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Abstract - This paper presents a methodology to teach
Power Electronics from the Control point of view, to be
used in a laboratory course in the Undergraduate
Program of Control and Automation Engineering at
Federal University of Minas Gerais, Brazil. In this case,
the ideal representation of the power switch is applied,
not being necessary to take into consideration the
switching ripple, but the averaged signals. In laboratory
classes, a Microchip development module is used,
permitting to study four non-isolated chopper
configurations. The program covers static experimental
observation and measuring, chopper modeling by
equivalent averaged circuit, open-loop static calculation
and validation, linearization about an operating point
and dynamic non-linear and linear simulations. Due to
uncertainties in the model, a suitable analog PI controller
is designed and implemented from a black-box chopper
model, giving a good performance to the converter under
closed-loop operation. The “Motivation-by-Challenge”
methodology is applied in the Power Electronics
laboratory, permitting an effective participation of the
students in the learning process: the closed-loop control
problem of a chopper is proposed as a challenge, only
finishing when a good solution is found.

Keywords - Control of Power Electronics Converters,
Methodology to Teach Power Electronics, Power
Electronics Teaching Laboratory.

I. INTRODUCTION

This paper presents a way of teaching Power Electronics
from the Control point of view, employing the Motivation-
by-Challenge or Active Learning methodology [1, 2].
Generally, books focus their approach on Electrical
Engineering students and professionals, emphasizing circuit
and component design. For control purposes, it is sufficient
to consider the ideal representation of the power switch,
because converter main dynamics is influenced by the
slowest mode established by inductors and capacitors
exchanging energy, some of it dissipated as losses inside the
converter. This is the reason why one must begin by a
theoretical review of an R-L-C conventional circuit, before
attacking the power electronic converters as well. From this
approach, it is not necessary to take into consideration the
switching ripple, but only the averaged signals.
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The ideas herein presented are the result of a cooperation
effort between Federal University of Minas Gerais, Brazil
and the University of Wisconsin, Madison, USA [3]. The
authors felt that Power Electronics instruction at UFMG
could also be comprehensively taught from a control point
of view, and decided to develop a new methodology which
could be used in the Undergraduate Program of Control and
Automation Engineering. For years, the laboratory classes in
Power Electronics had been taught in the same manner as
for electrical engineering students, putting strong emphasis
on circuits, their principles of operation and components
design, as opposed to a dynamic control point of view.

For simplification of pedagogy, as one does not need to
study all types of converters in a one semester course, the
choice was made upon non-isolated choppers, because their
principle of operation is very intuitive, they present strong
non-linearities (except for the buck converter at continuous
conduction), either on continuous and discontinuous-current
modes. Besides that, they can be switched at high
frequencies, thus reducing size and cost of passive reactive
elements, establishing a clear separation between the
switching mode and the converter main dynamics.

The methodology first presents and analyzes the practical
world and then uses a model (the idealized world), trying to
refine it to explain reality the best it can. A typical bottleneck
in this approach is that the theoretical responses (static and
dynamical) often do not match to the experimental ones,
although the static curves present the same qualitative
behavior. The theoretical dynamics is underdamped, in
opposition to the overdamped experimental one. Faced with
this scenario, a suitable PI controller is designed and
implemented from a black-box model, giving a good
performance to the chopper under closed-loop operation.
This approach is particularly valuable from the pedagogic
point of view, in bringing out a practical solution to the
problem at hand, in spite of model uncertainties.

As an environment for employing the methodology in the
laboratory, the choice was made over a Microship low power
/ low cost PICDEM development module, whose flexibility
is achieved by microprocessing and serial communication
with a personal computer, and by the possibility of external
analog circuitry adaptation, made by the user to accomplish
more functions to the module.

Methodologically  speaking, there must not be
schizophrenia (separation) between theory, simulation and
experimental circuit observation, each of them collaborating,
at the right time, to put more light on the transient analysis
and design of controllers for power converters. For this
reason, classes in the lab follow and alternate among initial
static experimental observation and measuring, chopper
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modeling by equivalent averaged circuit, open-loop static
calculation and model validation, linearization about an
operating point, dynamic simulation, closed-loop controller
design and, finally, closed-loop experimental chopper
operation and conclusions.

