuss with
your instructor and classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 62
Read and outline the “Process and Instrument Diagrams” section of the “Instrumentation Documents”
chapter in your Lessons In Industrial Instrumentation textbook. Note the page numbers where important
illustrations, photographs, equations, tables, and other relevant details are found. Prepare to thoughtfully
discuss with your instructor and classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 63
Read and outline the “Loop Diagrams” section of the “Instrumentation Documents” chapter in your
Lessons In Industrial Instrumentation textbook. Note the page numbers where important illustrations,
photographs, equations, tables, and other relevant details are found. Prepare to thoughtfully discuss with
your instructor and classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 64
Read and outline the “Functional Diagrams” section of the “Instrumentation Documents” chapter in
your Lessons In Industrial Instrumentation textbook. Note the page numbers where important illustrations,
photographs, equations, tables, and other relevant details are found. Prepare to thoughtfully discuss with
your instructor and classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 65
Read and outline the “Instrument Identification Tags” section of the “Instrumentation Documents”
chapter in your Lessons In Industrial Instrumentation textbook. Note the page numbers where important
illustrations, photographs, equations, tables, and other relevant details are found. Prepare to thoughtfully
discuss with your instructor and classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 66
Examine this portion of a P&ID. This particular diagram shows some of the piping and instrumentation
associated with a chemical reactor vessel:

Note 2
From unit 3-22
Dwg. 20334

10"
1 1/2"

TI
513

PI
562

PI
561

1 1/2"

24"x10"
24"

TE
341

TT
341

TI
341

TE
342

TT
342

TI
342

TE
343

TT
343

TI
343

3"
>
TY
344

R-53

Note 3

Note 4

I

Reactor
ESD

PDI H

PDT
145

145 L
Notes:
1. All lines and instrumentation on this drawing are new.
2. Spectacle blinds to be used for extended outages.
3. Electrical tracing fed from panel ET-35 at column 8.
4. All reactor interlocks, see drawing 18854.

TIR
202

H

TT
202
10"
TI
510

TE
202

Note 2

To unit 5-01
Dwg. 19923

PI
89

10"x6"
6"
6"
Catalyst
withdrawl
nozzle

• Which direction does process fluid flow through this reactor vessel? How can we tell from the diagram?
• Identify the functions of all instrument “bubbles” shown in this diagram, as well as the meanings of
their identifying tag letters (e.g. “PDT”).
• How are piping flanges shown in a PFD or P&ID?
• What is the meaning of the trapezoidal symbols with two sizes (e.g. 10” × 24”)?
• Two places on this diagram show the placement of a blind, used to positively seal off a pipe at a flange
for maintenance purposes. Locate these two blind installations in the diagram.
• Some of the indicators shown in this P&ID serve double-duty as process alarms. Identify which of the
indicators also have alarm functions, and which of those are high alarms, low alarms, or both.

Suggestions for Socratic discussion
• Based on what you see in this P&ID, what do you think the purpose of PDT-145 is?
• Based on what you see in this P&ID, what do you think is the purpose of having three temperature
transmitters at the top of the vessel?
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• How are additional documents cross-referenced within this P&ID?
• Are there sections of your textbook that might be helpful to you in understanding this P&ID which
were not explicitly assigned for reading?
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Question 67
Examine this loop diagram, and answer the following questions:

Loop: Isom unit feed flow
Tag: FT-733
Wire Pair

Redundant AI
Node 7
Module 29
Slot 12

Isomerization unit instrument shelter
FTA-HLAI
Note 1

FT
733

Red
Black

Red
Black
Black
Red

ISOM-FTB-18
Red
23
Black
24
Under C-5

Tag: FT-733
Cable: ISOM-18
Pair: 4

ISOM-M-3
Red
13
Black
14

Range: 0 to 125 "WC
Note 2

Tag: FT-733
Wire Pair

Tag: FI-733
Wire Pair

FI
733

AM14
Red
41
Black
42
Blue
43

Triad: 8

TB2
10 +24VDC
12

Notes:

Black

PV
Cont. on loop #
Isom-747

2. All square-root characterization in
transmitter, not DCS.
Tag: FV-733
Wire Pair

Tag: FV-733
Wire Pair

3. Field indicators located at ground level,
near manual bypass valve.

FTA-AO

Fail closed

FV
733

FI
733

11

1. Field junction box circuit as per refinery
standard Equ. S-49 ; R = 10 Ω

Red

Note 3

Tag: ISOM-M-51
Cable: AM14

Red
Black

ISOM-FTB-18
Red
25
Black
26
Under C-5

Tag: FV-733
Cable: ISOM-18
Pair: 5

ISOM-M-3
Red
15
Black
16

AM9
Red
5
Black
6

Tag: ISOM-M-78
Cable: AM9
Pair: 12

TB2
19
20

Redundant AO
Node 7
Module 12
Slot 10

SP

FC
733

Node 7
Reg Ctl
Slot 41

Out

FO
733

Under C-8

• What type of control loop is represented in this diagram? In other words, what is the process variable,
and how is this process variable manipulated?
• What is the calibrated range of the sensing instrument?
• How are physical locations for wire connection points declared in this diagram?
• Assuming each of the two resistors in the circuit are 250 ohms, calculate the amount of voltage between
terminals 23 and 24 at a transmitter signal value of 50%.
• Identify where wires are part of a larger, multi-conductor cable, and identify how those wires are
distinguished from all the others in that cable.
• Identify the convention used to label wire pairs for each field instrument. In other words, how can a
person tell whether a certain wire pair is going out to the transmitter, the indicator, or the control
valve?
• Identify at least two different ways you could measure the transmitter’s signal without interrupting the
4-20 mA current signal to the flow controller.

Suggestions for Socratic discussion
• A problem-solving technique useful for analyzing circuits is to re-draw the circuit in a form that is easier
to follow than what is shown to you on the given diagram. Discuss and compare different renderings of
this circuit, and how these simplified sketches help you with the analysis.
• Explain why interrupting the loop’s continuity is a bad thing if the control system is operating,
controlling a live process.
• What do the letters “FI” and “FO” stand for? Are these labels ISA-standard?
• Is FT-733 self-powered or loop-powered? How can you tell?
• Identify all the effects of pair 4 within cable ISOM-18 failing open.
• Identify all the effects of pair 4 within cable ISOM-18 failing shorted.
• Identify all the effects of pair 5 within cable ISOM-18 failing open.
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• Identify all the effects of pair 5 within cable ISOM-18 failing shorted.
• Identify all the effects of cable FI-733 failing open.
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Question 68
Read and outline the “Tube and Tube Fittings” section of the “Instrumentation Connections” chapter in
your Lessons In Industrial Instrumentation textbook. Note the page numbers where important illustrations,
photographs, equations, tables, and other relevant details are found. Prepare to thoughtfully discuss with
your instructor and classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 69
Read and outline the “Connections and Wire Terminations” and “DIN Rail” subsections of the
“Electrical Signal and Control Wiring” section of the “Instrument Connections” chapter in your Lessons
In Industrial Instrumentation textbook. Note the page numbers where important illustrations, photographs,
equations, tables, and other relevant details are found. Prepare to thoughtfully discuss with your instructor
and classmates the concepts and examples explored in this reading.
Suggestions for Socratic discussion
• Review the tips listed in Question 0 and apply them to this reading assignment.
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Question 70
An important concept in education is something called schema: the body of knowledge, expectations,
and assumptions that someone uses to interpret any form of communication they are receiving, whether
that communication be in the form of speech, text, or even something as abstract as art. One does not
approach an action-adventure novel in the same way or with the same expectations that one would approach
instructions for filing tax returns with the IRS. One does not interpret and appreciate a live jazz band in the
same way they would interpret and appreciate choral music. We have different schema for understanding and
appreciating these different forms of communication, even if they occur in the same medium (e.g. printed
text, or audible tones).
Industrial system diagrams also have schema associated with them. One does not interpret a P&ID
in the same manner that one interprets an electronic schematic or a block diagram, despite their many
similarities. This exercise will ask you to identify the meanings of similar symbols used in several types of
diagrams, in order to expose some of the schema you have (or that you are in the process of building).
Reference the following diagrams, and then answer the comparison/contrast questions that follow:
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Schematic diagram of a relay circuit

A

G

N

120 VAC 1 A

H
B

H

P/S

E
D

24 VDC
1A

S

C
E

F

DE

Schematic diagram of a fuel tank level sensor circuit

Ignition
switch

Current mirror circuit

TP1

Fuel gauge
(voltmeter)

TP4

Q1

Q2

12 V
TP2
TP3

R1

440 Ω
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Fuel level
sensor
5 Ω = Empty
260 Ω = Full

Ladder diagram of a solenoid valve control circuit

(-)

(+)

5A

O H A
1

S

5

4

CR1-1
6

1

3

8

Remote stop

Reset
7

9

CR1
11

3

CR1-2
5

IL-71

7

R

10

2

P&ID of a solvent storage tank
LAH
234
Set @
10 oz.
press.

PG
364

PSV
14

PG
363

Set @
8 oz.
vac.

LT
305

LSH
234

WirelessHART

2"

4"

Solvent unloading

1-1/2"
thick

S-403
Solvent storage tank

TT
109

1"
TCV
105

PG
365

H

2"

3"

Dwg. 45231

LI
305

TI
109

12"

30 PSI steam

TI
304

Dwg. 11032
PG
361

H
L

24"
MW
WirelessHART

TG
205
LSL
233

T

2"

TT
304

4"

PIR
271

2"

ET

PG
367

TG
209

PT
271

PG
368

Solvent wash
Dwg. 32451

ET

PG
366

Condensate header

PSH
231

Dwg. 11032

I

ET

PSL
232

P-25

67

HC

H

Schematic diagram of a hydraulic valve control system

HP gauge
Hand pump
Accumulator
Regulator

Line valve

LP gauge

FC

(test)

Relief, LP

Solenoid trip

Reset

Pressure pilot

Auto/Man
Relief, HP

Schematic/pictorial diagram of a pressure transmitter
Current
signal
output
−

Amplifier
S

+

N

Light
source

"Force motor"
(applies force
proportional
to DC current)

Diaphragm

Closely-spaced
photoresistors
Applied
pressure
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Flexure

Pictorial diagram of an I/P transducer

Coil

Bellows

mA

mA
READ VDC

N

OFF
% 4 to 20 mA

Spring

N
Beam

Pivot
LOOP CALIBRATOR

READ

S

100%
20 mA

S

Coil

POWER 2-WIRE
TRANSMITTERS

SOURCE
ADJUST

Nozzle

4 mA
0%

2-WIRE
TRANSMITTER
SIMULATOR

Relay
Precision
test gauge

Vent

Fisher model 546 I/P
(schematic diagram)

Compressed
air
supply

Loop diagram of a compressor surge control system
Loop Diagram: Compressor surge control

Revised by: I. Hate Surge
Field
panel

Field process area

JB
30

0-200 PSID

PDT
42

+

4-20 mA

I

Compressor

Panel rear
JB
1

CBL24

8

CBL21

-

PR1

FY
42b

+

2

10

3

2

S

FV 42

CBL22

PR2

4

+
-

5

4

L1
L2

G

6

G

L2
AS 20 PSI

FT
42

CBL23
4-20 mA

0-1500 SCFM

6

5

13

FIC
42

3

CBL26

60 Hz
ES 120VAC

11
12

-

1

1

9

April 1, 2003

Panel front

CBL25

4-20 mA
P

Date:

L1
14
15

PR3

16

7

+

8

-

9

0-1500 SCFM
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FY
42a

+
-

CBL27

ES 120VAC
60 Hz

Functional diagram of control loops

FT
FT

FT

D
A
P

A

I D

T

P

A

A

FCV

T
P

I

T

I

T

A

FCV

FCV

FOUNDATION Fieldbus function block diagram
TT-101a
OUT_D

AI

OUT
(TV-101)
BKCAL_IN

TT-101b

(TT-101a)
OUT_D

AI

TT-101c

OUT

IN

OUT

IN_3

TRK_IN_D

IN_4

TRK_VAL

DISABLE_1
OUT_D

AI

FF_VAL

IN_1
IN_2

OUT

BKCAL_OUT

CAS_IN
OUT

PID

ISEL

DISABLE_2

SELECTED

TV-101
CAS_IN

DISABLE_3
DISABLE_4

BKCAL_OUT

AO

OP_SELECT

Questions:
•
•
•
•
•
•
•

Identify
Identify
Identify
Identify
Identify
Identify
Identify

the meaning(s) of all dashed lines in these diagrams
the meaning(s) of all arrows in these diagrams
the meaning(s) of all triangles in these diagrams
the meaning(s) of all boxes in these diagrams
the meaning(s) of all circles in these diagrams
how directions of motion are indicated in each diagram (if at all)
how sources of energy are indicated in each diagram (if at all)
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Question 71
Suppose you had a current-to-pressure (“I/P”) transducer with an output range of 3 to 15 PSI and
an input range of 4 to 20 mA. The following calibration table shows several input signal levels and their
corresponding percentages of span and output pressures:
Input signal
applied (mA)
6.88
5.1
12.8
17.44
6.53

Percent of span
(%)
18
6.88
55
84
15.83

Output pressure
(PSI)
5.16
3.83
9.6
13.08
4.9

While the calculations for obtaining percent and output pressure (PSI) from input current (mA) values
are not very complex, they can be tedious. A powerful computer-based tool for relieving this tedium is a
type of application called a spreadsheet. A very common example of spreadsheet software is Microsoft Excel
(although other spreadsheet programs exist, some of them free!).
A spreadsheet program presents a screen full of rectangular cells into which text, numerical values, and
mathematical formulae may be entered. Each cell is “addressed” by a system of row and column designators,
traditionally numbers for rows and letters for columns (like the classic game of “Battleship” where coordinates
on a grid-map are called out by letter and number combination) but a more modern convention designates
both rows and columns by number.
We may set up a spreadsheet to calculate percentage values for this I/P based on input currents as
follows. The yellow and blue cell shading (color fill) shown in this example is entirely optional, but helps
to distinguish number-entry fields from calculated-value fields (the number in the yellow cell R2C1 is the
milliamp value you type in to the spreadsheet, while the number in the blue cell R2C3 is the PSI value
calculated by the spreadsheet):

1

2

3

1

Input (mA)

Percent

2

6.88

18.0

4

5

3
4
5
What follows is a list of cell entries needed to create the spreadsheet display you see above:
•
•
•
•

Cell
Cell
Cell
Cell

R1C1:
R2C1:
R1C3:
R2C3:

Input (mA)
6.88
Percent
= (R2C1 - 4) / 16

(select “%” display formatting)

