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Abstract—We have developed a hands-on kit to teach control

and circuits in power electronics. The kit consists of only W= sav Lrwvio *

discrete components to improve on what is missing from the CROUND (578] “_m {874
contemporary IC design experience: the insight and intuition e s
that arises from the building and testing of circuits where 28 INTERNAL SomA
there is physical access to every node. The kit is modular and

con gurable, allowing the students to explore the design space Rr/CT [377]

with different topologies and component values, while trading-off i

bandwidth, power, and accuracy, among other things.
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Note 2: Toggle flip flop used only in 1844 and 1845.

range of analog and digital circuits and techniques. We has<
developed a hands-on kit for advanced undergraduates FBr 1. The venerable Unitrode UC3842 provides the inspinatThe
beginning graduate students with circuits that consistrdy 0 UC3842 has been used as a controller building block for maagsidally-
discrete components, that is no building block ICs; much gentrolled power converters. [7]
what is missing from the contemporary IC design experience
is the insight and intuition that arises from the buildingdan
testing of circuits where there is physical access to eveltye new course include the following: 1) introduce studeats
node. In the kit, feedback and control is applied to circuithie fundamentals of power converter control theory, 2)teac
that control power electronics, while common elements suskudents to design analog control circuitry block by block,
as differential pairs and current mirrors not only appear i) teach students to simulate models of their circuit design
familiar op-amps and comparators, but also in ostensibdy instruct students on how to build and debug their circuits
arcane high side gate drivers, where one can demonstritel compare experimental results with their simulatedlt®su
the use of high speed current switching. The kit is modulédeally, the students obtain something foundationallyilsim
and con gurable: students can explore the design space withthe IC design experience, while using discrete compenent
different topologies and component values. and constructing on a breadboard or a pre-designed PC board
Companies are discovering that often, new electrical engvith sockets for inserting components.
neering graduates have limited knowledge about the activit The practice of integrated circuit design is not an endeavor
of integrated circuit (IC) design. As a result, the initigihing in isolation (although at times it may seem that way during
period is undesirably long and extensive. This is largelye long hours of simulation and layout). Rather, much of
because it is challenging to duplicate the intricacies of I depends on how the circuit interacts with what can be
design within the resource and time constraints of a typicebnsidered the outside world. For example, in the design of
electrical engineering curriculum. Additionally, it isfdult to  a power electronic controller, one must consider the tygdes o
keep abreast of the continually evolving IC fabricationgess power MOSFETSs that must be driven, along with sensing and
in industry. power electronic topology. Additionally, one must conside
Education in power electronics through hands-on ap¢hat external components are required of the user: resiatbr
proaches is continually evolving [1]-[6]. This paper prse capacitor values must be reasonable; pin-count, for ex@rigpl
the foundation for a new laboratory course. The objectivies reduced if components for external compensation are ground
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Fig. 2. The kit consists of individual functional modules ttlpdug into a Fig. 4. Module layout of the kit motherboard.

motherboard. The grounds are con gurable and connectioreatth module
can be individually switched.

eraged models. Minor loop compensation is revealed through
current-mode control, which may require slope compensatio

The kit along with a mapping of its modules is illustrated
in Figure 4. As one can see, a variety of analog and a few
digital building blocks are represented.
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Il. PEDAGOGY
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An objective of this approach is to expose students to not
only the process of IC circuit design, but also to enginegrin
design as a whole. As such, it is important to emphasize
wo 4y © O the need for both @p-downapproach, which is a pervasive

: goal in industry along with @ottom-upapproach, which is
more prevalent in academia and research institutions.dhis
approach that shepherds an idea to a product.

Fig. 3. Synchronous buck converter module. A typical course would include both a lecture or seminar
followed by a unit of extensive laboratory exercises, which

) o ] is then proceeded by an evaluation interview and a student
referenced rather than oating, hence motivating desidi@s t yemonstration.

use an operational transconductance ampli er (OTA) as the
error ampli er in Pl (proportional-integral) controllers A. System Level Design
While device scaling is not easily available with a discrete

Buck Converter

; . R . ) The classic representation of a system level design is the
design, the notion of current scaling is offered using tesss block diagram, which is used to express the partitioning

