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Until very recently, physics education researchers have focused relatively little attention
on the upper-division and advanced laboratory courses that are ubiquitous in
undergraduate physics programs across the nation and abroad.® In particular, the analog
(or hybrid analog and digital) electronics courses typically offered by physics
departments have remained largely unstudied. Thus, while there is an extensive body of
research on student understanding of introductory electric circuits, both at the precollege
and undergraduate levels, very little research exists that can be used to guide instruction

in upper-division analog electronics.

There are many important learning goals associated with upper-division laboratory
instruction, including the development of: experimental design abilities; proficiency in
the areas of measurement and uncertainty; troubleshooting expertise; data analysis skills;
familiarity with new tools, devices, and experimental techniques; and a deeper
understanding of physics content. While it is often the case that student conceptual
understanding of the relevant physics isn’t the primary focus of upper-division and
advanced laboratory courses, one can argue that analog electronics courses differ
substantively from these other courses for a number of reasons. Perhaps most
importantly, the development of a functional understanding of the behavior of circuits is
typically an expected outcome; namely, students should be able to construct useful
circuits for a variety of practical applications after electronics instruction. This is
particularly relevant because the junior-level electronics course may serve as a gateway
course in that it is often required for subsequent laboratory courses (in which students
must apply their electronics knowledge) and may be critical for success in undergraduate
research experiences in which custom electronics play a key role in data collection and
analysis. Lastly, it is well documented that students leave most introductory physics

2,34

courses with a rather poor understanding of basic dc circuits;”>" some of these difficulties

have been shown to persist both during and after upper-division electronics courses.’

For the reasons described above, we have been conducting a multi-institutional
investigation of student conceptual understanding of analog electronics. In our
investigation, we have focused both on foundational circuits concepts (e.g., Kirchhoff’s
junction and loop rules) and canonical topics in analog electronics (e.g., diode, transistor,
and op-amp circuits). Examining student ability to apply foundational circuits concepts

in the more advanced context of common electronic circuits has been of particular
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interest.

In this text, we describe an in-depth, multi-year empirical study of student understanding
of basic operational-amplifier (or op-amp) circuits and diode circuits. The multi-year

investigation was guided by the following research questions:

1. To what extent do students develop a functional understanding of basic op-amp

and diode circuits after relevant instruction in an electronics course? In particular:

a. To what extent are students able to reason productively and / or correctly
about op-amp and diode circuits that correspond to “perturbations” of

canonical op-amp and diode circuits covered in the course?

b. To what extent are students able to correctly describe (qualitatively and/or
quantitatively) the currents and voltages in a canonical op-amp (such as

the inverting amplifier) or diode circuit?

2. What ideas and approaches, both correct and incorrect, do students employ when
analyzing op-amp and diode circuits?
The investigation was designed and conducted through the lens of the specific difficulties
empirical framework used by the University of Washington Physics Education Group;®"®
the goal was to characterize student thinking in sufficient detail to help guide
instructional interventions. The primary participants in the study were undergraduates
enrolled in upper-division physics courses on analog electronics at three different
institutions. Most of the data were obtained from several written tasks administered as
both graded and ungraded questions, although we discuss additional data from think-
aloud student interviews as appropriate. Given the pragmatic motivation underlying our
investigation, this text highlights the most prevalent conceptual and reasoning difficulties

identified over the course of the study.
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1.1  Overview of relevant previous research.

Student understanding of introductory electric circuits has received considerable attention
by the physics education research community as well as the broader science education
research community. Indeed, there is an extensive body of research on student
understanding of electric circuits, both at the precollege and undergraduate levels. This
brief overview is intended to set the stage for our upper-division electronics work on

operational amplifiers and diodes, and is therefore not exhaustive.

In the 1980s, several studies were reported that focused on student conceptions of electric
circuits at the pre-college and university levels, both in the US and internationally.® In
1992, McDermott and Shaffer published a pair of articles that described: (1) an in-depth
investigation of the ability of undergraduates in introductory physics courses and of K-12
teachers to predict and explain the behavior of simple electric circuits, as well as (2) the
development and testing of research-based instructional materials aimed at improving

student understanding.?*

It was found that, after all lecture and laboratory instruction,
many students lacked a coherent framework for thinking about simple dc electric circuits.
A number of specific conceptual and reasoning difficulties were identified. In 2004,
Engelhardt and Beichner reported on the development and testing of the Determining and
Interpreting Resistive Electric Circuits Concepts Test (DIRECT), and their analysis
similarly revealed that both high school and university students struggled with many

circuits concepts after relevant instruction.*

Several articles describe the difficulties that introductory students encounter when

working with multiple-battery circuits.>'° In a multi-year investigation conducted at the
University of Washington, it was found that undergraduates enrolled in introductory
physics had trouble applying the concept of a complete circuit and often did not draw

upon Kirchhoff’s junction rule when analyzing single-loop, multiple-battery circuits.”

Although there have been some investigations of slightly more advanced circuits topics in
introductory physics, such as transients in RC circuits,** which are also covered in upper-
division courses, the PER community as a whole has conducted relatively little research
in the context of upper-division physics courses on electronics. Moreover, much of the

work that has been done in upper-division electronics courses has focused on

Page |13




Christos P. Papanikolaou

foundational circuits concepts. For example, Getty used the DIRECT instrument to
assess the impact of inquiry-oriented course modifications in the first semester of a full-
year electronics laboratory sequence.*? Stetzer et al. found that over half of upper-
division students enrolled in either a junior-level electronics course or a computer
measurement laboratory course (for which electronics is a prerequisite) gave responses on
multiple-battery questions that were inconsistent with Kirchhoff’s junction rule,
highlighting the persistence of basic difficulties.” Some additional work has used

electronics content as a context for examining other phenomena in science education.™

In the engineering education literature, much of the focus has been on introductory
electrical engineering courses on circuits and circuit analysis. Indeed, papers have been
published on the development of the Electric Circuits Concept Inventory (ECCI), which
focuses on dc circuit analysis at the introductory engineering level.'* As in the PER
literature, difficulties with foundational circuits concepts have also been documented in
first-year engineering courses.”® Some advanced circuits topics typically covered in
upper-division electronics courses in physics have also been a focus of research. Kautz
reported on an investigation of student understanding of phase relationships in ac circuits
as part of a larger effort to develop research-based instructional materials for introductory
electrical engineering courses.’® Several student difficulties with the topic of RC filters
were identified in a related study involving students enrolled in a second-year electronics

laboratory course.*’

Very little engineering education literature has focused on student learning of canonical
electronics topics (e.g., diode circuits, transistor circuits, and operational amplifier
circuits). Rather, the emphasis has often been on pedagogical approaches or instructor
resources for these topics.*® Some work, however, has been aimed at examining student
learning. For example, in 2004, Simoni et al. reported on the development of an
Electronics Concept Inventory (ECI).** More recently, Hudson et al. examined the
impact of exposure to a conceptual analysis of transistor circuits on student confidence

and comfort levels when approaching new circuits.?

Of greatest relevance to the present investigation, Mazzolini et al. developed and
administered a conceptual test on operational amplifier (op-amp) circuits in order to
assess the impact of a sequence of interactive lecture demonstrations on student learning
in a first-year unit on electronics.?> While their study was not designed to be a detailed

examination of student thinking about, and student difficulties with, these circuits, the
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authors state in the introduction that students tend to employ “‘shallow learning’
approaches” in which they memorize standard op-amp “circuit configurations and the
gain formulas that apply to these particular configurations.” They note specific
observations of students using incorrect gain formulas when the standard resistor labels
(e.g., Ry and Ry) were swapped in the diagram and of students encountering difficulties
when canonical op-amp circuits were drawn in a non-traditional manner, and argue that a
“true understanding of the concepts” is needed. Indeed, our investigation was designed to
probe, in detail, student conceptual understanding of op-amp and diode circuits, thereby

complementing the work of Mazzolini et al.
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1.2 Context for investigation

The research reported in this text was primarily conducted in three upper-division physics
courses on analog electronics, one offered at the University of Washington (UW), one at
the University of Athens (UA) in Greece, and one at the University of Maine (UM).
Although many aspects of the courses differed (e.g., the ordering of material and the texts
used), all three courses included a substantial laboratory component. Details of the

courses are provided below.

1.2.1  Upper-division laboratory course at the University of Washington

The analog electronics course at UW is one quarter in length (~10 weeks), and consists of
two 50-minute lectures each week along with one weekly laboratory session that is
approximately three hours in length. While analog electronics is officially a junior-level
course, the students enrolled are typically a mixture of sophomores, juniors, and seniors.
The course is required for all physics majors and is also a prerequisite for other upper-
division physics laboratory courses offered at UW. The text for the course is The Art of
Electronics by Horowitz and Hill.>* The course begins with voltage division, equivalent
circuits, and ac circuits, and then moves into electronics content by covering diode
circuits, transistor circuits, op-amp circuits, comparators, timer circuits, etc. The
laboratories are drawn and/or adapted from the Student Manual for The Art of Electronics
by Hayes and Horowitz.>® Lab reports are submitted at the end of each laboratory session
and do not require extensive write-ups. There are weekly homework assignments and
two 50-minute exams. Approximately half of a student’s course grade comes from the

laboratory component of the course.

1.2.2  Upper-division laboratory course at the University of Athens

At UA, the analog electronics course is one semester in length (about 10 weeks in
practice). There are two lectures each week, resulting in a weekly total of approximately
3.75 hours of lecture instruction. The two-hour laboratory sessions are biweekly. The

course is obligatory for all students in the UA Physics Department (i.e., physics majors),

Page |16




Identifying Conceptual Difficulties in Analogue Electronics

and is typically taken by juniors. The text (in Greek) for the course is Introduction to
Electronics by George S. Tombras.* In the course, op-amp circuits are the first
electronic circuits introduced once the students have studied voltage division, equivalent
circuits, ac circuits, and general circuit theory and analysis approaches. The course then
focuses on diode and transistor circuits. The laboratories were developed by the author of
the text and are used exclusively at UA. Formal lab reports are required. (At the
beginning of this study, however, students were not asked to submit laboratory reports.)
There are final exams for both the lecture and laboratory components of the course.

Homework assignments are not given.

1.2.3  Upper-division course at the University of Maine

At UM, the physical electronics course is one semester in length (approximately 15
weeks), and is primarily devoted to analog electronics. While this investigation was
being conducted, the course format was modified. Originally, the course consisted of one
50-minute lecture per week and one weekly laboratory session that was about three hours
in length. In the modified course, there are two 50-minute lectures per week and one
weekly two-hour laboratory. The course is required for all physics majors and it is the
first half of a full-year junior laboratory experience. The text for the course was
originally Principles of Electronic Instrumentation by Diefenderfer and Holton,®® but
Electronics with Discrete Components by Galvez is now used,? after being adopted
midway through our investigation. The sequence of topics covered is essentially identical
to that at UW, although op-amp circuits were introduced prior to diode and transistor
circuits (as at UA) for the first time during the final year of the investigation. Formal lab
reports are required for approximately half of the laboratories. Although there are no
regular homework assignments, some of the laboratories require students to complete
pre-lab assignments. Students are typically given one midterm exam and one cumulative

final exam.

Page |17



Christos P. Papanikolaou

1.3 Research methods

Given that very little research has been conducted on student learning of analog
electronics, we were interested in examining the level of understanding of key course
concepts after relevant instruction in lecture and laboratory. To accomplish this, we used
a combination of (a) written free-response questions and (b) task-centered clinical
interviews. As will be discussed later, the interview findings often helped illuminate
particular categories of written responses and were thus instrumental in facilitating the
identification of conceptual and reasoning difficulties that students encounter when

studying op-amp and diode circuits.

The free-response written probes developed as part of this investigation were
administered after lecture and laboratory instruction on op-amp circuits. These probes
were included on course exams and given as short ungraded conceptual questions
administered at the beginning of laboratory or lecture sessions. While the conceptual
questions were not graded, students received participation credit provided that their

responses included explanations of reasoning.

The task-centered clinical interviews were conducted in the quarter/semester after
students had completed the analog electronics course. The interview tasks were drawn
from the written probes. In the interviews, students were asked to think aloud while
responding to these questions. No incentives were provided for the interview
participants. The average course grades of the interview participants (at both UA and
UW) were considerably higher than those of their respective classes. In most cases,
interview participants were among the top students. All interviews with students at UA
were transcribed and translated into English.
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1.4 Overview of dissertation

In chapter 2, we will study conceptual difficulties associated with basic operational
amplifier circuits taught to the students of three different Universities (UA, University of
Washington, Seattle and University of Maine, Orono). In particular, we will study how
students are able to handle perturbations of canonical circuits, as well as how they think

of voltages and currents in these circuits.

In chapter 4, we will study conceptual difficulties associated with diode circuits taught to
the students of these three Universities (UA, UW and UM).

In chapter 4, we will look at conceptual difficulties faced by junior year students of the
Physics Department of the National and Kapodestrian University of Athens (UA),
enrolled in the Electronics course. This preliminary work focusing on foundational
circuits concepts was conducted in the beginning of the investigation, yet it is

included at the end due to the focus on upper-division topics.

In chapter 5, we will talk about the implications for instruction suggested by our findings

in the previous chapters.

At last, in chapter 6, we will summarize our results and make suggestions for relevant
future work, in an effort to achieve better student understanding through electronics

instruction.
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Chapter 2:

Operational Amplifier circuits
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2.1 Introduction

In this chapter we describe a systematic investigation of student understanding of the
behavior of simple operational-amplifier (op-amp) circuits. The participants in this study
were undergraduates enrolled in upper-division physics courses on analog electronics at
three different institutions, as well as undergraduates in introductory and upper-division
electrical engineering courses at one of the institutions. We focus on the use of slightly
modified or “perturbed” canonical op-amp circuits in research tasks designed to provide
insight into student thinking about basic op-amp circuits. The findings indicate that, after
instruction, many students in both physics and engineering courses are unable to
productively analyze circuits that differ only slightly from those explicitly covered in
lecture, laboratory, and the textbook. The most prevalent conceptual and reasoning
difficulties identified in this part of the investigation are described and related

implications for electronics instruction are discussed.

We first focus on the use of slightly modified or “perturbed” canonical op-amp circuits in
research tasks designed to provide insight into student thinking about basic op-amp
circuits, thereby addressing research questions 1a and 2. Then we examine, in depth,

student understanding of canonical op-amp circuits.

In section 3.2, we begin with a brief overview of previous research on introductory

electric circuits and electronics conducted in both physics and engineering.
We then discuss our research methodology and context (Section III).

In Section 1V, we present two free-response questions used to probe student

understanding along with the data collected and difficulties identified.

We then describe the extension of this investigation to electrical engineering courses as

well as the associated findings (Section V1).

Finally, in Sections VII and VIII, we discuss implications for instruction and summarize

our findings in the conclusion.
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2.2  Brief overview of op-amp coverage

In all courses, students learn that an operational amplifier is a high-gain differential
amplifier, with a non-inverting (+) input and an inverting (-) input, and is typically

powered by connections to positive and negative rails (e.g., 15 V). See Fig. 2.1.

+15V

V; 1+ Vout

-15Vv

Fig. 2.1. Standard schematic of an operational amplifier or op-amp.
The op-amp has two input terminals (the non-inverting input
indicated by a “+” and the inverting input indicated by a “-”)
and one output terminal.

The non-inverting and inverting inputs are characterized by extremely large input
impedances (modeled as o in an ideal op-amp) and therefore negligible currents. When
the op-amp is placed in a circuit in which there is negative feedback (see, for example,
circuit B in Fig. 2.2, in which there is a connection between the op-amp output and the
inverting input), the output voltage Vo of the op-amp will quickly adjust until V_~ V., if
possible.?” Horowitz and Hill summarize op-amp behavior under these conditions via the
Golden Rules:? “I. The output attempts to do whatever is necessary to make the voltage
difference between the inputs zero.... II. The inputs draw no current.” At UW and UM,
these Golden Rules are incorporated into instruction explicitly; at UA, although the same
ideas are motivated and covered in instruction, they are not explicitly referred to as rules

for op-amp behavior.
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2.3 Perturbations of canonical circuits (the non-inverting amplifier)

The work of Mazzolini et al. indicated that students encountered difficulties when they
were asked to analyze standard op-amp circuits drawn in non-traditional ways.”* This
suggested that memorization of specific circuits, gain formulas, and key results may play
a substantive role in student ability to solve standard op-amp circuits successfully. For
this reason, we were interested in exploring the extent to which students could predict the
behavior of circuits that were slight perturbations of standard op-amp circuits. It was
hoped that student responses to such tasks would provide deeper insight into the extent to
which students were simply applying memorized results rather than reasoning through the
behavior of the “perturbed” circuit from foundational principles. The circuits discussed

in this section are all perturbations of the non-inverting amplifier.

Is the absolute value of Va greater than, less than, or equal to Va?

circuit A circuit B
20k
V. v, V., v,
20kz 10K 20kz 10k

op-amps 1deal and identical
source voltage same for both and constant

Fig. 2.2
Two amplifiers question, in which students are asked to compare
the absolute values of the output voltages from two non-inverting
amplifier circuits with identical input voltages Vin.

2.3.1  Two amplifiers question
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In the two amplifiers question, students were shown a standard non-inverting amplifier
(circuit A) and a similar circuit that also includes a 20-kQ “input resistor” between Vi,
and the non-inverting input of the op-amp (circuit B); both circuits are shown in Fig. 2.2.
Students were told that the op-amps in both circuits are identical and ideal and that the
input voltages Vi, for both circuits are constant and identical. Students were then asked
whether the absolute value of V4 (the output of circuit A) is greater than, less than, or
equal to that of Vg (the output of circuit B).

2.3.1.1  Correct response

There are many approaches students can use to determine the correct value of Va. For
example, students can simply apply the gain formula for the standard non-inverting
amplifier (1+R1/R,, where R; in this case corresponds to the 10-kQ resistor in the
feedback loop and R, corresponds to the 20-kQ resistor between V. and ground), and
correctly determine that the output of circuit A is 3/2Vj,. It is important to note, however,
that the use of such an approach does not necessarily reflect a robust understanding of op-
amp circuits, as students may simply be applying a formula that they do not understand
and could not easily derive. Alternatively, students may apply Golden Rule | to conclude
that the voltage at the inverting input must be V.. Thus, there is a voltage drop of Vi,
across the 20-kQ resistor. Since the current flowing through the 20-kQ resistor is equal
to that flowing through the 10-kQ resistor (due to Golden Rule II and Kirchhoff’s
junction rule), there must be a drop of %4Vj, across the 10-kQ resistor and V4 is equal to
3/2Vip.

In order to determine the value of Vg, a student needs to recognize that there will be no
current through the 20-kQ input resistor due to Golden Rule Il. Thus, V. is equal to Vi,
since there is no voltage drop across the resistor; it follows that Vg is equal to 3/2V;, and
is therefore also equal to Va. Given the similarities between the two circuits, a complete
explanation only requires the recognition that there will be no current through and thus no
voltage drop across the 20-kQ input resistor due to Golden Rule 11, so the output voltages

of the two circuits must be the same.

2.3.1.2  Overview of student performance and reasoning
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This question was administered on the second (and final) course exam at UW to 54
students. All instruction on analog electronics had been completed; the instruction
included approximately four 50-minute lectures on op-amp circuits, two labs, and

relevant reading and homework questions.

Only 70% of the students correctly recognized that Va is equal to Vg. Just under three-
quarters of these students (or 52% of all students) provided a correct and complete or
partially complete explanation. Explanations that argued that the 20-kQ input resistor in
B simply doesn’t matter or do anything (~7% of total responses) and those that used a
gain expression without justifying its applicability in circuit B (~6% of total responses)
were not considered to be correct and complete (or partially complete). While these types
of responses could be consistent with a robust understanding, it was not possible to rule
out the possibility that they stemmed from a superficial/incorrect line of reasoning (e.g.,
the input resistor isn’t relevant because it is not a variable in the standard non-inverting

amplifier gain expression).

Table 2.1. Overview of student performance on the two amplifiers
question in a physics course on analog electronics. The
question is shown in Fig. 3.2.

Percentage of total responses

uw
(N=54)

Va=V;g (Correct) 70%
Correct reasoning 52%
Gain expression(s) only 6%
Input resistor doesn’t matter 7%
Va>Vg 30%
Voltage drop due to input 20%

Of more interest, however, is the fact that the remaining 30% of students indicated that
Vais greater than Vg. These students tended to provide similar arguments. For example,

one student wrote:

“These circuits are non-inverting amplifiers that multiply the voltage
at the + terminal by 3/2 so VAo > Vg because the voltage at the

+ terminal in B has already lost voltage because of the resistor.”

Another student noted that:
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“[t]he 20k resistor between Vi, and V. in circuit B reduces the input

to the op amp, reducing the output as well.”

In total, approximately 20% of all students argued that V is greater than Vg because there

is a voltage drop across the input resistor.

2.3.1.3  Specific difficulties identified

In this section, we classify the specific conceptual and reasoning difficulties that emerged

from our in-depth analysis of student responses to the two amplifier question.
Lack of a functional understanding of Golden Rule I1.

At the most basic level, these findings call into question the extent to which students have
developed a truly functional understanding of Golden Rule 11 (i.e., there is no current into
the inverting and non-inverting inputs due to their high input impedances) over the course
of instruction. Students should recognize that a voltage drop across the 20-kQ input
resistor must correspond to a current through the resistor (due to Ohm’s law) and into the
non-inverting input; the existence of this current, however, is in contradiction with
Golden Rule Il. The fact that 20% of the students did not appear to recognize the conflict
between Golden Rule Il and the ascribed voltage drop across the 20-kQ input resistor
suggests that students may not be comfortable applying Golden Rule Il when reasoning

through unfamiliar op-amp circuits.
Tendency to ascribe a voltage drop to a resistor through which there is no current.

As discussed above, from Golden Rule 11, there cannot be a voltage drop across the input
resistor since there is no current into the non-inverting input. (This line of reasoning was
offered by approximately three-quarters of those students giving a correct answer.)
However, on this question, none of the students who claimed that V4 is greater than Vg
because of a voltage drop across the input resistor explicitly mentioned a current through
that resistor. See Fig. 2.3 for an illustrative response that explicitly highlights currents
elsewhere in both circuits but does not indicate current through the input resistor in
circuit B. Thus, after all instruction, 20% of the students argued that there would be a
voltage drop across the input resistor but did not explicitly refer to current through that

resistor.