II. THE MICROCHIP PICDEM MODULE

It is constituted by the development system PICDEM
MSC1 [4], whose Mother Board is based on the Microship
PIC16C782 8-bit microcontroller, including a RS-232
interface and a 9 VCC power source. A firmware is
embedded, with a monitor to control the CPU and the
communication with a PC. A software, part of the
development system, and a proper interface permit the user
to access the CPU and its peripherals, for real-time
configuration and for establishing operational parameters and
set-point changing. The PIC microcontroller has analog and
logical ports, a pair of 8-bit A/D and D/A converters, two
logical output comparators, one operational amplifier, two
timers and a device for generating the PWM signal.

The mother board is connected to a SMPS Daughter
Board [5] through a 40-pin connector, as shown in Figure 1.
The boards and the 9V power source were put together in a
wood platform, with sufficient space for the addition of
external circuitry, like another complete +/- SVDC regulated
source, as well as connectors and potentiometers for the
controller parameters adjustment. The daughter board
permits to implement four different choppers, buck, boost,
inverted and non-inverted buck-boost, depending on
appropriate jumper connections. Figure 2 presents the
daughter board circuit, with two complimentary P and N
channel MOSFETs, two gate drivers, one inductor, two
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switching diodes, two output filtering capacitors and a lamp
as the chopper load.

Fig. 1. Complete power converter kit.

A 5 VCC regulator feeds the PIC16C782 microcontroller
through the connector. This board has an expansion area, for
customized circuits to be added. To enhance the “power”
board capability, four independent 150Q resistors were
added to the platform, which may be jumped one by one in
parallel with the lamp, permitting to have five different
values for the load.

The daughter board of Figure 2 has a current protection,
implemented with the R;; resistor and a first order filter,
whose output is fed back to the mother board through the 40-
pin connector. There are also two possibilities of output
voltage feedback (inverted or non-inverted) by means of
voltage dividers Rjj-Ry4 or Ro-Ry3.
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Fig. 2. Microchip SMPS Daughter Board circuit.
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ITII. CHOPPER PWM CONTROL

Figure 3 shows the circuit for generating the PWM output
control signal, by logical comparison of an external analog
triangular Vg, signal to the control voltage Vpac, furnished
by the PIC internal D/A converter. This control signal comes
from the PICDEM interface on the PC, and is established by
the user, when in open-loop, or by a controller, when in
closed-loop. Both Vig; and Vpac must vary between 0 and
+5V, to adjust the chopper duty-cycle between 0 and 1. The
switching frequency fs is established externally, as well as
the amplitude of Vrg.
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Fig. 3. Generation of the PWM signal.

The PICDEM software must be running on the PC, with
its “DAC” window opened to establish the control voltage
Vpac. To operate in open-loop it is necessary to load
OpenLoopTri.val file into the microcontroller, from the PC,
to configure the analog ports, the comparator and the other
devices shown in Figure 3. The chopper begins to run after
an order, given by the user to the PC (Options - Enable
Eval(uation) Board).

IV. THE METHODOLOGY

The sequence of experimental classes that have been
taught for four semesters at UFMG is:
1) Introduction to Power Electronics and presentation of the
methodology.
2) Familiarization with PICDEM and experimental
determination of the chopper static characteristic.
3) R-L-C circuit analysis and Chopper dynamic modeling by
averaging. Steady-state calculations and plotting of the static
characteristic. Model validation.
4) Chopper linearization around an operation point. Transfer
Function.
5) Simulation of chopper dynamic response, with the non-
linear and the linearized model.
6) Practical determination ofthe chopper dynamical
response. Black-box dynamical modeling and comparison to
the linearized model.
7) PI Controller design and chopper closed-loop simulation.
8) PI Controller implementation and observation of the
closed-loop chopper dynamic response.