Matc_hmg oftacnve (_jdewcest, \r/]vhéle o_rdlnary on;\ WO”O"”@' Il't of functionality and the interconnection of a feedback and
reqL|1(|res us to pI‘OVIl € makc eb pe:jlrs, or qfua S Ina mono E\%ntrol system. Figure 4 not only illustrates the partition
package, to properly make a bandgap reference, among o lrfunctionality of a power electronic controller, but also
things. The modules are purposefully designed to be sirtalar

ircuits in 1Cs. althouah resist d i . represents a subdivision of pedagogic units.
circuits 1n 1%.s, athough resistors and capacitors are As a product, an engineer is required to think about interfac
more liberally. In these circuit designs, we avoid techggto

7 . . requirements—whether the context is system-level, board-
dependent idiosyncrasies, whether IC or discrete. . y

L . . level, device-to-device, signal integrity, or human iatgion.
Analog, digital and power electronics come together in whgﬁ1ese requirements are often derived in a top-down design
is consummately a mixed-signal design. Widely differemeti

. : i o formalism known asuse caseq8]. In a power electronic
scales are involved, with gate drive switching on the ord%r

ft f q d . ¢ ntroller, these issues include start-up, protectiontdsiwn,
of tens of nanoseconds and converter step responses Onsg\ﬁ failure modes, and ESD, among otHers.

ordefr' Of. a m|II|secopd. Issues such as ground and SUPPYA¢ the beginning of each module, the student is required to

partitioning become important along with the underStagd"Eonstruct a set of speci cations for a particular desigecia

of signal integrity. '
StUdentS_are eqused to the practlcal app'_'cat'Q” of dabsi IElectrostatic discharge. Although not explicitly addesssn this course,

control, which requires small signal approximations ane a is an example of a human interaction.



which in some cases may be student-selected and in ottieat their speci cations are met. For example, it is dif ttb
cases chosen by the instructor. measure the dc characteristics of the error ampli er in Bect
[1I-D in the open-loop; although, we might encourage stusen
B. Feedback and Control to try. If, instead, they connect the ampli er as a followdg,
Familiarity with signals and systems and an exposure parameters such as offset voltage can be measured.
classical control is preferable, but the fundamentals can b 4) Equivalent Integrated Circuits:Although the discrete
taught within the context of the course. Complexity in feectircuits that we use emulate those that appear in monolithic
back stabilization depends on the choice of power converl@s, there are some notable differences. Resistors aresedt u
topology—the simplest is the buck converter, which is as liberally in integrated circuits, but instead are repthby
second-order system in voltage mode control and rst-ordective devices. Matching of transistors, both thermallyl an
in current-mode control; an increase in exercise dif cutgn geometrically, is available only on a limited basis in déter
be achieved by using boost and buck-boost topologies, whidbsigns, but is assured on an IC.
include a non-minimum phase zero in their plant transfer A portion of each lecture or seminar on the equivalent
function. integrated circuit design is appropriate. After rst hagithe
Minor loop compensation is introduced in current-modstudents design, construct, and test a discrete circuitutapd
control. In the existing module, peak current-mode conisol they can be then be asked to design, simulate, and even lay out
implemented, but average current-mode control can be a toph equivalent integrated circuit, perhaps in CMOS as ogbose
for a nal project or as an extension of the laboratory exsci to BJT. In this way, the learning effort stays connected ® th

N . design of ICs.
C. Circuit Level Design

Success in large design projects is predicated on modd- Design Process
larization and unit testing. The construction of the kit as a In the contemporary spiral model for development, the
collection of daughterboards that plug into a motherboaptocess of design is iterated cyclically, with each itenati
encourages this type of thinking. Each daughterboard iscanverging on the objective. Sometimes, the requirements
module that can be individually built and tested. are too aggressive and a revision of those requirements is

1) Circuit Building Blocks: The differential, or emitter- acceptable, as long as the student understands the tmdeoff
coupled pair along with the current mirror are a recurrinffhe laboratory exercises are structured to encourageyes t
element in the various modules. Some of the other circuf process.
elements that are used are single-ended topologies such aslg Calculation: Every design begins with a hand calcula-
common emitter ampli er or an emitter follower. In the basidion; plausibility is observed by laack-of-the-envelopealcula-
modules, we try to keep the circuits straightforward, but faion, where order-of-magnitude quantities prevail. Eegiring
laboratory exercises that ask for some innovation or in thjwdgment is developed at this stage, where intuition and the
nal project, the students are encouraged to seek strategability to estimate allow the engineer to assemble, eliteina
and designs that show economy and elegance. and de-construct from a bewildering array of concepts.-Ulti