The text inside cells R1C1 and R1C3 is not essential for the spreadsheet to function – like the color
shading, they merely serve as labels to help describe what the number values mean. The formula entered
into cell R2C3 begins with an equals sign (=), which tells the spreadsheet to regard it as a formula rather
than as text to be displayed verbatim as in R1C1 and R1C3. Note how the formula references the numerical
value located in the “row 2 column 1” cell by calling it “R2C1”. This allows the user to enter different
values into cell R2C1, and the spreadsheet will automatically re-calculate the percentage for each entered
mA value. Thus, if you were to edit the contents of cell R2C1 to hold 12.8 instead of 6.88, the value shown
in cell R2C3 would update to display 55.0 instead of 18.0 as it does now.
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Your first task here is to start up a spreadsheet program and enter what is shown above, then validate
the accuracy of your work by entering several different current (milliamp) values and checking that the
percentages for each are calculated correctly by the spreadsheet.
Now that you have successfully created this spreadsheet, add the appropriate enteries into cells R1C5
and R2C5 so that it also calculates the appropriate output pressure for the I/P, for any arbitrary input
current entered into cell R2C1. When complete, your modified spreadsheet should look something like this:

1

2

3

1

Input (mA)

Percent

2

6.88

18.0

4

5
Output (PSI)

5.16

3
4
5
Show what entries you had to place into cells R1C5 and R2C5 to make this spreadsheet work.
Suggestions for Socratic discussion
• Identify the text character used to represent division in the formula shown in cell R2C3. What is the
appropriate character to represent multiplication?
• Explain why parentheses are used in the formula in cell R2C3. Hint: a good problem-solving approach
for answering this question is to analyze what would happen if the parentheses were not there!
• Explain what would happen if cell R2C3 were not configured to display in percent.
• There is more than one correct formula to enter into cell R2C5 to properly calculate the output pressure
in PSI. One formula references the percentage value (located at R2C3), while the other formula references
the milliamp value (located at R2C1). Compare these two formulae, and explain which one makes more
sense to you.
• Explain how a spreadsheet is such a powerful mathematical tool for performing “tedious” calculations
such as instrument input/output responses. Can you think of any other practical uses for a spreadsheet?
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Question 72
Note the rectangular boxes and arrows near each instrument in the following loop diagram:

Loop Diagram: Furnace temperature control

Revised by: Mason Neilan
Field panel
JB-12

Process area

TE
205

0-1500oF
Yel

Red

1
2

TB-15
Red

TT
205

Red
Cable TT-205

Blk

3
4

Blk

Date:
Control room panel
CP-1

0-1500oF

TB-11

Wht/Blu

Wht/Blu

1

Cable 3, Pr 1
Blu

2

Blu

Red

Red
Cable TT-205

TB-15
/P

TY
205b

Tube TV-205

Red

Red

Cable TY-205b
Blk

5
6

Blk

Wht/Org

Cable 3, Pr 2
Org

Org

3
4

Cable TY-205b
Blk

TT-205

Description

Manufacturer

Thermocouple

Omega

Temperature transmitter

7
20 TIC
21 205
17
18
H
N

Blk
Wht

ES 120 VAC
Breaker #4
Panel L2

AS 20 PSI
Valve #15
Column #8

TE-205

Blk

Red

TV
205

Tag number

Red

205a

TB-11

Wht/Org

Blk

Blk
TY

I

April 1, 2002

Rosemount

TY-205a

Resistor

Vishay

TIC-205

Controller

Siemens

Model
444

Calibration

Notes

Type K

Ungrounded tip

0-1500o F

4-20 mA

250 Ω
PAC 353

TY-205b

I/P transducer

Fisher

546

TV-205

Control valve

Fisher

Easy-E

1-5 V
4-20 mA

0-1500o F

Reverse-acting control

3-15 PSI

3-15 PSI

Fail-closed

Explain what the “up arrows” near the transmitter and transducer bubbles tell us about these
instruments, and what the “down arrow” near the controller bubbles tells us about that instrument.
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Question 73
A pneumatic level transmitter has a calibrated range of 0 to 5 feet, and its output signal range is 3 to
15 PSI. Complete the following table of values for this transmitter, assuming perfect calibration (zero error).
Be sure to show your work!
Measured level
(feet)
3.2

Percent of span
(%)

Output signal
(PSI)
4

50
2.4
11.3
18
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Question 74
Suppose you wish to calibrate an electronic pressure transmitter to an input range of 0 to 50 inches of
water, with an output range of 4 to 20 mA. Complete the following calibration table showing the proper test
pressures and the ideal output signal levels at those pressures:
Input pressure
applied (” W.C.)

Percent of span
(%)
5
33
61

Output signal
(mA)
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Question 75
An electronic pressure transmitter has a calibrated range of 0 to 200 inches of mercury, and its output
signal range is 4 to 20 mA. Complete the following table of values for this transmitter, assuming perfect
calibration (zero error):
Input pressure
applied (” Hg)
24

Percent of span
(%)

Output signal
(mA)

19
11.7
file i00473
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Question 76
A pneumatic differential pressure transmitter has a calibrated range of -100 to +100 inches of water
column (” W.C.), and its output signal range is 3 to 15 PSI. Complete the following table of values for this
transmitter, assuming perfect calibration (zero error). Be sure to show your work!
Input pressure
applied (”W.C.)
0
-30

Percent of span
(%)

Output signal
(PSI)

8
13
65
10

Suggestions for Socratic discussion
• Develop a linear equation in the form of y = mx + b that directly relates input pressure (x) to output
pressure (y).
• Demonstrate how to estimate numerical answers for this problem without using a calculator.
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Question 77
A pneumatic level transmitter has a calibrated range of 150 inches to 300 inches of liquid level, with an
output range of 3 to 15 PSI. Complete the following table of values for this transmitter, assuming perfect
calibration (zero error):
Input level
applied (inches)

Percent of span
(%)
4

Output signal
(PSI)
7.2

189
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Question 78
Suppose you wish to calibrate an RTD temperature transmitter to an input range of 50 to 200 degrees
F, with an output range of 4 to 20 mA. Complete the following calibration table showing the proper test
temperatures and the ideal output signals at those levels:
Input temp
applied (deg F)

Percent of span
(%)
0
25
50
75
100
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75

Output signal
(mA)

Question 79
A temperature transmitter has a calibrated range of -80 to 150 degrees F and its output signal range is
4 to 20 mA. Complete the following table of values for this transmitter, assuming perfect calibration (zero
error). Be sure to show your work!
Measured temp
(o F)
120
-45

Percent of span
(%)

Output signal
(mA)

42
25
7.5
12.9
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Question 80
The ADC0804 is an example of an integrated circuit analog-to-digital converter (ADC), converting an
analog input voltage signal into an 8-bit binary output:

+V

ADC0804

Vin
DB7

Clk in

DB0

Digital data output lines

When operated from a 5.0 volt DC power supply in its simplest mode, the ADC0804 converts any DC
input voltage between 0.0 volts and 5.0 volts into an 8-bit number at the command of a clock pulse. A 0.0
volt input yields a binary output (or “count”) of 00000000, of course, while a 5.0 volt input yields a count
of 11111111.
Complete this table of numbers, relating various DC input voltages with count values (expressed in
binary, hex, and decimal) for an ADC0804 having an input range of 0.0 to 5.0 volts DC:
DC input voltage
0.0 volts

Binary count
00000000
00110011

2.2 volts

5.0 volts

Hex count

51
70
B3
CC

11001100
11111111
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Decimal count

179

Question 81
Read and outline the “‘Marking Versus Summarizing a Text” subsection of the “Active Reading” section
of the “Problem-Solving and Diagnostic Strategies” chapter in your Lessons In Industrial Instrumentation
textbook. Note the page numbers where important illustrations, photographs, equations, tables, and other
relevant details are found. Prepare to thoughtfully discuss with your instructor and classmates the concepts
and examples explored in this reading.

Note: many students gravitate toward highlighting, underlining, and other shallow methods of
annotation while reading. This lesson provides instruction on how to engage more fully with any text,
and it is a practice that will greatly help you in your studies.
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Question 82
Read and outline the “‘Normal’ Status of a Switch” section of the “Discrete Process Measurement”
chapter in your Lessons In Industrial Instrumentation textbook. Note the page numbers where important
illustrations, photographs, equations, tables, and other relevant details are found. Prepare to thoughtfully
discuss with your instructor and classmates the concepts and examples explored in this reading.

Note: this is a subject of much confusion for students, especially with regard to process switches such as
pressure, level, temperature, and flow switches. A special practice worksheet has been made for students on
this very subject called “Process Switches and Switch Circuits” available on the Socratic Instrumentation
website.
Given the importance of this topic as well as the confusing meaning of the word “normal” when describing
switch contacts, this reading exercise is an excellent opportunity for you to practice active reading strategies.
In particular, you should write your own outline of this textbook section, expressing all the major thoughts
in your own words so that you will have a firmer grasp of these important concepts. This should be your
goal for all “Read and outline . . .” assignments, in order to maximize your learning.
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Question 83
In each of these process control examples, the transmitter produces an increasing signal for an increase
in process measurement (level, pressure, temperature, etc.), and the I/P transducer produces an increasing
air pressure signal out for an increasing current signal in.
Your task is to determine the proper action for the process controller, either direct-acting or reverseacting. Remember, a direct-acting controller produces an increasing output signal with an increasing process
variable input. A reverse-acting controller produces a decreasing output signal for an increasing process
variable input. It is essential for stability that the controller have the correct direction of action!
Example 1:

Controller

Air supply

PV SP

Out

I/P

Transducer

Level
transmitter
Liquid

LT
H

L

78

Air-to-close
valve

Example 2:
Air supply

Controller
PV SP

Out

I/P

Transducer

Flow
transmitter
FT
H

L

Air-to-open
valve

Example 3:
Cold fluid
in

Air-to-open
valve

Transducer
I/P

Steam in

Heat exchanger
Controller
PV SP

Out

Air supply

Warm fluid
out

Steam out

Thermocouple
TT
Temperature
transmitter
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Example 4:
Steam
in

Air-to-open
valve
Steam turbine

Generator

ST

Speed
transmitter

Controller
PV SP

Steam
out
Out

I/P
Transducer

Air supply

A concept familiar to students of electronics is the differential amplifier, a device built to compare two
input signals and generate an output signal proportional to that comparison. The most common form of
differential amplifier is the so-called operational amplifier or “opamp”, drawn as a triangle with two inputs
labeled “+” and “−” to show the relative influence of each input signal on the output. A process controller
may be thought of as a kind of differential amplifier, sensing the difference between two input signals (the
process variable and the setpoint) and generating an output signal to drive a final control element.
The following process control examples replace the controller symbol with an amplifier symbol. Your
task is to figure out appropriate labels for the amplifier’s input terminals (e.g. “+” and “−”). Remember
that a controller is defined as being “direct-acting” if an increase in PV causes an increase in output and
“reverse-acting” if an increase in PV causes a decrease in output. Following opamp labeling, this means
the PV input of a direct-acting controller should bear a “+” mark while the PV input of a reverse-acting
controller should bear a “−” mark.

Direct-acting controller
SP

−

PV

+

Reverse-acting controller
SP

Output
PV
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+
−

Output

Example 5: Label the PV & SP amplifier inputs for the correct controller action

Water in
(from pump)

Air supply
Controller

Transducer

SP

Water out
(to points of use)

I/P
Filter

PV

L

Air-to-open
valve

H

PT
Pressure
transmitter

Water out
(back to sump)

Example 6: Label the PV & SP amplifier inputs for the correct controller action

Air supply
Controller
SP
I/P
PV
Level
transmitter
Liquid

LT
H

L
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Air-to-open
valve

Transducer

Example 7: Label the PV & SP amplifier inputs for the correct controller action
Steam in
Cold fluid
in

Air-to-open
valve

Transducer
I/P
Heat exchanger
Air supply

Warm fluid
out

Steam out

Thermocouple
TT
Temperature
transmitter

Controller
SP
PV

Suggestions for Socratic discussion
• As always, what is more important than arriving at the correct answer(s) is to develop a clear and
logical reason for your correct answers. Explain the problem-solving technique(s) you used to determine
correct controller action in each of these process control examples.
• A powerful problem-solving technique is performing a thought experiment where you mentally simulate
the response of a system to some imagined set of conditions. Describe a useful “thought experiment”
for any of these process control loops, and how the results of that thought experiment are helpful to
answering the question.
• Identify and explain the deleterious effect(s) caused by a process controller configured with the wrong
action.
• Identify an instrument mis-calibration or mis-configuration that could cause the process variable to
settle at a greater value than it should be, assuming all other components in the system are functioning
properly.
• Once you have identified the proper controller action for any given process example, identify something
that could be altered about the process to require the other control action.
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Question 84
Suppose you are asked to configure the instruments in this flow control loop to sense and display process
flow over a range of 0 to 180 gallons per minute (GPM), with the loop controller actuating two split-ranged
control valves in a complementary sequence. A “Scale-with-Parameters” (SCP) instruction programmed into
the Allen-Bradley controller is supposed to take the analog-to-digital converter’s raw count value as an input
and scale it into units of GPM for the operator to read on a display:

Input LRV: ?
Input URV: ?

Input (PV) signal range:
4 to 20 mA

Output range:
4 to 20 mA

ADC count range:
3120 to 15600 counts

SCP instruction
Input Min.: ?
Input Max.: ?
Scaled Min.: ?
Scaled Max.: ?

FIC

FT

PV
Output

Input range:
4 to 20 mA
Input range:
?

Output range:
3 to 15 PSI

Allen-Bradley MicroLogix
1100 PLC controller
with IF2OF2 analog card
Output display range:
0 to 100%
Output signal range:
4 to 20 mA

Stem stroke:
?

FY
P

IAS
FV
A

Input range:
?

Desired control valve sequencing:

Stem stroke:
?