The absence of such a justification in most of these incorrect responses is of particular
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interest. This responses pattern suggests that students may in fact be automatically (and
possibly subconsciously) ascribing a voltage drop to the resistor without analyzing the
situation through the more formal lens of Ohm’s law. Such behavior is consistent with a
“knowledge in pieces” or resources model of student thinking (in which, for example, a
student might draw upon a more informal notion that “increased resistance leads to less
result”) and dual process theories of reasoning.?>***° Indeed, a significant percentage of
students simply attributed a voltage drop to the resistor without explicitly considering the
presence or absence of current through the resistor. This tendency to expect a voltage
drop to be measured across all resistors (regardless of circuit and arrangement) may also
be reinforced by many of the circuits the students construct and explore in introductory
physics and in analog electronics courses. The discussion of the three amplifiers post-test
in section 1V.B as well as the interviews reported in section IV.C provide further insight

into student thinking about the relationship between resistors and voltage drops.
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Fig. 2.3. Student response to the two amplifiers question that explicitly
indicates currents elsewhere in the circuit but not through the
input 20-kQ resistor, despite the claim that there is a voltage
drop across this resistor.

2.3.1.4 Discussion

Even with an op-amp circuit that has only been modified slightly from one of the

canonical circuits studied in analog electronics (the non-inverting amplifier), analysis of
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this “exploratory” question, administered to a single class at a single institution (UW),
revealed that nearly one third of students encountered difficulties when trying to compare
the output of the modified circuit to that of the unmodified circuit. A significant
percentage provided reasoning that is in apparent contradiction with Golden Rule II.
Moreover, almost a quarter of all students claimed that a potential difference would be
measured across the input resistor without mentioning anything about current through
that resistor. In order to explore and document these difficulties more thoroughly, we
developed a closely related question (the three amplifiers question) that involved two
different perturbations of the standard inverting op-amp circuit. The question was
administered in multiple classes at three different institutions so that we could probe the
prevalence of identified difficulties in a variety of different courses that employed

different instructional approaches and/or sequences.

2.3.2  Three amplifiers question

Rank, from largest to smallest, the absolute values of voltages Va - Ve.

circuit A circuit B circuit C
10k 10k
in V- Vm
Vln VA B VC
20k
5k 20k
5k 20k Sk

op-amps ideal and identical
source voltage same for all and constant

Fig. 24

Three amplifiers question, in which students are asked to compare
the absolute values of the output voltages from three non-inverting
amplifier circuits with identical positive input voltages Vin.
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In the three amplifiers question (Fig. 2.4), students are shown three circuits that are all
non-inverting amplifiers. In circuit A, a single 10-kQ resistor is inserted between V;, and
the non-inverting input of the op-amp. In circuit C, the same resistor is inserted between
the output of the op-amp and the output of the circuit (the point at which V¢ is measured).
Students are told that all op-amps are identical and ideal, and that all three circuits have
identical and unchanging positive input voltages Vi, (from ideal voltage sources). They
are told to assume that no loads are connected to the outputs of the circuits. In the most
recent version of the question, students are asked (a) to compare the absolute value of the
output voltage Vg to that of Va, and (b) to compare the absolute value of the output
voltage V¢ to that of Vg. In the original version of the question, students are asked to
rank, from largest to smallest, all three output voltages (Va, Vs, and V¢) according to
absolute value. Since student performance was similar on both versions, all results are

presented together for simplicity.

2.3.2.1  Correct response

Like the two amplifiers question, a correct response to the three amplifiers question does
not necessarily require the explicit determination of the output voltages of the three
amplifiers, but instead relies on a careful analysis of whether or not the modifications to
the canonical inverting amplifier (circuit B) will impact the output voltages. Through the
application of the Golden Rules and foundational circuits concepts (or the appropriate
gain formula) to circuit B, it can be determined that Vg = 5Vj,. In circuit A, since there is
no current through and therefore no voltage drop across the 10-kQ input resistor (due to
Golden Rule 1), Va = Vg = 5Vj,. In circuit C, the voltage at the inverting input is once
again equal to Vi, (from Golden Rule 1), and the subsequent analysis is identical to that
for circuit B and leads to the conclusion that Ve = Vg = 5Vj,. Note that the output voltage
of the op-amp in circuit C (7Vi, in this case) must be larger than in circuit B since there is
a single current through all three resistors and there will be a voltage drop across the 10-
kQ output resistor. Therefore, the correct ranking is that the output voltages (Va, Vs, and

V) of all three circuits are equal in absolute value and are non-zero.

2.3.2.2  Overview of student performance
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The three amplifiers question has been administered at UW (N = 160), UA (N = 181),
and UM (N = 49). At UW, both written versions of this task have been administered as
ungraded conceptual questions after all relevant instruction on op-amps; 28 students in a
single class were given the single-ranking version whereas all other students at UW were
given the version with two comparisons. Since performance on both versions was
similar, the results are reported jointly. At UA and UM, the two-comparison version was

administered to all students. Results from all three institutions are presented below.

Table 2.2 Overview of student performance on the three amplifiers
question in physics courses on analog electronics
physics at three different institutions. The question is
shown in Fig. 2.4.

Percentage of total responses

uw UA UM
(N=160) (N=181) (N=49)

Va=Ve=V¢ (Correct ranking) 23% 9% 33%
Correct reasoning 8% 2% 29%
Ve=Va (Correct) 40% 40% 49%
Correct reasoning 29% 11% 45%
Ve>Va 54% 48% 41%
Voltage drop due to input 44% 39% 35%
Vc=V;g (Correct) 39% 18% 61%
Correct reasoning 10% 2% 51%
Ve<Vg 46% 42% 31%
Voltage drop due to output 31% 16% 27%
Vc>Ve 15% 23% 8%
Circuit vs. op-amp output 5% 8% 6%

Approximately one-quarter to one-third of UW and UM students correctly ranked the
absolute values of all three circuits (Va = Vg = V¢), as shown in Table Il. At UA, only
approximately 10% of the students gave the correct ranking. The percentages of students
who supported a correct ranking with correct reasoning ranged from 2% to about 30% at
the different institutions. As an illustrative response classified as correct with correct

reasoning, one student noted that Vg = Va because of the following justification:

“The op-amps are ideal, so there is no input current and hence no
voltage drop across the 10k resistor. Therefore, since the circuits

are identical the output voltages should be identical.”
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Similarly, the student argued that V¢ = Vg as follows:

“The output current is determined by the 5 K€ resistor (Iout = %)

The opamp will supply whatever voltage is necessary to produce this

current, which means the voltage drop across the 20k will be Ioy; - 20

k.Q Vout = V|n + 4V|n = 5V|n ”
This student also added that the voltage at the output of the op-amp “will be higher.”

At all three institutions, only about 40 - 50% of the students correctly recognized that that
Vg = Va.®' A similar percentage (~40 - 55%) of the students indicated that Vg > Va. Note
that this comparison is the same as that in the two amplifiers question; circuit A is a
simple modification of circuit B (the standard non-inverting amplifier) in which a 10-kQ
input resistor has been added. Approximately 35 - 45% of all students justified this
incorrect ranking by explicitly focusing on a voltage drop across the input resistor,
providing the same types of written explanations that were observed on the more

exploratory two amplifiers question. For example, one student wrote:

“Because Vi is the same for all circuits, since A has a 10k resistor
before the noninverting input, Via < Vg, thus V.o < V.. Since V. <
V_g, more current in case B flows through the 5k. By V = IR, if R is
the same, but | 7,V 7,50 Vg > Va.”

Again, there is no mention of current through the input 10-kQ resistor. Upon examining
all responses to both this question and the original two amplifiers question at UW and
UM, there were 121 responses in support of this incorrect comparison; only two out of
those responses explicitly attributed the voltage drop to an input current, suggesting an
almost automatic mapping of a voltage drop to the input resistor as discussed earlier. At
UA, however, of the 86 written responses in support of this incorrect comparison, 26
explicitly argued that there was a voltage drop due to the input current, whereas 43 solely
spoke of a voltage drop. The source of this discrepancy between the UA responses and
those given by the UW and UM students is not clear. The UA course emphasizes the
very large input impedances but does not explicitly give students Golden Rule Il, which

states that the “inputs draw no current.”?

It is possible that some of the UA students
were less concerned about invoking input currents for this reason. At the same time, it is

also possible that the UA students were more attentive to the relationship between the
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voltage across and the current through an ohmic resistor.

Performance on the comparison of circuits C and B was somewhat more varied. The
percentage of correct comparisons ranged from about 20% at UA to roughly 60% at UM.
At all three institutions, however, approximately 30 - 45% of the students stated that V¢ <
V. Responses in support of V¢ < Vg tended to draw on productive elements of reasoning
related to voltage dividers. One student explicitly mentioned the divider chain in the

circuit, writing:

“In C, the voltage divider now has a voltage drop across 10k as well
as 20k + 5k so less voltage is dropped across 20k + 5k and V; is

’

less.’

This student argued that the addition of a third resistor to the divider chain meant that less
voltage was dropped across the original two resistors, which is consistent with an
incorrect assumption that the voltage across the entire chain remains constant. Other

students were more explicit about this assumption. For example, one student wrote:

“Circuit C is similar to B, but the input resistor from A has taken up

residence between the op-amp output and Vguc, thus creating a

’

voltage divider...."

V"""’”oit': \,2'
10h 20h Sh ) i
4
Veul,

Fig. 2.5. Divider chain drawn by student in support of the incorrect
comparison Ve < Vg on the three amplifiers question. The
student indicated that “ | Vopamp out | = | Vg | VY

This student correctly drew the divider chain for the circuit, shown in Fig. 2.5, but noted

that ““| Vopamp out ‘ = |VB .” Indeed, between roughly 15% and 30% of all students
focused on the voltage drop due to the output resistor and appeared to be implicitly
assuming that the outputs of the op-amps in circuits B and C were identical in the

reasoning they provided. Relatively few of the written responses offered insight into the
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thinking behind this assumption. In one response, however, a student wrote:

«

‘... there is a potential drop across the 10k resistor in circuit C
between the output of the op-amp and the output V¢, but circuit B is

identical otherwise, so Vg > Vc.”

This student appeared to be arguing that since most of the circuit (i.e., that to the left of
and below the op-amp) is the same in both cases, both op-amps should have the same
output. Such responses seem to be drawing on a combination of localized and sequential
reasoning, arguing that any change in the circuit after the op-amp shouldn’t impact its
output. Of course, this line of reasoning is inconsistent with the notion of negative
feedback, which plays a critical role in the behavior of most op-amp circuits (including

the non-inverting amplifier).

Between approximately 10% and 25% of all students incorrectly claimed that
Vc > Vg, The most prevalent line of incorrect reasoning supporting this comparison
(given by about 5-10% of all three populations) involved the erroneous claim that the
additional output resistor increased the gain of the circuit. For example, one student

wrote:

“In circuit C the 10 kQ resistor is being added in series to the others.

S0 1/Avo = Ri/(R1+ Ra+ R3).... So Ve = AvoVin = 7Vin > 5Vjq....”

If the output of the op-amp were also the output of the circuit, such reasoning would be
correct. For the given circuit, however, such responses suggest a failure of students to

differentiate between the output of the circuit and the output of the op-amp.

2.3.2.3 Related interview task

As part of this investigation, think-aloud interviews were conducted with 31 students:
29 at UA and 2 at UW. All but three were undergraduates who had just recently
completed the electronics course. Three of the interview participants at UA were first-
year physics graduate students who were either working as TAs in the electronics course
for the first time or beginning experimental research in electronics. During the interview,
students were presented with circuits identical to those in the three amplifiers task (Fig.
2.4). Students were first shown the standard non-inverting amplifier configuration,

circuit B in Fig. 2.4, and asked to determine the output of the circuit. The students were
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then asked to compare the absolute values of the outputs of circuit A (with the input
resistor) and circuit B. Lastly, students were asked to compare the absolute values of the
outputs of circuit C (with the output resistor) and circuit B. In all transcript excerpts
included in this manuscript, we use S to indicate the student being interviewed and | to

indicate the interviewer.

Only about half of the interview participants were able to determine the correct output
of the canonical non-inverting amplifier without explicit assistance and/or explanation
from the interviewer. Of those participants, the majority used gain expressions, whereas
only 3 used foundational principles and op-amp rules to derive the gain. Thirteen (of 31)
students could not answer the question, typically because they didn’t remember the

formula and couldn’t derive it.

Roughly half of the interview participants arrived at a correct output comparison for
circuits B and A, the remaining students all argued that the output of circuit A would be
less due to a voltage drop across the input resistor. Approximately half of the students
who discussed a voltage drop explicitly mentioned that there would be a current through

the input resistor; these students were all from UA.

The following interview transcript illustrates the most prevalent incorrect line of
reasoning in which a voltage drop across the input resistor is invoked without any

consideration of whether or not there is current through the resistor.
S: 1 do have a voltage drop here, of course.
I: How do you know that?
S: Because of the resistor! This voltage will be Vi, — V.
I: And how do we get that voltage drop? That is my question.
S: Because of the resistor.
I: Isee.

Even the interviewer’s subtle prompting did not elicit a statement about current through
the resistor. In accordance with the protocol adopted, the interviewer let the student
proceed through the rest of the three amplifiers task, and only revisited this issue more

explicitly near the end.

I: Let us go back to something you said before. You said that there is
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a voltage drop here before the + input. | asked you why and you

replied that it happens because of the resistor. Right?
S: Yes.
I: Remind me: What is the current there, before the + input?

S: It must be zero... Wait a minute... Now that I think of it, there can
be no voltage drop! There is no current, no voltage drop. | guess I

assumed there was a current before.

Only after explicit questioning about current into the non-inverting input did the student
consider the current (or lack thereof) through the input resistor, recognize the
inconsistency in reasoning, and revise his response. Even students who arrived at a
correct response without explicit prompting often struggled to reconcile their initial
claims about the voltage at the non-inverting input with an analysis of the current through

the input resistor, as illustrated in the transcript that follows:

S: This is a voltage amplifier, so we care about the voltage in the
input... not the current... ehhh. This is a voltage divider before the
V+, so it will not take all the Vi, inside... the voltage here [draws a
source] .... I am confused.... It is sure that I am not having the same
current going into the op-amp at +. It will be less now... since the
resistor is in series with our source. This means.... Is the V+ the
same as before? There must be a voltage drop... but I remember that
the op-amp has a high input resistance... so it must be zero current
there! But then you have a potential difference across the 10k without
a current, but that cannot be done! If I think about Ohm’s law... [
think there is no difference, so [Va] will be equal to [Vg], which is
5Vin.

For this student, the presence of the input resistor immediately led to an incorrect voltage
divider analysis prior to any examination of the current. Thus, even in the interviews, we
observe a tendency to (at least initially) associate a voltage drop with the input resistor,
which is consistent with the informal notion that “increased resistance leads to less
result.”®® In some cases (like the one illustrated above), students’ subsequent analysis of
the constraints on the current through the input resistor led to a refinement of their

responses.
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The interviews were also extremely helpful in clarifying student thinking about how the
behavior of the canonical op-amp circuit (circuit B) is impacted via the addition of an
output resistor (circuit C). While roughly half of the students correctly argued that the
output of circuit C is equal to that of circuit B, four students confused the circuit output
and the op-amp output, thereby incorrectly concluding that the absolute value of V¢ is
greater than that of Vg (which is true for the op-amp outputs). Roughly one-third of the
students claimed that V¢ is less than Vg. All but two of the students who concluded that
V¢ is less than that of Vg focused on the voltage drop associated with the 10-kQ output
resistor. One such student’s reasoning about the output of circuit C is illustrated in the

transcript below.

S: Basically it will be the 5Vi, minus the voltage drop across this

resistor.
I: Why do you decide to say 5V;,?
S: We have the same circuit up to here. So it must be it...

This student focused on the fact that the rest of the circuit (to the left and below the op-
amp) is the same, and incorrectly concluded that the op-amp output must be the same
(5Vin), thereby demonstrating the same kind of the local and sequential reasoning
observed in the written responses. Another student initially argued that “we should have
a smaller current, and therefore V¢ should be smaller,” but then continued thinking
about the question and noted that he “will need to do it brute force” by writing equations

relating the current and resistances in the lower part of the divider chain to V.

S: It seems like it’s going to be the same. Yeah. From these
equations. So it’s [the output voltage of the op-amp] that’s going to
be regulated.

Although the student arrived at a correct answer with correct reasoning and told the
interviewer that “/i/t’s such an interesting problem,” it was clear that there was still
some uncertainty and tension between his original thinking and his final conclusion.
Indeed, the student added, “But yeah, now it makes sense, but only through equations.”
It seems as though the student, even at the end of this portion of the interview, wasn’t
fully comfortable with the result; this may speak to the tenacity of the intuitively
appealing argument that a resistor added after the op-amp will diminish the circuit’s

output because the op-amp’s output remains unchanged.
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2.3.2.4  Specific difficulties identified

Interestingly, student performance on the three amplifiers task suggests that students at all
three institutions may, in fact, struggle more with the application of some of these basic
circuits concepts and op-amp rules to slightly perturbed circuits than was originally
suggested by the performance of a much smaller group of UW students on the two
amplifiers question. To begin, we find additional evidence in support of the same

difficulties identified in the two amplifiers question.
Lack of a functional understanding of Golden Rule I1.

Roughly half of the students at all three institutions provided reasoning when comparing
circuits B and A that would only be appropriate if there were a current into the non-
inverting input of the op-amp. The reasoning given by all of these students is
inconsistent with Golden Rule 11, and suggests, at the very least, that students are not
drawing on the Golden Rules to check the feasibility of their responses. It is worth noting
that some students did, in fact, change their responses in the interviews after considering

the high input impedance of the non-inverting input.
Tendency to ascribe a voltage drop to a resistor through which there is no current.

As discussed above, when examining all explanations given in support of the Vg > Va
ranking on both this question and the analogous comparison on the two amplifiers
question (N = 207), only 28 students explicitly mentioned a current through the 10-kQ or
20-kQ input resistor in their written responses. While this doesn’t preclude the
possibility that many of the other students thought there was a current through the resistor
(and into the non-inverting terminal), it indicates that at least some students were willing
to ascribe a voltage drop to a resistor through which the current was either zero or not
explicitly considered. Moreover, the interviews suggest that even students giving correct

responses may have struggled with these same issues.
Lack of a functional understanding of Golden Rule I.

Between approximately 30% and 45% of all students incorrectly claimed that V¢ < Vp.
Roughly 15-30% of the students at both institutions indicated either implicitly or
explicitly through their reasoning that the output voltages of the op-amps in both circuits

are the same. If this were the case, however, the potential at the inverting input (V.)
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would be less than Vi, since the same total voltage is necessarily split over three resistors
rather than two. Thus, the reasoning given by up to nearly one-third of the students and
the answers given by up to 45% of the students are inconsistent with Golden Rule I,
which states that (with negative feedback) the op-amp output will “do whatever is
necessary” to ensure that the potential difference between the two inputs is zero.”? Again,
students did not appear to draw on the Golden Rules in order to test the viability of their

responses.
Tendency to reason locally and sequentially about the behavior of op-amp circuits.

In addition to failing to apply Golden Rule | while analyzing circuit C, up to one-third of
the students made the assumption that the addition of a resistor after the op-amp in circuit
C would not change the output of the op-amp. Reasoning that a change “downstream”
cannot affect the “upstream” behavior of the circuit is typically referred to as local or
sequential reasoning, and it is well documented in the literature on student understanding
of introductory circuits.®* Although this particular instantiation is a relatively clear-cut
example of local reasoning, it is somewhat more surprising given the emphasis on
negative feedback and feedback loops in basic op-amp circuits. If anything, one might
have expected that the emphasis on feedback in electronics courses to highlight the
impact of small changes to the feedback loop (e.g., the addition of a resistor) on the
behavior of the op-amp. In these less familiar situations, however, students appear to be

relying on reasoning that they have largely abandoned for simpler circuits.*®

2.3.2.4  Discussion

Collectively, the findings from the two and three amplifiers questions suggest that
students lack a robust conceptual understanding of the standard non-inverting amplifier
circuit after all relevant instruction. Small perturbations to this basic circuit (e.g., the
addition of a resistor immediately before or after the op-amp) typically result in up to
one-half of the students making incorrect predictions about the behavior of the modified
circuits. Perhaps most importantly, the types of predictions made by students were
broadly inconsistent with the two Golden Rules that may be used (in conjunction with
Kirchhoff’s rules and other basic circuits concepts) to analyze the behavior of op-amp
circuits with negative feedback. Indeed, the essential characteristics of ideal op-amps

represented in these Rules (i.e., high input impedance and the notion that the output will
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vary in order to ensure that the inverting and non-inverting outputs are at the same
potential) were not reflected in approximately half of the student responses. Our analysis
of the written responses and interview transcripts also revealed that a significant number
of students were willing to ascribe a voltage drop to a resistor without clearly indicating
or thinking about whether or not there was a current through it. In addition, up to one-
third of the students incorrectly drew upon local (or sequential) reasoning when claiming
that a resistor added after an op-amp would not change the output of the op-amp. On
both written and interview tasks, a surprisingly large percentage of students experienced
considerable difficulties when attempting to analyze circuits that represented small

perturbations of the canonical non-inverting amplifier circuit.

2.3.3 Extension to electrical engineering courses

We recently began work on an NSF-supported project to investigate the learning and
teaching of thermodynamics and electronics in undergraduate programs in both physics
and engineering. As part of this effort, we have had the opportunity to examine student

understanding of basic op-amp circuits in electrical engineering courses at UM.

2.3.3.1.  Context for investigation

Data were collected after relevant instruction in three courses: an introductory circuits
course required for all electrical and computer engineering (ECE) majors (typically taken
in the sophomore year), an introductory circuits courses taken by other engineering
majors (typically in the junior or senior year), and a junior-level analog electronics course
required for all ECE majors. Both introductory level courses introduce op-amp circuits
after covering basic dc circuit analysis but before covering ac circuits. Neither
introductory course has a formal lab component. However, students in the introductory
course for majors purchase a portable circuits kit and are asked to assemble basic op-amp
circuits.  The junior-level electronics course, which has a significant laboratory
component, focuses on semiconductor devices and begins with a treatment of non-

idealized operational amplifiers before moving into diode and transistor circuits.

