Volume 52, Number 2, 2011

ACTA TECHNICA NAPOCENSIS
Electronics and Telecommunications

AN ADAPTIVE DIGITAL COMPENSATION DESIGN FOR BUCK
CONVERTER TOPOLOGY

Radu ETZ

ll

Dorin PETREUS
Technical University of Cluj-Napoca, Cluj-Napoca, Romania
26-28 G. Baritiu Street, 400027 Phone +40264202348, E-mail: Radu.Etz@ael.utcluj.ro

Abstract: This paper presents a digital type III compensator that needs no calculation made by a designer. First an analog type III
compensator is designed for a buck converter and based on it the digital model is obtained. Both the analog and digital approaches
are simulated in PSIM and the digital compensator is written in a Microchip dsPIC for experimental results. The dynamic
response of these controllers under input voltage change and load current variations are presented.
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I. INTRODUCTION
Digital control is more and more used in switched mode
power supplies because of the ease of implementation and
the advantages given by the adaptability of the controller to
the changes in the compensation loop [1], [S]-[7], [11]-[14].

The easiest way to obtain a digital controller is first to
design an analog compensator and transpose it in the digital
domain using the bilinear transformer [10].

The disadvantages of such a method are the mathematical
calculus needed to obtain the values of the passive
components for the compensator and the fact that if the
designer decides to change the hardware, the calculus must
be reevaluated.

In this paper first a type III [8] analog controller with its
time domain transfer function and frequency response is
presented. The analog compensator was designed without
any adjustments only by placing the position of the poles
and zeros by a first approximation based on the buck
converters passive components. This method it is used
because the goal of this paper is to obtain a digital controller
dependent only on the values of the converter.

The type III digital controller is obtained from the
transfer function of an analog type III controller transposed
into digital using the bilinear transformer [2], [3], [6].

After mathematical calculations the z coefficients for the
linear difference, equation needed to implement the
compensator in a microcontroller, are obtained. These
coefficients are dependent only on the pole-zero placements.

The pole zero placements, are obtained from calculation
similar to the analog design using only the given values of
the converter parameters.

The advantage of this digital compensator is that the user
does not need to calculate anything if he wants to close the
loop for a converter, the only data needed to be transferred
to the controller are the parameters of the converter.

The control mode used in this paper is voltage mode
control [9], [4].

The models are first simulated and the results are
compared, and then the experimental results are presented.

The analog compensator was built using the TL494
circuit for the modulated control signal, and the digital
compensator was implemented in a Microchip
dsPIC30F2020 for the same buck converter in voltage mode
control.

II. THE BUCK CONVERTER IN ANALOG
VOLTAGE MODE CONTROL
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Figure 1. Voltage mode control buck converter.

In figure 1 a synchronous buck converter in voltage
mode control is presented.

In voltage mode control an external signal is compared
with the control signal obtained, for generating the duty
cycle needed to have the wanted output voltage (figure I).

The output voltage V, is monitored and subtracted from
the reference value V rand an error signal results. This error
signal is then used for the resulting control signal. The
control signal is compared with the external ramp and a
pulse width modulated signal is sent to the drivers of the
switches so the converter can react in such a way to reduce
the output error.
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The type III compensator presented in figure 2 introduces
two zeros and three poles. The two zeros boost up the phase
with 180 degrees needed to counteract the effect of the
output double pole.
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Figure 2. Analog type Il compensator.

The transfer function for the type III converter is
presented in equation 1.
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The ®, and ®, coefficients represent the angular
frequencies of the poles and zeros of the compensator. For
the ease of interpretation the angular frequencies are
replaced by frequencies in table 1.

The link between the angular frequencies of the poles
and zeros and the passive components of the type III
compensator is presented in the equations 2-6.
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By choosing the frequencies of the poles and zeros in
such a way that the system is stable and the response of the
converter is fast enough at load changes one can determine
the physical values of the passive components.

In figure 3 the theoretical Bode plot of the type III
compensator is presented. The position of the poles and
zeros is chosen based on the parameters of the buck
converter using the simple approximate method.
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Figure 3. Theoretical Bode plot.

First the frequency of the output double pole (equation 7)
and the frequency of the pole introduced by the output
capacitor and its parasitic series resistance (equation 8) are
calculated.
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In table 1 the choice of the poles and zeros based on the
parameters of the converter is presented.

FDO FDZ Fp3 le F22
Vramp ’ fx FESR Fvw FLC FLC
v, 2 | 2

Table 1 Poles and zeros placement

Viamp 18 the amplitude of the sawtooth signal, f, is the
crossover frequency, Vj, is the input voltage and f,, is the
switching frequency of the converter.

Parameters Value
Output Voltage(Vu) 5V
Input Voltage(V;,) 8V
Switching frequency(f;y,) 100kHz
Load(Ry) 5Q
Output capacitance(C,y) 680uF
Inductance(L,) 47uH
Capacitor parasitic resistance(ESR) 0.1Q
Sawtooth amplitude(V,,) 1V
Cross over frequency(Fy) 5kHz

Table 2 Buck converter parameters

Based on the parameters of the buck converter from table 2
the calculated values of the poles and zeros frequencies for
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the type III compensator are presented in table 3.

FDO sz Fp3 le F22
625Hz | 2.34kHz | 50kHz | 445Hz | 890Hz

Table 3 Poles and zeros position

From equations 2-6 and with R, chosen to be 5.1kQ to
reduce the degrees of freedom, the values of the passive
components for the analog type III compensator are
determined and presented in table 4.

R1 R2 R3 Cl C2 C3

5.1kQ | 9.1kQ 91Q 47nF 33nF 10nF

Table 4 Type III compensator passive components

With this calculated values the converter with type III
analog compensation voltage mode control is simulated in
Psim software (figure 4).
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Figure 4. Analog voltage mode control buck converter.