0%

50%

100%

FV-A

(open)

(shut)

FV-B

(shut)

(open)

P
FV
B

Write the proper range values inside the boxes near each instrument, showing the proper configuration
for each instrument needed to achieve the desired result.
Suggestions for Socratic discussion
• Suppose the controller displayed a flow of 129 GPM when the actual process flow was 135 GPM. First,
identify two possible locations in this loop for a calibration error that would account for this discrepancy.
Then, assuming only one fault, explain how you could positively determine the location of this calibration
error with a single diagnostic test.
• Suppose valve FV-A was 41% open and FV-B was 59% open when the controller output displayed 50%.
First, identify two possible locations in this loop for a calibration error that would account for this
discrepancy. Then, assuming only one fault, explain how you could positively determine the location of
this calibration error with a single diagnostic test.
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Question 85
Consider this control system, set up to maintain the temperature of a chemical reactor vessel at a
constant (“setpoint”) value. The reactor’s source of heat is a steam “jacket” where hot steam is admitted
through a motor-operated (M) control valve (TV) according to the temperature inside the reactor sensed by
the temperature transmitter (TT):

SP

TIC

TT

TI
Reactor

M

Steam jacket

TV
From steam
supply (boiler)

To condensate
return
You arrive at work one day to find the operator very upset. The last batch of product emptied from
the reactor was out of spec, as though the temperature were too cold, yet the controller (TIC) displays the
temperature to be right at setpoint where it should be: 175 o F.
Your first step is to go to the reactor and look at the temperature indicating gauge (TI) mounted near
the same point as the temperature transmitter. It registers a temperature of only 137 o F.
From this information, determine what is the most likely source of the problem, and how you made that
determination.
Suggestions for Socratic discussion
• Why was it a good decision to consult the temperature gauge (TI) on the reactor as a first diagnostic
step?
• Suppose a fellow instrument technician were to suggest to you that the problem in this system could be
a controller configured for the wrong action (e.g. direct action instead of reverse action). Do you think
this is a plausible explanation for the symptoms reported here? Why or why not?
• Could the problem be that someone left the controller in manual mode rather than automatic mode as
it should be? Explain why or why not.
• Based on the P&ID shown, are the instruments pneumatic or electronic?
• Given the fact that we know this reactor is steam-heated, is it possible to conclude that the chemical
reaction taking place inside it is either endothermic (heat-absorbing) or exothermic (heat-releasing)?
• Safety shutdown systems often use a “two-out-of-three” (2oo3) voting algorithm to select the best
measurement from three redundant transmitters. Explain how this same concept may be applied by the
instrument technician in the course of troubleshooting the problem.
file i00137

84

Question 86
Consider this control system, set up to maintain the temperature of a chemical reactor vessel at a
constant (“setpoint”) value. The reactor’s source of heat is a steam “jacket” where hot steam is admitted
through a motor-operated (M) control valve (TV) according to the temperature inside the reactor sensed by
the temperature transmitter (TT):

SP

TIC

TT

TI
Reactor

M

Steam jacket

TV
From steam
supply (boiler)

To condensate
return
You arrive at work one day to find the operator very upset. The last batch of product emptied from
the reactor was out of spec, and the temperature displayed by the indicating controller (TIC) shows it to be
197 o F. The setpoint is set at 175 o F, and the controller is in the automatic mode as it should be.
Your first step is to look at the indication on the controller showing the output signal going to the motoractuated steam valve (TV). This output signal display (the “manipulated variable”) shows 0 %, which means
“valve fully closed.”
Next, you decide to check the temperature shown at the temperature indicator (TI) located near the
temperature transmitter (TT) on the reactor. There, you see a temperature indication of 195 o F.
From this information, determine what is the most likely source of the problem, and how you made that
determination.
Suggestions for Socratic discussion
• Why is it important for us to know that the controller is in automatic mode? Would it make a difference
if it were in manual mode instead?
• Explain why the first two diagnostic steps were to check the controller’s output display, then to check
the TI on the reactor. What do each of these checks tell us about the nature of the problem?
• Suppose a fellow instrument technician were to suggest to you that the problem in this system could be
a controller configured for the wrong action (e.g. direct action instead of reverse action). Do you think
this is a plausible explanation for the symptoms reported here? Why or why not?
file i00138

85

Question 87
Consider this control system, set up to maintain the temperature of a chemical reactor vessel at a
constant (“setpoint”) value. The reactor’s source of heat is a steam “jacket” where hot steam is admitted
through a motor-operated (M) control valve (TV) according to the temperature inside the reactor sensed by
the temperature transmitter (TT):

TIC

SP

TT

TI
Reactor

M

Steam jacket

TV
From steam
supply (boiler)

To condensate
return
While doing some clean-up work near the reactor, you receive a frantic call from the operator on your
two-way radio. He says that the controller (TIC) is registering a temperature of 186 o F, which is 11 degrees
higher than the setpoint of 175 o F. A temperature this high could ruin the product inside the reactor. He
wants you to check the temperature indicator on the side the reactor (TI) and let him know what it reads.
You look at the TI, and see that it registers a temperature of 172 o F, which is a bit too cold if anything,
not too hot. You immediately report this to the operator using your radio, who then asks you to check out
the system to see why he’s getting a false reading on the controller display.
Fortunately, you have your multimeter and tool set with you, so you proceed to the temperature
transmitter to measure the milliamp signal it is outputting. Removing a cover from a round junction
box on the conduit where the transmitter’s wires are routed, you see a terminal block inside with a 1N4001
rectifying diode placed in series with the circuit:

To transmitter

Conduit

Conduit

To controller
Setting your multimeter to measure milliamps, you connect the red and black test leads across the diode.
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This shorts past the diode, forcing all the current to go through the meter instead of the diode, allowing
you to “break in” to the 4-20 mA circuit without having to physically break a wire connection anywhere.
Making a mental note to thank your instrumentation instructor later for showing you this trick, you see that
your multimeter registers 15.683 mA.
Given a calibrated temperature transmitter range of 100 to 200 degrees F, determine what this current
measurement tells you about the location of the problem in this temperature control loop, and explain how
you made that determination.
Suggestions for Socratic discussion
• Why is it important for technicians to be able to easily convert milliamp signal values into corresponding
process variable (PV) values?
• How does the diode perform this useful function of allowing current measurement without breaking the
circuit?
• Supposing there were no diode in this loop circuit, how would you suggest we measure the transmitter’s
output current?
• Is it possible that the fault in this system could be something to do with the control valve? Why or
why not?
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Question 88
Sketch all necessary wires and tubes to form a complete working control loop, using the components
shown in this diagram:

Honeywell UDC2000 controller
8

1-5 volt
PV input

7
6

4-20 mA loop-powered
pressure transmitter

9
10
11

5

4-20 mA
MV output

4

12
13

L2

14

L1

15

H

L

16
Air-to-open control valve
120 VAC
power

24 VDC power supply
L1

120 VAC
power

L2

I/P transducer
Instrument
air supply

Also, show all directions of electric current in the 4-20 mA circuits, following conventional flow notation.
Suggestions for Socratic discussion
• A problem-solving technique useful for making proper connections in pictorial circuit diagrams is to
first identify the directions of all DC currents entering and exiting component terminals, as well as the
respective voltage polarity marks (+,-) for those terminals, based on your knowledge of each component
acting either as an electrical source or an electrical load. Discuss and compare how these arrows and
polarity marks simplify the task of properly connecting wires between components.
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Question 89
Peruse one of the worksheets from the any of the following courses to obtain information about the
Capstone Assessment:
• INST242 (last course in Fall quarter)
• INST252 (last course in Winter quarter)
• INST263 (last course in Spring quarter)
What does the “Capstone Assessment” consist of, and how much time are you given to do it? Is it
graded by a percentage score, or is it mastery? Is there a limited number of attempts to complete it? How
will your Capstone Assessment differ from one quarter to the next? What do you think the ultimate purpose
of the Capstone Assessment is?
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Question 90
Suppose a voltmeter registers 0 volts between test points F and C in this series-parallel circuit while
the pressure applied to the pressure switch is 8 PSI:

A

Setting =
11 PSI

R3

C

E

1 kΩ
12 volts

+
−

R2

1 kΩ

(0.1 amps
current-limited)

R1
B

1 kΩ

F

D

Hint: remember that the “normal” status of a switch is defined as the status of minimum stimulus: when
the switch is exposed to the lowest possible degree of process stimulation (in the case of a pressure-sensing
switch, the condition of minimum stimulus is that of zero pressure applied to the switch).
Identify the likelihood of each specified fault for this circuit. Consider each fault one at a time (i.e. no
coincidental faults), determining whether or not each fault could independently account for all measurements
and symptoms in this circuit.
Fault
R1 failed open
R2 failed open
R3 failed open
Pressure switch contacts failed open
R1 failed shorted
R2 failed shorted
R3 failed shorted
Pressure switch contacts failed shorted
Voltage source dead

Possible

Impossible

This question is typical of those in the “Fault Analysis of Simple Circuits” worksheet found in the Socratic
Instrumentation practice worksheet collection, except that all answers are provided for those questions. Feel
free to use this practice worksheet to supplement your studies on this very important topic.
Suggestions for Socratic discussion
• Identify which fundamental principles of electric circuits apply to each step of your analysis of this
circuit. In other words, be prepared to explain the reason(s) “why” for every step of your analysis,
rather than merely describing those steps.
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Question 91
On the first day of this course, we surveyed some of the many industries where measurement and
automation are applied, as well as discussed the range and complexity of knowledge and skill areas critical
for an instrument technician to master. You were also left with a question to ponder:
How is it possible for a program of instruction such as BTC’s Instrumentation and Control
Technology program to teach students these most difficult-to-learn knowledge and skill areas, and to
do so in just two years?
After experiencing the structure and expectations of this course, how would you answer this question?
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Question 92
Suppose you were giving instructions to a human operator regarding which way to move a hand-operated
control valve to maintain a process variable at setpoint. In each of these examples, determine which way
the operator should move the valve to counteract an increase in the process variable resulting from some
independent change in the process:

Example 1: Temperature control application

Temperature is too high

Pot

Valve
To gas
fuel supply

Should the operator move the valve
further open or further closed?

91

Thermometer
(TI)

Example 2: Level control application

4-20 mA

LT
H

LI
Level is too high

L

Valve
Should the operator move the valve
further open or further closed?

Example 3: Flow control application

FI
FT

3-15 PSI

Flow is too high

20 PSI
air
H

L

Should the operator move the valve
further open or further closed?

Orifice plate
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Valve

Example 4: Temperature control application
Oil to be
heated

Steam out

Steam in
Heat exchanger
Note: the oil and steam never contact each
each other inside the exchanger; steam flows
inside a set of tubes while the oil flows outside
those same tubes. Heat transfers through the
tube walls from the steam to the oil.

TT
Valve
Temperature is too high

TI

10-50 mA

Should the operator move the valve
further open or further closed?

Suggestions for Socratic discussion
• Follow-up question: in which of these examples is the operator functioning as a direct-action controller
and in which of these examples is the operator functioning as a reverse-action controller?
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Question 93
A vessel containing a pressurized gas will experience an upward force (F ) exerted on its lid by the gas
pressure (P ), equal to the product of gas pressure and lid area (F = P A). The pressure of the gas inside of
any sealed vessel may be predicted by the Ideal Gas Law relating pressure to vessel volume, gas quantity,
and gas temperature (P V = nRT ):

Force exerted on
lid by gas inside
F = PA

Lid

Vessel

Suppose we wished to have a single formula for calculating force on the lid of a vessel given all the
other factors (gas quantity n, lid area A, gas temperature T , vessel volume V , and the gas law constant R).
Combine the force-pressure-area formula (F = P A) and the Ideal Gas Law formula (P V = nRT ) in order
to arrive at this new formula solving for F in terms of all the other variables:
F =
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Question 94
A lift station is an underground reservoir with an automatically-controlled electric pump that collects
and transports sewage from neighborhoods to a centralized wastewater treatment plant (usually located
miles away):

From homes

From homes

From homes

LSH

LSH

LSH

Empty

Full
LSL

LSL

To WWTP

LSL

To WWTP

Pump

To WWTP

Pump

ON

Pump

The wiring diagram for a simple lift station pump control circuit is shown here:

Disconnect
Contactor
L1

To 3-phase
AC power
(480 V)

K

L2

OL

L

T1
T2

motor

T3
L3

M

F1

F2
H2

H1

H3

M1

H4

F3

C

120 VAC

A

LSH

B

LSL

OL
D

M1

M1
F

G

Start
H

J
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An electrician needs to perform some routine “megger” measurements on the electric pump motor. A
“megger” is a high-voltage ohmmeter used to check the integrity of electrical insulation in electric motors,
transformers, and other devices with wire coils subject to faults due to corrosion, vibration, or overheating.
Here, the electrician will check resistance between each of the motor’s terminals (T1, T2, T3) and the metal
frame of the motor, ensuring there are many millions of ohms (open) as the wire insulation should provide.
Like all ohmmeter tests, a “megger” check must be performed on a device that is unpowered. For this
reason, and also for personal safety, the electrician must ensure no power will get to the motor during his
test.
Before commencing the test, the electrician follows this procedure to ensure the motor is in a zero energy
state:
(1)
(2)
(3)
(4)

Turn off the disconnect switch
Place a padlock and a danger tag on the switch’s handle to ensure it cannot turn on
Push the “Start” pushbutton switch to check that the pump does not start up
Use an AC voltmeter to verify 0 volts between the following test points:
(a) Voltage between terminals K and L
(b) Voltage between terminals K and M
(c) Voltage between terminals L and M
(d) Voltage between terminals K and earth ground
(e) Voltage between terminals L and earth ground
(f ) Voltage between terminals M and earth ground
(5) Use the same AC voltmeter to verify 480 volts between any two of the L1, L2, and L3 test points

Explain the rationale behind each step in this sequence. Although this many steps may appear to be a
bit paranoid, there is actually logical justification for each one.
Suppose another electrician looked at this diagram and declared, “We don’t actually have to turn the
disconnect switch off – we can prevent power from getting to the motor’s terminals just by just pulling any
one of the fuses in this circuit! If the M1 coil can’t energize with 120 volts, then the M1 contactor relay
cannot close, which effectively locks out 480 volt power from getting to the motor.”
What would be your response to this electrician’s suggestion, and why?
Suggestions for Socratic discussion
• A good logical technique for justifying each step in the lock-out/tag-out sequence is to think of a
dangerous condition (such as a test equipment fault) that would go undetected if that step were skipped.
If you can think of just one possible failure uniquely detected by a step, then that step is justified beyond
any doubt!
• What sort of information do you think the electrician should write on the danger tag?
• Why do you suppose it is necessary to use high voltage to test the insulation integrity of an electric
motor? Why not just use a regular ohmmeter that only uses a few volts between the test probes?
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Question 95
In this process, maple syrup is heated as it passes through a steam heat exchanger, then enters an
evaporator where the water boils off. The purpose of this is to raise the sugar concentration of the syrup,
making it suitable for use as a food topping. A level control system (LT, LIC, and LV) maintains constant
syrup level inside the evaporator, while an analytical control system (AT, AIR, AC, and AV) monitors the
sugar concentration of the syrup and adjusts steam flow to the heat exchanger accordingly.

Steam
supply

Vapor compressor
Water vapor out

Evaporator
LT

AV

LIC
LV

Heat
exchanger

Concentrated
syrup out

Condensate
return to boiler
AT

Liquid pump
Syrup in
FT
AC

AIR

Suppose a process operator accidently leaves the manual block valve locked and tagged shut following an
overhaul of the process, so that no steam can enter the heat exchanger. Describe how both control systems
will respond over time to this process condition.
Suggestions for Socratic discussion
• Explain the function of a heat exchanger, describing its construction as well.
• Why do you think it is important to monitor and control the level of syrup inside the evaporator?
• How realistic do you think it is that a person might accidently leave their lock and tag on a closed valve
following a long period of down-time?
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Question 96
In this process, maple syrup is heated as it passes through a steam heat exchanger, then enters an
evaporator where the water boils off. The purpose of this is to raise the sugar concentration of the syrup,
making it suitable for use as a food topping. A level control system (LT, LIC, and LV) maintains constant
syrup level inside the evaporator, while an analytical control system (AT, AIR, AC, and AV) monitors the
sugar concentration of the syrup and adjusts steam flow to the heat exchanger accordingly.