For each chopper configuration one must chose a set of
proper connections in Figure 2. For instance, in a boost
converter it is necessary to open jumpers J4, J5 and J7 and to
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close J3 and J6, so that the upper MOSFET will be
conducting all the time and the lower one will be switched
through jumper J6 and the gate driver. In this configuration,
pin TP6 will be the positive output of the converter, with
respect to ground.

For modeling the chopper, the key is to begin the study
with a linear R-L-C circuit, as converters have inductors and
capacitors for temporary energy store, as well as losses
which may be represented by resistors. After that, the
chopper space-state model is settled in a third-order
structure, to take into account a filter capacitor C, put in
parallel with the input DC source, generally constituted by a
non-controlled rectifier. An equivalent averaged circuit is
used, as presented in Figure 4 for the boost converter: the
static switch and diode are replaced by voltage and current
sources, function of the duty-cycle D and, respectively, of the
output voltage Vo (or Vo) and of the inductor current I..
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Fig. 4. Boost equivalent averaged circuit.

To better model the real chopper, an output resistance Ry,
is added to the DC source V,, as well as a series resistance R;
in the inductor.

In Figure 4, all variables are considered in their averaged
(DC) values, so they are presented in capital letters. This
approach, neglecting the ripple in voltages and currents, is
sufficient for control purposes.

Applying the Kirchhoff current law to the nodes on top
of the two capacitors, and the Kirchhoff voltage law around
the loop constituted by capacitor C,, the inductor and the
voltage source, a state-space equation may be written:

i X =AX +bU (1)
dt
y=cX 2)
where:
X=[I Ve, Veol 3)
U=V, and y=Vop=Vco 4)

From the control point-of-view, the chopper may be
represented by the block diagram of Figure 5 below.

v INPUT DC
VOLTAGE
D Vo
———— CHOPPER |———
puTY OUTPUT
CYCLE VOLTAGE

Fig. 5. Chopper block control diagram.
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In the diagram of Figure 5, D (duty-cycle) is the control
input, V,, is a perturbation input, and Vo is the controlled
variable. The model thus obtained is non-linear, as matrix A
is function of the input variable D, except for the buck
converter operating in continuous-current mode.

Open-loop static calculations are done by considering the
left term of (1) equal to zero, V, and D constant, and
multiplying this expression by the inverse of the system
matrix:

X =-A"DU 5

For each value of D, A is constant and the system is linear.
After estimating/measuring the numerical values of all model
parameters, the state vector X can be calculated for a variety
of duty-cycles from 0 to 1, in increments of 0.01, using
Matlab. This permits to plot the theoretical static
characteristics Vo x D, I x D and Vg x D.

At this point, one must validate the chopper averaged
model, by comparing the theoretical and experimental static
output characteristics. Certainly, discrepancies appear,
because models only approximate reality. The initial
parameters used in the model must be adjusted, in a trial-and-
error basis, to match the calculated curve to the real one.
Figure 6 shows this validation for the PICDEM boost
converter, with a good agreement in the duty-cycle range
from 0.00 to 0.70.

Model Walidation
Ell T T T T T T T T

THEORY

Cutput Yoltage "vo" [V]

! 1 i I i 1 I i
a 0.1 oz 03 04 05 06 0OF 08 0% 1
Duty-Cycle "D"

Fig. 6. Boost converter theoretical and experimental characteristics.

In the trial-and-error procedure presented above, V,, was
refined at D = 0, Ry, and R; have influenced all the theoretical
curve including its peak. It was noted that a greater value of
load resistance Ry strongly increases the calculated peak of
Vo. As the model was calculated by (5) for the converter DC
steady-state, changes in capacitances C, and Cq and in the
inductance L do not have any influence on this theoretical
characteristic. For duty-cycles greater than 0.70 the inductor
current increases so much and more losses not taken into
account must be the reason for the lower experimental peak.
In fact, the model does not compute losses on the two diodes
D3 and D4 of Figure 2, as well as those on the two
MOSFETs.