2.3.3.2.  Three-amplifiers question
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The three amplifiers question (Fig. 2.4) was administered in all three engineering courses.
The results, along with those from the UM electronics courses in physics, are presented in
Table IIl. (It is worth noting that, although explanations of reasoning were explicitly
requested, approximately 30% of the responses from students enrolled in the engineering
courses did not contain any explanations.) The percentage of fully correct rankings
ranged from 15% to 20%. In all populations, a significant percentage of students argued
that |Vg| > |Va| due to the voltage drop across the input resistor. As was the case in the
physics courses at UM and UW, essentially none of these students mentioned currents
through the input resistor. The most prevalent incorrect ranking of circuits C and B given
by students in all three courses was that |V¢| < |Vg|. The reasoning offered was largely
similar to that given in the physics courses. While there was considerable variation in the
exact percentages of students giving particular incorrect responses, our results indicate
that the difficulties identified in our studies in physics courses are shared by both
introductory and upper-division electrical engineering students. Moreover, we find that
additional instruction in the more advanced context of non-ideal op-amps in the junior-

level electronics course does not appear to be effective in addressing difficulties with

basic op-amp circuits; this is consistent with findings from other studies in PER.5**

Table2.3.  Overview of student performance on the three amplifiers
question in electrical engineering and physics courses at the
University of Maine. The question is shown in Fig. 2.4.

Percentage of total responses

Engineering Physics
Circuits Circuits Electronic Electronic
Non- . S S
majors I\ﬂl{ijg;s
N=63) (N7 (N=s9)  (N=49)
Va=Vg=V¢ (Correct ranking) 24% 19% 14% 33%
Correct reasoning 5% 1% 0% 29%
V=Va (Correct) 44% 46% 53% 49%
Correct reasoning 25% 25% 32% 45%
Ve>Va 43% 48% 42% 41%
Voltage drop due to input 29% 34% 24% 35%
Vc=Vg (Correct) 40% 29% 22% 61%
Correct reasoning 10% 2% 2% 51%
Vc<Vg 38% 57% 61% 31%
Voltage drop due to output 33% 44% 29% 27%
Vc>Ve 16% 11% 8% 8%
Circuit vs. op-amp output 0% 3% 3% 6%
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2.4  Behavior of canonical circuits (the inverting amplifier)

As part of our broader investigation of student understanding of op-amp circuits, we
found that students really struggled with tasks involving “perturbed” or modified non-
inverting amplifier circuit (which is a canonical op-amp circuit). Our results suggested
that many students likely did not possess a robust understanding of the behavior of the
non-inverting amplifier circuit itself, even after all instruction on basic op-amp circuits.
For this reason, we were interested in developing a question in which students would be
forced to think deeply about the currents and voltages in another canonical op-amp circuit
— the inverting amplifier. In essence, we wished to document the extent to which students
possessed the level of understanding required to derive the inverting amplifier’s gain

formula. The task we developed and the associated results are the focus of this section.

2.4.1  Inverting amplifier question

In this section, we describe the standard inverting amplifier question developed for this
investigation and then discuss some modified versions of the question that have enhanced

our insights into student thinking.

2411 Overview

In all versions of the inverting amplifier question, students are shown the inverting
amplifier circuit in Fig. 2.6. They are told that the op-amp is ideal and that there is no
load connected to the output of the circuit. The input voltage Vi, is constant and is equal
to -5 V. In part 1, students are asked to find the value of the circuit’s output voltage Vou.
There are seven points (A - G) labeled on the diagram (Fig. 2.6); it is worth noting that
points D and E, corresponding to the power rails, are not referenced in all versions of the
question. In part 2, students are asked to indicate the direction of the current through
point A or to state explicitly if there is no current through that point. In part 3, students
are asked to compare the absolute values of the currents through points F and G
(corresponding to the inverting and non-inverting op-amp inputs) and to indicate

explicitly if any current is equal to zero. Finally, in part 4, students are asked to rank,
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from largest to smallest, the absolute values of the currents through points A, B, and C. If
any of the currents are equal in absolute value or are equal to zero, students are prompted
to indicate that explicitly. For all parts of the question, students are required to either

explain or briefly explain their reasoning.

V. =-5V.
W in

1. WhatisV_,?

2. Is 1, to the right, to the left, or equal to zero?

-V« 3- Is|l| greater than, less than, or equal to [l |?

4. Rank the currents through points A-C
=+  _I5v according to absolute value.

Fig. 2.6. One version of the inverting amplifier question.
For Vi, = -5V, students are asked to determine V., indicate
the direction of the current, if any, through point A, compare
the absolute values of the currents through points F and G,
and rank the currents through points A-D according to
absolute value.

24.1.2  Correct response

For part 1, there are many different approaches that may be used to determine V.
Students could, for example, simply employ a memorized gain expression for the
inverting amplifier. Indeed, this first part was designed so that it could be answered

without a deep understanding of op-amp circuits.

In order to most clearly outline the reasoning required for all parts of this question
(including additional prompts included in modified versions), however, we present a
detailed analysis of the entire circuit. From Golden Rule 11, the currents through points F
and G are both equal to zero due to the high input impedance of the inverting and non-
inverting inputs (part 3). From Golden Rule I, the electric potential at point F is 0 V, so
current through point A is to the left because the potential at point F is higher than Vi, = —
5V (part 2). From Kirchhoff’s junction rule, the current through the 20-kQ resistor is
equal to that through the 10-kQ resistor, so the current through point B is up. Since there
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is a single current through both resistors, a voltage drop of 5 V across the 20-kQ resistor
implies that there is a voltage drop of 2.5 V across the 10-kQ resistor (from Ohm’s law).
Thus, Vot = +2.5 'V (part 1). Because no load is attached to the output of the circuit, the
current through B must equal that through C via Kirchhoff’s junction rule. Thus, |la] =
[1s] = |lc| (part 4). Since the direction of current is from high to low potential, the
currents through points D and E are both oriented down the page. By recognizing that the
total current into the op-amp must equal the total current out of the op-amp (from
Kirchhoff’s junction rule) and that the currents through points F and G are both zero
(from Golden Rule I1), the current into the op-amp through point D must split into the
current down through point E to the negative rail and the current to the right through

point C. Thus, |Ip| > |Ia| = |lg| = |lc| > 0 and |Ip| > |Ig| >0.

2.4.1.3  Modified versions of the inverting amplifier question

Over the course of this investigation, specific sub-parts of the question have been
modified and/or added in order to probe student thinking about particular aspects of the
inverting amplifier circuit. Below, we provide a brief overview of those modifications

designed to examine student understanding of the rail currents.

Rail currents: Directions and magnitudes. In some versions of the question, students
were explicitly asked to indicate the directions of the currents through points D and E
(i.e., the rail currents).* In other versions, students were asked to compare the absolute
values of the currents through points D and E, and to indicate explicitly if any current is

equal to zero.

Current ranking for points A, B, C, and D. In questions administered at UW and UM,
students were asked to rank, according to absolute value, the currents through points A, B,
C, and D from largest to smallest. This question replaced the somewhat simpler question
in which students were asked to rank the absolute values of the currents through points A
— C according to absolute value. It should be noted, however, that A — C rankings were
also extracted from students’ rankings for all four points on this more challenging

version.

2.4.2  Overview of student performance on basic inverting amplifier task
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Versions of the inverting amplifier question have been administered at UW (N = 183),
UA (N = 242), and UM (N = 45) after all relevant instruction. In this section, we
describe student performance on the standard version shown in Fig. 2.6. Versions
targeting the rail currents, including the ranking of currents through points A - D, are

discussed in part C.

Table 2.4 Overview of student performance on the
inverting amplifier question in physics courses on analog
electronics physics at three different institutions. The
question is shown in Fig. 2

Percentage of total
responses
uw UA UM
(N=183) (N=242 (N=45

)
1. Vour = +2.5 V (Correct) 55%  57% 69%
Sign error 17% 5% 13%
2. Left (Correct) 63%  21% 69%
Correct reasoning 50% 14% 60%
Right 27% 59% 29%
Current from Vi, or Vi, to Vot 5% 18% 9%
Zero 10% 12% 2%
Golden Rule Il 4% 4% 2%
3. [lg] = [Ig| = 0 (Correct) 79%  50% 84%
Correct reasoning 55% 21% 73%
Ve=Ve=0 5% 5% 2%
4. |1a] = |Ig] = |Ic| > 0 (Correct) 37% 7% 53%
Correct reasoning 27% 4%  36%
[1al = |lg| > |Ic| =0 16% 16% 11%
[1al = |lg| = |lIc| =0 1% 8% 0%
Reasoning for [Ic| = 0:
Overgeneralization of Golden 6% 5% 9%
Junction rule with rail 5% 2% 0%
[lc| > [1a| = |lg] > 0 11% 8% 16%
[1al = |lg| > |Ic]| > 0 8% 2% 0%
1o > [Ia| = |1g[ = [Ic| > 0 13%
(Correct) (of N=56) N/A -~ 16%

On part 1, between approximately 55% and 70% of students at all three institutions gave
correct values or expressions for Vo, (See Table I for results by institution.) An
additional 5 - 15% of students made a sign error, indicating that the output voltage would

be negative. On what is arguably the most basic (and standard) guestion one can pose
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about an op-amp circuit, approximately 20% or more of all populations gave

fundamentally incorrect responses for the amplifier’s output voltage.

On part 2, approximately two-thirds of the students at UW and UM correctly recognized
that current is to the left through point A, with roughly half of all students in these
populations giving correct reasoning. Only about 20% of UA students indicated the
correct direction, with nearly 15% supporting their correct answers with correct reasoning
Approximately 25 - 30% of the students at UW and UM and 60% of the students at UA
incorrectly indicated that the current through point A is to the right. About 20 - 30% of
all such incorrect responses were supported by statements indicating that there will
necessarily be current either from Vi, into the circuit or from Vj, to V... For example, one

student wrote:

“Current flows from the power supply through the 20k R then through
the 10k R.”

Another simply stated that current “‘flows from in toward out.” This idea that current
comes from the voltage source seemed to be the most prevalent explanation offered for a
current to the right through point A. In addition, approximately 20 - 30% of these
incorrect responses at UW and UM were supported by correct reasoning (e.g., the
direction of the current is from high to low potential), suggesting that some students may
have been treating Vi, as a positive voltage, which may or may not have been consistent
with their responses to part 1. It is also conceivable, however, that some of these students
were trying unsuccessfully to reconcile correct formal reasoning with a perhaps more
intuitive sense that current should come from the voltage source, Vi,. Between 2% and
12% of the students at all three institutions claimed that there was no current through
point A. A large portion (from about 40 - 100%) of these responses were incorrectly
justified on the basis of Golden Rule Il (i.e., that the op-amp inputs draw no current),
suggesting that many students either failed to recognize that point A is located to the left
of the junction or did not seem to realize that it is possible to have current through the

feedback loop containing the 10-kQ resistor. For example, one student wrote:
“Zero. The op-amp draws no current.”
A few students claimed that there was no current through point A because Va =0 V:

“Zero. Since ‘A” is @ ‘ground,’ the entire Vi, is dropped across the

20k resistor, so there is no voltage at ‘A’, and thus no current.”
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This kind of reasoning also appeared in student responses to other parts of the inverting
amplifier question.

On part 3, the majority of students (80 - 85% at UW and UM, 50% at UA) correctly
indicated that the currents through points F and G were both zero. Roughly 55 - 60% of
all students at UW and UM gave correct answers with correct reasoning; just over 25% of
students gave correct reasoning at UA. It is also worth noting that roughly 5% of all
students justified the absence of currents through points F and G exclusively on the basis

of the fact that both points are grounded. For example, one student wrote:

“The current through F & G are both equal to zero because F & G’s
potentials are equal (Golden rule of op amps) & the value of Vg is

zero, because it’s grounded.”

We have also found evidence on this question and on others of students ranking the
currents through specific points based on the relative potentials at those points. These
kinds of reasoning are likely related.

On part 4, only about 35 - 55% of all students at UW and UM and 7% of students at UA
correctly determined that, for the currents through points A-C, [la] = |Ig| = |Ic| > 0. The
most prevalent incorrect current ranking, given by about 10 - 15% of all students, was
that |1a] = [Ig] > |lIc] = 0. An additional 10 - 15% of all students indicated that |Ic| > |Ia]|
= |lg| > 0, while considerably fewer students (0 - 10%) stated that |Ia] = |lg] > [Ic| > 0

(without indicating that the current through C was zero). Nearly 10% of the students at

UA stated that |Ia| = |lg] = |Ic|] = 0, whereas almost no one at UW and UM gave this
response.
When examining student responses in support of |la] = [Ig| > |Ic| = 0, the explanations

tended to focus on why the current through point C must be zero. After a careful analysis
of all student justifications for Ic = 0, regardless of ranking or performance on other parts

of the question, two distinct (though related) categories emerged.

Tendency to generalize Golden Rule Il inappropriately (i.e., assumption that there is

no current into or out of any terminal of the op-amp).

Many students explicitly cited the rules or properties of the op-amp as justification for Ic

= 0. For example, one student wrote:

“We know because of the axioms of the op-amp, that there is no
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2

current flowing in or out of the op-amp at the inputs/outputs.

This student appears to have incorrectly generalized Golden Rule 1l to the op-amp output
as well as to its inverting and non-inverting inputs. Some student explanations, such as

the following, were considerably more specific.

“Op amp output gives no current because it has infinite output

’

impedance.’

This student explicitly claimed that there is no current through point C because the output
of the op-amp has infinite output impedance. Although students are typically taught that
the op-amp’s extremely low output impedance is an important characteristic of the device
that makes it particularly useful, this student appears to have applied the idea of infinite
input impedance, or Golden Rule 11, to the output of the op-amp. Approximately 5-10%

of all student explanations fell into this category.

Failure to account for the correct behavior of the rails when applying Kirchhoff’s
junction rule to the op-amp (e.g., incorrectly stating Ig + Ig = Ic or treating Ip = I = 0).

Several students explanations for Ic = 0, however, differed substantively from those

described above. In particular, some students gave responses similar to the following:

“No current at Vinx because op amp doesn’t intake current. The op-
amp has 0 current flow through it so all outputs and inputs of op-amp

[are] O current.”

This student emphasized that, since no current enters the inverting (—) or non-inverting
(+) inputs, there is no current through the op-amp, and therefore there is no current
through the output of the op-amp. It is important to stress that this student recognized the
importance of applying Kirchhoff’s junction rule to the terminals of the op-amp and tried
to ensure that the junction rule is satisfied; however, the student did not correctly account
for those currents entering and exiting the op-amp via the power rails. (Given that these
rails are often omitted from many diagrams of op-amp circuits, it is perhaps not
surprising that some students struggle to apply Kirchhoff’s junction rule to the op-amp.
Indeed, if a student solely focuses on the inverting and non-inverting inputs and the
output, the op-amp’s behavior appears to violate Kirchhoff’s junction rule.) Up to 5% of
all students failed to account for the power rails correctly when applying Kirchhoff’s
junction rule to the op-amp. A more detailed discussion of student understanding of the

rail currents is presented with the results from modified versions of the inverting
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amplifier question.

While the |la] = |lg] > |lc|] = O response was the most common incorrect ranking,
approximately 10 - 15% of all students indicated that |Ic| > [Ia| = |lg| > 0. Despite the
apparent prevalence of this ranking, our analysis suggests that many different lines of
reasoning (all at very low percentages) are used to justify this response. Some students
appeared to be treating the circuit as if there were a load, whereas others focused on the
low output impedance of the op-amp or the absence of an output resistor. A few students
emphasized the notion of feedback and the idea that only a part of the output is fed back
to the op-amp, but they incorrectly applied these feedback arguments to currents rather
than voltages.

Although not common at UW or UM, 8% of students at UA stated that |Ia| = [Ig] = |I¢| =
0. The most common justification given by 6% of Greek students was that there is no
current in the circuit due to the absence of a load. For example, one student indicated that
all three currents were zero “because we have not attached a load to the output.” At
first, we suspected that such responses stemmed from a possible overgeneralization of the
fact that there will be no current through the circuit’s output terminal in the absence of a
load. However, interview data revealed that it is likely that many students argued there is
no current through point C due to their incorrect understanding of the op-amp (as in the
[1a] = |18] > |lc| = O responses) and their recognition that, in the absence of a load, all
three currents must be the same as a result of Kirchhoff’s junction rule. A more detailed

discussion is presented in Section V.D.

2.4.3  Overview of student performance on questions involving rail currents

In the previous section, we focused on student performance on the standard version of the
inverting amplifier task. In this section, we discuss student performance on questions that
were included on modified versions of the task in order to explore student understanding

of currents to and from the power rails.

When asked about the directions of the rail currents (i.e., the directions of the currents
through points D and E), only 21% of UA students (N = 242) and 54% of UW (N = 56)
students correctly indicated that both currents were directed down the page.
Approximately 20% of both UA and UW students indicated that the currents through

both points were zero. Typical reasoning for this kind of response is described in the
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discussion of student performance on the rail current comparison task. Sixteen percent of
UW students and 28% of UA students indicated that the currents through both points
were directed toward the op-amp (i.e., down through point D and up through point E).
While explanations in support of this answer were often unclear, up to 5% of all students
focused on the idea that the rails supply power to the op-amp (e.g., “E and D are going

into the op amp to power it.”).

On the question about the relative magnitudes of the rail currents, only 1% of UA
students (N = 242) and 13% of UW students (N = 76) correctly recognized that the
absolute value of the current through D is larger than that through E. Approximately
45% of all students indicated that the absolute values of the currents through D and E are
equal and non-zero. Twelve percent of the UW and UA students supported this
comparison by noting that the rail voltages are identical in absolute value (e.g., “Both of
the absolute values of voltages are the same, and they have the same resistance so they
must have the same current.”). In addition, 12% of the UW students simply focused on
the role of the rails in providing power when arguing that the two current are equal (e.g.,
“The abs value of current through D & E are the same & the function of this power
source is to power the op-amp, so the currents will be the same.”). Roughly 15% of all
students said that both currents are equal to zero. Approximately two-thirds of these
responses at UW and 5% of these responses at UA were supported via an apparent

overgeneralization of Golden Rule Il. For example, one student wrote:

“Under ideal operation, op amps sink & source no current. Since
power dissipation = I°R, the op amp receives no power at inputs and
sources no power. This leads me to conclude that |Ip] = |lg]| = 0

’

assuming no heat losses etc.’

An additional 15% of the |Ip| = |lg| = 0 responses given by UA students were supported
by the argument that there is no current anywhere in the circuit in the absence of a load.

In general, however, the explanations offered by students responding to the two questions
on rail currents were rather unclear and hard to categorize; many students did not justify
their answers at all. The results (including both answers and explanations) from these
questions suggest that most of the students had not had pervious opportunities to think
carefully and deeply about the role of the power rails in op-amp circuits.

It is therefore perhaps not surprising that only approximately 15% of the students at UW
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(N = 56) and UM (N = 45) gave correct rankings of the currents through points A — D
according to absolute value. Moreover, only 3 UW students and one UM student gave
correct explanations for why the current through D must be larger than that through
points A, B, and C. Most of the incorrect explanations for the correct current ranking
focused on the higher potential of point D, the point’s location on a power rail, or the fact

that there would be less resistance in that part of the circuit.

24.4 Related interview task

The circuit shown in Fig. 2 was also used for interviews at UA (N = 29) and UW (N = 2).
At UA, Vi, = -4 V, whereas Vi, = -5 V (as in the written task) at UW. In the interviews,
students were asked to: (1) determine the output voltage, (2) find the voltages at and the
currents through points F and G, (3) rank the absolute values of the currents through
points A, B, and C, and (4) compare the absolute values of the currents through points D
and E. Given that performance on parts 1 — 3 was largely similar to that reported in
section I11.B, we limit our discussion to student reasoning about the op-amp as a junction

(from part 3) and student understanding of the power rails (in part 4).

The interviews provided considerably more insight into student thinking, particularly
with respect to how students are apply Kirchhoff’s junction rule to the op-amp. For
example, the interview excerpt below describes the subsequent discussion that resulted

after one interview participant indicated that there was no current through point C.
I: Why did you think that current is not coming out of the op-amp?

S: Since no current is coming in! We said that the potential at F and

G is zero, so there is no current coming in the inputs.

I: Ok. Are you thinking of some op-amp rule or maybe a Kirchhoff’s

knot?
S: No, just Kirchhoff.

This student claimed that since no current is coming into the op-amp through points F and
G (i.e., through the non-inverting and inverting inputs), there is no output current from
the op-amp. (In reasoning about the input currents, this student argued incorrectly that
there is no current through a point of zero potential; this line of reasoning was also

identified in student responses to the written task.) In this and other interviews, students
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frequently applied Kirchhoff’s junction rule to the op-amp without accounting for the
correct behavior of the power rails.

Students who concluded that there was no current through points A — C due to the
absence of a load (a line of reasoning only identified at UA) also drew upon the junction

rule in the same manner.

S: Sure, A = B. But there is no load. Kirchhoff must hold, the op-
amp is a knot, so no current anywhere. Because nothing comes into F
and G, nothing comes out at C... so A =B = 0. There is no way we

can have a current.

This student applied Kirchhoff’s junction rule at multiple points in the circuit, including
the op-amp itself; recognized that the currents through points A, B, and C must be equal;
and then incorrectly concluded that all three currents must be equal to zero since there
can be no current through points F and G. By failing to recognize that the op-amp output
can serve as a source and sink of current due to the power rails, this student argued that a
load was required for non-zero current. Indeed, in another interview, a student who
erroneously claimed that the current in the circuit comes from the source (i.e., to the right
at point A) also concluded that there was no current anywhere in the circuit because
“there is nowhere to go” without a load; in this case, the student incorrectly argued that
the resistance of the op-amp output was infinite (consistent with an overgeneralization of
Golden Rule II) so “current cannot go into” the output. The interviews therefore suggest
that the responses from UA students claiming that |1a] = |ls] = |Ic| = 0 in the absence of a
load likely stem from previously documented difficulties with the analysis of the op-amp
itself (including both overgeneralization of Golden Rule Il and failure to account for
proper rail behavior when applying the junction rule to the op-amp) combined with a
more thorough application of Kirchhoff’s junction rule to the circuit (i.e., recognizing that
all three currents must be the same). In many ways, the |la] = [lg] = |Ic| = O response is
somewhat more sophisticated than the |Ia| = |Ig] > |Ic| = 0 response that is prevalent in all

three populations.