Steam
supply

Vapor compressor
Water vapor out

Evaporator
AV

LT
LIC
LV

Heat
exchanger

Concentrated
syrup out

Condensate
return to boiler
AT

Liquid pump
Syrup in
FT
AC

AIR

Suppose the steam tubes inside the heat exchanger become coated with residue from the raw maple
syrup, making it more difficult for heat to transfer from the steam to the syrup. This makes the heat
exchanger less efficient, which will undoubtedly affect the process.
Describe in detail the effect this heat exchanger problem will have on the performance of the analytical
control system.
Suggestions for Socratic discussion
• Suppose the operations personnel of this maple syrup processing facility wished to have an automatic
method for detecting heat exchanger fouling. What variable(s) could be measured in this process to
indicate a fouled heat exchanger?
• What economic effect will this fouling have on the process? In other words, does the process become
more or less profitable as a result of the heat exchanger fouling?
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Question 97
In this process, maple syrup is heated as it passes through a steam heat exchanger, then enters an
evaporator where the water boils off. The purpose of this is to raise the sugar concentration of the syrup,
making it suitable for use as a food topping. A level control system (LT, LIC, and LV) maintains constant
syrup level inside the evaporator, while an analytical control system (AT, AIR, AC, and AV) monitors the
sugar concentration of the syrup and adjusts steam flow to the heat exchanger accordingly.

Steam
supply

Vapor compressor
Water vapor out

Evaporator
LT

AV

LIC
LV

Heat
exchanger

Concentrated
syrup out

Condensate
return to boiler
AT

Liquid pump
Syrup in
FT
AC

AIR

Suppose an operator notices the sugar concentration holding precisely to setpoint, and decides the
controller need not be in automatic mode anymore. After switching the AC to “manual” mode, the operator
then leaves the controller to attent to other duties.
Describe in detail the effect this change in controller mode may (or will) have on the operation of this
process.
Suggestions for Socratic discussion
• This is clearly not a recommended use of a controller’s “manual” mode. Describe at least one appropriate
use of manual mode, and explain why manual mode is such a valuable feature in a process controller.
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Question 98
In this process, maple syrup is heated as it passes through a steam heat exchanger, then enters an
evaporator where the water boils off. The purpose of this is to raise the sugar concentration of the syrup,
making it suitable for use as a food topping. A level control system (LT, LIR, LIC, and LV) maintains
constant syrup level inside the evaporator, while an analytical control system (AT, AIR, AIC, and AV)
monitors the sugar concentration of the syrup and adjusts steam flow to the heat exchanger accordingly.

Steam
supply

Vapor compressor
Water vapor out

Level gauge shows
50% level in evaporator

LG

PV = 52%

Evaporator

AV

LT

LIR

85% open

LIC
Heat
exchanger

24% open

PV = 52%
SP = 50%
Out = 22%

LV
Concentrated
syrup out

Condensate
return to boiler

Laboratory tests syrup
at 66% concentration

AT

Liquid pump
Syrup in
FT
AIC

AIR

PV = 34%
SP = 34%
Out = 86%

PV = 34%

Examine the live variable values shown in the above diagram, and then determine where any problems
may exist in this syrup concentrating system.
Suggestions for Socratic discussion
• A valuable principle to apply in a diagnostic scenario such as this is correspondence: identifying which
variables correspond at different points within the system, and which do not. Apply this comparative
test to the variables scenario shown in the diagram, and use the results to defend your answer of where
the problem is located and what type of problem it is.
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Question 99
Examine the following loop diagram:

Loop Diagram: #2 unit feed flow
Field process area

Revised by: Reynolds Navier-Stokes
Field P5
panel

Field P30
panel

TB64
FT
14

+
-

Blk

CBL 9

Wht

Blk

Wht

8
9

Blk
CBL 41

Wht

Wht

15
16

April 1, 2005

Control room

TB27

Blk

Date:

TB40

Blk

Blk
CBL 22

Wht

Wht

3
4

Blk
+24

Wht

+
250Ω
FY
14

FIR
14

L1
L2
G

Grn Blk
Wht

ES 120VAC
60 Hz
Tag number

Description

FT-14

Vortex flow transmitter

FY-14

250 Ω resistor

FIR-14

Paper chart recorder

Manufacturer

Model

Calibration

Notes

0-250 GPM
4-20 mA

Yokogawa
n/a

+/- 0.1 %

Bristol-Babcock

1-5 VDC

Trace the path of current in the signal wiring, then determine the following voltage drops at the respective
flow rates. Assume a power supply voltage of exactly 24 volts DC:
•
•
•
•

Voltage
Voltage
Voltage
Voltage

across FY-14 resistor =
; Flow rate = 100 GPM
; Flow rate = 200 GPM
between terminals TB40-3 and TB40-4 =
across FT-14 transmitter terminals =
; Flow rate = 175 GPM
; Flow rate = 200 GPM
between terminals TB64-8 and TB27-15 =
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Question 100
Calculate the voltage drops in this loop-powered 4-20 mA transmitter circuit for the current conditions
shown in the table:

A

C
E
+ 24 VDC
−

B
H

250 Ω

L

D
F

Loop-powered
4-20 mA
transmitter

Percent of range
0%
25 %
50 %
75 %
100 %

50 Ω
G

Transmitter current
4 mA
8 mA
12 mA
16 mA
20 mA

VCD

VEF

VF G

VAB

In order for a loop-powered transmitter such as this to function adequately, there must be a minimum
DC voltage between its terminals (VAB ) at all times. A typical value for this voltage is 12 volts (be aware
that this minimum voltage level varies considerably between different manufacturers and models!). Identify
what loop condition(s) may jeopardize this minimum supply voltage value, and how you as a technician
would ensure the transmitter always received enough voltage to function.
Suggestions for Socratic discussion
• If a technician happened to be measuring transmitter terminal voltage while the pressure applied to the
“H” port of the transmitter suddenly increased, would the measured voltage increase or decrease?
• This circuit shows two resistors, rather than just one. Identify a practical reason why a 4-20 mA loop
circuit might have multiple resistances in it.
• Demonstrate how to estimate numerical answers for this problem without using a calculator.
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Question 101
Read “The Lecture System In Teaching Science” by Robert T. Morrison, and article from the Journal
Undergraduate Education In Chemistry and Physics, October 18-19, 1985, pages 50 through 58. This article
is available in electronic form from the BTC campus library, as well as on the Internet (easily found by
performing a search). In it, Morrison outlines a teaching method referred to as the “Gutenberg Method.”
How is the Gutenberg Method as described by Morrison similar to the classroom structure in these
Instrumentation courses?

Identify in your own words at least two advantages the Gutenberg Method enjoys over standard lectures.

Explain how a person educated in this way might be better prepared for continuing education in the
workplace, compared to those who learned by lecture while in school.
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Question 102
Examine the state of this fluid-heating system:

Cold fluid
in

Position = 90% open

Air-to-open
valve
(3 PSI = shut)
(15 PSI = full open)

Transducer
I/P

Steam in

Heat exchanger
Controller

Temp = 160 oF

PV SP

Out

Air supply

o

PV = 167 F
SP = 250 oF
Out = 7%

Warm fluid
out

Steam out

Thermocouple
TT
Temperature
transmitter

The temperature of the exiting fluid is well below setpoint, so we know there is a problem somewhere
in this system.
Determine the diagnostic value of each of the following tests. Assume only one fault in the system,
including any single component or any single wire/cable/tube connecting components together. If a proposed
test could provide new information to help you identify the location and/or nature of the one fault, mark
“yes.” Otherwise, if a proposed test would not reveal anything relevant to identifying the fault (already
discernible from the measurements and symptoms given so far), mark “no.”
Diagnostic test
Measure millivolt signal output by thermocouple
Measure 4-20 mA signal output by TT
Measure 4-20 mA signal output by controller
Measure instrument air supply pressure to I/P
Measure 3-15 PSI signal output by I/P
Measure temperature of incoming steam and compare with normal

Yes

No

Also, explain the rationale of assuming only one fault when initially diagnosing a system problem. Why
not keep an open mind to include multiple faults when first assessing possibilities?
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Question 103
Suppose a technician wishes to use a loop calibrator to simulate a 4-20 mA signal to a controller, and
decides to connect the loop calibrator to the circuit like this:

250 Ω
H

+
−

L

mA

mA
READ VDC

OFF
% 4 to 20 mA

LOOP CALIBRATOR
POWER 2-WIRE
TRANSMITTERS

100%
20 mA

SOURCE
READ
2-WIRE
TRANSMITTER
SIMULATOR

ADJUST
4 mA
0%

Explain why this is an improper use of the loop calibrator, and what will happen if the technician tries
to simulate a 9 mA signal this way. Finally, identify the proper way to use the loop calibrator to simulate a
transmitter signal.
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Question 104
An electronic pressure transmitter has a calibrated range of 100 to 300 PSI, and its output signal range
is 4 to 20 mA. Complete the following calibration table for a calibration tolerance of +/- 0.5% (of span),
and be sure to show the equations used to calculate all the parameters given the percentage of span (x):
Input pressure
applied (PSI)

Percent of span
(%)
0
10
25
50
75
90
100

Output signal
ideal (mA)

Equations used:
Input pressure =
Output signal (ideal) =
Output signal (min.) =
Output signal (max.) =
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Output signal
min. (mA)

Output signal
max. (mA)

Question 105
Sketch the necessary wires between instruments in this pictorial diagram so that the controller will
receive a pressure measurement signal (4-20 mADC) from the loop-powered transmitter into its process
variable (PV) input terminals, and the control valve will be actuated by the controller’s 4-20 mA output
signal coming from the manipulated variable (MV) terminals. Be sure to include any necessary 120 VAC
power sources and wires!

4-20 mA loop-powered
process transmitter

24 VDC power supply
L1
L2

H

L
Honeywell UDC2000 controller
250 Ω
resistor

8
7

1-5 volt
PV input

6

20 PSI air supply

5
4

9
10
11

4-20 mA
MV output

12
13

L2

14

L1

15
16

I/P
transducer
Air tube

Sliding-stem
control valve

This question is typical of those in the “Pictorial Circuit Diagrams” worksheet found in the Socratic
Instrumentation practice worksheet collection, except that all answers are provided for those questions. Feel
free to use this practice worksheet to supplement your studies on this very important topic.
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Question 106
In preparation to disconnect and remove a variable-frequency AC motor drive (VFD) for replacement
with an upgraded model, an electrician shuts off the circuit breaker feeding the VFD, then places a lock and
an informational tag on that breaker so that no one turns it back on before he is done with the job.
The next step is to confirm the absence of dangerous voltage on the motor conductors before physically
touching any of them. This confirmation, of course, is done with a voltmeter, and we all know that voltage
is measured between two points. The question now is, how many different combinations of points must the
electrician measure between using his voltmeter to ensure there is no hazardous voltage present?
To circuit breaker

Motor
L1

L2

L3

VFD
T1

T2

T3

List all possible pairs of points the electrician must check for voltage between. Don’t forget to include
earth ground as one of those points, in addition to L1, L2, and L3!

Next, write a mathematical formula to calculate the number of point-pair combinations (i.e. the number
of different voltage measurements that must be taken) given N number of connection points in the circuit.
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Question 107
Calculate the amount of voltage between points A and B in this circuit. You must sketch polarity marks
(+ , -) on the schematic diagram to show the polarity of VAB , as well as show all of your mathematical work!

1k5

B

1k
20

A

4k7

690

250

As you solve this problem, be sure to store all intermediate calculations (i.e. answers given to you by
your calculator which you will use later in the problem) in your calculator’s memory locations, so as to avoid
re-entering those values by hand. Re-entering calculated values unnecessarily introduces rounding errors
into your work, as well as invites keystroke errors. Avoiding the unnecessary introduction of error is a very
important concept in Instrumentation!
If your final answers are rounded as a result of not doing this, you will only receive half-credit for your
work. This is a general policy for all your mathematical work in this program, not just this particular
problem!

Note: the task of analyzing any series-parallel resistor network is greatly simplified by an approach
outlined in the online textbook Lessons In Electric Circuits, in the “Series-Parallel Combination Circuits”
chapter. There, a technique is demonstrated by which one may reduce a complex series-parallel network
step-by-step into a single equivalent resistance. After this reduction, Ohm’s Law and Kirchhoff’s Laws of
voltage and current are applied while “expanding” the circuit back into its original form. Even though the
current notation in this textbook is electron flow rather than conventional flow, the series-parallel analysis
technique works all the same.
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Question 108
This liquid level sensor circuit uses a plastic-coated metal rod as one “plate” of a capacitor, and the
metal vessel as the other “plate” of the capacitor:

R
Probe

A
High-frequency
AC voltage source
Dielectric
sheath

Metal vessel

(plastic)

Liquid
(conductive)

Sketch an equivalent circuit showing the level sensing probe as an ideal circuit element, and then
determine the following if the liquid level in the vessel happens to increase:
• Probe capacitance: (increase, decrease, or remain the same)
• Capacitive reactance: (increase, decrease, or remain the same)
• AC voltage between point A and ground: (increase, decrease, or remain the same)
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Question 109
Small relays often come packaged in clear, rectangular, plastic cases. These so-called “ice cube” relays
have either eight or eleven pins protruding from the bottom, allowing them to be plugged into a special
socket for connection with wires in a circuit. Note the labels near terminals on the relay socket, showing the
locations of the coil terminals and contact terminals:

coil

Com #1

Com #2

coil

N.C. #1

N.C. #2

N.O. #2

Relay

N.O. #1

(top views)

Relay
socket

Draw the necessary connecting wires between terminals in this circuit, so that actuating the normallyopen pushbutton switch sends power from the battery to the coil to energize the relay:

+

-

Battery

Relay
(plugged into socket)

N.O.
switch

This question is typical of those in the “Pictorial Circuit Diagrams” worksheet found in the Socratic
Instrumentation practice worksheet collection, except that all answers are provided for those questions. Feel
free to use this practice worksheet to supplement your studies on this very important topic.
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Question 110
Suppose a voltmeter registers 0 volts between test points B and C in this circuit:

A

R2

B

C

1 kΩ
24 volts
(0.5 amps
current-limited)

+
−

R1

1 kΩ

R4

1 kΩ

R3
D

E

1 kΩ

F

Identify the likelihood of each specified fault for this circuit. Consider each fault one at a time (i.e. no
coincidental faults), determining whether or not each fault could independently account for all measurements
and symptoms in this circuit.
Fault
R1 failed open
R2 failed open
R3 failed open
R4 failed open
R1 failed shorted
R2 failed shorted
R3 failed shorted
R4 failed shorted
Voltage source dead

Possible

Impossible

This question is typical of those in the “Fault Analysis of Simple Circuits” worksheet found in the Socratic
Instrumentation practice worksheet collection, except that all answers are provided for those questions. Feel
free to use this practice worksheet to supplement your studies on this very important topic.
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Question 111
Lab Exercise
Your team’s task is to build a simple control loop consisting of a “smart” pressure transmitter, indicating
controller, I/P transducer, and control valve. This loop does not actually have to control anything, but it
must move the valve in response to a change in measurement when the controller is in the “automatic” mode.
The primary rule in this project is to keep everything simple! The time will come to study each loop
component in depth. For now, you are just learning how the various devices interconnect to form a complete
control system. This will give you perspective and context for your later studies. This same exercise of
building a simple control loop will be repeated at the end of every quarter (except Summer) by each student
individually as a “capstone” activity.
The following table of objectives show what you and your team must complete within the scheduled
time for this lab exercise. Note how some of these objectives are individual, while others are for the team as
a whole:
Objective completion table:
Performance objective
Manual control of final control element (FCE)
Transmitter senses process
FCE responds to process change (auto mode)
Use loop calibrator to measure transmitter signal
Use loop calibrator to source signal to FCE
Use loop calibrator to simulate transmitter
Loop diagram and inspection
Connect a tube to a Swagelok style fitting
Lab question: Instrument installation
Lab question: Commissioning
Lab question: Mental math
Lab question: Diagnostics
Decommission and lab clean-up
Personal tool kit complete (show on last day)

Grading
mastery
mastery
mastery
mastery
mastery
mastery
mastery
mastery
proportional
proportional
proportional
proportional
mastery
mastery

1
–
–
–
–
–
–

2
–
–
–
–
–
–

3
–
–
–
–
–
–

4
–
–
–
–
–
–

Team

–
–
–
–
–
–
–

–

–

–
–
–
–
–
–

–
–
–
–
–
–

–
–
–
–
–
–

–
––––

The only “proportional” scoring in this activity are the lab questions, which are answered by each student
individually. A listing of potential lab questions are shown at the end of this worksheet question. The lab
questions are intended to guide your labwork as much as they are intended to measure your comprehension,
and as such the instructor may ask these questions of your team day by day, rather than all at once (on a
single day).
It is essential that your team plans ahead what to accomplish each day. A short (10
minute) team meeting at the beginning of each lab session is a good way to do this, reviewing
what’s already been done, what’s left to do, and what assessments you should be ready for.
There is a lot of work involved with building, documenting, and troubleshooting these working
instrument systems!
As you and your team work on this system, you will invariably encounter problems. You should always
attempt to solve these problems as a team before requesting instructor assistance. If you still require
instructor assistance, write your team’s color on the lab whiteboard with a brief description of what you
need help on. The instructor will meet with each team in order they appear on the whiteboard to address
these problems.
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Lab Exercise – safety first!