Among the things we would like students to consider amately, component values are calculated, so approxinmstion
open-loop and closed-loop design options. In most insg@ncand models, whether small-signal, linearization, or eajeivt
we strive for good open-loop characteristics so that owsezle circuit, have to be appropriately chosen. It can be arguatl th
loop behavior is better; other times, we have no control ovene does not simulate or build unless one has a prediction
the open-loop attributes and our only option is to place the the outcome. To encourage this, students justify not only
system in a feedback loop. their choice of component values, but also the process and

2) Power ElectronicsiAt a student's rst glance, the power assumptions by which they had arrived at those values.
circuit appears to be the simplest. They are not yet awafeeoft 2) Simulation: While there is no doubt that simulation
richness of the design choices, even within a single topplodgs an essential tool in modern circuit design, the speed and
in power devices, magnetics, modes of operation, and dontease, which we value in industry, make it a crutch to learn-
strategy, among others. ing. Simulation inherently contains many hidden assunmgtio

In the design of the power electronics, the students waind limitations, which the savvy and experienced engineer
design their own inductor and learn to select and size powanderstands. SPICE, for example, does not predict thermal
devices, among other things. Power electronic design isrunaway; perhaps, it would be pro table to sacrice a few
multi-dimensional effort, involving not only electricddut also NPN transistors to confound the students by having a tektboo
thermal and often mechanical design. [2] The choices madeviersion of a discrete current mirror destroy itself. We daent
the power electronic circuit will drive the controller dgsi We demonstrate the use of resistors on the emitters and explain
have chosen the continuous current mode, synchronous bhokv emitter degeneration really behaves as implicit negati
converter as a point of departure; there are other choices. feedback.

3) Designing Experiments and Measuremen#s:worth- Simulation tools such as SPICE and MATLAB do have a
while exercise for the student in each lab module is to desigiace in the learning of circuits and feedback. This lalmsat
methods to test functionality and measure parameters tfy veicourse is intended to have a simulation component, but it



is important to also choose examples that contrast occasion
when simulation gives us answers that agree and on other occa
sions disagree with our hand calculations. On those oatsisio
of disagreement, the student re-examines their assunsption
and models, and revises their hand calculations. In additio
students should experience how painful it is to simulate a
complete power electronic system in the time domain on a
cycle-by-cycle basis using SPICE.

3) Building: It is almost a certainty that when the time
comes to build and experiment, those who have not performed
an adequate paper design inevitably suffer. Nature tends to
expose non-robust designs; weaknesses that do not readily
expose themselves can be accelerated by any number of
“torture tests” that we instructors create. It is in builglin
and experiment that we can con dently develop and calibrate
intuition and judgment; we do so by requiring a design
discipline where calculation, simulation and measurenaeat
in agreement.

IIl. L ABORATORY MODULES
A. Digital Logic and RS Latch

A power electronic controller is not exclusively an analog
circuit domain; what makes it both challenging and inteéngst
is that it is mixed-signal. On-chip logic is usually CMOS
and in this module, students are exposed to transistor levelFig- 5. Transistor level design of the logic for the PWM cofieo
design of logic gates and ip-ops. Figure 5 shows the
schematic of the logic elements in the controller. This ¢opi
is a suitable introductory rst laboratory, where studeo#
become familiar with the lab kit, test instruments, simiolat
and IC layout tools.

B. Comparator and Clock

A comparator is topologically similar to an op-amp, but
with requirements that are germane to its operating context
In this unit, a student will connect a commercial op-amp such
as the LM741 as a comparator and examine its transition
characteristics and will have to explain why the LM741 is (@)
a poor comparator. The student will then design and build the
comparator shown in Figure 6.

The clock shown in Figure 7 is a relaxation oscillator using
the comparator that the student will have just designed and
built. The frequency can adjusted externally to their azsad
IC controller using a capacitor and a resistor.