In part 4 of the interview task, students struggled with the comparison of the rail currents
through points D and E. Only 5 of 31 students correctly concluded that the absolute
value of the current through D must be greater than that through E because it must also
supply the op-amp’s output current. Twelve students argued that the currents through

points D and E are equal and non-zero for a variety of reasons, including the claim that
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they are the “only” currents, the fact that the absolute values of both rail voltages are
equal, and a variety of other, often unclear, reasons. Two students said that both currents
were equal to zero, focusing on the related ideas of high input impedance and no input
current. In general, there was a sense that the students hadn’t really though about the rail
currents before. One student, who ultimately concluded that the current through “D is
downwards and E upwards,” gave the following response when first asked about the

current through D:

S: I have no idea. | have not found that anywhere, nobody explained

them to us....

This student’s statement is consistent with the typical treatment of the power rails in most
analog electronics courses; they are introduced and briefly discussed (primarily due to the
constraints they impose on Vqy), but are never analyzed in detail when considering the

behaviors of canonical op-amp circuits.

245 Difficulties identified

In addition to the difficulties highlighted in Section I11.B, several additional difficulties
were identified through the use of the inverting amplifier task.

Tendency to apply Kirchhoff’s junction rule inconsistently in op-amp circuits.

On the questions asking students to rank the absolute values of the currents through
points A, B, and C, a significant percentage of the responses (even from students who
correctly determined Vo, and indicated that 1. = 1. = 0) included rankings for which all
three currents were not equal. Thus, Kirchhoff’s junction rule was applied to certain
junctions but not others. In some cases, a focus on students’ rules about the op-amp (e.g.,
an overgeneralized Golden Rule II) seemed to preclude the application of Kirchhoff’s
junction rule to the junction between points C and B. While it is clear that students in
electronics courses have a solid understanding of the junction rule, the salience of
specific features of these more advanced circuits seems to trigger alternative lines of
reasoning that make it more difficult for students to recognize the need to apply
Kirchhoff’s junction rule in such cases. Kautz reports similar phenomena in the context

of ac circuits.

Page |55



Christos P. Papanikolaou

Tendency to assume current always comes from V;, or that it always goes from Vi, to
VOUt-

On the inverting amplifier question, a large percentage of students from all populations
expressed the idea that current always comes from the power supply, apparently ignoring
the sign of V;, and treating the supply as though it is only able to output current.
Moreover, for some students, the voltage input and output of an op-amp circuit seemed to
correspond to the input and output of current, respectively. As a result, all of these
students struggled to analyze the currents in the circuit in a productive manner and
typically failed to draw on foundational circuits concepts such as the relationship between

electric potential difference and the direction of current.

Tendency to argue that | = 0 if V = 0 when considering voltages at a point.

On these op-amp questions, some students claimed that there is no current through points
that are at electrical ground (i.e., V = 0 V). While students rarely articulate this line of
reasoning in detail, we suspect that it may possibly stem from confusion between voltage
at a point (an electric potential) and voltage across an element (an electric potential
difference) or from an incorrect application/generalization of Ohm’s law to current
through and voltage at a point. Approximately 5% of all responses to the inverting
amplifier question included such arguments. (On this question and on others, some
students ranked the currents through specific points based on the relative potentials at

those points, which is a very similar line of reasoning.)
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2.5  Comparison of Inverting and non-inverting Amplifiers

Given that, as noted by Mazzolini et al., many students rely on memorized gain formulas
and are easily confused by minor aesthetic modifications of canonical circuits, we were
interested in ascertaining the extent to which students could differentiate the behavior of

two different canonical op-amp circuits containing the same two resistors.

2.5.1 Overview of question and correct response

To accomplish this, we included the inverting and non-inverting amplifier circuits shown
below (Fig. 2.7) in ranking tasks in which students were asked to compare the absolute
values of V,,: from several different circuits with identical positive values of Vi,. Here,
we limit the discussion to comparisons of the absolute values of the output voltages Va

and Vg from the inverting and non-inverting amplifiers, respectively.

30k
10k

[ \Y4
in VA in b VB

Is the absolute value of the output

voltage V, greater than,less than, Ok
or equal to the absolute value of the

output voltage V,? =

Fig. 2.7. One version of the inverting and non-inverting amplifiers comparison
guestion.  For identical and unchanging positive input voltages,
students are asked to compare the absolute values of Vg and Va.

In order to compare the absolute values of the circuits’ output voltages, students may
either draw on the appropriate gain formulas or reason based on the Golden Rules and
foundational circuits concepts. Since Va = -3 Vi, and Vg = 4 Vj,, the absolute value of Vg
(from the non-inverting amplifier) is greater than that of Va (from the inverting

amplifier).
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2.5.2 Overview of student performance and reasoning

This comparison was included on tasks administered after relevant instruction to a total of
225 students at UW over a period of many years. See Table Il. Only 56% of the students
made the correct comparison (|Vg| > [Val|), with roughly 30% of all students supporting
the correct comparison with correct reasoning. (Due to the fact that students were
typically asked to rank the outputs of four different circuits, the justifications for specific
comparisons were not always clear.) Very few students (~1%) appeared to arrive at a
correct comparison by erroneously comparing the output voltages rather than the absolute

values of the output voltages.

Of greatest interest is the fact that approximately one-quarter of all students indicated that
|Vg| = |Va|. Of those students who did include explanations supporting this comparison,
many (7% of all students) simply used the same gain formula for both circuits or noted

that the resistors were the same in both circuits. For example, one student wrote:

“I believe that Vg is equal to Va because the 10k & 30k resistors both
are connected to the negative side of the op-amp. Vo will be the

’

same.’

Table 2.5 Overview of student performance on the inverting
and non-inverting amplifiers comparison question in a physics
course on analog electronics. The question is shown in Fig.3.?.

Percentage of total responses

uw

(N=225)
|Vg| > |Va| (Correct) 56%
Correct reasoning 30%
[Vs| = |Val 23%
Same gain formulas or same 7%
|VB| < |VA| 17%

Consistent with the observations of Mazzolini and colleagues, such students appeared to
be drawing upon memorized gain formulas and failing to recognize the features of the op-

amp circuits that lead to these expressions.

Roughly 15% of the students concluded incorrectly that |Vg| < |Val. While this
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comparison corresponds to a significant percentage of the responses, it appeared to stem
from a wide variety of incorrect gain expressions and/or analyses for one or more of the
circuits. As such, it was not possible to attribute this incorrect response to one or more

well-defined lines of reasoning, etc.
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2.6 Extension to electrical engineering courses.

At UM, we are currently investigating the learning and teaching of thermodynamics and
electronics in both physics and engineering courses. As part of this cross-disciplinary
project, we have been examining student understanding of basic op-amp circuits in

electrical engineering courses.

2.6.1 Context for investigation.

Data were collected in three courses: an introductory circuits course required for all
electrical and computer engineering (ECE) majors (typically taken in the sophomore
year), an introductory circuits courses taken by other engineering majors (typically taken
in the junior or senior year), and a junior-level analog electronics course required for all
ECE majors. Neither introductory circuits course has a formal lab component, but
students in the introductory course for majors purchase a portable circuits kit and are
asked to assemble basic op-amp circuits.

2.6.2 Inverting amplifier question.

The inverting amplifier question (Fig. 2) was administered in all three engineering
courses after relevant instruction. Results are shown in Table 1ll. While student
performance on part 1 (Vo) Was quite strong, a large percentage of students in all three
populations incorrectly concluded that the current through point A is to the right; roughly
5 - 25% of students in all three courses explicitly noted that current comes into the circuit
from the power supply (or Vin). When students were asked to compare the absolute
values of the currents through points F and G, typically less than 5% of students appeared
to be reasoning that the currents were zero because of the fact that the voltages at those
points were also zero. Out of those students who gave correct responses to parts 1 and 3
(typically 50 - 70%), only approximately 10 - 50% correctly recognized that the absolute
values of the currents through points A, B, and C are equal and non-zero. Indeed, a large
percentage (65 - 90%) of students who were correct on parts 1 and 3 gave rankings

inconsistent with Kirchhoff’s junction rule.
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Table 2.6 Overview of student performance on the inverting amplifier
question in electrical engineering and physics courses at the University of
Maine. The question is shown in Fig. 3.72.

Percentage of total responses

Engineering Physics
Circuits  Circuits ElectronicsElectronics
Non- Majors
majors
(N=76) (N=101) (N=68) (N =45)
1. Vout = +2.5 V (Correct) 54% 68%0 82% 69%
Sign error 9% 12% 13% 13%
2. Left (Correct) 29% 46% 62% 69%
Correct reasoning 14% 22% 50% 60%
Right 53% 44% 28% 29%
Current from Vi, or Vinto Vour ~ 22% 17% 6% 9%
Zero 13% 10% 7% 2%
Golden Rule 11 3% 6% 1% 2%
3. [lg] = [Ig| = 0 (Correct) 67% 70% 79% 84%
Correct reasoning 46% 48% 54% 73%
VE=Ve=0 1% 5% 4% 2%
4. |la] = |Ig] = |l¢| > 0 (Correct) 11% 9% 33% 53%
Correct reasoning 7% 8% 9% 36%
[1a] = [Ig| > |Ic| = 0 21% 7% 12% 11%
[1a] = |lg] = |Ic| = 0 0% 1% 0% 0%
Reasoning for |I¢| = 0:
Overgeneralization of Golden 8% 6% 6% 9%
Junction rule with rail 1% 1% 0% 0%
[lc| > |1a] = || > 0 4% 13% 3% 16%
[1a] = [Ig| > |Ic| > 0 22% 10% 33% 0%
[Ip] > |1a] = |lg| = |Ic| >0 0% 2% 3% 16%

Roughly 15 - 25% of the students in all three populations claimed there was no current
through point C. About 5% of students in each population gave reasoning consistent with
overgeneralizing Golden Rule 1l. It is also worth noting that about 5 - 20% indicated that
the currents through points C, D, F, and G are all zero, possibly suggesting that the op-
amp is electrically isolated (which again suggests an overgeneralization of Golden Rule
I1). About 1 - 5% of the students in all three courses concluded that the current through
point C was zero because they applied the junction rule but failed to account for the
correct behavior of the rails. Indeed, between 20 - 40% of the responses from each
course indicated that the positive rail current through point D was zero; a careful analysis

of student explanations suggests that most students in all three engineering courses did
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not understand the role of the power rails.

While the exact percentages varied, results from the inverting amplifier question suggest
that engineering students encounter essentially the same conceptual and reasoning
difficulties as those identified in physics courses. Taken together with the electrical
engineering results reported in Ref. Zodipa! Aev £xer oprotei oeEMdodeikTNC,, it IS Clear
that the difficulties identified in the physics populations at UA, UM, and UW are not
simply artifacts of pedagogical approaches to op-amp circuits solely employed in physics

courses.
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2.7 Implications for Instruction.

In all populations studied, we have found evidence of substantive difficulties associated
with the analysis of slightly modified, yet basic, op-amp circuits after relevant (and, in
many cases, all) instruction on op-amps. Our findings are largely consistent with
informal observations reported by Mazzolini et al., who noted that introductory
engineering students seemed to memorize gain formulas for canonical circuits and
struggled when those circuits were drawn or labeled in a different manner.? While
specific difficulties are described throughout this text, we strongly believe that our
findings may inform instruction in both physics and engineering courses in a productive
manner. Although we are currently in the process of developing and refining laboratory-
specific activities and research-based tutorials on op-amp circuits that employ strategies
similar to those in Tutorials in Introductory Physics,®* here we offer some general

recommendations based on our multi-year, multi-institutional investigation.

Provide additional support for students as they attempt to apply foundational circuits

concepts in these more advanced contexts.

As an electronics instructor, it is sometimes tempting to gloss over the details of the
application of Kirchhoff’s rules, Ohm’s law, etc. to a given electronic circuit because
students indicate that they have a solid understanding of these foundational concepts.
However, as described in both this article and a companion article focusing on canonical
circuits, new device rules, conventions, and representations (e.g., absence of rails in op-
amp circuit diagrams) can make it more challenging for students to apply these concepts
successfully. For example, in the two amplifier and three amplifier questions (Figs. 2 and
4), we found that many students did not appear to consider Ohm’s law when deciding
whether or not there is a voltage drop across the input resistor. Providing students with
opportunities to apply foundational concepts in these more challenging contexts and to
receive feedback on their efforts to do so can help students recognize the applicability of
foundational circuits concepts throughout the course and the subtleties associated with the

application of these concepts in many electronic circuits.
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Use “perturbed” circuits in instruction, even if they aren’t necessarily touchstone

circuits.

Given time constraints, there is often a tendency in electronics courses to focus on a small
number of touchstone or standard circuits that may serve as building blocks in complex
designs. Our research, however, has indicated that slight modifications of standard
circuits, even if those modifications seem to be pointless or non-ideal from a circuit
design perspective, can be productive in that they force students to set aside memorized
gain formulas and reason from foundational concepts and rules. They also may serve as
excellent contexts in which students can practice both applying the Golden Rules and
checking to ensure that their solutions are in fact consistent with these rules. Moreover,
analyzing these “perturbed” circuits may be viewed as a first step in thinking about

chaining one or more standard circuit chunks together as part of a larger design.

Provide explicit prompts for students to check that their circuit predictions are

consistent with the Golden Rules and foundational circuits concepts.

Over the course of this investigation, we have collected considerable evidence indicating
that students make predictions about basic op-amp circuit behavior that are inconsistent
with either the Golden Rules or foundational circuits concepts. While we have found that
“perturbed” circuits are productive contexts in which to elicit such inconsistencies, it may
also be beneficial to prompt students explicitly to verify that their predictions are
consistent with the Golden Rules, etc. Indeed, these kinds of basic consistency checking

strategies may be used productively both in and out of the laboratory.

Emphasize the role of the op-amp’s power rails.

Though they are often not included on diagrams of simple op-amp circuits, our
investigation revealed that the majority of students struggled with the role of the power
rails in the behavior of the op-amp circuit. Even those students who attempted to apply
Kirchhoff’s junction rule to the device were frequently unable to do so productively
because they did not realize that the power rails enable the op-amp output to source and
sink current. Without a robust understanding of the power rails, the op-amp may
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incorrectly be viewed as a device that violates Kirchhoff’s junction rule. This, in turn,
may make students more willing to abandon the very foundational circuits concepts (such
as Kirchhoff’s rules) upon which we hope they will build in our electronics courses.
Simple measurements of rail currents in the laboratory for either inverting or non-
inverting amplifiers with values of Vi, that are positive, negative, and zero can be
particularly valuable for helping students recognize that the relationship between the two
rail currents changes, in accordance with Kirchhoff’s junction rule, depending on whether
the op-amp is sinking or sourcing current. Questions similar to the inverting amplifier
question (Fig. 2) can be used to provide students with additional practice with these rail

currents and op-amp as a junction.

Examine currents and voltages in one or more canonical circuits.

While students will eventually need to think about a given op-amp circuit as a single
“chunk” in a larger circuit or circuit design, our findings suggest that students often are
unable to think about what is actually going on in some of these very basic op-amp
circuits. Providing students with an opportunity to think about the currents and voltages
at various locations in a circuit for one or more values of Vi, can help students reason
through the behavior of the circuit on their own and effectively derive (or re-derive) its

gain formula through the application of the Golden Rules and Kirchhoff’s rules.

Provide additional support for students as they attempt to apply foundational circuits

concepts in these more advanced contexts.

Even though our students may be very comfortable applying Kirchhoff’s rules, Ohm’s
law, etc. to introductory-level dc circuits, it is important to remember that the kinds of
circuits covered in our analog electronics courses provide additional challenges to the
successful application of these concepts. Indeed, students are encountering new
devices/elements, each with its own set of rules; new conventions (e.g., voltage at a
point); and new and increasingly abstract representations (e.g., the absence of rails in
many op-amp circuit diagrams, or the obfuscation of closed loops in circuit diagrams due
to the use of input and output voltages and ground symbols). The results from the
inverting amplifier task (Fig. 2) highlighted many of these challenges. For example, we

have found that students apply Kirchhoff’s junction rule to certain junctions but not to
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others; in some cases, overgeneralized op-amp rules appeared to be more salient for
students and somehow hindered their ability to apply the junction rule to the B-C
junction. Kautz has reported similar phenomena in the context of phase relations in ac
circuits. By providing students with opportunities to apply these foundational concepts in
particularly challenging contexts (e.g., the inverting amplifier task) throughout the
course, students can receive productive feedback and be guided to recognize the
importance of and subtleties associated with applying foundational circuits concepts in all

electronic circuits.

Provide explicit prompts for students to check that their circuit predictions are

consistent with the Golden Rules and foundational circuits concepts.

We have found that students often make predictions about the behavior of basic op-amp
circuits that are inconsistent with either the Golden Rules or foundational circuits
concepts. We believe that, after students have analyzed (either individually or
collaboratively) a circuit that elicits such inconsistencies, it may be beneficial to prompt
students explicitly to verify that their predictions are consistent with the Golden Rules,
Kirchhoff’s rules, and Ohm’s law. This strategy may help students explore lines of
reasoning that they did not originally consider so that they can work to resolve any
inconsistencies.  (These kinds of strategies are frequently used in Tutorials in

Introductory Physics.)
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Chapter 3:

Diode circuits
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3.1 Introduction

In this chapter we describe a systematic investigation of student understanding of the
behavior of simple diode circuits. The participants in this study were undergraduates
enrolled in upper-division physics courses on analog electronics at three different
institutions. We focus on the use of basic diode circuits in research tasks designed to
provide insight into student thinking about these circuits. The findings indicate that, after
instruction, many students in physics courses are unable to productively analyze circuits
that differ only slightly from those explicitly covered in lecture, laboratory, and the
textbook. The most prevalent conceptual and reasoning difficulties identified in this part
of the investigation are described and related implications for electronics instruction are

discussed.

In section 3.2, we begin with a brief overview of previous research on introductory

electric circuits and electronics conducted in both physics and engineering.
We then discuss our research methodology and context (Section IlI).

In Section 1V, we present two free-response questions used to probe student

understanding along with the data collected and difficulties identified.

Finally, in Sections VII and VIII, we discuss implications for instruction and summarize

our findings in the conclusion.
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3.2  Brief overview of diode coverage

In all courses, students learn that a diode is an electronic device, built by semi-conducting
materials. A diode is represented by the symbol shown in Fig. 3.1, in which the IV

characteristic of an ideal diode is also shown.

Ideal diode symbol and 77 characteristic

Fig. 3.1

Diode circuits are ubiquitous in electronics, particularly in power circuits. In most
electronics courses, students are introduced to this passive semiconductor device by

studying a number of basic circuits it is used in.

Students learn that, as derived from its IV characteristic, an ideal diode only allows
current through it in one direction (e.g. from a to b in Fig. 3.1). That happens if the
potential at point a is greater greater than the potential at point b by 0.7 V. In this case,

the diode is said to be forward-biased, the voltage across it will be equal to 0.7 V and its

Page |71




Christos P. Papanikolaou

resistance will be zero. In case the potential at point a is less than the potential at point b,
then the diode’s resistance is infinite and no current is allowed through the diode.

In the course, students investigate the behavior of many standard diode circuits, including

the rectifier circuits.

In order to probe student understanding of diode circuits, we developed a number of
research tasks, two of which are described in the sections that follow.
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3.2 Questions on a simple Diode-circuit

3.2.1  Questions

In this question, students were shown a simple circuit with a diode and two resistors (Fig.
4.1). Students were told that the diode is ideal, the input voltage Vi, is constant and equal

to + 5V, there is no load in the circuit’s output and the two resistors are identical.

Students were then asked a number of questions, always explaining their reasoning. In
part 1 they were asked to predict the direction of current through point a, if any. In part
2, students were asked to rank the currents through points a, b, ¢, and d from highest to
lowest, and to explicitly state if any of the currents is zero. In part 3, they were asked to
rank the absolute values of the voltages across the two resistors and the diode from

highest to lowest, and to explicitly state if any of these voltages is zero.

Fig. 4.1

3.2.2  Correct responses

To answer the first question, students have to understand that there is no closed loop for
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the current to follow. Current cannot come out of the output or come from the output
because there is no load attached there. Also there cannot be current flowing from the
source to point a to the ground because the diode is back-biased. So there is no current

through point a.

It follows from the above reasoning that current cannot flow anywhere in this circuit, so
all currents are equal to zero. So the correct answer to the second question is I, = I, = Ic =
Id =0.

To answer question 3, students could follow one of the following lines of reasoning.
Since there is no current anywhere in the circuit, there can be no voltage drop across any
of the two resistors. Using Kirchhoff’s loop rule, students could find that the voltage
drop across the diode is equal to the source voltage, thus equal to + 5 V. Alternatively,
students could say that the voltage at point a is equal to the source voltage, because there
IS no voltage drop across the resistor R;. Since there is also no voltage drop across
resistor Ry, then voltage at point d is equal to zero. Since voltage at point a is equal to
voltage at points b and c, and the diode is placed between points d and c, the absolute
value of its voltage is + 5 V. Remember that the diode is back-biased and the voltage
across it should be considered as negative (Vqc = - 5 V). So the correct ranking is Vp >
VRr1 = Vg2 =0.

3.2.3  Overview of student responses on questions involving currents (1 - 2)

The two questions involving current (1 and 2) were administered to 343 students of three
different institutions (UA, UW, and UW), in various examination periods between the
years 2011 and 2012.

On question 1, only 10% - 55% of the students indicated that there is no current through
point a. The majority of students claimed that there is current through point a to the right.
Most of these students indicated that the diode is back-biased and there is no closed loop

in this circuit. See table 3.1.

Close to how they performed on question 1, 10% - 55% of the students could answer
question 2 correctly, being able to identify that there is no current anywhere in the circuit.
See table 3.2. Most of the rest, about 30% of all students, would correctly say that there
can be no current through points ¢ and d, but would identify a current through points a
and b, giving a ranking of a = b > ¢ =d = 0. Students justified this by noting that by

Page |74



Identifying Conceptual Difficulties in Analogue Electronics

saying that the diode does not allow current in the lower part of the circuit, but treat the
no-load terminal as a viable path for current. So, reasoning focuses on no current through
the bottom branch due to the reverse biased diode. For example, one student wrote:

“We know I, = l4. Since the diode restricts the current, both are zero.
Thus, all the current that flows through a, continues to b.”

Table 3.1. Responses to Question 1 (direction of current
through point a).

UA uw UM

N=177 N=146 N=20

Correct 12% 35% 55%

no closed loop, D
back-biased

D back-biased 4%

6%

Right 82% 60% 45%

from source 45%

from high to low 6%

Table. 3.2. Responses to Question 2 (rank currents
through points a, b, ¢, and d, if any).