Before you begin working in the lab room, let’s identify the locations of some important items:
• First-aid kit (near the north-west exterior door)
• Fire extinguisher (near the main lab entrance door)
• Chemical shower (near the main lab entrance door)
• Sink with eyewash nozzles (on the south end of the lab)
• Emergency power shut-off buttons (near the main lab entrance door)
• Emergency procedures handbook (on the south end of the main control panel)
• Danger tags, for tagging out equipment (near the main control panel)
• Extra safety glasses and goggles (near the instructors’ office doors)
• Step-ladders (north-east corner of lab room)

You must adhere to these safety rules at all times when working in the lab:
• No open-toed shoes (e.g. sandals) allowed in the lab!
• Eye protection must be worn at all times in the lab room!
• Never use a power tool you are unfamiliar with. Get assistance from the instructor before using it for
the first time! An instructor must be present in the room if you are using a power tool.
• No work with dangerous voltages (anything greater than 24 volts) without an instructor present in the
room!
• Hearing protection must be worn when working around or with loud tools!
→ Chop saw
→ Hand drill (using hole saw)
• Always use a step-ladder, never a chair, to reach for something in a high location!
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Lab Exercise – building the system (connecting final control element to loop controller output)
The Instrumentation lab is set up to facilitate the construction of working instrument “loops,” with over
a dozen junction boxes, pre-pulled signal cables, and “racks” set up with 2-inch vertical pipes for mounting
instruments. The only wires you should need to install to build a working system are those connecting the
field instrument to the nearest junction box, and then small “jumper” cables connecting different pre-installed
cables together within intermediate junction boxes.
Your completed loop system will consist of a measurement device (a pressure “transmitter”), a control
device (a “loop controller”), and a final control element (a “control valve”). It is simplest to begin connecting
the control valve to the loop controller before connecting the pressure transmitter. Select a station somewhere
in the lab where a control valve and I/P transducer are already mounted and ready to use, then have the
instructor help your team select an appropriate loop controller. Connecting these two devices should be the
focus of your first lab session.
The control valve will need a supply of pressurized air to function. Compressed air is available at all
“utility columns” in the lab room, and along some of the instrument racks as well (through stainless-steel
tubes). Make the connection between the nearest air supply and the control valve using a length of plastic
tubing with pre-attached tube fitting nuts and ferrules at the end. To see how tube fittings are assembled,
you might want to inspect one of the pre-built systems in the lab to see how tubes are attached to instruments
there. The following diagram shows how the loop controller will be connected to the control valve:

Controller
PV
Control valve
SP

20 PSI
instrument
air supply

Out
A

air tubing

/M

air tubing
I

Dependent
current
source

/P

2-wire cable

I/P transducer
(Current-to-Pressure converter)

Junction points in between not shown

Another detail you will need to address when constructing your loop is to run all field wiring through
flexible, liquid-tight conduit. This ensures all field wiring is protected from snagging and damage. Once
again, you are encouraged to inspect one of the pre-built systems in the lab to see how liquid-tight conduit
should be installed.
You have several options for loop controllers in the lab room: panel-mounted controllers (located on
the main control panel), remote-mounted PLC units (located in some of the junction boxes), and the lab’s
DCS with two “nodes” located at the north and south ends of the lab room. You will need to consult
documentation for each of these loop controller types to see which terminals you connect the valve’s signal
wiring to. The PLC and DCS controllers have wiring diagrams located in the junction boxes. The panelmounted loop controllers are documented in user’s manuals.
Once the control valve has been successfully connected to the loop controller’s output terminals, you
may place the controller in “Manual” mode and use it to command the valve to move through its full range.
This is the first “loop check” test of your team’s system.
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Lab Exercise – building the system (pipe versus tube fittings)
One of the “just-in-time” learning activities students encounter in their first loop construction exercise
is how to deal with pipe versus tube fittings. Those students familiar with household plumbing will already
be familiar with pipe fittings, but instrument tube fittings are new to almost all new students.
A pipe fitting is designed to join rigid metal pipes to other metal pipes and/or to instruments with fluid
pressure ports. Standard American pipe threads are tapered, which means they achieve a leak-free connection
by tightening with significant torque. An essential detail to address with pipe fittings is how to seal and
lubricate these tapered threads. This is done by applying either pipe thread compound (pipe “dope”), Teflon
tape, or other sealant materials to the mating threads prior to assembly. Failure to apply sealant to pipe
threads will result in leaks and possibly damaged pipe fittings!
By contrast, a tube fitting is designed to join rigid or flexible tubes to other tubes and/or to pipe threads.
Instrument-grade tube fittings achieve a seal by using compression to force a small metal ring (called the
ferrule) to grip the circumference of a tube with just the right amount of tension. Instrument tube fitting
threads are straight (not tapered), which means they do not become progressively tighter in the same way
tapered pipe fittings do. No thread sealant (e.g. Teflon tape) is required to make tube fittings seal, just the
proper amount of compression. In fact, thread sealant actually gets in the way of making a good seal with
instrument tube fittings.
The standard amount of tightening for initial assembly of 1/4 inch and 3/8 inch Swagelok brand
instrument tube fittings (“swaging” the ferrule around the tube for the first time) is one and one-quarter
turns (1-1/4 turns). Re-making a tube fitting requires only that the nut be “snugged,” not re-tightened
1-1/4 turns!
For more detail on this important subject, refer to the “Pipe and Pipe Fittings” and “Tube and Tube
Fittings” sections of the “Instrument Connections” chapter of your Lessons In Industrial Instrumentation
textbook. Other good resources include documentation from pipe and tube fitting manufacturers. Both
Swagelok and Parker publish free guides on the assembly and use of both types of fittings.
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Lab Exercise – building the system (connecting transmitter to loop controller input)
The next step in building your team’s loop is to connect the sensing device (the “transmitter”) to the
loop controller. The recommended type of transmitter to use in this lab exercise is a differential pressure
transmitter, since this is one of the most common and versatile sensing instruments in all of industrial
instrumentation.
Your team’s station in the lab room will not come pre-equipped with a transmitter as it did with a
control valve. This means you must select a working transmitter from the storage cabinet to install in your
system. Look for a transmitter that has been tagged with a label declaring it to be in good working order.
Transmitters are designed to bolt to special brackets, which in turn fasten to 2-inch pipe using a U-bolt.
All lab stations have sections of 2-inch iron pipe installed just for this purpose. Find a suitable bracket,
bolts, and U-bolt to mount your transmitter to the pipe nearest your control valve. Please note that the
bolts threading into the transmitter body have a fine-thread pitch that is different from ordinary bolts. A
collection of these bolts is located in the same storage cabinet as the transmitters and the mounting brackets.
As with the valve’s control wiring, the only wires you should need to install to connect the transmitter
to the controller are those connecting the field instrument to the nearest junction box, and then small
“jumper” cables connecting different pre-installed cables together within intermediate junction boxes. The
pre-installed multi-conductor cables will span most of the distance between your transmitter and your loop
controller.
Consult manufacturer’s documentation to see how to make the wiring connections between the
transmitter and the loop controller (consulting the pre-printed wiring diagrams for wiring details on the
PLC and DCS controllers). You may find user’s manuals for the pressure transmitters online (the Internet).
Once the transmitter has been successfully connected to the loop controller’s output terminals, you may
apply an air pressure to the transmitter’s “high” pressure port and watch the controller’s “process variable”
display to see the indication rise. Options for applying air pressure include another tube coming from an air
supply regulator, or a hand-held air pump. This is the second “loop check” test of your team’s system.
After verifying the transmitter’s ability to sense process pressure, you are ready to verify that the
controller works in “Automatic” mode. To do this test, first place the controller in Manual mode and move
the output value to approximately 50% – this should move the control valve half-way open. Next, switch the
controller mode to Automatic, then apply a pressure to the transmitter’s port. As the controller senses a
rising pressure, it will act to change the control valve’s position. This is what it would do in a real, working
process loop: move the final control element in response to changes in the process variable. This is the third
“loop check” of your team’s system.
Common mistakes:
• Neglecting to consult the manufacturer’s documentation for field instruments (e.g. how to wire them,
how to calibrate them).
• Mounting the field instrument(s) in awkward positions, making it difficult to reach connection terminals
or to remove covers when installed.
• Improper pipe/tube fitting installation (e.g. trying to thread tube fittings into pipe fittings and visaversa).
• Failing to tug on each and every wire where it terminates to ensure a mechanically sound connection.
• Students working on portions of the system in isolation, not sharing with their teammates what they
did and how. It is important that the whole team learns all aspects of their system!
If a team is working efficiently, they should be able to connect both the control valve and
the transmitter to a controller, demonstrating the functions of each component within the
span of one 3-hour lab session.
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Lab Exercise – using a loop calibrator
Aside from your multimeter, one of the most important tools for the instrument technician to master
is the loop calibrator. These are special milliammeters equipped with the ability to generate 4-20 milliamp
signals as well as measure them. As a team, you and your teammates will demonstrate the use of a loop
calibrator to:
• Measure the 4-20 mA signal sent by the transmitter to the controller
• Source a 4-20 mA signal to the control valve (taking the place of the controller)
• Simulate a transmitter to send your own 4-20 mA signal to the controller
Details on the use of loop calibrators may be found in the “Using Loop Calibrators” subsection of
the “Troubleshooting Current Loops” section of the “Analog Electronic Instrumentation” chapter in your
Lessons In Industrial Instrumentation textbook.
Loop calibrators, along with some other specialized tools, may be found in the team tool locker. Each
team has a color-designated locker in the lab room containing certain specialized tools you are not expected
to own. Each team is responsible for ensuring these tools get put back into the locker at the end of each lab
session, that the locker is locked at the end of each lab session, that all tools are kept in good working order,
and also that the tool lockers remain free of personal items. Each tool locker will be inspected at the end of
the quarter, with team members held responsible for replacing any missing tools at their own expense.
It should be noted that each locker contains an itemized list of all contents, which should be periodically
checked to ensure nothing is missing.
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Lab Exercise – documenting the system
Each student must sketch their own loop diagram for their team’s system, following proper ISA
conventions. Sample loop diagrams are shown in the next question in this worksheet, and a loop diagram
“template” is included at the end of this question (although this template may not precisely match the
instruments you have chosen for your loop). These loop diagrams must be comprehensive and detailed,
showing every wire connection, every cable, every terminal block, range points, etc. The principle to keep in
mind here is to make the loop diagram so complete and unambiguous that anyone can follow it to see what
connects to what, even someone unfamiliar with industrial instrumentation. In industry, loops are often
constructed by contract personnel with limited understanding of how the system is supposed to function.
The loop diagrams they follow must be so complete that they will be able to connect everything properly
without necessarily understanding how it is supposed to work.
Every instrument and every signal cable in your loop needs to be properly labeled with an ISA-standard
tag number. An easy way to do this is to wrap a short piece of masking tape around each cable (and placed
on each instrument) then writing on that masking tape with a permanent marker. Although no industry
standard exists for labeling signal cables, a good recommendation is to label each two-wire cable with the
tag number of the field instrument it goes to. Thus, every length of two-wire cable in a pressure transmitter
circuit should be labeled “PT-x” (where “x” is the loop number), every flow control valve should be labeled
“FV-x”, etc. Remember that the entire loop is defined by the process variable it measures: if the PV is
temperature then the transmitter with be a TT, the control valve will be a TV, the controller with be a TC,
etc.
When your entire team is finished drafting your individual loop diagrams, call the instructor to do an
inspection of the loop. Here, the instructor will have students take turns going through the entire loop,
with the other students checking their diagrams for errors and omissions along the way. During this time
the instructor will also inspect the quality of the installation, identifying problems such as frayed wires,
improperly crimped terminals, poor cable routing, missing labels, lack of wire duct covers, etc. The team
must correct all identified errors in order to receive credit for their system.
After successfully passing the inspection, each team member needs to place their loop diagram in the
diagram holder located in the middle of the lab behind the main control panel. When it comes time to
troubleshoot another team’s system, this is where you will go to find a loop diagram for that system!
Common mistakes:
•
•
•
•
•
•

Forgetting to label all signal wires (see example loop diagrams).
Forgetting to label all field instruments with their own tag names (e.g. PT-83, PIC-83, PV-83).
Forgetting to note all wire colors.
Forgetting to put your name on the loop diagram!
Basing your diagram off of a team-mate’s diagram, rather than closely inspecting the system for yourself.
Not placing loop sheet instruments in the correct orientation (field instruments on the left, control room
instruments on the right).