C. Voltage Regulators and Bandgap Reference

An obvious beginning to motivate the study of power
conversion is a discussion of linear voltage regulatorghis
unit, student build a linear regulator based on an operation
ampli er and output driver, which is shown in Figure 8. The
linear regulators that the students design and build become (b) Top: Comparator Input.Middle: Output with Baker
the internal rails for their controller. The thermal dissipn clamp. Bottom: Output without Baker clamp.
capability of these regulators become a salient limit to th—?g. 6. The comparator is topologically similar to an openagioampli er,
power that is available to the rest of their controller. Afuse but open-loop speed adds a design consideration. A carefuhiaation of
exercise for the student is to naively estimate the pOW_@F‘ risetime characteristics shows how the saturation obthput transistor
requirements of their controller circuit from the UC384DtP increases the risetime to 387 ns from the 8.5 ns when using @tt8gtiode

- as a Baker clamp.
package and then compare that with the datasheet's power
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Fig. 8. A single-stage operational ampli er with a Darlingtoutput stage
is used as a voltage regulator. The compensation capacitmt ishown.

learn that integrator ramp accuracy is not critical in colfgr
design, but offset might be and that a PTAT current source can
(b) easily be derived from a bandgap reference.

In this module, students learn to measure and test a sub-
system that they discover is not well-behaved in the open-
loop. How then does one measure offset voltage? What about
AC characteristics and what are the large signal transient
consumption ratings. As their controller develops and &s tbharacteristics? Students might only be able to derive the
students keep track of their power budget, they begin taaotismall-signal bandwidth from a frequency sweep of the open-
the differences between a discrete and an IC design, leadiogp circuit. A possible solution is to connect the ampli er
them to understand how parasitics play a role in the powexrs a follower, but is there a good reason that the design be
speed tradeoff. made stable for this con guration? The answer is usually yes

A common building-block in voltage regulators is theand this allows the measurement of dc offset, and transient
bandgap reference. \Voltage references are a good pointedhavior from a step response. Most students will discover
departure for which to discuss the effects of temperature tre slew rate limitations that they have forgotten to model i
circuits and devices. The usual bandgap references offethair calculations and might have to revise their choiceadf t
solution by compensating the dominant linear term of a nonurrent and consequently their feedback components.
linear temperature coef cient, yet illustrating anotheample
of linearization. Figure 9 illustrates the circuit. Matabi
transistors are required fap; and Q. along with the cur-
rent sources and the differential pairs. What is most notably There are several possibilities for a high-side current am-
missing is a start-up circuit. Why is this necessary? How ddi er for peak current-mode control in a buck converter,

Fig. 7. The clock which determines the PWM frequency is a relama
oscillator.

E. High-Side Current Sense Ampli er and Slope Compensa-
tion

we design one into the circuit? including differencing ampli ers and current-mode cirtsli
] Key requirements include good common-mode rejection and
D. Error Ampli er high speed; however, when gain accuracy and offset is not

There are several design choices for an error ampli ecritical, an open-loop design (such as that shown in Figlre 4
The most frequent design with which students have haslsuitable.
experience is a closed-loop integrator, or perhaps prpatit High-side peak current sensing is challenging, especially
plus integrator, using an op-amp. In practice, feedbackrobn when it is performed on the side of the controlled-switch kghe
elements—resistors and capacitors, are external commonehé common-mode voltage changes with every switching in-
to the IC. An open-loop integrator based on an OTA (operatant. In this unit, students explore two ways of performing
tional transconductance ampli er) allows the use of feadba current sensing. The rst, shown in Figure 11(a) is a closed-
elements that are ground referenced as shown in Figlwep design based on a differencing ampli er. The second, an
10, which results in smaller IC pin count. The tradeoff i®pen-loop design is based on an OTA. Figure 11(c) shows the
poorer integrator accuracy and the requirement of a PTAErformance differences between the two designs.
(proportional-to-absolute-temperature) tail currentirse for The OTA design uses emitter degeneration to extend the
a loop bandwidth that is invariant to temperature. Studerisear range. Students calculate the required linear ramge



(a) Differencing ampli er where the rst differential am-
pli er provides a level-shift and differencing to the secbn
stage gain. The circuit is obviously missing a compensa-
tion capacitor, which the student supplies.

(b) Emitter-degenerated OTA (operational transconduc-
Fig. 9. Circuit for bandgap reference. Adapted from Greb@pe tance ampli er).