UA uw UM

N=177 N=146  N=20

Correct 9% 30% 55%

no closed loop, D 0
back-biased 6%

D back-biased 3%

a=b>c=d=0 37% 35% 35%

D back-biased 29%
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3.2.4  Overview of student responses on question involving voltage (3)

Question 3 described above was involving understanding of voltages in a diode circuit.
This question (3) was administered to students of three different institutions, in various

examination periods between the years 2011 and 2012.

Only 5% - 35% of the students could indicate that the input voltage has to be dropped

across the inversely biased diode.

One could argue that the problem is set from the poor understanding of currents.
Looking at how many people are saying that there is current through point a going to the
circuit’s output and no current through the diode and R, one could expect that the
R;>D>R,=0 would be more prevalent. Yet, it is not, revealing a poor understanding of

voltages and Kirchhoff’s rules.

Table 3.3. Responses to Question 3 (rank the voltages
across the two resistors and the diode).

UA Uuw UM

N=177 N=146 N=20

Correct 5% 15% 35%

Ri>R,=D=0 20% 35% 25%

no current through D 0
o D is back-biased 1270

no current through R, 8%

ground 2%

Ri=R;=D=0 2% 10% 10%
no currents, no 1%
voltages
Ri>D>R;=0 11% <5% 0%

no current through R, 5%

Vp=0.7V 1%
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3.3 Related interview tasks

We interviewed UW students in Seattle (Summer 2010), as well as UA students (Spring
2011 and 2012).

In general, interviews provided insights on student thinking and explanations on how they

answered the written questions.

The circuit shown in Fig. 3.1 was also used for interviews at UA (N = 17) and UW (N =
5). In both institutions, Vi, = +6 V. In the interviews, students were asked to: (1) decide
on the direction of current through point a, if any, (2) rank the currents through points a,
b, ¢, and d, if any, (3) rank the absolute values of the voltages across the diode and the
two resistors, and (4) find the output voltage of this circuit. Given that performance on
parts 1 — 3 was largely similar to that reported in section 3.2, we limit our discussion to

student reasoning about the diodes.

To answer the first question, students have to understand that this diode can only let
current flow from point d to c, if it is forward biased. But in this circuit it is inversely
biased, so no current can flow from point ¢ to d. Since there is no load attached, then
there is no closed loop for the current, so there will be no current anywhere in this circuit.

So current through point a is equal to zero.

As we discussed in the first question, there is no current anywhere in this circuit, so the

correct answer wouldbea=b=c=d=0.

Since there is no current anywhere in the circuit, then the voltage drop across any of the
two resistors will be zero. Applying Kirchhoff’s loop rule, students should recognize that
the input voltage will be applied across the diode (Vin = V). Thus, the correct answer
would be Vp > Vg1 = Vg, =0.

Building on what we discussed in question 3, one should be able to see that - since there
IS no voltage drop across R; - the potential at points a, b, or ¢ will be equal to the input

voltage and the output voltage. So, Vout = +6.0 V.

The interviews provided considerably more insight into student thinking, particularly
with respect to how students are applying Kirchhoff’s loop rule to a diode circuit. For

example, the interview excerpt below describes the subsequent discussion that resulted
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after one interview participant correctly indicated that there was no current anywhere in
the circuit.
I: ... Now, please rank the absolute values of the voltages across Dy,
Ri, and Ry.
S.: Ok, ... (thinks) potential at a is Vin, since the circuit is open and
no current...
I.: So, what is the voltage drop across R; then?
S..hmm... (time) zero, because there is no current...
I.: Ok, what about the other two elements now?
S.: ehh... For the diode it is 0, because ... no current and also for R,.
SoR; =R, =D =0. D; has zero V across it because no current runs

through it.

This student claimed that since no current through the diode, the voltage across it is zero,

treating the diode as an ohmic element and incorrectly using Kirchhoff’s loop rule.

This belief is so strong that the same student refuses to believe it is wrong when his ideas
are conflicted in the final question.
I: What, if anything, can you say about the value of Vo?
S.: 1t will equal the potential at b, so it will be 6 V...
l.: Ok, let’s look at this. Why?
S.: Voltage is the same at a, b or c. Open circuit, so we get the source
voltage there...
I.: Ok, I still do not get how you have a 6 V at b and a ground there
and you say that the vd across that diode is zero... Can you explain?
S.: Yeah, ... | remember that if there is going to be a current, then the
voltage drop across d and c has to be 0.7 V... (thinks hard, puzzled) 1
do not know... This is back-biased right... I get what you are
saying... (thinks hard again) it is back-biased ... The voltage drop
hasto be 6 V, across c and d... (more time)
I.: So, before you said that no current means 0 V across this and that
end of the diode, are you ok with the 6 V and no current situation
now?
S.: (silence for long) There is something I do not like ... Yes,

probably... It has to be forward biased to allow current. | do not
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know...

Another student arrived to the same conclusion at first.
I: We will talk about that later. Now, please rank the absolute values
of the voltages across Ds, Ry, and R.
S.: Ok, ... (thinks) | said no current, so zero vd across the RI ...
ererywhere zero (firmly).
I.: Ok.
In the next question he was able to find the correct answer, with a subtle prompting from
the interviewer.
I: What, if anything, can you say about the value of Vo?
S.: It will be equal to 6V, as it will come out of that branch (he shows
the vertical one)...
I.: But, you say 6 V and there is nothing across that diode and that
resistor...
S.: Yes, I get what you are saying... That is the problem, I have no
way to thonk about these, how to divide up the voltages...
I.: So, are you sure about the vd across the two Rs?
S.: Since there is no current, they have to be zero.
I.: Ok, what about the diode then? Why is that zero?
S.: Because, as | think of it, since there is no current anywhere in the
circuit and so there is no voltage drop, then the potential must be the
same at all points! A, b, ¢, d ... Yet, there is the ground and the
potential has to drop to zero...!
I.: Ok, why do you think that ¢ and d will be at the same potential?
S.:Yeah... The diode is not a resistor... then the diode must hold the 6
Vvoltage... Yet there is something I do not like... I just do not... But
it must be...
I.: Is that consistent with the IV characteristic of this diode? Can you
draw one for me?
S.: (easily draws a correct one) This s it.
I.: Ok, could you show me the point at which this is functioning in this
circuit?

S.: 1 guess it must be this one... (he finds the correct one)... The
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diode could obtain a lot of different voltage values for zero value of
current...!
I.: So is the voltage axis representing the cd or the dc voltage values?
S.: Oh, you want this detail... This is more complex than I thought ...
I guess the cd... Or... No, it is the cd is +6, so it must -6, then it
shows the dc...! Never thought of that...
I.: Ok.
Another student, who believes that no current through the diode means no voltage across
it, is totally confused trying to apply Kirchhoff’s loop rule to this loop.
I: Please rank the absolute values of the voltages across D1, Ry, and
Ra.
S.: There is no voltage drop across R2 and the diode, so all that
branch up o c is zero. Vout is also zero. About R1, we have 6 V to the
left and O V at right, so there is a vd of 6 V across it. So,
R1=6>D=R2=0, yes.
I: What, if anything, can you say about the value of Vq?
S.: It will be zero!
I.: Ok, let’s look at these potentials on either side of R1 again....
S.: Oh, no how can this be without a current? Let me think again...
l.: Ok...
S..hmmm... vd ... we cannot have a vd across RI, then the potential
at a has to be again 6 V...! haha... It must be the same at b and c...
Could the current go up from d to c, but it would be going from 0 to 6,
then it would not be a v drop, it has to be going from zero to minus...
diode... (time) Ido not know... Ilostit... I cannot find the 6 V...
I.: So you say no current anywhere, 6 V at a, b and c, zero atd ... but
you have to have zero V across the diode, because there is no current
through it, right?
S.:Yes... maybe the diode is destroyed and current goes through it
(laughs) this is the only explanation I can think of!!!
I.: The way you describe it, you are having 6 V across the diode, ¢ to
d. Why is this so bad?
S.: The current cannot go through there down, so it must be destroyed,

because I cannot have a pd across the diode and no current...! I have
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really lost it
l.: Ok.
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34 Difficulties identified

Several difficulties were identified through the use of the tasks described above.

Findings from all populations indicate that students struggle with applying device-
specific rules and foundational circuit analysis ideas (e.g., Kirchhoff’s rules)
simultaneously. In many cases, students tended to apply Ohm’s law to diodes, which are
non-ohmic, when analyzing diode circuits. Results from introductory students suggest
that this latter difficulty may be related to student understanding of open switches in

simple dc circuits.

We describe the most prevalent conceptual and reasoning difficulties identified and

discuss some of the implications of our findings for electronics instruction.

Tendency to apply Kirchhoff’s loop rule inconsistently in diode circuits.

On the questions asking students to rank the absolute values of the voltages across the
circuit elements, a significant percentage of the responses included rankings for the sum
of the voltages in a closed loop was not equal to zero. Thus, Kirchhoff’s loop rule was
not correctly applied every time. While it is clear that students in electronics courses
have a solid understanding of the loop rule, specific features of these more advanced
circuits seem to trigger alternative lines of reasoning that make it more difficult for

students to recognize the need to apply Kirchhoff’s loop rule in such cases.

Tendency to argue that | = 0 yields V = 0 when considering the voltage across a back-
biased diode.

As discussed in the student responses (3.2.3) and the interview excerpts ((3.3), many
students claimed that there is no voltage across a diode, if there is no current through it,
I.e. if the diode is back-biased. Thus, they treated the diode as an ohmic element, being

unable to correctly relate to the IV characteristic of the diode and its implications.

Tendency to mistake voltage Vap with Vp, across the diode.
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As seen in the interview excerpts ((3.3), many students look at the IV curve and do not
relate to the correct voltage. The curve is referring to the Vab voltage (see Fig 3.1), i.e.

fro the back of the diode to its front. This is not always clear to the students.

Tendency to mistake the open end of a represented circuit as being loaded.

Many students identify a current through the open end of a circuit, even if an explicit
statement of no load is written in the question.
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35 Implications for Instruction.

In all populations studied, we have found evidence of substantive difficulties associated
with the analysis of basic diode circuits after all relevant instruction on diodes. While
specific difficulties are described throughout this paper, we strongly believe that our
findings may inform instruction in physics courses in a productive manner. Although we
are currently in the process of developing and refining laboratory-specific activities and
research-based tutorials on diode circuits that employ strategies similar to those in
Tutorials in Introductory Physics,®” here we offer some general recommendations based

on our multi-year, multi-institutional investigation.

Provide additional support for students as they attempt to apply foundational circuits

concepts in these more advanced contexts.

As an electronics instructor, it is sometimes tempting to gloss over the details of the
application of Kirchhoff’s rules, Ohm’s law, etc. New device rules, conventions, and
representations (e.g., absence of visible closed loops) can make it more challenging for
students to apply these concepts successfully. For example, in our questions (Figs. 2 and
4), we found that many students did not appear to consider Kirchhoff’s rules when
deciding whether or not there is a voltage drop across the diode. Providing students with
opportunities to apply foundational concepts in these more challenging contexts and to
receive feedback on their efforts to do so can help students recognize the applicability of
foundational circuits concepts throughout the course and the subtleties associated with the
application of these concepts in many electronic circuits.

Use “perturbed” circuits in instruction, even if they aren’t necessarily touchstone

circuits.

Given time constraints, there is often a tendency in electronics courses to focus on a small
number of touchstone or standard circuits that may serve as building blocks in complex
designs. Our research, however, has indicated that slight modifications of standard

circuits, even if those modifications seem to be pointless or non-ideal from a circuit
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design perspective, can be productive in that they force students to reason from
foundational concepts and rules. Moreover, analyzing these “perturbed” circuits may be
viewed as a first step in thinking about chaining one or more standard circuit chunks

together as part of a larger design.

Provide explicit prompts for students to check that their circuit predictions are

consistent with foundational circuits concepts.

Over the course of this investigation, we have collected considerable evidence indicating
that students make predictions about basic op-amp circuit behavior that are inconsistent
with foundational circuits concepts. It may also be beneficial to prompt students
explicitly to verify that their predictions are consistent with Ohm’s law or Kirchhoff’s
rules. Indeed, these kinds of basic consistency checking strategies may be used

productively both in and out of the laboratory.

Examine currents and voltages in one or more circuits.

While students will eventually need to think about a given diode circuit as a single
“chunk” in a larger circuit or circuit design, our findings suggest that students often are
unable to think about what is actually going on in some of these very basic diode circuits.
Providing students with an opportunity to think about the currents and voltages at various
locations in a circuit for one or more values of Vi, can help students reason through the
behavior of the circuit on their own and effectively apply Ohm’s law and Kirchhoff’s

rules.

Revisit the open end representation of a circuit and its effects on the circuit.

As many students identify a current through the open end of a circuit, this should be
revisited. In many cases, instructors should be careful, when assuming that students
easily understand that a load of infinite resistance is exactly equivalent to a circuit with

no load.

Attend to the implications of the diode’s IV curve on behavior when back biased.
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Many students are claiming there is no voltage across a diode, if there is no current
through it, i.e. if the diode is back-biased, treating the diode as an ohmic element. The IV
characteristic of the diode should be revisited, so that students can think of its

implications, especially in the case of a backward biased diode.
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Chapter 4.

Foundational circuits concepts
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4.1 Introduction

There has been extended work in the literature on electric circuits. Many researchers

suggest that students struggle with basic electric circuits concepts, like Ohm’s law and

Kirchhoff’s rules®,

A WA
R,
Mﬁ
R, R, _ =R,
A
—= W= =R,
all resistors identical
constant Vg B
voltage source ideal
Fig. 4.1a all resistors identical

Fig. 4.1b

=R,

R,

- B
all resistors identical
constant V,

Fig. 4.1¢

On top of that, students in upper-division electronics courses face additional challenges
due to the increasingly abstract representations employed. As a specific example, a
simple dc circuit or network may look very different when different representations are
used, as illustrated in Fig. 4.1a, 4.1b and 4.1c.
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Figure 4.1a is what students in junior high schools and high schools are used to seeing.
Note that the source is not shown, but its presence is implied.

Figure 4.1b is typical for high school students, as well as students in introductory physics

courses.

A couple of years later, the same students enter upper-division courses and are presented
with figure 4.1c. Again, the source is not shown, and neither is the closed loop.

Figure 4.1c depicts a standard voltage divider and figures 4.1a - 4.1b are the
corresponding representations in high school and introductory Physics courses. We know
that voltage dividers are an integral part of the analysis of electronic circuits and any
Issues students face in figures 4.1a - 4.1b will affect their reasoning in and understanding

of electronic circuits.

Every year, we have 240 students enrolled in the junior year electronics course in the
Physics department in the National and Kapodestrian University of Athens. All these
students are Physics majors, with a strong background in Physics, since they have to

follow mandatory Physics courses from grade 8 and on.

Basic ideas in electric circuits are taught in Greek high schools in grades 9, 11 and 12.
Students in the UA Physics department are also taught Ohm’s law and Kirchhoff’s rules
in their sophomore year, as part of the EM course. As a result, students that take the
Electronics course in their junior year are considered to be very familiar with basic

electric circuits.

More specifically, junior year students have been taught Ohm’s law, as well as the
concepts of capacitance and inductance. They also know how to deal with dc and ac

electric circuits.

To test student understanding on the above, we administered a pretest / series of

conceptual questions at the start of the laboratory session.

Typically, the two-hour laboratory sessions follow lecture instruction. In the laboratory,
students work in pairs. The lab holds up to 12 pairs of students, so 10 laboratory sessions

are organized weekly, for each of our 240 students to attend once every two weeks.

Because of this setup, we had the opportunity to administer 10 unique pretests, each one
slightly different from the other, but all targeting the same conceptual difficulties.
Students answered these pretests individually.
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Each pretest consisted of a set of four true or false questions. Explanations were asked

for every answer.
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4.2  The questions

The pretests given to the students are shown in Appendices 3a and 3b.

To answer part A, students had to understand that since there is no current through
resistor Rs, then current has no other path to follow than the one from point A to C and
then to B through resistor R,. So resistors R; and R, are connected in series. Statement A

is true.

Based on the above conclusion and since all resistors are identical, then the potential

difference across R; and R, is the same, thus statement B is true.

Closing the switch will affect the resistance of the whole arrangement. Resistor R, will
now be in parallel with resistor Rs, thus the total resistance between points C and B will
be decreased. This will cause the total resistance between points A and C to decrease.
Since the potential difference Vac is unchanged, then the total current will increase. The

total current is going through resistor Ry, then statement C is true.

Since the current through resistor R; is increased, obviously the voltage drop across it will

increase, thus statement D is true.
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4.3 Results and Discussion

The questions were administered to 3 year Physics majors, after all relevant lectures and

instruction in DC circuits, and one month into the upper division electronics course.

We categorized the questions in two major types. Several question (e.g., questions A and
C) on both pretests explicitly focused on currents when the switch was open or closed.
Other question (e.g., questions B and D) on both pretests explicitly focused on voltages

when the switch was open or closed.

Analysis showed that only 40% of the students were able to answer correctly and give a
correct explanation on questions on current with the switch open. The percentage
dropped to 20% for questions on current with the closed switch.

The task proved even more difficult when students faced the questions on potential
difference. Only 30% of the students were able to answer correctly and give a correct
explanation on questions on potential difference with the switch open. Moreover, the
percentage dropped to 10% for questions on potential difference with the closed switch.

Analyzing the wrong answers we identified the following student difficulties:

(@)

Table 4.1
(% of students with correct answers and correct explanations)
Switch Switch
open closed
Qs on current 40% 20%
(N =140) (N =190)
Qs on potential 30% 10%
difference (N =98) (N =215)

Failure to identify that adding a resistor in parallel will decrease the total

resistance. That led them to wrong answers on questions on current.

Page |95



Christos P. Papanikolaou

One student states:

“... total resistance is increasing, because we add Rj to the circuit ...

so the total current will decrease.”

(b) Inappropriate application of Kirchhoff’s junction rule to justify that the current

through elements in series cannot be affected by changes to the circuit.
As one student claims:
“... resistors are connected in series, so current through them will

not change after we close the switch ...”

(©) Failure to recognize that the currents through two identical resistors connected in

parallel will have the same value.
According to a student:

(13

. when resistors are connected in parallel, then currents through

them must have different values ...”
(d) Open circuit suggests zero potential difference across open ends.
As a student sees it:

“... Vag is not equal to Vgc, because the latter is across an open

switch, so it is zero.”

(e Closing the switch affects only a specific part of the circuit, where the switch is

situated (local reasoning?).
One student clearly says:

“... when the switch in BC closes, loop AB will not be affected ...”
)] Difficulties in applying multi-variable relationships such as Ohm’s law.
As s students sees it:

“... total resistance is decreased ... Vac IS not changing, so the total

current — being proportional to Vac — will not change ...”

The above findings reveal a problem of which the instructor must be aware. Students do
not seem to be able to deal with voltage dividers. For the upper-division electronics

! Lillian C. McDermott and Peter S. Shaffer, Am. J. Phys. 60 (11), 1992.
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course, voltage dividers are an integral part of the analysis of Electronic circuits, as seen

in the diagrams below, showing two of the basic circuits studied in any such course.

o
¥ —[+:: ,
. - tul
5%

T .
g = & = X
|—:=|i : T = R

Fig. 4.2

Our findings show that students cannot really analyze the voltage divider, especially
when a load is added to the circuit. They learn the rule about the load being huge with
respect to the output resistance of the circuit, without grasping the origins of the rule to

the simplest of circuits.
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Chapter 5:

Conclusions and future work
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5.1  Operational Amplifier Circuits

In this multi-year, multi-institutional study, we investigated student conceptual
understanding of basic operational-amplifier circuits in the context of upper-division
physics courses on analog electronics as well as electrical engineering courses on
introductory circuits and analog electronics. After instruction, students in all populations
struggled to analyze basic op-amp circuits. As described in this article, tasks involving
canonical op-amp circuits (e.g., the inverting amplifier question in which students were
asked about various currents and voltages in the circuit) allowed for the identification of
several specific difficulties that were prevalent in all populations. Many students failed
to demonstrate a basic understanding of the role of the op-amp’s power rails, and a
significant percentage of students did not apply foundational circuits concepts
consistently and systematically when analyzing op-amp circuits. In addition, a large
number of students in all populations gave explanations of reasoning and drew
conclusions that were inconsistent with the Golden Rules, as discussed in a companion

article.

Our findings suggest that, after traditional instruction on op-amp circuits in both physics
and engineering courses, many students have not developed the kind of robust
understanding required to analyze basic op-amp circuits in a flexible and productive
manner. Perhaps more importantly, this investigation has documented several prevalent
student difficulties and has also revealed the need for increased emphasis during
instruction on a number of specific topics including the role of the power rails in op-amp
circuits. Additional instructional recommendations that have emerged from this project
are described elsewhere in these paired articles. Although we have provided some
general recommendations for instructors, we are actively developing and refining
research-based and research-validated instructional materials on op-amp circuits that may
be flexibly incorporated into either laboratory or lecture instruction. Future work will

examine the effectiveness of such materials.
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5.2 Diode Circuits

We also investigated student conceptual understanding of basic diode circuits in the
context of upper-division physics courses on analog electronics. After instruction,
students in all populations struggled to analyze basic diode circuits. As described in this
text, tasks involving diode circuits allowed for the identification of several specific
difficulties that were prevalent in all populations. A significant percentage of students
did not apply foundational circuits concepts consistently and systematically when

analyzing diode circuits.

Our findings suggest that, after traditional instruction on diode circuits in physics, many
students have not developed the kind of robust understanding required to analyze basic
diode circuits in a flexible and productive manner. Perhaps more importantly, this
investigation has documented several prevalent student difficulties and has also revealed
the need for increased emphasis during instruction on a number of specific topics
including the behavior of the diode when backward biased. Instructional
recommendations that have emerged from this project are described in part 3.5. Although
we have provided some general recommendations for instructors, we are actively
developing and refining research-based and research-validated instructional materials on
diode circuits that may be flexibly incorporated into either laboratory or lecture

instruction. Future work will examine the effectiveness of such materials.
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Appendix 1:

Operational Amplifiers Circuits: Interview Protocol

. Non-Inverting Amplifier

A What is vour in terms of vin? Why? How do you find that out?
+I5\-’ol|5 +15 Volts
)
A )
sk = 20kQ

B. Compare v, to vg.
C. Compare v, to ve.
D. What is the current in v,?
E. What about currents? Is it a junction device? What do you think about the rails?
Explain.