Creating and inspecting accurate loop diagrams should take no more than one full lab
session (3 hours) if the team is working efficiently!
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Lab questions
It is each team’s responsibility to study for these lab questions, and to be prepared to answer them
throughout the loop construction and testing process. These questions serve not only to measure your
progress, but also to guide your progress as you construct, test, and diagnose your loop systems. Teams are
encouraged to review this question list during each lab session’s initial planning time, to assess how far they
have progressed in their understanding of the system and how far they still need to go.
Certain lab questions such as those under “Instrument installation” should be answerable by every team
member as soon as the loop is constructed. The instructor will meet with each team to quiz them on these
lab questions at appropriate times throughout the multi-day lab exercise. Doing this helps encourage each
team to progress at a good pace, stay abreast of the learning objectives, and also avoid a “rush” at the final
deadline date for answering all lab questions.
Instrument installation
Demonstrate proper termination of a wire into a modular terminal block
Demonstrate proper screwdriver selection and use on instrument screw terminals
Demonstrate how to break and re-make an instrument tube connection (i.e. on a tube that has already
been properly “swaged”)
• Explain the difference between a pipe and a tube fitting, using real fittings as examples
• Identify where the danger tags are kept (for tagging out devices)
•
•
•
•

• Commissioning and Documentation
• Demonstrate how to isolate potentially hazardous energy in your system (lock-out, tag-out) and also
how to safely verify the energy has been isolated prior to commencing work on the system
• Demonstrate how a sound electrical connection is made at each terminal block
• Identify the “high” and “low” pressure ports on your pressure transmitter, and explain their significance
• Explain the difference between direct and reverse controller action
• Explain in simple terms how a varying air pressure actuates the control valve mechanism
• Identify multiple locations (referencing a loop diagram) you may measure various 4-20 mA instrument
signals in the system
•
•
•
•
•
•
•

Mental math (no calculator allowed!)
Calculate the pneumatic pressure in a 3-15 PSI range corresponding to x percent.
Calculate the electrical current in a 4-20 mA range corresponding to x percent.
Calculate the electrical voltage in a 1-5 volt range corresponding to x percent.
Calculate the percentage value of a pneumatic pressure signal x PSI in a 3-15 PSI range.
Calculate the percentage value of an electrical current signal x mA in a 4-20 mA range.
Calculate the percentage value of an electrical voltage signal x volts in a 1-5 volt range.

• Diagnostics
• “Virtual Troubleshooting” – referencing their system’s diagram(s), students propose diagnostic tests
(e.g. ask the instructor what a meter would measure when connected between specified points; ask the
instructor how the system responds if test points are jumpered) while the instructor replies according
to how the system would behave if it were faulted. Students try to determine the nature and location
of the fault based on the results of their own diagnostic tests.
• Given a particular component or wiring fault (instructor specifies type and location), what symptoms
would the loop exhibit and why?
• Given a 0 volt measurement (instructor specifies location), what fault(s) could that indicate in the loop
and why?
• Given a certain voltage measurement (instructor specifies voltage and location), what fault(s) could that
indicate in the loop and why?
• Given a certain pressure measurement (instructor specifies pressure and location), what fault(s) could
that indicate in the loop and why?
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Lab Exercise – decommissioning and clean-up
The final step of this lab exercise is to decommission your team’s entire system and re-stock certain
components back to their proper storage locations, the purpose of which being to prepare the lab for the
next lab exercise. Remove your system documentation (e.g. loop diagram) from the common holding area,
either discarding it or keeping it for your own records. Also, remove instrument tag labels (e.g. FT-101)
from instruments and from cables. Perform general clean-up of your lab space, disposing of all trash, placing
all tools back in their proper storage locations, sweeping up bits of wire off the floor and out of junction
boxes, etc.
Leave the following components in place, mounted on the racks:
•
•
•
•
•
•
•

Large control valves and positioners
I/P transducers
Large electric motors
Large variable-frequency drive (VFD) units
Cables inside conduit interconnecting junction boxes together
Pipe and tube fittings (do not unscrew pipe threads)
Supply air pressure regulators
Return the following components to their proper storage locations:

•
•
•
•
•
•

Sensing elements (e.g. thermocouples, pH probes, etc.)
Process transmitters
“Jumper” cables used to connect terminal blocks within a single junction box
Plastic tubing and tube fittings (disconnect compression-style tube fittings)
Power cables and extension cords
Adjustment (loading station) air pressure regulators

Finally, you shall return any control system components to their original (factory default) configurations.
This includes controller PID settings, function block programs, input signal ranges, etc.
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Cable
ES 120 VAC
Breaker #

AS 20 PSI
Column #

Tag number

Description
Transmitter
Resistor
Controller
I/P transducer
Control valve

Manufacturer

Model

Calibration

Notes

Go to the answer section for this question to see an example loop diagram!
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Loop Diagram:

Question 112
The Rules of Fault Club
(1) Don’t try to find the fault by looking for it – perform diagnostic tests instead
(2) Don’t try to find the fault by looking for it – perform diagnostic tests instead!
(3) The troubleshooting is over when you have correctly identified the nature and location of the fault
(4) It’s just you and the fault – don’t ask for help until you have exhausted your resources
(5) Assume one fault at a time, unless the data proves otherwise
(6) No new components allowed – replacing suspected bad components with new is a waste of time and
money
(7) We will practice as many times as we have to until you master this
(8) Troubleshooting is not a spectator sport: you have to troubleshoot!
These rules are guaranteed to help you become a better troubleshooter, and will be consistently
emphasized by your instructor.
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Tag #

Description

Manufacturer

Model

Input range

Output range

Notes

Loop diagram template

Loop Diagram:

Loop diagram requirements
Perhaps the most important rule to follow when drafting a loop diagram is your diagram should be
complete and detailed enough that even someone who is not an instrument technician could understand
where every wire and tube should connect in the system!
Instrument “bubbles”
Proper symbols and designations used for all instruments.
All instrument “bubbles” properly labeled (letter codes and loop numbers).
All instrument “bubbles” marked with the proper lines (solid line, dashed line, single line, double lines,
no lines).
• Optional: Calibration ranges and action arrows written next to each bubble.
•
•
•
•

• Text descriptions
• Each instrument documented below (tag number, description, etc.).
• Calibration (input and output ranges) given for each instrument, as applicable.
•
•
•
•
•
•
•

Connection points
All terminals and tube junctions properly labeled.
All terminal blocks properly labeled.
All junction (“field”) boxes shown as distinct sections of the loop diagram, and properly labeled.
All control panels shown as distinct sections of the loop diagram, and properly labeled.
All wire colors shown next to each terminal.
All terminals on instruments labeled as they appear on the instrument (so that anyone reading the
diagram will know which instrument terminal each wire goes to).

• Cables and tubes
• Single-pair cables or pneumatic tubes going to individual instruments should be labeled with the field
instrument tag number (e.g. “TT-8” or “TY-12”)
• Multi-pair cables or pneumatic tube bundles going between junction boxes and/or panels need to have
unique numbers (e.g. “Cable 10”) as well as numbers for each pair (e.g. “Pair 1,” “Pair 2,” etc.).
• Energy sources
• All power source intensities labeled (e.g. “24 VDC,” “120 VAC,” “20 PSI”)
• All shutoff points labeled (e.g. “Breaker #5,” “Valve #7”)
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Type K
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Sample Loop Diagram (using a single-loop controller)

Loop Diagram: Furnace temperature control

Revised by: Duncan D.V.
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Description

Manufacturer

Model

Input range Output range

PT-73
PT-6

Pressure transmitter

Rosemount

3051CD

0-50 PSI

4-20 mA

PIC-73
PIC-6

Controller

Emerson

DeltaV

4-20 mA

4-20 mA

PY-73
PY-6

I/P transducer

Fisher

846

4-20 mA

3-15 PSI

PV-73
PV-6

Control valve

Fisher

Vee-ball

3-15 PSI

0-100%

Notes
HART-enabled input
Direct-acting control

Fail-open

Sample Loop Diagram (using DCS controller)

Loop Diagram: Blue team pressure loop
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LV
24

D
Tube LV-24

Tag #

Description

LT-24

Supply

A.S. 21 PSI

Tube LV-24

Manufacturer

Model

Input range

Output range

Level transmitter

Foxboro

13A

25-150 "H2O

3-15 PSI

LIC-24

Controller

Foxboro
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3-15 PSI

3-15 PSI

LV-24

Control valve

Fisher

Easy-E / 667

3-15 PSI

0-100%

Notes

Fail closed

Sample Loop Diagram (using pneumatic controller)

Loop Diagram: Sludge tank level control
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Sample Loop Diagram (using PLC, with electronic positioner installed on valve)

1762-IF4 input
4-20 mA
1762-OF4 output 4-20 mA

Fail-closed

Notes
Square-root characterization

4 mA = fully closed
20 mA = fully open

4-20 mA output

0-100" WC input

1A
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Com
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Blu

Manufacturer

3051S
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Rosemount
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Allen-Bradley

C-More
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FT-18
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AutomationDirect
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HMI touch-panel

Fisher

Tag number
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Flow valve with positioner

ED / 667
DVC6010

FV-18
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Question 113
The INST200 mastery exam reviews several foundational concepts in electric and electronic circuits.
Here are some resources for you to study in preparation for this exam:
Circuit sketching
• “Pictorial Circuit Diagrams” worksheet, found in the Practice Problem Worksheets page of the Socratic
Instrumentation project
→ (http://www.ibiblio.org/kuphaldt/socratic/sinst/doc/practice.html)

• “Bipolar Junction Transistors as Switches” worksheet, found in the Topical Worksheets page of the
Socratic Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
• “Potentiometers” worksheet, found in the Topical Worksheets page of the Socratic Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

DC circuits
• “Voltage Divider Circuits” worksheet, found in the Topical Worksheets page of the Socratic Electronics
project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
• “Current Divider Circuits” worksheet, found in the Topical Worksheets page of the Socratic Electronics
project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

• “Kirchhoff ’s Laws” worksheet, found in the Topical Worksheets page of the Socratic Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
• “Time Constant Circuits” worksheet, found in the Topical Worksheets page of the Socratic Electronics
project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

• “Power Conversion Circuits” worksheet, found in the Topical Worksheets page of the Socratic
Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
Mathematics
• “Fundamental Principles of Algebra” worksheet, found in the Practice Problem Worksheets page of the
Socratic Instrumentation project
→ (http://www.ibiblio.org/kuphaldt/socratic/sinst/doc/practice.html)
• “Trigonometry for AC Circuits” worksheet, found in the Topical Worksheets page of the Socratic
Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

• “Applications of Trigonometry” worksheet, found in the Practice Problem Worksheets page of the
Socratic Instrumentation project
→ (http://www.ibiblio.org/kuphaldt/socratic/sinst/doc/practice.html)
Circuit fault analysis
• “Basic Circuit Troubleshooting” worksheet, found in the Topical Worksheets page of the Socratic
Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
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• “Fault Analysis of Simple Circuits” worksheet, found in the Practice Problem Worksheets page of the
Socratic Instrumentation project
→ (http://www.ibiblio.org/kuphaldt/socratic/sinst/doc/practice.html)
AC circuits
• “Series and Parallel AC Circuits” worksheet, found in the Topical Worksheets page of the Socratic
Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
• “Passive Filter Circuits” worksheet, found in the Topical Worksheets page of the Socratic Electronics
project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

• “Step-Up, Step-Down, and Isolation Transformer Circuits” worksheet, found in the Topical Worksheets
page of the Socratic Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
Operational amplifier circuits
• “Open Loop Opamp Circuits” worksheet, found in the Topical Worksheets page of the Socratic
Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

• “Negative Feedback Opamp Circuits” worksheet, found in the Topical Worksheets page of the Socratic
Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

• “Inverting and Noninverting Opamp Voltage Amplifier Circuits” worksheet, found in the Topical
Worksheets page of the Socratic Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
Electromechanical relay circuits
• “Basic Relays” worksheet, found in the Topical Worksheets page of the Socratic Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

• “Electromechanical Relay Logic” worksheet, found in the Topical Worksheets page of the Socratic
Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

Semiconductor logic circuits
• “TTL Logic Gates” worksheet, found in the Topical Worksheets page of the Socratic Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
• “CMOS Logic Gates” worksheet, found in the Topical Worksheets page of the Socratic Electronics
project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)

• “Basic Logic Gate Troubleshooting” worksheet, found in the Topical Worksheets page of the Socratic
Electronics project:
→ (http://www.ibiblio.org/kuphaldt/socratic/doc/topical.html)
file i02999
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Answers
Answer 1
A survey of some industries applying measurement and control technology
Electric power generation:

Photos taken at the Satsop nuclear generating station in Washington.

Combined-cycle (gas turbine plus steam turbine) power plant, fueled by natural gas, in Ferndale, Washington.
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Antelope Valley coal-fired power plant in Beulah, North Dakota.

Hydroelectric turbine generators at Grand Coulee Dam in Washington.

134

Oil and natural gas exploration/production:

BP Exploration’s “Atlantis” offshore rig while under construction.

BTC Instrumentation grad Paige repairing flare ignitors on an offshore rig in the Gulf of Mexico.
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Oil well drilling rig in the Bakken oil play (Stanley, North Dakota). These rigs drill approximately 2 miles
down, then drill horizontally and fracture the shale rock to allow oil to seep out and be collected.

Oil wellhead and pump in Stanley, North Dakota.
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Oil refining:

The Phillips66 refinery in Ferndale, Washington.
Coal gasification:

Dakota Gasification plant in Beulah, North Dakota. Produces synthetic natural gas, ammonia, and a variety
of other high-value chemical products from coal. A majority of the carbon dioxide produced in this process
is captured and piped to oil fields in Canada for enhanced recovery operations, where the CO2 gas ends up
sequestered in underground wells.
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Pharmaceutical manufacturing:

Photos taken at Zymogenetics in Seattle. Sorry – they wouldn’t let me snap any pictures of the really cool
stuff !
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Natural gas compression and distribution:

Williams Northwest Pipeline’s gas compression facility in Sumas, Washington.

Large reciprocating (piston) engine used to compress natural gas.
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Food processing and packaging:

Plant floor at Nature’s Path Foods in Blaine, Washington.

Automated boxing machine for cereal.
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Alcohol production and bottling:

Mash tuns and bottling line at RedHook Brewery in Woodinville, Washington.
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Municipal water and wastewater treatment:

Potable water filtering at the city of Arlington, Washington.

Wastewater clarification at West Point treatment facility in King County (Seattle), Washington.
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Electrical power distribution:

Bonneville Power Administration’s Custer, Washington substation switchyard (500,000 volts).
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Lumber milling and treatment:

A computer-controlled drilling machine places holes into a wooden power line crossarm.

A retort used to pressure-treat lumber.
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Aerospace:

Photos taken at NASA’s rocket engine test facility in Stennis, Mississippi.
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Instrument control circuit layout and design:

A typical screenshot of AutoCAD being used to draft a P&ID for an oil refinery unit.

“Potline” buildings at the Alcoa/Intalco aluminum smelter in Ferndale, Washington.
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PLC programming (control system design engineering):
in_start_switch

in_stop_switch

run_enable

run_enable

in_psl

in_psh

run_enable

out_comp_motor

out_comp_motor

out_comp_motor

RTO
Retentive Timer On
Timer

run_time

Time Base
Preset

3600000
0

CTU
Count Up
Counter

hours.dn

DN

0.001

Accum
run_time.dn

EN

CU
hours

Preset

250

Accum

0

DN

out_warning_light

in_reset_switch

hours
RES

run_time.dn

run_time
RES

in_reset_switch

A typical PLC “ladder logic” program for an air compressor controlled by a Rockwell ControlLogix 5000 PLC
is shown here.
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Environmental monitoring:

A Sutro weir used to measure the flow of water out of lake Padden in Bellingham, Washington.
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Renewable energy:

Pacific Northwest National Laboratory’s experimental algae ponds for solar-to-biomass conversion. Photo
courtesy Department of Energy.