(c) Top:  Tektronix Current Probe
(500mA=div). Middle: Difference Amp

) . . . ) Output (2V=div). BottomOTA Output
Fig. 10. The operational transconductance ampli er (OTA)sed to design (2v=div).

an error ampli er with proportional plus integrator outpiRl(controller).
Fig. 11. The closed-loop differencing ampli er shows pooteansient
characteristics in comparison to the open-loop OTA.
component values as well as the errors in both the open-loop
and the closed-loop design. An investigation of the traisteof?]
between an open-loop and a closed-loop design leads
student to understand that the errors in gain and offset are
tolerable in the minor loop, but compromises in speed becorhie Gate Drive and Leading Edge Blanking
critical. On-chip gate drives require special attention becauseeof th
Slope compensation is a requirement for continuous curresteed and voltage requirements, along with the potentially
mode control with duty cycles over 50%. As part of thihigh peak currents. Totem pole NMOS gate drive outputs are
unit, a discussion in the tradeoffs between discontinuotypical. Figure 13 shows a design for a high side gate drive
versus continuous current modes of operation will motitiage where fast switching can be achieved over a dynamic level
additional complexity of slope compensation. In the UC3842hift using the already familiar emitter-coupled pair. Tigh-
slope compensation is not available internally, but ratier side gate drive derives its power using a diode charge pump,
added with external components with a pseudo-ramp thatwkich is another interesting topic for discussion. There ar
derived from the capacitor voltage in the clock as it is ckdrg limitations on switching frequency: too low and the highesi

. Figure 12 is an adaptation of this circuit. Students can
ose to implement their own version of slope compensation



Fig. 12. Circuit for implementing slope compensation.

@

(b)

Fig. 14. Low-side (a) and high-side (b) enable circuits prenshoot-through
from top-side to bottom-side power MOSFETSs.

Fig. 13. High-side gate drive based on current switching rofeanitter-
coupled pair that is reminiscent of ECL logic.

drive voltage droops; too high and the gate drive lossesrheco
signi cant.

1) Shoot-Through Protection and Leading Edge Blanking:
In the totem-pole structure that is used in the synchronous
converters, the prevention of shoot-through of currentveeh  rig. 15.  Leading-edge blanking using what is essentiallyne-shot on an
the upper and lower MOSFETSs is critical. Figure 14 showmsverter.
the design of high side and low enable that senses whether
the complementary switch has turned off before enabling the _ i i
other. H. Putting It All Together: The Final Project
In peak current mode control, a large current transient The nal project offers the students an opportunity for
appears through the MOSFET at the beginning of the switchinovation. Most often these innovations occur as bottgm-u
ing instant, which is apparent in Figure 11(c). This ofteA€Sign, in the circuits and the feedback. This is partly due
prematurely triggers the comparator in the peak currentemot® limitations in using the kit as the stucture for the nal
controller. Students experiment and investigate variaig-s Project. As history has shown, the UC3842 is a versatile, part
tions and their tradeoffs, including a low pass Iter anddesy Much like the 555-Timer IC. For example, variable frequency
edge blanking (shown in Figure 15). controllers such as constant on- and off-time, as well @&ali
conduction controllers can be designed and con gured from
the basic building blocks in the kit.
G. Startup and Protection Circuits There are quite a variety of other optimizations that are
suitable for a nal project: minimization of controller p@a~
Often an aﬁerthought, the S'[artup and protection Circuigﬁssipation, perhaps through adaptive b|as|ng, minirg'zin
are required for robust design. Students carefully anallyee power consumption; or designing their own functional block
startup process and evaluate assumptions about the inidigh as a soft-start, among others.
conditions of their devices, going through "what-if” sceina
for their PWM controller. IV. CoNcCLUSIONS ONKIT DESIGN
The students will discover that if they test their protegtio There are several requirements to the design of this lab-
circuits properly that under certain occasions the undexge oratory kit. Pin sockets are used for all components so the
and overvoltage lockouts oscillate. Why does this occur? Whabdules are reusable while also minimizing soldering. The
is a solution? With a little bit of thought, the answer is ang: modularity of the motherboard/daughterboard design aed th
add some hysteresis. con gurability of grounds and other connections allows the



(a) Shutdown Logic

(b) Power Input Undervoltage Lockout.

(c) Transistor Schematic of the Power Input Undervoltagekkoc

out.

Fig. 16.

(d) Lockout for Undervoltage and Overvoltage
of Controller Input Rail.

Basic protection circuitry for the power electmebntroller.

course and the circuits to evolve and to allow maintenance
by only replacing only those modules that are damaged.
Testpoints to which instrumentation and probes may be etipp
are available on most of the nodes.

The course syllabus is continually evolving and developing
Our goal is to provide a platform that can also evolve and
develop.
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