1. Inverting Amplifier

Let vy = - 4 Volts. 10 k&2
et uin olts ! 5
A. What is VouT?
What is the DIRECTION of current through F? (to 20 kQ
the right, to the left, or zero) Explain. NV

What is the DIRECTION of current through G? (to

— -15 Volts

the right, to the left, or zero) Explain.

B.

Rank the currents through D, C, B, A. Explain.
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Note: If they do not know about D, tell them to rank what they can!
C. Compare currents through D and E. Explain.
D. What are the voltages at G and A? Explain. (Ask ONLY if they do not mention.)

E. Back-up question after 11-A: How many places can current enter the device?

What is the role of the rails? What is the output impedance of the op-amp? Reconcile.

F. Follow-up: Suppose vy = 0 Volts. What is vour? We have measured currents

through D and E to be non-zero. (demo?) Rank these currents.

I11.  Differential amplifier

What is vour? Explain. (Note: use a demo in the

. 10 kQ
final phase.) !
+15 Volts
20 kQ
Uy A -
NN Y + — Your
20 kQ
10 kQ
-15 Volts

Page |115



Christos P. Papanikolaou

Appendix 2:

Diode Circuits: Interview Protocol

During each interview, we followed a pre-defined protocol, consisting of two parts. This
protocol is shown and discussed in the following:

Part la (resistors — 1 diode): Vi, is a positive DC voltage of +6.0 V.

Students were presented with the circuit diagram shown at right (see appendix 1).
Attention was drawn to the facts that (a) all sources and diodes should be treated as ideal,
(b) no load is attached to the output, and (c) resistors are identical.

R,

b
V=160 V—W—E‘t—o—o— VOUT

oC
D,
d
R,

The following questions were asked one at a time, providing no further explanations and

giving students all the time they needed to think and express themselves.
Q1: Is the current at point a to the right, to the left, or equal to zero?
Q2: Rank the absolute values of the currents at points a-d.

Q3: Rank the absolute values of the voltages across D;, Ry, and Ro.

Q4: What, if anything, can you say about the value of V?

Optional:

Q4:  Grounding of the output and observations (does not show well — one bulb does
not light).
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Q5:  The case where Vi, = +0.4 V (or any other positive value less than 0.6 V).

R R
1 a b 1 a b
Jo=+6.0 Vo—W— Vour V=104V o—MW— Vour

iDl LDl
d d

R, R,
¥YD,AD, YD, 4D,

R, R,

Fig. 4.3 Fig. 4.3

Part 1b (resistors — 1 diode): Vi, is a negative DC voltage of -6.0 V.

Students were presented with the circuit diagram shown at right (see appendix 2).
Attention was drawn to the facts that (a) all sources and diodes should be treated as ideal,

(b) no load is attached to the output, and (c) resistors are identical.

Vi =-6.0V

Fig. 4.1

The following questions were asked one at a time, providing no further explanations and

giving students all the time they needed to think and express themselves.
Q1: Is the current at point a to the right, to the left, or equal to zero?
Q2: Rank the absolute values of the currents at points a-d.

Q3: Rank the absolute values of the voltages across D;, Ry, and Ro.

Q4: What, if anything, can you say about the value of V?
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Optional:

Q4:  The case where Vi, = - 0.4 V (or any other positive value greater than 0.6 V).

R R

1 a b 1 a b
Mn=16.0Ve W_C' Vour I=704Vo W_C' Vour

LDl iD1
d d

R, R,
YD,AD, ¥YD,4D;

R, R,

Fig. 4.3 Fig. 4.3

Part 2 (resistors — 3 diodes): Vin is a positive DC voltage of +6.0 V.
This part was used only with students who performed very well in part 1.

R

1 a b
Vg =16.0 Vo—oW Cl Vour
D,
d
R,
R,
Fig. 4.3

Students were presented with the circuit diagram shown at right. Attention was drawn to
the facts that (a) all sources and diodes should be treated as ideal, (b) no load is attached

to the output, and (c) resistors are identical.

The following questions were asked one at a time, providing no further explanations and

giving students all the time they needed to think and express themselves.
Q1: Isthe current at point a to the right, to the left, or equal to zero?

Q2: Rank the absolute values of the currents at points a-d.
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Q3:  Rank the absolute values of the voltages across D;, D,, and Ds.

Part 3: Introduction to bulbs.

As a “calibration task”, a simple demonstration was used: students were presented with a
circuit consisted of 2 batteries and 3 identical bulbs in series. The circuit was assembled

on a rectangular piece of wood to be exactly like the diagrams used.

The circuit is initially disconnected from the source, to allow students time to make a

prediction, as they are asked the following question:

Q1.  Will all the bulbs light, if we close the circuit? If so, how are their brightnesses
compared? Explain.

Circuit is now connected to the source to test the students’ prediction. To reconcile

observation and prediction, we are asking the .following questions:
Q2. How do the currents through the bulbs compare? Explain.

Q3.  How do the voltages across each of the three bulbs compare? Explain.

Part 4a (bulbs): Vi, is a positive DC voltage of +6.0 V.

Students are also presented with a breadboard on which we have set up the circuit with
the bulbs shown below right — not yet connected to the source. The “names” of the

different bulbs and diodes are indicated on the actual circuit.

Attention is drawn to the facts that (a) all diodes should be treated as ideal, (b) no load is

attached to the output, and (c) bulbs are used as a current indicator (see part 1).
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What are you expecting to observe? In particular, which, if any, of the bulbs will light?
If any of the bulbs will light, how are their brightness compared? Explain.

Part 4b (bulbs): Vi, is a negative DC voltage of -6.0 V.

V,=-60VvV 2

Students are also presented with a breadboard on which we have set up the circuit with
the bulbs shown below right — not yet connected to the source. The “names” of the

different bulbs and diodes are indicated on the actual circuit.

Attention is drawn to the facts that (a) all diodes should be treated as ideal, (b) no load is

attached to the output, and (c) bulbs are used as a current indicator (see part 1).

What are you expecting to observe? In particular, which, if any, of the bulbs will light?

If any of the bulbs will light, how are their brightness compared? Explain.

Part 4c (bulbs): Demonstrations.
Circuit 4a is connected to the source to test prediction.
Reconcile observation and prediction.
Circuit 4b is connected to the source to test prediction.

Reconcile observation and prediction.
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Part 3 maybe followed by the case where Vi, = 0.4 V (or any other negative value

greater than —0.6 V).

Part 5 maybe followed (or replaced) by the case where Vi, is a low-frequency sinusoidal
signal of 6.0 V amplitude. A plot of Vin as a function of time would be provided and the

student should come up with a plot of Vy, as a function of time (difficult).
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Appendix 3a:

Foundational Circuits Concepts: Pretests in UA

In the circuit at right, voltage Vag is constant and R,
positive. All resistors are identical. The switch is W
initially open. R, R,
A — MM . WA
Characterize each of the following statements as True . . B
all resistors identical
or False. Explain your reasoning. constant Vg

A While the switch is open, current through

resistor Ry is the same as current through resistor R,.
B. While the switch is open, voltage V¢ equals voltage Vcg.
C. If we close the switch, then current through resistor Ry will increase.

D. If we close the switch, then the potential difference V¢ will increase.
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Appendix 3b:

Foundational Circuits Concepts: Pretests in UA

In the circuit at right, voltage Vag Iis

constant and positive. All resistors are
identical. The switch is initially open. R, . R,
A W c W B
Characterize each of the following R. '
statements as True or False. Explain your all resistors identical
reasoning. constant Vg

A. While the switch is open, currents

through resistors R; and R, are equal.

B. While the switch is open, the potential difference Vac is equal to potential
difference Vcg.

C. If we close the switch, then the total current through dipole AB will decrease.

D. If we close the switch, then voltage Vac will increase.
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Appendix 4a:

Tutorial 1 - Voltage Dividers and loading

Voltage divider with no load.

Consider the circuit at right. The input voltage Vi, is from an ideal DC voltage source.
Rl = Rz =R.

What is Vou? Show your work and/or briefly explain your reasoning.

Suppose a student wants to increase the value of Vo. What change(s) could he or she

make to the circuit? Explain.

Loading the voltage divider.

A load of resistance R is now added to the circuit from part | as shown. R; =R, =R.

Suppose R =R. What is Vou,? Show your work and/or briefly explain your

reasoning.

How does V, for this circuit compare to Vout, no10ad? Why is this the case?

What is I (the current through the load)? Explain.
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Stop here for a brief class discussion.

Suppose R =0? What is Vo,? (Hint: Sketch an equivalent circuit.) Explain.

What is I.? Explain.

Suppose R >> R? What is Vo? (Hint: Sketch an equivalent circuit.) Explain.

What is I.? Explain.

Without performing a calculation, what, if anything, can you say about the value of Vg

when R = 10R? Briefly explain.

Calculate Vot When R = 10R. s the value consistent with your previous response?

Under what conditions will the addition of a load not significantly impact the value of

Vout?

Stop here for a brief class discussion.

We will revisit and refine these conditions on the load resistance when we study

Thevenin equivalent circuits.
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Appendix 4b:

Tutorial 2 - Equivalent Circuits

. Ideal voltage and current sources.

A. Consider the two-terminal circuit network at right. The p
. -
ideal DC voltage source (or ideal battery) maintains a constant Ay v ._J, .
[ AH =L
voltage of V, between open terminals A and B. T _

Al.  Suppose a load resistor of R. = R were attached between

open terminals A and B. Let Iag be the absolute value of the current that flows out of
terminal A and into terminal B. (Note that I is

equivalent to I, the absolute value of the current Yan

through the load.) Let Vag be the absolute value of

the voltage between terminals A and B. In the space /g
at right, draw a qualitatively correct graph of Iag Vs.

V./ R
Vg for the two-terminal circuit network when R, =

R. Briefly explain. i v

A2.  Suppose the load resistor were replaced such that R_ > R. How, if at all, would

your plot from part A change? Explain.

A3.  Now suppose that R is varied from 0 to . i
Draw a qualitatively correct graph of Iag vs. Vag for
the two-terminal circuit network. Such a graph is 2V /R
typically referred to as the load line of the two-

terminal circuit network.
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How does your graph reflect the fact that the DC voltage source is ideal? Explain.

A4.  On your graph from part 0, draw a qualitatively correct IV characteristic curve for
a load resistor with R_ = R. Briefly explain and describe how the two graphs may be used
to determine the operating point of the circuit.

B. Consider the two-terminal circuit network at r 4 |
rightt.  The ideal DC current source maintains a f-'fj =R
- I ‘H—. y .
constant current of I, when a load is connected I_'_l;.;
between terminals A and B. Let R, represent the I
resistance of the load.
B1l.  Suppose that R is varied from 0 to cc. Draw a 2
qualitatively correct graph of Iag vs. Vag (or load line)
i
for the two-terminal circuit network. Explain.
| I..'w
il IR MR

B2.  Briefly describe how you could use your plot from part O in order to determine the
operating point of the circuit for a load resistor R = R.

Stop here for a brief class discussion.

I. The voltage divider as a two-terminal circuit

network R
I a":'“—“—"'!
Consider the circuit at right. The input voltage Vi, is froman -, __|
|

14 | i = :i 'I.l:-'
ideal DC voltage source. R; =Rz =R. A load of resistance T e _r

R, is added to the circuit between terminals A and B as B
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shown. (Note: You examined this circuit in the tutorial Voltage dividers and loading.)

A In this part of the tutorial, you will be asked to draw the load line for this two-
terminal circuit network. To help you plot the load line for this network, consider the

following questions.

Al.  Suppose R — . What is Vag? What is Iag (or 1) in this limit? Show your

work and/or briefly explain your reasoning.

A2.  Suppose R. =0. What is Vag? What is g in this case? Show your work and/or

briefly explain your reasoning.

A3.  Suppose RL =R. What is Vag? What is g in this case? Show your work and/or

briefly explain your reasoning.

B. Plot the three data points from part 0 on the I
graph of Iag Vs. Vag at right.

C. On the same graph, draw the load line for the
two-terminal voltage divider circuit. Briefly explain.

i

I'.I.||

Is the load line for the two-terminal voltage divider

circuit linear or non-linear?

Does the voltage divider circuit behave like an ideal voltage source? Does the voltage

divider circuit behave like an ideal current source? Explain how you can tell.
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How, if at all, does the load line for the voltage divider circuit differ from the IV

characteristic curve for a load resistor of constant resistance R? Explain.

Stop here for a brief class discussion.

For two-terminal circuit networks containing only voltage source, current sources, and
linear elements such as resistors, the relationship between voltage and current is linear, as
you have seen in part 0. Mathematically, this relationship is given by Vag = alag + b,
where a and b are the two constant parameters that characterize the two-terminal

network.

I11.  Thevenin equivalent circuits

In section 0, you examined the load line characterizing the
(1] -
simple voltage divider circuit reproduced at right and labeled as ;J_\“ n %
ELE]
circuit 1. Consider the two-terminal circuit below right, circuit

2, which consists of a linear resistor of resistance Rnew in Series

Circuit 1

with an ideal DC voltage source with a voltage View. In this N

. : L , W L
section, you will be asked to identify an appropriate voltage J\.m -

iy
source and linear resistor so that circuit 2 behaves identically to Wiref Yoo
circuit 1 for all loads. If i
Clircuit 2

A If two different two-terminal circuit networks behave

identically for any given load resistance, how must their load lines compare? Explain.

B. In order for circuit 2 to behave identically to circuit 1 under open-circuit

conditions (R_ — o), Vyew must be equal to what value? Explain.
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Under open-circuit conditions (R — o), what, if anything, can be said about the value of

Ico (or the current through the load) for the new circuit? Explain.

C. Under short-circuit conditions (R, = 0), what, if anything, can be said about the

value of Vcp? Briefly explain.

In order for the new circuit to behave identically to the original voltage divider, Icp must

have what value under short-circuit conditions? Explain.

Based on your work in part B, what, if anything, can you say about the value of Ve, for
this circuit, when R =0?

What, if anything, does this imply about the value of Rnew? EXplain your reasoning and

show any work.

D. Equivalently to your work in part C, you

could find the value of Rpew With the following
procedure: Eliminate the function of the
independent voltage source, i.e. short-circuit it.

What is now the value of Rpey? Briefly explain.

(Hint.: Draw the circuit.)
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Is the value you just arrived at the same as the one you came up in part C?

E. On the diagram of circuit 2 reproduced at right, indicate the — M L
values of Ve and Rpey that you obtained in parts 0 and 0. f’ﬁ ; -
l"-\-\. LS

T

Circuir 2

For these voltage and resistance values, does circuit 2 behave identically

to circuit 1 when R = R? Show your work and explain your reasoning.

F. In what sense is circuit 2 from part 0 equivalent to circuit 1?

Stop here for a brief class discussion.

As you have seen, it is possible to choose the voltage and resistance values for circuit 2
such that its function is identical to that of circuit 1 for all loads. This observation is
consistent with Thevenin’s Theorem, which states that any two-terminal network of
sources and resistors - generalizing: a linear network circuit - is equivalent to a single
ideal voltage source, Vy, in series with a single resistor, Rty. The steps for determining
the Thevenin equivalent circuit that you used in parts 0 and 0 or D are summarized as

follows:
(1) Determine the open-circuit (R, — ) voltage across the terminals. Vtu = Vopen circuit.

Alternatively, you might eliminate the function of the independent voltage and current

Page |131



Christos P. Papanikolaou

sources (short-circuit the voltage sources and open-end the current sources) and calculate
the resistance.

IV.  Loading the voltage divider: Revisited

A In the tutorial Voltage dividers and loading, you
identified the conditions under which the addition of a load M
R, will not significantly impact the value of Vag (Of Vo) ina ) BE Wy =5

iy g Lo _—r_
circuit like that shown at right. Assume R; # R,. What are I_ ' Y

those conditions?

B. Apply Thevenin’s theorem in order to determine an appropriate equivalent circuit.

How might you refine your statement of the conditions on the load resistance (from part

0) by considering this Thevenin equivalent circuit? Explain.
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Appendix 4c:
Tutorial 3 - RC Circuits: Filters and AC Voltage Dividers

I DC signals R
Consider the circuit at right. — MW
A. Let the input be a DC voltage vy > 0 and assume N C=— Uoyr

the circuit is closed for a long time. —9p— ]

Is the capacitor fully charged or not? Explain.

Which plate of the capacitor is positively charged? Explain.

Is there current through the circuit? Explain.

In this case, does the capacitor behave like an open switch or like a wire with no

resistance? Briefly explain.
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What is the voltage across the resistor? Explain.

What is the output voltage of this circuit (voltage across the capacitor)? Explain.

B. In the original circuit above, what changes can we make in order for the capacitor
to charge to the same potential difference more quickly? Explain.

For a given v\, What determines how quickly a capacitor gets fully charged?

C. For the original circuit, assume that the capacitor is uncharged again. Let the
input be a DC voltage vy < 0 and assume the circuit is closed for a considerable

time.

Which plate of the capacitor is positively charged? Explain.

What is the output voltage of this circuit (voltage across the capacitor)? Explain.
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D. Consider the circuit at right. The capacitor is uncharged at t R
"~ ’ W
= 0 s. Assume the input signal is either of the two square o 1
N C=— Vour
waves shown below right. — 4+ .
For which of the two input voltage signals will the absolute V. 1 (Volts)
F 3
value of voyr attained be greater? Explain. !
0 RC !
-1
VN, 2 (Volts)
F 3
I
0 2HC
-1
. AC signals R
—MNW—e——
A. Let the input be a sinusoidal AC voltage v, Of very-
Un C== Pour
very low frequency (T? t=RC).

How, if at all, is this situation similar to the cases you -

examined in part IA-C? Explain.

Does the capacitor spend more time fully charged of uncharged? Explain.
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In this case of very-very low frequency signal, does the capacitor behave more like an

open switch or more like a wire with no resistance?

In this limit, what happens to the peak-to-peak output voltage of this circuit? Explain.

R
B. Let the input be a sinusoidal AC voltage v, Of very-very — M ——

high frequency. U C== Ugur

Does the capacitor spend more time fully charged of uncharged? IT

Explain.

In this case of very-very low frequency signal, does the capacitor behave more like an

open switch or more like a wire with no resistance?

In this limit, what happens to the peak-to-peak output voltage of this circuit? Explain.

C. Recall that the magnitude of the impedance of the capacitor is equal to iC
Q)

Explain why this is consistent with your answers above.
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R
D. Examined in the frequency domain, this circuit is called a VW *
7] H %) . . . . UlN C— DOUT
Low-Pass filter”. Is this name justified? Explain.
T

What could happen if we measured vout across the resistor? Explain. (Hint: Draw the

new circuit.)

1. Extending the idea of the voltage divider

A Let the input be an AC voltage vy (do not assume very R
low or very high frequencies). This circuit can be —W——

considered as a voltage divider. Uw C== gyt

Suppose the frequency of the input voltage is increased. Does —t——
the magnitude of the impedance of the capacitor increase,

decrease or remain the same? Explain.

As the frequency of the input voltage increases, does the peak-to-peak voltage across the

capacitor increase, decrease or remain the same? Explain.
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What would the voltage across the capacitor be, if a DC voltage was used as input?
Explain.

Is your answer consistent with the ones in part IA and I1B? If not, resolve any

inconsistencies.

B. As the frequency of the input voltage increases, is the peak-to-peak voltage across

the resistor increased, decreased or remains the same? Explain.

What would the voltage across the resistor be, if a DC voltage was used as an input?

Explain.

Is your answer consistent with the ones in part 1A and IB? If not, resolve any

inconsistencies.
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Appendix 4d: Tutorial 4 - Introduction to Operational
Amplifiers and Negative Feedback

Ye avtd to tutorial, ewcdyovue OV tTedeoTikd evioyvry (| T.6.) ®C €va oTOLKElO
KUKADUOTOC, Kol €PEVVOVUE TOV TPOMO pe TOV Omoio pmopel va ypnowomoindel oe
OLYKEKPIUEVO KUKA®UATO. AKOUO, Oiyvovuue TN onuacio Kot OTUTOVOLLE TOVG 0V0

XPLOOVS KOVOVES Y10 TV CLUTEPLPOPA VOGS T.€. LLE OPVNTIKN AVAOPOGT).

Teleotkoi evioyvtéc: Erocaymyko keipevo

"Evag tedecTikOC eVioyuTNG elvat €vag dtapopikdsg EVIGYLTNG LLE VYA

GUVTEAECTN] AMOO0OCNG TOL OmoTeAEital amd &va peydio aplOuod V I .
r 14 I3 , /. W ' __.-':- .I""-'-
tpaviicTop EVOOUATOUEVOV GE €vo OAOKANpOUEVO KOKAwpa. To L~

ovuporo evog T.€. paivetor ota de&d. Kdabe t.e. €xel 600 €160d0v¢ onuitov: pio pn-

avaotpépovoo gicodo (Vi) delyvetar pe éva “+” kot pio avootpepovoa gicodo (V)

6

delyvetar pe éva O t.e. €etl emiong pia €€0d0 onpatog, mov avayvopiletar 6to

odypappo ¢ Vout.

Onwg kot o tTpaviicTop mOL TOV ATOTEAOVV, O T.€. €lval Eva EvEPYO —
oTOLYEL0 KUKAMOTOG Kot Yo avto omortel pia eEmtepikn (DC) 1:. o Yor
TPOPOJOGia Y10 T 6OOTN Agrtovpyio Tov. Mmopolpe va ] 1 ‘ Ve
TPOPOOOTIGOVLE TOV T.E. YPNCILOTOLDOVTOS TO KOKAMUO TOV PaiveTOL -

ota de&ld. Zvyvd, omwg kot og avtd to tutorial, Ve = Ve = Vsypply

(tvmkd 10 — 12 V), ko étot and thus the op-amp’s power-supply inputs are connected to
+Vsuppty and —Vgypry.  (IN many circuit diagrams, the power-supply circuit is not explicitly
shown.) The output of the op-amp is limited by the external power source, so

—VEee < Vout < Vee.
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A diagram of the chip itself, including the pins for Vcc and Vg, is shown at

ight. =
o v

The op-amp is a differential amplifier, meaning that the voltage difference

between the two inputs is amplified. The behavior of the op-amp may be
represented mathematically by Vou: = G(V+ — V_), where G is the amplifier’s open-loop

voltage gain.