Sandia National Laboratory’s pulsed power device used to conduct experiments in nuclear fusion, and also to
test the effects of electromagnetic pulse energy on military hardware. Photo courtesy Department of Energy.
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Wind turbines at the Wild Horse wind farm near Ellensburg, Washington.

Photovoltaic array at the Wild Horse wind farm near Ellensburg, Washington.
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Mining:

BTC Instrumentation grads Micah and Mark working on a control valve near an ore crushing mill in Alaska.

151

Control valve service:

Typical “As-Found” and “As-Left” page of a control valve rebuild report.
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Contract instrumentation work:

BTC Instrumentation grad Corey services a control valve at a Wyoming oil refinery during a winter shutdown.
Other career sectors not shown in this photo collection include (but are not limited to):
•
•
•
•
•
•
•
•
•
•
•
•
•

Wood pulp and paper production
Manufacturing assembly lines
Automotive research and development
Chemical processing
Metals refining and foundries
Weight scale and weighfeeder service
Calibration standard laboratories
University campus utility work
Geological monitoring (volcano monitoring)
Robotics
CNC machine tool maintenance
Remotely piloted vehicles
Instrumentation sales

Answer 2
Answer 3
Answer 4
Answer 5
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Answer 6
Answer 7
The general philosophy of education in these courses may be summed up in a proverb:
“Give a man a fish and you feed him for a day. Give a man a fishing pole and you feed
him for life.”
Instrumentation is a highly complex, fast-changing career field. You will not survive, much less thrive,
in this field if all you can ever learn is what someone directly teaches you. In order to stay up-to-date with
new technology, figure out solutions to novel problems, and adapt to a changing profession, you absolutely
must possess independent learning ability. You must be able to “fish” for new knowledge and understanding
on your own. These courses are designed to foster this higher-level skill.
Answer 8
A mastery assessment is one that must be passed with a 100% score (no errors). Mastery assessments
are usually given with multiple opportunities to pass. The basic idea is, you try and try until you get it
perfect. This ensures mastery of the concept, hence the name.
By contrast, a proportional-graded assessment is one where you do not have to achieve perfection to pass.
Most of the tests and assignments you have completed in your life are of this type. A grade (percentage,
ranking, and/or letter) is given based on how well you answer the question(s).
In all the Instrumentation courses, all exams have both mastery and proportional sections. Lab exercises
likewise have both mastery and proportional sections as well. Preparation and feedback grades are strictly
proportional, with no mastery component.
Follow-up question: what happens if you fail to fulfill a mastery assessment within the allotted time?
Answer 9
Each student is allowed a certain number of hours absence time per quarter (refer to the syllabus for
the exact number!), to be used for absences of any reason. Absences exceeding this number of hours will
result in grade deductions (refer to the syllabus to see how severe!). Unused absence hours may be donated
by students to their classmates at the end of each quarter to help out fellow students in need.
Answer 10
Contacting your instructor and team-mates allows you to keep abreast of any new developments, and
find out how you can participate (if possible) during your absence. For instance, there may be something
your lab team could have you research while you’re out, to bring back to school the next day.
Answer 11
If you find yourself completely lost on a question or on a portion of the assigned reading despite having
exhausted all available study time before class, you should highlight these specific points in your notes and
seek help immediately at the beginning of class time. Chances are, you won’t be the only person with that
same question, and your query at the beginning of class will help others too!
Answer 12
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Answer 13
An anecdote to relate regarding active reading on challenging subjects is when I had to study policy
statements at BTC in preparation for an accreditation audit. The texts were long, boring, and I had little
interest in their particulars. I found myself nodding off as I tried to read the policy statements, and unable
to explain the meaning of what I had just read. Finally, I forced myself to outline each section of these policy
papers in my own words, paragraph by paragraph, until I could articulate their meaning. To be sure, this
technique took longer than simply reading the text, but it was far more effective than plain reading (even
with underlining and highlighting!).
I’ve successfully applied similar strategies studying labor contracts for my work with the union at BTC.
Several times I’ve been called upon to research policies in other college contracts, and I have done so (again)
by summarizing their statements in my own words to ensure I am comprehending them as I read.
Answer 14
The ammeter shows R2 carrying all the current, therefore either R2 must be shorted or R1 must be
open.
Fault
R1 failed open
R2 failed open
R3 failed open
R1 failed shorted
R2 failed shorted
R3 failed shorted
Current source dead

Possible
√

√

Answer 15
Answer 16
Answer 17
Answer 18
Answer 19
Answer 20
Answer 21
Answer 22
Answer 23
Answer 24
Answer 25
Answer 26
Answer 27
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Impossible
√
√
√
√
√

Answer 28
If pressure falls, PIC should increase fuel to burner.
As feedwater pump wears, LIC should open valve more.
The operator could use manual mode to gradually heat boiler during start-up, or to shut it down.
I’ll let you figure out what the LIC would indicate!
Answer 29
The fault is an “open,” between points E and F.
Answer 30
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Answer 31
•
•
•
•
•
•
•
•
•
•
•
•

Process: the water and all associated vessels, pipes, and pump
Primary sensing element: float
Final control element: pump
Measurement range: 20 ft to 30 ft
Lower-Range Value (LRV): 20 ft
Upper-Range Value (URV): 30 ft
Measurement span: 10 ft
Indicator: pointer and scale
Transmitter: lever, fulcrum, and cables
Controller: bored person
Measured Variable (or Process Variable): water level
Controlled Variable (or Manipulated Variable): pump speed (on/off status)

The distinction between measurement range, LRV, URV, and span is important. What we are measuring
here is water level in the tank between the 20 and 30 foot marks. The difference in level between these marks
is what we call the span. So in this case we have a span of 10 feet (30 feet − 20 feet). The LRV is the lower
end of the measurement range: 20 feet. The URV is the upper end of the measurement range: 30 feet. The
range of measurement encompasses both LRV and URV, and is stated “20 to 30 feet”.
By the same token, if you had a pressure transmitter in an air separation process ranged from 200 to
500 PSI, 200 PSI would be the LRV, 500 PSI would be the URV, and 300 PSI would be the span.
In any instrument system, the controller is the thing making control decisions. In this particular case, it
would be the bored person. All the other hardware between the float and indicating pointer simply transmits
information from the reservoir to that bored person (controller).
For the record, I really despise the term “controlled variable”. I find it misleading and confusing, but
unfortunately it is often used when discussing process controls. While the “measured” or “process” variable
is the thing we are measuring (and trying to hold to setpoint), the “controlled” or “manipulated” variable is
the thing we are adjusting to effect the process variable. In this case, the process variable is the water level
in the reservoir, and the controlled (or manipulated) variable is the pump speed. We are measuring water
level, and controlling it by turning the pump on and off.
By analogy, imagine a cruise-control system in a car. The measured (process) variable there is car speed,
while the accelerator pedal position is the controlled or manipulated variable, because pedal position is the
variable adjusted by the cruise control system in order to maintain the car’s speed at setpoint.
Here are some generalized definitions:
• Measured Variable (or Process Variable): The variable we are measuring, usually with intent to hold to
a constant setpoint value
• Controlled Variable (or Manipulated Variable): The variable directly manipulated by the controller,
which effects the process variable
Answer 32
I’ll answer the question with a scenario of my own: suppose it is discovered that some patients suffered
complications after taking drugs manufactured by this company, and that the particular batch of suspect
drugs were processed in this very same vessel about 6 months ago? Now imagine that this temperature
recording instrument gets routinely calibrated once a month. See the problem?
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Answer 33
• Process Variable (PV) = The signal representing liquid level in the horizontal vessel
• Setpoint (SP) = The point at which the controller tries to maintain the liquid level inside the vessel
• Manipulated Variable (MV) = The controller’s output signal, which tells the control valve how far to
open or close, thus influencing the amount of liquid exiting the vessel at the bottom.
• Process alarm = level indicator (LI) does double-duty as a high- and low-alarm unit in addition to being
an indicator for the operators. We know this from the “LAL” and “LAH” labels near the bubble.
Incidentally, the “LG” instrument on the left-hand side of the receiver vessel is a level gauge, also known
as a sightglass. It is used for manual inspection of vessel level.
Answer 34
Pressure differential indicating recorder
w/ high alarm

PDAH
Pump shutdown logic
Level switch high-high

LAH

Pressure switch high-high

LSHH

PSHH

LSH

PSH

Pressure alarm high

PDIR

PAH

Pressure switch high

∆
Subtractor

Level switch high
Pressure indicating transmitter
Level switch low

PIT

PIT
Flow switch low

LSL

Pressure indicating transmitter

FSL

LSLL
Level switch low-low

Answer 35
The first two (left-most) NAND gates form an active-low S-R latch circuit. That is, a “low” state on the
upper input (from the acknowledge switch) sets the S-R latch so that the upper NAND gate outputs a high
signal, and a “low” state on the lower input (process switch returning to a non-alarm condition) “resets”
the S-R latch so that the lower NAND gate outputs a high signal. Thus, the purpose of the S-R latch is
to remember the “acknowledged” status of the alarm point. Actuating the “Ack” switch sets the latch and
acknowledges the alarm. Having the process switch return to a normal (non-alarm) status resets the latch
and prepares the circuit for full alert (flashing light and pulsing buzzer) for the next alarm state.
Answer 36
Answer 37
Answer 38
Answer 39
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Answer 40
Answer 41
Answer 42
Answer 43
Answer 44
Answer 45
Answer 46
Answer 47
Answer 48
Fluke brand multimeters all have a “Min/Max” mode useful for recording measurements over long spans
of time. This is an incredibly valuable yet under-utilized diagnostic tool, because it allows the technician to
detect certain intermittent conditions by connecting the meter, leaving it alone to record data, then checking
later to see whether a particular event occurred in the interim.
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Answer 49

4-20 mA loop-powered
pressure transmitter
Load

24 VDC power supply
Source
L1
120 VAC
power

L2
Cable
H

L

A

E

B

F

C

G

D

H

Honeywell UDC2000 controller

Load

8
7

1-5 volt
PV input

6
Air-to-open control valve

Source

5
4

Instrument
air supply
(20 PSI)

9
10
11

4-20 mA
MV output

12
13

L2

14

L1

15
16

I/P transducer
Load
120 VAC
power

Even though the loop-powered transmitter does exert control over the amount of current sent to the
controller’s input, the transmitter acts as a load rather than a source. In other words, it functions as a
current regulator while relying on the 24 VDC power supply to be the source of motive power in the circuit.
A full-downscale (-25%) reading at the controller suggests an open fault in the transmitter wiring
somewhere, because this correlates with a zero current signal. The fault must be electrical in nature, as no
other kind of problem will cause the current in the 4-20 mA loop circuit to simply cease.
An unresponsive control valve suggests a lack of air pressure reaching its diaphragm. This may be
caused by any kind of electrical fault in the output circuit (open or short) preventing current from reaching
the I/P transducer. It might also be the consequence of an air supply failure, or perhaps a mechanical failure
inside the I/P.
A short-circuit fault in the transmitter wiring will cause full current (> 20 mA) to be sent to the
controller, making it “peg” full upscale. Normally, an ammeter would be a helpful tool to isolate the
location of this fault, but here we only have access to a voltmeter. In order to locate shorted faults using
a voltmeter, we must break the circuit and then measure voltage “upstream” (toward the source) to see
whether or not the shorted fault is “downstream” (toward the load).
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Answer 50
15.43 milliamps of current equates to a percentage value of 71.44%:
15.43 − 4
× 100% = 71.44%
16
This, in turn, represents a pH value of:
0.7144 × (12 − 2) + 2 = 9.144 pH
This largely agrees with the controller’s display, which tells us there is a slight calibration error on either
the part of the controller or the resistor. The huge discrepancy between this calculated pH value and what
the hand-held pH meter registers, however, tells us there is either a problem with the pH transmitter, the
pH probe, or the hand-held meter. We may further conclude there is no problem with the 250 Ω resistor or
the indicating controller.
The proper setup of the loop calibrator is to place it into the “READ” (measure) mode so that it
functions as a simple ammeter, then connect it in series with the output of the 4-wire transmitter. This may
be done either with the indicating controller still in the circuit, or removed from the circuit.
Answer 51
Input signal
applied (mA)
9.6
16.8
19.2

Percent of span
(%)
35
80
95

Output pressure
(PSI)
7.2
12.6
14.4

Answer 52
Measured level
(feet)
1.6
0.3875
0.8

Percent of span
(%)
80
19.375
40

Output signal
(mA)
16.8
7.1
10.4

Answer 53
First transmitter design:
Input range: 0 to 15 PSI
Output range: 0 to 10 volts DC
Last transmitter design:
Input range: 0 to 15 PSI
Output range: 1 to 5 volts DC
Follow-up question: show the current in both circuits using both conventional flow notation and electron
flow notation.
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Answer 54
This instrument has a zero shift error, but not a span shift or linearity error.
Ideal transfer function:

20
16

Output
(mA)

12
8
4
0

0

25

50

75

100

Input
(PSI)
Actual transfer function: (zero error)

ideal
20
16

Output
(mA)

actual

12
8
4
0

0

25

50

75

Input
(PSI)

162

100

A span error would look something like this (wrong slope):

20
16

Output
(mA)

ideal

12
8
4

actual

0

0

25

50

75

100

Input
(PSI)
A linearity error would look something like this (not a straight line):

20
16

Output
(mA)

ideal

12
8

actual

4
0

0

25

50

75

100

Input
(PSI)
A zero error is usually correctable by simply adjusting the “zero” screw on an analog instrument, without
making any other adjustments. Span errors, by contrast, usually require multiple adjustments of the “zero”
and “span” screws while alternately applying 0% and 100% input range values to check for correspondence
at both ends of the linear function.
Answer 55
•
•
•
•
•
•
•
•
•
•

Red, Org, Blu, Gld = 23 MΩ, +/- 1.15 MΩ
Brn, Blk, Grn, Sil = 1 MΩ, +/- 100 kΩ
Blu, Blk, Brn, Gld = 600 Ω, +/- 30 Ω
Yel, Vio, Red, Sil = 4.7 kΩ, +/- 470 Ω
Grn, Brn, Yel = 510 kΩ, +/- 102 kΩ
Wht, Blu, Blk, Sil = 96 Ω, +/- 9.6 Ω
Gry, Grn, Org, Gld = 85 kΩ, +/- 4.25 kΩ
Org, Org, Gld = 3.3 Ω, +/- 0.66 Ω
Vio, Red, Sil, Gld = 0.72 Ω, +/- 0.036 Ω
Brn, Red, Blk, Sil = 12 Ω, +/- 1.2 Ω
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Answer 56
•
•
•
•
•
•

Pressure gauge
LRV = 0 PSI
URV = 100 PSI
Test pressure = 65 PSI
Instrument indication = 67 PSI
Error = +2 % of span