A challenge may be put to the students: they can be asked
to calculate the input power furnished by the DC source, the
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losses in the source and converter, the output power
transferred to the load and the overall system efficiency.
Plotting these variables against duty-cycle will clearly show
the better operating range for the chopper.

As far as the converter model is non-linear, it is
convenient to linearized it about an operating point, defined
by the input vector Up = [Dg Vy,0] and by the state vector X
= [Ito Vo Veool- Calling d, v, v,, iy and x the small
variations, respectively to the operating point DC variables,
one can write:

%x=A0x+blvb +b,d (6)

Figure 7 presents the linearized block diagram. For each pair
output/input a transfer function is defined, supposing the
other input equal to zero. Those four transfer functions can
be obtained with Matlab, from the state-space model (6),
with:

d= AD, Vp = AVb, Vo= AVO; iL = AIL, x=AX
d () ¥ (3]
—- E—
CHOPFER |
YW= | UnEaR MoDEL | 1L 1E)

Fig. 7. Converter linearized diagram.

The students are asked to plot the poles and the zeroes of
the transfer functions in the “s” plane, so they can estimate
the converter dynamics face to small variations in the inputs.
A pair of complex poles appear, and even zeroes (depending
on the output/input considered), which preview an oscillating
transient response. Dynamic simulations with both the non-
linear model (1) and the linear model (6) must be carried
with Matlab.

There are discrepancies between the analytical predictions
and the empirical measurements, as it is observed an
experimental overdamped dynamics. This could be due to a
current limitation in the source current from the power
supply, that makes the inductor current not be a “real” state
variable, or due to discontinuous-conduction operating mode.
In fact, chopper experimental static characteristic is obtained
almost from 0 to 1 duty-cycle, thus taking into consideration
also discontinuous-current modes, although the theoretical
averaged model has only been based in the continuous-
current operation.

There is, again, more power dissipation in the real circuit
than considered in the model and, certainly, this might
explain  the  overdamped  performance  observed
experimentally. Referring to the boost chopper, some
computer calculations putting additional serial resistance in
the output capacitor have changed the static characteristic,
lowering its peak; but the very high resistance values used
were not compatible to real series capacitor resistances.
Additionally, the two diodes and mosfet together have a
voltage drop of about 2 volts in their on-state, and this could
easily change the results, since one is working with a 9V
power supply. Polivka et al [6] provide systematic example
of modeling parasitic elements from the inductor, mosfets,
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diodes, etc. to account for discrepancies. This might be a
good and not trivial challenge to be proposed to the students!

To bypass those drawbacks, a step response black-box
modeling may be taken, permitting to design a suitable
closed-loop controller for the chopper. Yet in open-loop
operation, the students are asked to observe the dynamical
response to a small step variation, applying a square wave
pattern by means of an “Arbitrary Waveform”, previously
stored in the PC interface. It is possible to adjust the square
wave repetition rate, permitting the user to match its half-
period to the chopper response time.

The controller design approach is compatible to the
analog design techniques studied in the curriculum.
Choosing a Proportional plus Integral Controller (PI):

1 k,1+T.s)
G.(s)=k,(1+—)=-"—"2
c(8)=kp( T ) s

i i

(N

the Root-Locus Method can be easily employed for the
controller direct synthesis. In the case of a chopper
overdamped model, the PI zero (-1/T;) could be chosen
equal to the dominant converter pole (-1/T), and the
controller gain kp adjusted to make the closed-loop response
two times faster (at least, theoretically), as in Figure 8. A
derivative action is not recommended, because of the
inherent noise due to the high-frequency switching.

Imag
A -1
T T Real
= i
_— 2 -
A
Clozed-loop -_
pole T

Fig. 8. PI controller design.