Typical op-amps have the following characteristics for DC and low frequency (<100 Hz)

inputs:

. The impedance of the inverting and non-inverting op-amp inputs is very large
(10° Q - 10%? Q);

. The output impedance of the op-amp is very small (typically less than 50 Q); and

. The open-loop voltage gain G of the op-amp is a very large positive humber

(approximately 10° — 10%).

An ideal op-amp is characterized by infinite input impedance, zero output impedance,
and an infinite voltage gain. Given the typical op-amp characteristics described above,

we can often treat the op-amps we use in this course as being ideal (or nearly ideal).
"Evog 010pop1codg eVIGYLTAG e LEYAAO GUVTEAEGTI] EVIOYLONG

Oewpnote o KoK T.€. ota de&td. V4 =13V V_=1.2 V. -l
LA
Yrobéote G = 10°, v :[ ?.T'_ o

Bewpnote TV enOUEVT ONAWGCT VO LOONTN:

“Epocov yvapilovpe Tov cuvtedeoty| evioyvong téong G yia tov

1.€., M T0on €€6o0ov mpémet va givar 10,000 V.”

Yvppoveite 1 dSwupoveite pe tov pabnt; EEnynorte.

[Tow eivon  pé€yrotn thion €660V TOL Pmopel va TPOosPEPEL avtdg o T.€.; EEnynorte.
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[Mog Ba aGArale, av Ba dAiale kKaBoLov, 1 Thor e£600v av 1 Vi avéovotay oe 1.4 V evo

n V_ moapéueve idwa; EEnynote.

[Tog Ba aAdale, av Ba dAlale kaBolov, | Tdomn e£6dov av 1 V. mapéueve 1.4 V evo n V-
avéavotav oe 1.7 V; Eénynote.

["o oo TepLoyn TGV TG d1Popikng Taong 166dov (Vi — Vo) Ba maipvel n tdon

€16600V TIEG KATov petaéd towv +15 V kot tov —15 V? Eénynorte.

Me Bdon avto, Tt cvumépacpa pmopovue va Bydiovpe yuo ) oxéon tov Vi kot Vo étav o

T.€. TAPAYEL TAGELS €E0O0V TNV TTEPLOYT| OVTY);

‘Eoto V_=0 V. Ilow tiun g V+ Ba divet tdom e£d6dov +5 V;

H pn-avactpépovca £i6odog
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Consider the circuit at right. As before, assume G = 10°. iy
Suppose Vi, =— 20 puV.

What is the voltage at the inverting input of the op-amp? Explain.

What is the output voltage of this circuit? Show your work and briefly explain.

How does V,,: compare to Vi,? Consider both sign and absolute value.

L ITAN
L

Suppose Vi, were the AC sinusoidal signal shown at f

right. In the space provided, sketch V as a function of N /\
time. Scale your V-axis appropriately. Briefly explain. ¥

Why is the name non-inverting input appropriate for V.? al

T
b

mn F

2

Now suppose Vi, were the sinusoidal signal shown at \/ .
right. Note that the amplitude is 20 times larger. In the 201

space provided, plot a qualitatively correct graph of Vg v
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as a function of Vj,. Explain.

How, if at all, would your graph differ if V;, were a sinusoidal signal of amplitude 2 V
(rather than 200 uV)? Explain.

The inverting input
Consider the circuit at right. As before, assume G = 10°.
Suppose Vi, = — 20 uV.

What is the output voltage of this circuit? Show your work and

briefly explain.

How does V,,: compare to Vi,? Consider both sign and absolute value.

Suppose Vi, is an AC sinusoidal signal. What is the phase difference between V,, and
Vin?

Why is the name inverting input appropriate for V_?
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Peopota 6 KOKAOPOTO, T.E.
Consider the circuit at right. Assume Vi, = 20 pV.

What is the approximate value of the current drawn by the non- ¥,
inverting input? (Hint: Consider the value of the impedance of

the input.) Explain.

If Vin had been connected to the inverting input instead, what could you say about the

approximate value of the current drawn by the inverting input? Explain.

For each of the labeled points, A-F, indicate the direction of the current 15V

. . . . IC

in the corresponding boxes. If there is no current at any point, state so ' A M“‘u : .
explicitly. Explain. =gl :J;H N

el

..r-' &

Rank, from largest to smallest, the absolute values of the currents

through points C, E, and F. Explain.

Suppose Vi, were —20 uV. Rank, from largest to smallest, the absolute values of the

currents through points D, E, and F. Explain.
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In general, what is the relationship between the total current into the op-amp and the total

current out of the op-amp?

Mn-avactpipmy evioyvTig

Consider the circuit at right. Assume Vi, is a constant DC voltage. FL3 W
Write an expression for Vou. EXpress your answer in terms of Vi, Vy, ¥in —“b::p Vo
'.-'
and G (the open-loop voltage gain of the op-amp). Explain. 153
¥ AN
RZ
1

Is there current through resistors R; and R,? (Hint: In order for both resistors to have no
current, what values would Vy and V, need to have? Are these values possible for this

circuit?) Explain.

How must the current through Ry compare to that through R,? Explain.

Write an expression for Vy in terms of Vo, R1, and R,. Briefly explain why this

expression makes sense. (Note: The circuit is reproduced at right.)
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15V
| _'ﬂ'h i
ITi | -_..___*-_\. Vo
I,.-'
15
Use your expressions from parts A and D to determine the ¥ "'H-"t'
. ) R == 2
relationship between Vy and V. ' 1

Recall that G = 10°. In most applications, Ry and R are greater than or equal to 100 Q,

and Ro/R; < 10°. Under such conditions, is Vy (V_) significantly greater than,

significantly less than, or approximately equal to Vi, (V+)? Briefly explain.

Consider the following student discussion:

Student 1:

Student 2:

“MBased on what we have done, it seems reasonable to treat
the inverting and non-inverting input voltages as being

essentially the same in this circuit.”

“I disagree. If the input voltages are the same, the output
voltage must be zero. But we’ve argued that the output

cannot be zero, so the inputs must be different.”

With which student, if either, do you agree? Explain.

Use the approximation you have made for V_above in order to express Vg in terms of

Vin, Ry, and R>.
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What is the voltage gain (Vou/Vin) for this circuit? Explain.

Does the voltage gain of the circuit depend on the open-loop gain G of the op-amp?

Explain.

In the non-inverting amplifier circuit above, we have seen an example of feedback in an
op-amp circuit. In general, the idea of feedback is that a part of the output signal is sent
back to one of the two op-amp inputs, thereby producing a subsequent change in the
output. (In the non-inverting amplifier circuit, the R; and R, voltage divider chain
ensured that a specific fraction of the output was sent to the inverting input.) If this
change in the output is of the same sign as the change in the feedback signal, then it is
called positive feedback. When the sign of the resulting change in the output is opposite

to that of the change in the feedback signal, it is called negative feedback.

Consider the non-inverting amplifier circuit discussed above. Suppose V_ were to
increase slightly while Vi, = V. remained unchanged. Would V. increase, decrease, or

remain the same? Explain. (Hint: Recall that the op-amp is a differential amplifier.)

Is the feedback in the non-inverting amplifier circuit positive or negative? Explain.
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In general, feedback in an op-amp circuit is positive when the signal is returned to the
non-inverting input of the op-amp; feedback is negative when the signal is returned to the

inverting input of the op-amp. Explain why this is the case.

As we have seen, the behavior of an (ideal) op-amp in a circuit with appropriate negative
feedback may be described by two Golden Rules?:

1. The output attempts to do whatever is necessary to make the voltage difference

between the inputs zero.

2. The inputs draw no current.

2 P. Horowitz and W. Hill, The Art of Electronics, Second Edition (Cambridge University Press, NY, 1991).
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Appendix 4e: Tutorial 5 - Currents, Negative Feedback and

the non-Inverting Amplifier

Peopotao 6 KokAOpOTO T.E.

+15 Volts
Bewpnote t0 KOKAop ota de&1d. Ynobéote 6t Vin =20 pV. C
A
, , , , , U v
[Tota glvar | TPOGEYYIGTIKY T TOL PEVUATOG TTOL dLAPPEEL 1 out
NV UN-avaostpéeovca £i6000; (Ymdd: Zxepteite v Tiun _[_, 5 Volts

g eumédnong g €166d0v.) E&nynorte.

Av 1 Vi, elxe ouvdebel oty avaotpépovca £i60c0, Tt B AEyaTe GYETIKA LE TNV

TPOGEYYIGTIKN TIUN TOL peLLTOG TOV Bl diEppee TNV avacTpEéPovoa £i6odo; EEnynorte.

IMa xaBéva and ta onueia A—F, deiEte T Popd TOL PELUATOS GTA AVTIGTOL O KOVTIE. AV
YwoL KOmoto onpeio to pevpa givor pndevikd, vo To OMADGETE

kabapd. EEnynorte. +15 Volts

Ta&wvounote, amd TN HEYOAVTEPT TPOG TN LIKPOTEPT, TIG

ATOAVTEG TES TOV PELUATOV TTOL TEPVOVV amtd To. onueio C, D E F

E, ka1 F. EEnynore.
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Yrobéote 6t1 N Vin tav —20 pV. Ta&ivounote, amd T HeyoAdTEPN TPOG TN UIKPOTEPT,

TIG OTOAVTEG TIUEG TOV PEVUATOV TTOV TTEpVOVV omtd ta onpeia D, E, kou F. E&nynote.

['evikevovtag, mota ivol 1 6y€om HETAED TOV GLVOAKOD PEVIOTOS TTOV EIGEPYETOL GTOV

T.€ KOl TOV GLVOALKOD PEVUATOG TTOV £EEPYETAL OO OVTOV;

Mn-avaotpiQov evieyvTig
Btwpnote to kKuKAopo ota 0e€1d. YroBéote 6tin Vi etvon pia +15 Volts
otabepn DC tdon.

['péyte pia oyéom yuo v Vour. Exepdote v andvinon cog o
pog ta Vin, Vy, kot G (0 cuvteleotng evioyvong tdong avorytod

Bpoyov tov 1.€.). EEnynote.

Awppéovtar amd pevpa ot avtiotdoels Ry kor Ry? (Y7od: T va unv dtappéovtan amod
pedLOL Kal 01 600 avTIoTAoELS, ot Tiur| Oo énpene va éxovv ot Vy and Vo, Eivorl avtod

duvato yuo 1o KOKAoUG pog;) EEnynorte.
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[Tog cvykpivetar To pedpo Tov mepvd amd v Ry pe awtd and v Ra; EEnynote.

Ipayte pia Ekppaon yia v Vy pe 6povg tov Vour, R1, kot Ra. EEnynote svviopa yoti

avt M ékepaoct £xel vonua. (Zrusioon: To kdKAopo avamapdyetol oto de&id.)

Xpnoonomorte Tig eKppaoels cog amd to uépn A kot D yia va Bpeite pia oxéon petald

tov Vy xat Vip.

Oupmbeite 611 G = 10°. T11g 10 TOAAES EQOpOYES, ot Ry kau Ry givou peyakdtepec amd 1
{oec pe 100 Q, kon Ro/Ry < 10°. Kétw omd awtée Tic ouvenkec, eivon n Vy (V) onuovard
UEYAADTEPN OO, GHUAVTIKG JUKPOTEPT 00, Y| Ipooeyyiotikd, ion pe TV Vin (V4)?

E&nynote cuvropa.

Xxepteite v akdAovOn cvlntnon petaEd pobntov:

Student 1:  “Booilopevog oe 0,T1 €povue KAVEL, QOIVETOL AOYIKO Vva.
Oewpodpe TIG TACEIS OTNV OVOCTPEPOVOO, KOl GTNV  Un-
aVaGTPEPOVGO €16000 Gav Vo, €lval 0VGLACTIKE Ot 1d1EG GTO

KUK oo ovtd.”

Student 2:  “Awgovd. Av ol Taoelc 16000V givar id1eg, 1| Thon e£660v

pémel va givor undevikn. AAALG Exovpe vmootnpiel OTL N
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€€0d0¢ Oev pmopel va eivol UNOEVIKY, GUVETMS Ol TAGELG

€16000V TTPETEL VO, gtvor S1opopeTKES.”

Me motov pafnt cvpeoveite, av coppoveite pe kdmowv; EEnynorte.

XPNOYOTOMGTE TNV TPOGEYYIOT] TOL £YETE KAVEL TOPATAV® Yo TNV V_ doTE Vol

ekppdoete ™V Vour e 0povg tov Vin, Ry, kot Ro.

ITowog givon 0 ovvredeotiic evioyvong taons (Vou/ Vin) Yo To kOKA®p avtd; E&nynorte.

E&aptdtar 0 cuvtedestng eVioyLoNG TAGNS TOV KUKAMDUATOG OtO TOV GUVTEAEGTN

gvioyvong tdong avotytod Ppoyov G tov t.€.; E&nynorte.

1o mapamdve kokiopo In the non-inverting amplifier circuit above, we have seen an
example of feedback in an op-amp circuit. In general, the idea of feedback is that a part
of the output signal is sent back to one of the two op-amp inputs, thereby producing a
subsequent change in the output. (In the non-inverting amplifier circuit, the R; and R,
voltage divider chain ensured that a specific fraction of the output was sent to the
inverting input.) If this change in the output is of the same sign as the change in the
feedback signal, then it is called positive feedback. When the sign of the resulting change
in the output is opposite to that of the change in the feedback signal, it is called negative
feedback.
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BepNoTE TO KOKA®LO TOL UN-0VOSTPEPOVTOS EVIGYLTIH OV cL{NTHONKE TAPUTAV®.
YmoBéote 6T M Vo avédveton eddyiota eved M Vin = Vi mapapéver idta. Tote 1 Vout
ovéoverat, ueiwveral, Y| mopouével iowa; E&nynote. (Ymoo.: Ovunbeite 611 0 1.€. elvan

£vag d1PopIKdS EVIGYVTNG.)

Eivar 1 avddpaon 61o KOKA®UO TOV UN-0vaoTPEPOVTOG EVIGCYVTN Hetikn N apvyTikh;

Eénynote.

['evikd, n avddpaon o€ Eva KOKA®p T.€. glvorl BTk OTAV TO GO EMCTPEPEL GTNV UN-
avaoTPEPOVCH (6000 TOV T.€. KO APVNTIKT OTAV TO OO EMCTPEPEL GTNV

avaotpépovca icodo Tov T.e. E&nynote yati woydel avto.

Onwg éxovpue det, N coUTEPLPOPE £VOG (100VIKOD) T.€. GE £VOL KOKAWMLO [LE KATAAANAN

apvnTich avadpoon propet va neprypopel amd dvo Xpuoove Kavoveg (Golden Rules®):

1. H ££000¢ mpoomafel va kdvel oTdnmoTe givan amapaitnto OCTE 1 dSopopd

duva kol peta&h TV TIcEMV TV 16000V va lval UndEVIKT).

2. Ot el60d01 dev drappéovtat amd pedLLa.

3 P. Horowitz and W. Hill, The Art of Electronics, Second Edition (Cambridge University Press, NY, 1991).
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Appendix 4f:
Tutorial 6 - The Inverting Amplifier

Pevpata kot Taoelg 610 KOKA®UO TOV OVAGTPEPOVTOG EVIGYVTH

Oewpnote 10 KOKAoU T.€. ota deld. YmoBéote OTL dev LIapYEL =k

@optio cvvdedepévo oto kKukhopa. Vip=-2 V.

15%
Bewpnote TV mopokdTo SNAmon evog padnt: " -\"!,-5"' g i-‘ 5
n o, L] - e
A + -
“TIpémet vo vIAPYEL OPVNTIKN OVASPOOT EPOCOV Vo, KAAGLLOL G /]

TOV ONUATOG €EO00V  EMOTPEPEL OTNV  AVAGTPEPOVOQ

€160d0.”
2vppoveite 1 dSwupoveite pe v podnm;

Tt Ba pmopovoate vo meite, av o pmopovoote Vo, TEITE KATL, GYETIKA LE TO PEVLO TOV

nepva omd to onueio B? E&nynorte.

Ti 6o pmopovoate va meite, av Oa propovcote vo melte KATL, GYETIKA e TO NAEKTPIKO

dvvopkd oto onueio B? E&nynote.

Tv 6o pmopovoate va meite, av Oa pmopovcote vo melTe KATL, GYETIKA HE TO NAEKTPIKO

dvvapko oto onueio A? EEnynorte.

Is there current through the 1-kQ resistor? If yes, find its value and show its direction. If

not, why not? In any case, explain your reasoning.
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Is there current through the 2-kQ resistor? If yes, find its value and show its direction. If

not, why not? In any case, explain your reasoning.

What is Vou? Briefly explain.

Zropatnote 00 Yo pio cvvtoun cvlnnon.

In the boxes at right, show the direction of current through points D, D,

LI

and E. If there is no current through any of these points, state so

explicitly. Explain.

[Tog Ba aGArale, av Bo dAiale kaBoLov, N andvinon cag av 1 Vip nrav +2 V?

For Vi, = -2 V, rank, from largest to smallest, the absolute values of the currents through
points A, D, and F. If there is no current through any of these points, state so explicitly.

Explain.
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Yyéon petald Tov Vour Kon Vin Yo TOV avaoTpEQOVTO EVIGYLTN

Bewpnote 10 KOKAopa T.€. ota de&d. Ymobéote O6tTL 610 R,
, . , , W—
KOKA®po dev €xel ouvdedel poprio.

[Tow M Vour; Ex@pdote v andvinon cog e oyéon e Ta :"; |
"
m~ e

=
A Ie I~ HH"'__;—!
Vin, R1, ka1 Ry, EEnynote cuvomtika. f |+~
[Totog givatl 0 cLVTEAEGTNG EVIGYLONG TOV KUKAMDUATOG CVTOV);

Oewpnote 10 KOKAOUO OTO iR AT

oeg.  Ilpocéére Ot dev

VIAPYEL POPTIO GLVIESEUEVO " . /\

LTl

, . , Yn— W ; >
010 KOKA®pa. YmoOéote OtL " np L \/
| L=

N Vin elvan to nurovikd onpo !

OV PAIVETOL. :‘_.... You

Y10 kKevo mov owTifsTOn,

oyeordotre ™MV Vour ©¢

v
"

L 3
-

ouvaptnon  Ttov  ypoévov.

Eénynote ovvontika.

INoti eivor To Ovopa avastpépmy evieyvTHs KATAAMAO Y10, TO TO KUKAONO 0UT

0;
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In the space above, plot Vg as a function of Vj,. Explain briefly.

Consider the following statement from a student:

“Kowtdlovtag 10 ddypappd pov yu v Vour VS. Vin, PAéTo 6T1 pia
Betikn Vin Otver pio apvntikny Vour.  Zvvenmg, yvopilo ot vmdpyet

apVNTIKY avadpoon.”

Do you agree or disagree? Explain.

2TopaTnoTe €00 Yo pio cuvtoun culnTnon.
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Appendix 49:

Tutorial 7 - Diode Circuits

Kokiopa nuuavopdmong

Oewpnote t0 KOKAPA oto deld. Oewpnote v diodo Wavikny. H [

yapaxtmpotikn -V yio pio wavikn 6lodo eaivetan de&ud kdtw. Eoto Vp 1 I q% "

N thon ota dkpa g dvdov kot Vg = Vo M thon oto dKpa Tng

avTicTOoMNC. =
A. Yno0éote Vip = +5 V.

Al.  Town myun me Vp? Eénynorte.

A2, Awppéetar n 6i0dog amd pevua; Alappéetol n

avtictaon and pevpa; E&nynorte.

.2 iy

A3.  Eivor ot amavtioelc ocag otig gpomoelc 0 ko 0 ovvemelg pe v

yopoakmnplotiky 1-V g wavikng 6166ov; EEnynote yuoti 1 yati oxt.

Ad.  Tlow n tiun ™S Vour; E&Enynote. (Yndo: Eivar cvvemig n amdvinom cog

ue Tov kavova to Bpoywv tov Kirchhoff;)

B. Topa vrobéote Vi, = -5 V.
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Bl. Iown myun g Vp; E&nynote.

B2. Awppéetoanr n avtiotaon and peopa; Eénynote mdG ol amavtioelg 6og

etvat ouveneig pe v yopakmpiotikn 1-V g 1davikng 61660v.

B3.  Ilown tun ¢ Vour; EEnynorte.

)
.
C. Topa vroBéote 60t N Vin Y100 10 KOKA®UO TOPOKAT® v, H% Vo

petafaietaon pe Tov ypdvo Omwg eaivetar ota 0e&Ld. ]
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Cl. Ileprypayte cvvtopa Tt copfaivel oty ¥ v

Vin pe tov ypovo. Ilaipver m tdon €10660v 1

OPVNTIKESG TUUEC; LIy

o

1.0

C2.  Zta dwtiBépeva kevd, oyedidote 11 Vp

Kot Vout ©G GUVOPTNGELS TOL Ypovov. EEnynote Fp (V)

GUVTOLQL.

< 4 ris
1.0
C3.  Zg omoladMmote ¥povikn otyun, eivor ta
SWYPALLOTO GOG GUVETN UE TOV KOVOVO TV oV
Bpdywv tov Kirchhoff; E&nynote ndc pmopeite 1
va 10 mette oTo. -
2 4 L E
1.0
C4. Eivar moté apvntikn 1 Tdon oto dKpo
g avtiotaons (Vouw);
ZToputnote €0 Yo pia cvvToun culntnon.
[
>
D. Topa vrobéote 6TL M Vin Y100 TO TOpaKAT® KOKA®UA givol I, H% Fo

10 AC onpa téong mov gaivetot 6ta de&id. T
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D1. Xto «xevd mov OdwartiBevion  mopokdTo, E v
oxeddote Tic Vp kou Vour ®G OLVOPTNOCELS TOL t

xpovov. EEnynote cuvomtikd.

I 5 e

Fry (V)
D2. 2yoMdoTe TO TAOG OapEPOVY 01 Voyr Kot Vip. *

(Yroo: T éxer adlderetl to koklopo oto AC onua 0

€1600007)

| %
sl

D3. X100 xixhopa avtd avagepopacte cuvnbwg b

e 1o O6vopo xdxAwuo nuiavopbwons.  E&nynote

ywti avtd TO OVoua Eival ToPLAGTO. : a i {s)

1]

Kokiopa tiqpovg avopOmong
Bewpnote 10 KOk opa kKato de&1d. Eotm Vpi, V2, Vps kot Vpa ot tdoelg ota dxpa g
kaBepdc and Tic téooeplg d1000vGg Kot Vi = Vout ) O™ 610 AKPOL TG VTIGTOOTC.