•
•
•
•
•
•

Weigh scale
LRV = 0 pounds
URV = 40,000 pounds
Test weight = 10,000 pounds
Instrument indication = 9,995 pounds
Error = -0.0125 % of span

•
•
•
•
•
•

Thermometer
LRV = -40o F
URV = 250o F
Test temperature = 70o F
Instrument indication = 68o F
Error = -0.69 % of span

•
•
•
•
•
•

pH analyzer
LRV = 4 pH
URV = 10 pH
Test buffer solution = 7.04 pH
Instrument indication = 7.13 pH
Error = +1.5 % of span
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Answer 57
Hysteresis and dead band are not exactly the same type of calibration error, but they are closely related.
“Dead band” refers to a range of instrument measurement during reversal of input where the output does not
change at all. A common example of this is a “loose” steering system in an automobile, where the steering
wheel must be turned excessively to take up “backlash” (mechanical slack) in the linkage system.
Hysteresis refers to the situation where a reversal of input causes an immediate, but not proportionate,
reversal of output. This is commonly seen in air-actuated valves, where air pressure acts against the action of
a large spring to precisely position a valve mechanism. Ideally, the valve mechanism will move proportionally
to the air pressure signal sent to it, and this positioning will be both repeatable and accurate. Unfortunately,
friction in the valve mechanism produces hysteresis: a different air pressure signal may be required to position
the valve mechanism at the same location opening versus closing, but unlike dead band, any amount of signal
reversal (change of direction: increasing vs. decreasing) will cause the valve to move slightly.
Compare the following transfer function graphs to understand the difference between hysteresis and
dead band:
Ideal instrument response
(no hysteresis or dead band)

Output

Input

Dead band:

Output

Dead
band

going
down
going
up
Input

going
up

Input

going
down
Hysteresis:

Dead
band

going
Output down

Output

Output
going
up
Input

going
down
going
up
Input

Both dead band and hysteresis are characteristically mechanical phenomena. Electronic circuits rarely
exhibit such “artifacts” of measurement or control. Dead band and hysteresis are more often found together
than separately in any instrument.
Interestingly, both effects are present in magnetic circuits. The magnetization curves for typical
transformer core steels and irons are classic examples of hysteresis, whereas the magnetization curve for
ferrite (in the saturation region) is quite close to being a true representation of deadband.
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Answer 58
Simply setting the LRV and URV values is not actually calibrating the transmitter to accurately
correspond to reality. If this concept is hard to grasp, imagine a transmitter whose LRV and URV values
are set perfectly, and whose DAC is calibrated just right, but whose ADC suffers from a zero shift. The
microprocessor will “think” the pressure is something different from what it really is, and it will output an
incorrect (zero-shifted) milliamp signal as a result.
In order to perform a sensor trim, you must connect a known pressure source (a standard) to the
transmitter’s input port and correlate that standard pressure to the pressure value registered by the
microprocessor. When trimming the output, you must connect a precise milli-ammeter in series with the
transmitter’s output current to correlate the intended current signal of the microprocessor to the actual
current.
Answer 59
This is just one possible solution:

1-5 V voltmeter

Terminal
strip

250 Ω
4-20 mA loop-powered
pressure transmitter

H

L

Answer 60
Answer 61
Answer 62
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24 VDC
power supply

Answer 63
Answer 64
Answer 65
Answer 66
If a blind or another other safety device needs to be left in its safe state for any specific reason, the
person engaging that safety device must lock it in place and tag it with an informative tag stating the reason
and duration of the lock-out. This is commonly referred to as a lock-out, tag-out procedure.
Answer 67
At a 50% signal (12 mA in a 4-20 mA range), the voltage dropped between terminals 23 and 24 will be
21 volts.
Answer 68
Answer 69
Answer 70
Answer 71
Here are two possible formulae for entry into cell R2C5:
= ((R2C1 - 4) / 16) * 12 + 3
= R2C3 * 12 + 3
One very practical use for this type of spreadsheet program is to create practice problems for yourself,
so that you may practice instrument input/output range calculations.
Answer 72
An “up” arrow indicates a direct-acting instrument, while a “down” arrow represents a reverse-acting
instrument. I’ll let you research what “direct-acting” and “reverse-acting” mean.
Answer 73
Measured level
(feet)
3.2
0.4167
2.5
2.4
3.458
0.9

Percent of span
(%)
64
8.333
50
48
69.17
18
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Output signal
(PSI)
10.68
4
9
8.76
11.3
5.16

Answer 74
Input pressure
applied (” W.C.)
2.5
16.5
30.5

Percent of span
(%)
5
33
61

Output signal
(mA)
4.8
9.28
13.76

Answer 75
Input pressure
applied (” Hg)
24
38
96.25

Percent of span
(%)
12
19
48.13

Output signal
(mA)
5.92
7.04
11.7

Answer 76
Input pressure
applied (”W.C.)
0
-30
-16.67
66.67
30
-80

Percent of span
(%)
50
35
41.67
83.33
65
10

Output signal
(PSI)
9
7.2
8
13
10.8
4.2

Input level
applied (inches)
156
202.5
189

Percent of span
(%)
4
35
26

Output signal
(PSI)
3.48
7.2
6.12

Input temp
applied (deg F)
50
87.5
125
162.5
200

Percent of span
(%)
0
25
50
75
100

Output signal
(mA)
4
8
12
16
20

Answer 77

Answer 78
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Answer 79
Measured temp
(o F)
120
-45
16.6
-22.5
-29.69
47.94

Percent of span
(%)
86.96
15.22
42
25
21.88
55.63

Output signal
(mA)
17.91
6.435
10.72
8
7.5
12.9

Answer 80
Partial answer:
DC input voltage
0.0 volts
1.0 volts
2.2 volts
3.51 volts
4.0 volts
5.0 volts

Binary count
00000000
00110011
01110000
10110011
11001100
11111111

Hex count

70
B3
CC
FF

Decimal count
51
112
179
204

Answer 81
Answer 82
Answer 83
Partial answer:
•
•
•
•

Controller
Controller
Controller
Controller

#1
#3
#5
#7

needs
needs
needs
needs

to
to
to
to

be
be
be
be

reverse-acting
direct-acting
direct-acting (i.e. PV input is “+” and SP input is “−”)
reverse-acting (i.e. PV input is “−” and SP input is “+”)
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Answer 84
Partial answer:

Input LRV:
Output range:
Input URV: 180 GPM 4 to 20 mA

Input (PV) signal range:
4 to 20 mA
ADC count range:
3120 to 15600 counts

SCP instruction
Input Min.: 3120
Input Max.:
Scaled Min.:
Scaled Max.: 180

FIC

FT

PV
Output

Input range:
4 to 20 mA
Input range:

Output range:
3 to 15 PSI

Allen-Bradley MicroLogix
1100 PLC controller
with IF2OF2 analog card
Output display range:
0 to 100%
Output signal range:
4 to 20 mA

Stem stroke:

FY
P

IAS
FV
A

Input range:
3 to 15 PSI

Desired control valve sequencing:

Stem stroke:
0 to 100% open

0%

50%

100%

FV-A

(open)

(shut)

FV-B

(shut)

(open)

P
FV
B

Hint: every instrument has at least one input and one output. When instruments are connected together
to form a “loop,” the signals feed from one instrument to the other in a chain, the output signal of one
instrument becoming the input signal of the next in the loop. This means the output and input signals of
instruments so connected must match!
Answer 85
Answer 86
Answer 87
Answer 88
Note: the Honeywell controller cannot directly input a 4-20 mA signal from the transmitter – it needs
to sense a voltage signal instead.
Answer 89
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Answer 90
In order to explain the 0 volt reading between points F and C, we must find an open fault that would
stop power from reaching those points, or a shorted fault that would make those two points electrically
common:
Fault
R1 failed open
R2 failed open
R3 failed open
Pressure switch contacts failed open
R1 failed shorted
R2 failed shorted
R3 failed shorted
Pressure switch contacts failed shorted
Voltage source dead

Possible
√

Impossible
√
√

√
√
√

√
√
√

Answer 91
Answer 92
•
•
•
•

Example
Example
Example
Example

1:
2:
3:
4:

increasing
increasing
increasing
increasing

temperature, operator should close the valve more
level, operator should open the valve more
flow, operator should close the valve more
temperature, operator should open the valve more

The goal with these questions is to think like an operator, in order to have a clear understanding of
the process’s needs. Only when one recognizes the required direction of valve operation to correct for an
upset (off-setpoint) condition is it possible to properly and confidently configure an automatic controller
to do the same. This is something every instrument professional needs to consider when designing and/or
commissioning a control system: which way does the final control element need to go, in order to stabilize
the process variable if it deviates too high?
In the first example, we would need to move the fuel gas valve further closed (toward the shutoff position)
if ever the temperature got too high.
In the second example, we would need to move the drain valve further open to correct for a too-high
liquid level in the vessel.
In the third example, we would need to move the flow control valve further closed (toward shutoff) if
ever the flow rate measured too high.
In the fourth example, we would need to open the control valve further in order to reduce a too-high oil
temperature exiting the heat exchanger. The rationale for this direction of valve motion is to increase the
flow rate of the oil so that each molecule spends less time in the heat exchanger absorbing heat from steam
and increasing in temperature.
Answer 93
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Answer 94
Step 1 should ensure zero energy at the motor. Step 2 alerts others not to re-energize the motor. Step 3
is a check to see that the correct motor has been locked out. Step 4 checks for voltage at all possible 2-point
combinations on the power conductors. Step 5 verifies that the voltmeter is properly functioning.
Pulling a fuse on a control circuit forces the motor contactor to be a safety device, which it was never
intended to be. Furthermore, it makes re-energizing the motor as simple as replacing a low-voltage fuse,
which is far too easy (and therefore likely) for someone to do.
Answer 95
Answer 96
The analytical control system should still be able to maintain sugar concentration at setpoint, unless
the heat exchanger fouling is so extreme that even a wide-open steam valve does not heat the incoming syrup
enough to sufficiently concentrate it.
Follow-up question: suppose the heat exchanger fouling really is this bad, but we cannot fix the heat
exchanger with the tools we have available. What would you recommend the operator do to make this system
produce on-spec syrup?
Answer 97
Answer 98
The one glaring discrepancy we see here is between the laboratory’s measurement of syrup concentration
and what the AIC and AIR indicate. Given that both the AIC and AIR agree with each other on PV value,
we may conclude that the signal to both of these instruments corresponds to a 34% measurement. The
problem is either the transmitter (AT) mis-measuring the syrup concentration, or else it is sensing the
concentration okay but outputting the wrong 4-20 mA signal nonetheless, or else the laboratory made a
measurement error of their own and incorrectly reported a syrup concentration that is too high.
We also see some minor discrepancies between controller output indications and actual valve stem
positions, but these are small enough to ignore. Likewise, the discrepancy between the level gauge (LG)
indication and the level controller/recorder indications is small enough that it does not pose a serious problem.

172

Answer 99

Loop Diagram: #2 unit feed flow

Revised by: Reynolds Navier-Stokes

Field process area

CBL 9
FT
14

Field P5
panel

Field P30
panel

TB64

TB27

CBL 41

Date:

April 1, 2005

Control room

CBL 22

TB40

+

8

15

3

-

9

16

4

+24

+
250Ω
FY
14

FIR
14

L1
L2
G

All arrows point in the direction of electron flow!
ES 120VAC
60 Hz

Tag number

Description

Manufacturer

FT-14

Vortex flow transmitter

FY-14

250 Ω resistor

FIR-14

Model

Notes

0-250 GPM
4-20 mA

Yokogawa
n/a

Paper chart recorder

Calibration
+/- 0.1 %

Bristol-Babcock

1-5 VDC

Partial answer:
•
•
•
•

Voltage
Voltage
Voltage
Voltage

across FY-14 resistor = 2.6 volts ; Flow rate = 100 GPM
between terminals TB40-3 and TB40-4 = 19.8 volts ; Flow rate = 200 GPM
across FT-14 transmitter terminals =
; Flow rate = 175 GPM
; Flow rate = 200 GPM
between terminals TB64-8 and TB27-15 =

Answer 100
Percent of range
0%
25 %
50 %
75 %
100 %

Transmitter current
4 mA
8 mA
12 mA
16 mA
20 mA

VCD
24 V
24 V
24 V
24 V
24 V

VEF
1V
2V
3V
4V
5V

VF G
0.2 V
0.4 V
0.6 V
0.8 V
1V

VAB
22.8 V
21.6 V
20.4 V
19.2 V
18 V

The Rosemount 3144 temperature transmitter, for example, requires a minimum of 12 volts at its
terminals to function in the analog mode, and 18.1 volts in order to properly function while communicating
using the HART digital-over-analog protocol. Note how the operation of such a 3144 transmitter in a loop
with a 24 volt power supply and 300 ohms worth of resistance would be jeopardized near the upper end of
the signal range.

173

Answer 101
This is a graded question – no answers or hints given!
Answer 102
This is a graded question – no answers or hints given!
Answer 103
This is a graded question – no answers or hints given!
Answer 104
This is a graded question – no answers or hints given!
Answer 105
This is a graded question – no answers or hints given!
Answer 106
This is a graded question – no answers or hints given!
Answer 107
This is a graded question – no answers or hints given!
Answer 108
This is a graded question – no answers or hints given!
Answer 109
This is a graded question – no answers or hints given!
Answer 110
This is a graded question – no answers or hints given!
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Revised by: Mason Neilan
Field panel
JB-12

Process area

TE
205

0-1500oF
Yel

Red

1
2

Red

Red
Cable TT-205

Blk

3
4

Blk

0-1500oF

Wht/Blu

Wht/Blu

1

Cable 3, Pr 1
Blu

2

Blu

Red

Red
Cable TT-205

Red

/P

TY
205b

Tube TV-205

Red

Red

Cable TY-205b
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Blk

Blk

5
6

205a

TB-11

TB-15
Wht/Org

Wht/Org

Cable 3, Pr 2
Org

Org

3
4

Cable TY-205b
Blk

TE-205
TT-205
TY-205a

Thermocouple
Temperature transmitter
Resistor

7
20 TIC
21 205
17
18
H
N

Blk
Wht

ES 120 VAC
Breaker #4
Panel L2

AS 20 PSI
Valve #15
Column #8

Description

Blk

Red

TV
205

Tag number

Blk

Blk
TY

I

April 1, 2002

TB-11

TB-15

TT
205

Date:
Control room panel
CP-1

Manufacturer

Model

Omega
Rosemount

444

Calibration

Notes

Type K

Ungrounded tip

o

0-1500 F

4-20 mA

250 Ω

Vishay

TIC-205

Controller

Siemens

TY-205b

I/P transducer

Fisher

546

TV-205

Control valve

Fisher

Easy-E

PAC 353

1-5 V
4-20 mA

0-1500o F

Reverse-acting control

3-15 PSI

3-15 PSI

Fail-closed

Answer 111

Loop Diagram: Furnace temperature control

Answer 112
Your loop diagram will be validated when the instructor inspects the loop with you and the rest of your
team.
Answer 113
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