Regarding to the experimental module, although
PICDEM has one internal Operational Amplifier, the
Proportional plus Integral controller can be better
implemented by an external circuit, with four Op. Amps., as
shown in Figure 9.
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Fig. 9. Analog PI controller coupled to the PWM generation.
Now the PC interface must establish the set-point for the

chopper output voltage, and both the feedback voltage and
the reference one must be normalized to the 0-5V range,
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using a factor B to maintain compatibility with the output of
the PICDEM internal DAC device. In this case, the control
voltage V¢, to be compared to the triangular waveform, is
furnished by the output of the PI controller. This approach
permits the user to tune the controller proportional gain kp
and the integral time-constant T} independently, by means of
two potentiometers. Loading ClosedLoopTri.val file from
the PC into the microcontroller reconfigures the analog
ports, comparator and other devices shown in Figure 9.

After implementing the PI controller, students must
verify whether the chopper output voltage Vo tracks itself to
several values of the reference Vo*, in a static observation.
For the dynamical response, besides tuning the pair (kp, T})
obtained in the controller design, the students are
encouraged to try other combinations, acquiring the chopper
output voltage with a digital oscilloscope, also linked to the
PC through a second serial interface. In this way, the
reference voltage step and the chopper output may be
plotted together, permitting to match the controller design
on a trial-and-error basis by observing the closed-loop
dynamical performance. Figure 10 presents the response of
the PICDEM boost converter for two sets of PI tuning. As
the signals were got from the reference and the feedback
inputs to the controller, they are scaled by the factor § =
0.20, meaning a change in output voltage from 10.00 to
11.00 Volt.

Boost with kp =020 and Ti= 150 ms
T

Fig. 10. Boost closed-loop responses:
(a) kp =0.20 and Ty = 150 ms
(b) kp = 1.40 and T} = 150 ms
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V. PLANNING THE COURSE AND EVALUATING THE
STUDENTS PERFORMANCE

In planning a lab course, one must consider its objective,
the learning methodology, the course tasks and their
chronology, and finally the form of evaluation, all of them
coherently with the adopted methodology. To establish the
objective, it is necessary to have in mind what are the
abilities expected to be developed by the students. Besides
improving technical skills, they need to find satisfaction and
to grow in self-confidence and initiative. Although the course
may be oriented to a medium profile student, it shall also
introduce the liking for research and development, and the
motivation for more advanced studies [7].

The difference between the proposed methodology and
conventional approach is the way the lab course is conceived
and developed: the “challenge” versus the “ready solutions”,
real world problems versus prepared examples. In the top-
down (conventional) method, the entire subject is assimilated
by the students in a fragmentary way, and they finish the
course not knowing exactly how to join all the parts of the
presented knowledge for the solution of real problems. On
the opposite side, the Motivation-by-Challenge considers the
program items as tools (important, but just tools) to solve
real engineering problems. The chronology must be suited in
accordance to the challenge, its steps and the solutions.

The evaluation of the students is the feedback of the
learning effectiveness. The final goal, the real learning, will
be confirmed by the quality of the solutions proposed and
developed for the challenge. At the laboratory, conventional
written tests may be applied, but with a smaller emphasis.
The evaluation must be conducted continuously in time,
profiting from the small number of students the instructor has
in each session, permitting to closer follow their progress in
attacking the challenge. Partial and full reports are
mandatory, together with oral presentations while operating
the experimental module.

VI. CONCLUSION

The methodology applied to the Power Electronics
Laboratory permits an effective participation of the students
in the learning process. The control problem of a chopper is
proposed as a challenge, only finishing when a good solution
is found.

After four semesters adopting this new methodology in
the Undergraduate Program of Control and Automation
Engineering at Federal University of Minas Gerais, Brazil,
more satisfactory learning results have been obtained,
demonstrated by a greater involvement of students and some
teachers. The students have shown more interest in the
course, going beyond the conventional established goals. The
great challenge presented to the teacher is to create new real
control challenges in the laboratory. Trained and motivated
people and financial / material resources are indeed essential.

Although statistical data have not yet been collected from
the application of this methodology, preliminary results show
that it is improving the quality of the learning process, when
compared to the conventional approach. And the basic key
for the success of this idea is to believe and to invest on it!
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