A. Ynobéote Vi, = +6 V. (Eoto V, = +6 V
and Vp, =0 V.) i L

Al.  Zrtov xoéuPo c, moiov Opouo

axolovbei o peopa; E&nynorte. Fa o g

A2. Xtov kouPo f, mowov Spouo

akoAovOel to pedpa? (Yroo: Tog cvykpivetar 1o dvvapukd oto f pe avtd oto €?)
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E&nynorte.

A3.  Zto xOKlopa Tapandve, oxedldote ToV OpOUO TOv akoAoLOEL To pedua

oto kKoK Aoua (6tav Vin = +6 V).

A4.  Eotow Vg = Vg4 - Vi IMow n ) e VR? (Yzdo: ITlow n tdon ota dxpo
piag opBé molmpévng d10dov;) E&nynorte.

ZTOUTNOTE €0M Y10 o cuvTour culntnon. a :

B. Ynobéote Vi, = 6 V. (Eotw Vo, = -6V
andVp=0V.)

Bl. Xto xOxhopa delid, oxedibote Tov b e

opoépo mov axkoAovbel 1O pedua  GTO

KOKAoua (6tav Vin = -6 V).

B2.  Ilown tyun g Vr otV mtepintowon avtr); EEnynote.

C. Tdpa vrobBéote 6TL N Vi, glvar Eva nputovikd onua pe mAdtog 6 V énwg poivetal

ota Oe&1d.

Cl. Xto kevd mov OwrtiBevion, oyedudote v VR ®G ovvaptnon Tov ypovov.

Evtoniote mbovd ypovikd dtuotmiuata katd to onoio Vg =0 V.
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C2. To xoxAopo 0VTO €lvol YVOOTO ©¢ KOKAmU

wAnpoug ovopOwons. Tlog dapéper n Vr and v Vou | 3 £i8)

Yo TO KOKA®UA NuovopBwong; 40

Vo (V)

C3. Tlowo(a) otoyeio(a) KUKADLLOTOG Oa

UTOPOVGATE VO TPOCHECETE MOTE VAL «EEOUAADVETE» TO -
onua ¢ taong €£6dov (dnA., va kdvete v Vg va

powaler mepiocodtepo pe pio otabepry DC  thonm);

E&nynorte.

ZTOUTNOTE €0O Y10 o cuvToun cuintnon.

1. Kiokhopa nuuavopdmong

Ocopnote t0 KOUKA®po oto defld.  Ogwpnote v diodo .':'J
I
wovikn. H yopaxmmpiotikn -V yia pio oavikn diodo @aivetan o

1 IIE% L
0e&1d katw. 'Eotm Vp 1 tdon ota dkpa g 616d0v kot Vg =

Vout M TGOM 0T AKPAL TNG AVTIGTOONC. =
A. YnoOéote Vi, = +5 V.

Al.  Tlown tun e Vp? E&nynorte.
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A2, Awppéetar n 6i0dog amd pevpa; Alappéetorl n

avtiotaon and pevpa; E&nynote.

A3.  Eival ot amaviioelg oag otig epotioslg 0 kat 0 0.2 0.6 Vo 1V

ovveneilg pe Vv yopaktmpotikn -V g 1davikng

dwvdov; E&nynote yati 1 yati Oyt

Ad.  Tlow n ) ™¢ Vour; E&nynote. (Ymoo: Eivar cuvenng n amdvinon cog

e tov kavova T Bpdywv tov Kirchhoff;)

B. Topa vrobéote Vip = -5 V.

Bl. Iown mwn g Vp; EEnynote.

B2.  Awppéetor n avtictaon and pedpa; EEnynote mdg ot amavtioelg cog

etvar ouveneig pe v yopakmpiotikn 1-V g avikng 61660v.

B3.  Iown tywn ™mg Vour; E&nynote.
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C. Topa vroBéote 611t N Vin Y1 10 KOKA®UO TOPOKAT®

[
petafaietar pe Tov xpovo Omws aivetal ota 0e&1d. |

[
Cl. Ileprypdyte ovvtopa Tt cvpuPaivel oty Vi pe n H% .

tov ypovo. Ilaipvel n tdomn 160060V apvnTIKES TILES; 1

o

C2.  Xta dwrbépeva xevd, oxedidote g Vp - - s
Kol Vout @G cuvaptnoelg tov ypovov. Eénynote Lo

chvToua. -
Foy 1V

z 4 e

C3.  X& omowdNmoTE YPOVIKN OTIYH, €ivon
T0 O10YPALILATO GOG GUVETT] LLE TOV KOVOVA TMV
ol

Bpoywv tov Kirchhoff; E&nyfote mog propeite

Vo TO TTElTE aVTO.

£ 4 15

1.4

C4.  Eivar moté apvntikn 1n tdon ota axpo

g avtiotaons (Vou);

2ToputnoTe €00 Yo pio cvvToun cu{ntnon.

g
Fo ,q% Fira
D. Todpa vrobéote 6TL N Vin Y100 TO0 TOPAKATO KOKAMLLOL
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elvar to AC onpa tong mov gaivetor ota de&id.

D1. Xt0 kevd mov dwatiBevion mopokdto, oyedtdote T1c Vp ko Vour ©G

GLVOPTNOELS TOV XpOvov. EEnynote cuvontikd.

L]

'hrl

D2. XyoMdote 10 m®OG dopEPoVY ot Voy
ko Vin.  (Ymoo: Tu éyer aAléeler 1o PV

KOk opa oto AC onpa 16600v7?)

e

T8l

(R

D3. X100 xOxkhopo ovtd avapeEPOUACTE

e

ocvvn g pe 10 ovopo  kOKAwuo | 18]

nuiovopbwaons.  E&nynote ywri avtd 10 20

ovopa givor Touplacto.

1. Kikiopo tiqpovg avopOmong

Otwpnote 10 KOKAOpo Katw deEid. Eotw

Vb1, Vb2, Vps kot Vpg o1 téoglg ota dkpo g
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KaBepdg and T1g téooepic 61080vG Kot VR = Vour 1 TA0M 0100 dKpaL TG avTioTOoNC.

A.

ZToputnote €0M Yo pio cvvtoun cvlnnon.

B.
VandVp,=0V.)

Ynrobéote Vi, = +6 V. (Eoto V,=+6VandV,=0V.)

Al.  Ztov kopupfo ¢, mowov dpouo akorovbel to pevua; EEnynote.

A2.  Zrov kopPo f, molov dpopo akorovbdei o pevua? (Yrood: Tlog cuykpiveton

70 duvapko6 oto f pe avtd oto €?) Eénynore.

A3. 210 xOKAopo mopordve, oxedldote Tov popo mov akoAovbel To pevua

010 KoK oua (6tav Vip = +6 V).

A4,  Eoto Vg = Vy— Vi Town yun me VR? (Yzod: Ilow n tdom ota dxpo
piag opBé molmpévng d10dov;) E&nynorte.

Ynobéote Vin = -6 V. (Eotw V, = -6

1] &

Bl. Xt0 xoxkhopa 6e€1d, oyedidote

TOV 3pOuUo 1oL akoAoVOel To pedpa oto KiKAwua (6tav Vin =—6 V).

B2. Ilow n tyun g Vr oty mtepintoon avty; E&nynorte.
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B. Tdpa vrobéote 6TL N Vi, givar Eva nputovikd onpa pe madtog 6 V dnwog poaivetal
ota 0el1d.
Bl. Xto kevé mov Swrifevrol, oyedidote Fip V)

v VR ©¢ cuvaptnon tov ypdvov. Evrtomicte
mlavd ypovikd OlGTAUATO KOTE T OOl

VR:OV. - -

4.4

Fr (W)
[
B2. To xoxhouo avtd eivor yvootd mg s

KOKAwpo. TAnpoovg ovoplwong. TloOg drapépet 40

n Vr andé v Voir Yy t0 KOKAOUO

nuavopdmeong;

4.4

B3.  Ilow(a) otoyeio(a) kukAopatog Bo propovcate vo tpochécete doTe vo
«e&opoAvvetey To onua g tdong e€6oov (., va kavete v Vg va potalet

neplocoTepPo pe pia otabepn DC taon); EEnynote.

ZToputnote €0 Yo pia cvvToun culntnon.
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Appendix 4h:

Tutorial 8 - Transistor Circuits: Followers and Amplifiers

Bewpnote 10 KoK oo ota de€d. Ynobéote B = 100

V;)

Vor=+10.0V
Yo, To NPN dumoAko tpaviicTop ETaPnG. 1 [ *
I 'Y
Yrobéote Vip =—4.0 V. k= o | y
‘ot |
R
[Towa n Ve; E&nynote. (Yzdo: Tlog Ba d1épepe, av Ha V¥in I I |I:
dépepe kaBOAOV, 1 andvinon cag av 1 Vi frav + 4.0 I1—"":---1 2
1 = k=
=
-l

Etvoun Vout, 3 ueyoddrepn amo, pixpotepn omo, M ion ue v Vour, 2; EEnynote.

[Tow n Vout, 3?7 E&nynote cuvontikd.

[Tow M mpooeyyotikny Ty ™G Vou, 1?7  Eénynote ocvvomtikd. (Ymoo: Aweépet

onuoavtikd to Ic amo to 1g?)
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Ztopatnote €00 Yo pio cvvtoun culnnon.

Topo vrobéote o6t 1 Vin yio 10 kOKAopo givor to 1 kHz

AC onua tdong mov eaivetot deid. +

210 kevd mov dwtifetar, oyedidote TV Vg g cuvaptnon
>
Tov Ypovov. EEnynote cuvomtikd Kot StoAéETe KATAAANAN \/

KMpoka yo tov V-a&ova. ]

Eivon to peak-to-peak miatog g Vout, 2 ueyaldtepo axd, pukpotepo ano, M ico pe avtd g

Vin; E&nynote.

W AV

Eivotl to peak-to-peak mAdtog g Vou, 3 ueyalitepo omo,

UiKpoTepo amo, N ioo e avtd ™S Vour, 2; EEnynote. .

0Oco n Vout, 2 av&avetan, tote 10 e avdaverau, peiwveror, | ropopéver ioro; EEnynote.

Ooco 10 Ig av&avetan, tote M Vout 1 avéaverar, usiwveror, | mopouéver iowa; EEnynore.

Mo pia dedopévn petafoin tov g (8lg), eivor n amdivtn Ty ™g petafoing g Vout, 1
(I0Vout, 1|) neyaldvtepn ard, wikpotepn amo, W ion we ootV ™G Vout, 2 (|0Vout, 2|); EEnynorte.

Eivauw to peak-to-peak midtog g Vout, 1 ueyaldvtepo aro, uikpotepo amd, M| ico pue avtod g

Vout 2?7 EEnynote.
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Ztopatnote €00 Yo pio cuvtoun culnnon.

Topo Oo emikevtpwBoVUE GE HEPIKES YPOPIKES OVATOPOUCTAGELS TOV CNUATOV £16O00V

Ko €£600v.
1o kevé mov Swatidevron, oyedibote TG Vour, 2, . "'wl IOV
Vout, 3, Kot Vout 1 ®G GUVOPTNGCELS TOV YPOVOV. J k=
k=
Eénynote ovvomtikd kot emAéEte KATAAANAES i "“,L""""' |
. . . | | B -
KMpokeg yuo toug V-dEoveg. Vin | I
I3._’1.:"" 2
= k=
B }'ll.:llll ;]
3k ‘-;
in vl I'||||I_]
1.1
1.0 \/
II:'I.II 1 ll.'r 1
L

Yrapyet dStopopd paong petal&d tov Vour 1 kot Vin; (Yrod: Zkeeteite v andvinon oag

otV gpotnon B4.)

Ao0A0YEITOL TO OVOLOL avaoTpépmy eVioyvTHs Taons Otay avaeepopacte otV Vou, 1;

(Yroo: Tlow n evicyvon téong owtov tov gvioyvtn;) E&nynorte.

Page |171



Christos P. Papanikolaou

Mo to ypovikd ddomuo mov @aivetal, oxedldote mooTIKA T0 lg ®G GuVApPTNoN TOL

YPOVOL.

['a 1o ¥povikd dtdoTia TOL PoiveTal, 68 TOGES XPOVIKEG OTIYUEG givan To Ig 160 pe 0 A?
Eénynote. (Ymoo: Mmnopel va cog govel yprioio va oyedidoete v Vee ®g cuvaptnon

OV YPOVOUL.)

E

1.0

¥

HE

-

Ztopatnote €00 Yo pio cuvtoun culnTnon.

Page |172



Identifying Conceptual Difficulties in Analogue Electronics

Page |173



Christos P. Papanikolaou

Endnotes

! B.M. Zwickl, N. Finkelstein, and H.J. Lewandowski, “The process of transforming an

advanced lab course: Goals, curriculum, and assessments,” Am. J. Phys. 81, 63-70 (2013).

2 L.C. McDermott and P.S. Shaffer, “Research as a guide for curriculum development: An

example from introductory electricity. Part I. Investigation of student understanding,” Am. J.
Phys. 60 (11), 994-1003 (1992); printer’s erratum to Part 1, 61 (11), 81 (1993).

3 P.S. Shaffer and L.C. McDermott, “Research as a guide for curriculum development: An

example from introductory electricity. Part IT: Design of instructional strategies,” Am. J. Phys. 60
(11), 1003-1013 (1992).

4 P.V. Engelhardt and R.J. Beichner, “Students’ understanding of direct current resistive

electrical circuits,” Am. J. Phys. 72, 98-115 (2004).

> M.R. Stetzer, P. van Kampen, P.S. Shaffer, and L.C. McDermott, “New insights into

student understanding of complete circuits and the conservation of current,” Am. J. Phys. 81, 134-

143 (2013).

6 L.C. McDermott, “Millikan Lecture 1990: What we teach and what is learned — Closing

the gap, ” Am. J. Phys. 59 (4), 301-315 (1991).

! L.C. McDermott, “Oersted Medal Lecture 2001: Physics Education Research — The Key
to Student Learning,” Am. J. Phys. 69 (11), 1127-1137 (2001).

8 P.R.L. Heron, "Empirical Investigations of Learning and Teaching, Part I: Examining and

Interpreting Student Thinking," in Enrico Fermi Summer School on Physics Education Research,
edited by E.F. Redish and M. Vicentini (Varenna, Italy), 341-350 (2003).

* See, for example: N.H. Fredette and J.J. Clement, ‘‘Student Misconceptions of an

Electric Circuit: What Do They Mean?’’ J. College Sci. Teach. 10, 280-285 (1981); D.M.
Shipstone, C. v. Rhéneck, W. Jung, C. Kérrqvist, J. Dupin, S. Johsua, and P. Licht, “ A study of
students’ understanding of electricity in five European countries,” Int. J. Sci. Educ. 10, 303-316
(1988); R. Cohen, B. Eylon, and U. Ganiel, “Potential difference and current in simple electric
circuits: A study of students’ concepts,” Am. J. Phys. 51, 407-412 (1983); and Research on

Physics Education, Proceedings of the First International Workshop, La Londe Les Maures,

Page |174



Identifying Conceptual Difficulties in Analogue Electronics

France, organized by G. Delacéte, A. Tiberghien, and J. Schwartz (Editions du CNRS, Paris,
1983).

10 See, for example: A. Benseghir, J.-L. Closset, “The electrostatics-electrokinetics

transition: historical and educational difficulties,” Int. J. Sci. Educ. 18(2), 179-191 (1996); L.
Viennot, “From electrostatics to electrodynamics: historical and present difficulties,” in
Reasoning in physics: The part of common sense, Trans. Amelie Moisy (Kluwer Academic
Publishers, Norwell, MA 2001), pp. 173-189; D.P. Smith and P. van Kampen, “Teaching electric
circuits with multiple batteries: A qualitative approach,” Phys. Rev. ST Phys. Educ. Res. 7,
020115 (2011).

1 B.A. Thacker, U. Ganiel, and D. Boys, “Macroscopic phenomena and microscopic

processes: Student understanding of transients in direct current electric circuits,” Phys. Educ.
Res., Am. J. Phys. Suppl. 67 (7), S25-S31 (1999).

12 J.G. Getty, “Assessing Inquiry Learning in a Circuits/Electronics Course,” Proceedings

of the 39th IEEE International Conference on Frontiers in Education Conference, IEEE Press,
817-822 (2009).

13 See, for example: E.C. Sayre, M.C. Wittmann, and J.R. Thompson, “Resource Selection

in Nearly-Novel Situations,” 2003 Physics Education Research Conference, J. Marx, S. Franklin,
and K. Cummings, eds., AIP Conference Proceedings 720, 101-104 (2004). In this proceedings
paper, the authors reported some data on student understanding of diodes and simple diode
circuits.

1 T. Ogunfunmi and M. Rahman, “A Concept Inventory for an Electric Circuits Course:

Rationale and Fundamental Topics,” Proceedings of the 2010 IEEE ISCAS Conference, 2804-
2807 (2010); M. Rahman and T. Ogunfunmi, “A Set of Questions for a Concept Inventory for a
DC Circuits Course,” Proceedings of the 2010 IEEE ISCAS Conference, 2808-2811 (2010).

1 See, for example: A. O’Dwyer, “Prior understanding of basic electrical circuit concepts

by first year engineering students,” All-Ireland Society for Higher Education (AISHE)
Conference, NUI Maynooth (2009); N.H. Hussain, L.A. Latiff, and N. Yahaya, “Alternative
Conceptions about Open and Short Circuit Concepts,” Procedia — Social and Behavioral Sciences
56, 466-473 (2012).

16 C.H. Kautz, “Development of Instructional Materials to Address Student Difficulties in

Introductory Electrical Engineering,” Proceedings of the 40th SEFI Annual Conference 2012,
Lisbon, Portugal, 228-235 (2011).

o P. Coppens, M. de Cock, and C.H. Kautz, “Student Understanding of Filters in Analog

Page |175



Christos P. Papanikolaou

Electronics Lab Courses,” Proceedings of the 40th SEFI Annual Conference 2012, Thessaloniki,
Greece (2012).

18 See, for example: A.S. Andreatos and G.S. Kliros, “Identifying Transistor Roles in

Teaching Microelectronic Circuits,” 2006 IEEE Mediterranean Electrotechnical Conference,
Bernalmadena, Spain, 1221-1224 (2006); A. Andreatos and G. Michalareas, “Engineering
education e-assessment with Matlab; Case study in electronic design,” Proceedings of the 5"
WSEAS/IASME International Conference on Engineering Education, Heraklion, Greece, 172-177
(2008).

19 M.F. Simoni, M.E. Herniter, and B.A. Ferguson, “Concepts to Questions: Creating an

Electronics Concept Inventory Exam,” Proceedings of the 2004 American Society for
Engineering Education Annual Conference & Exposition (2004).

2 T.A. Hudson, M. Goldman, and S.M. Sexton, “Using Behavioral Analysis to Improve

Student Confidence With Analog Circuits,” IEEE Transactions on Education 51(3), 370-377
(2008).

21

A. Mazzolini, T. Edwards, W. Rachinger, S. Nopparatjamjomras, and O. Shepherd, “The
use of interactive lecture demonstrations to improve students’ understanding of operational
amplifiers in a tertiary introductory electronics course,” Lat. Am. J. Phys. Educ. 5(1), 147-153
(2011).

22 P. Horowitz and W. Hill, The Art of Electronics, Second Edition (Cambridge University

Press, NY, 1991).

2 T. C. Hayes and P. Horowitz, Student Manual for The Art of Electronics (Cambridge

University Press, NY, 1992).

2 G. S. Tombras, Introduction to Electronics, Second Edition (Diavlos Books, Athens,

2006).

» A. J. Diefenderfer and B. E. Holton, Principles of Electronic Instrumentation, Third

Edition (Brooks/Cole, Belmont, CA, 1994).

2 E. J. Galvez, Electronics with Discrete Components (John Wiley & Sons, Hoboken, NJ,

2013).

2 Strictly speaking, there is a very small potential difference (on the order of uV) between

the non-inverting and inverting inputs, which is consistent with the fact that the op-amp is a high-
gain differential amplifier.

28 See, for example: D. Hammer, “Student resources for learning introductory physics,”

Phys. Educ. Res., Am. J. Phys. Suppl. 68 (7), S52-S59 (2000); D. Hammer, “Misconceptions or

Page |176



Identifying Conceptual Difficulties in Analogue Electronics

p-prims: How may alternative perspectives of cognitive structure influence instructional
perceptions and intentions?”” J. Learn. Sci. 5 (2), 97-127 (1996).

2 A. diSessa, “Towards an epistemology of physics,” Cognit. Instruct. 10 (2-3), 105-225

(1993). According to diSessa, Ohm’s p-prim includes the idea that “increased resistance leads to
less result.” In the context of the two amplifier and three amplifier questions, the statement that
the presence of the input resistor leads to a smaller value of V. is consistent with this idea but is
inconsistent with a formal application of Ohm’s law.

% See, for example, M. Kryjevskaia, M. R. Stetzer, and N. Grosz, “Answer first: Applying

the heuristic-analytic theory of reasoning to examine student intuitive thinking in the context of
physics,” Phys. Rev. ST Phys. Educ. Res. 10, 020109 (2014).

i Student performance on the circuit A vs. circuit B comparison is worse than that on the

original two amplifiers question. This suggests that the three amplifier context, with its inclusion
of two different perturbations of the non-inverting amplifier, may somehow make the comparison
more challenging for students. It is possible, for example, that the increased emphasis on the
circuit modifications increases their salience and cues students to expect differences in behavior.

82 See, for example, Ref. 2.

3 A similar phenomenon has been reported in Ref. 5.

3 M. Kryjevskaia, M.R. Stetzer, and P.R.L. Heron, “Student understanding of wave

behavior at a boundary: The relationships among wavelength, propagation speed, and frequency,”

Am. J. Phys. 80, 339-347 (2012).

% In one version of the question, students were asked about the directions of the currents

through all labeled points.

% L.C. McDermott, P.S. Shaffer, and the Physics Education Group at the University of
Washington, Tutorials in Introductory Physics, First Edition (Prentice Hall, Upper Saddle River,
NJ, 2002); Instructor’s Guide (2003).

3 L.C. McDermott, P.S. Shaffer, and the Physics Education Group at the University of
Washington, Tutorials in Introductory Physics, First Edition (Prentice Hall, Upper Saddle River,
NJ, 2002); Instructor’s Guide (2003).

38

Page | 177