In the simulation the dead time for the PWM is set to
100ns and for load change a 5Q resistor is connected in
parallel.
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Figure 5. Simulated output voltage and current.

In normal working condition without any change in the
input voltage and output load the average value of the output
voltage is 5.0V and the average output current is 1A (figure
5).
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Figure 6. Output voltage at load change.

In figure 6 the output voltage when the load changes by
100%, is illustrated. It can be observed that the maximum
output voltage at positive current step of 1A is 5.122V and
the minimum output voltage at negative current step of 1A is
4.88V.
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Figure 7. Output voltage at input voltage change.

In figure 7 the output voltage when the input voltage
drops with 1V is illustrated and it can be seen that at
positive step the output voltage reaches 5.1V and at negative
step it reaches 4.89V.
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Figure 8. Closed loop bode plot.

In figure 8 the closed loop bode plot of the buck
converter is illustrated and some conclusions can be drawn
about the stability of the power supply.

The phase margin of the converter is 54 degrees and the
gain margin is 33 dB. In order for the power supply to be
stable the phase margin must be greater than 40 degrees and
the gain margin must be greater than 10 dB. From figure 8
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one can conclude that the design is stable.

As a result a digital controller is built using the same
simple approximate method when choosing the position of
the poles and zeros.

III. DIGITAL CONTROL
Based on the analog compensator time domain transfer
function using the bilinear transformer (equation 9) the z
domain transfer function of the digital controller is obtained.

2 (o)

T. (z+1)

C))

In equation 9 T is the sampling interval of the converter.

Substituting s (equation 9) in H(s) the following H[z]
transfer function (equation 10) is obtained.
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The parameters of the digital filter B;, B,, B, Bo, A3, Ao,
A, are determined by identification after H[z] is calculated.
In this case x represents the error signal and y the value of
the duty cycle.

After the calculations the values of the digital filters
coefficients based on the position of the zeros and poles are
presented in equations 11-17.
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In figure 9 the direct form of the IIR digital filter
structure is presented. The time domain representation of

this filter gives the linear difference equation (equation 18)
needed by the microcontroller to perform the calculations
for the duty cycle.
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Figure 9. Digital filter structure.
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X[n] is the error signal, x[n-1] is the error signal delayed
by one unit, x[n-2] the error signal delayed by two units and
x[n-3] the error signal delayed by three units.

Y[n] is the duty cycle, and y[n-1], y[n-2], y[n-3], are the
values of the previous duty cycles respecting the same delay
units as the error.

For simulation a DLL block is created in PSIM where
this equation is implemented and the parameters for the buck
converter are declared as variables. Before closing the loop
the microcontroller represented by the DLL block computes
the position of the poles and zeros and the values of the IIR
filter coefficients.

After the computing is done, the duty cycle is updated
every cycle based on the linear equation.
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Figure 10. Simulation schematic for the digital
compensator.
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The simulation schematic for the digital compensator is
presented in figure 10 and one can observe the DLL block
containing the C code written for the 3-rd order IIR filter.
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Figure 11. Output voltage at load change.

The response of the power supply at 100% load change is
presented in figure 11 and the maximum value of the output
voltage at positive output current step is 5.139V and at
negative output current step is 4.888V. The average output
voltage is 5.014 V.
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Figure 12. Output voltage at input voltage change.

In figure 12 the output voltage when the input voltage
drops with 1V is illustrated and it can be seen that at
positive step the output voltage reaches 5.07V and at
negative step it reaches 4.96V and the average output
voltage is 5.01V.

amp(ac)

© Phase Margin= 74 degr
Gain Margin= 18 db
* — [4647.85 , 0.000244072]
o ™~
20 //
“ [26481 , -18.8621] /\‘
60
phase(ac)
0 [4647.85, -106.991]
- |
200
/
[26481-,:180.282] \\
600 \\
800

100 1000 10000 100000
Frequency (Hz)

Figure 13. Closed loop bode plot.

For the buck converter in closed loop voltage mode
control the Bode plots for gain and phase are illustrated in
figure 13. The phase margin obtained after simulation is 74
degrees and the gain margin 18 dB. Both margins are greater
than the limit and the power supply is stable.

IV. EXPERIMENTAL RESULTS
The experimental results for the analog domain are obtained
using a buck converter laboratory made board with an
analog type III compensator built around the TL494 PWM
generator.

The board uses the same components for the buck as
mentioned in table 2 and the same passive components for
the type III compensator as obtained through calculation,
that are presented in table 4.

The response of the power supply at 100% load change
(750 mA to 1.5 A) is presented in figure 14. The converter is
stable and as a conclusion the simple approximate method
works well for the type III compensator. For the load step a
Chrome electronic load was used and the waveforms were
acquired with a Tektronix Ts2000 series oscilloscope.

For the digital controller experimental results a
synchronous buck converter from Microchip using a
dsPIC30F2020 is used and the 3-rd order digital IIR is
implemented along with the equations for the calculation of
the zeros and poles positions in Microchip MpLab using C
language.

The algorithm includes a soft start, and in this time the
values of the digital coefficients are computed using the
passive components value provided by the designer.

For the output voltage measurement, the internal ADC
converter of the dsPIC30F2020 is used. The ADC’s
interrupt is triggered by the PWM. The PWM module is set
to work in complementary mode at 100 kHz frequency.

1) [osciloscop].CHI 106 mV 1 ms
2} [osciloscopl.CHZ2 10mY 1ms
FURIN I T IS A S S T AT

Figure 14. Response of analog experimental
compensator.

In figure 15 the experimental results of the buck
converter at 100% load change are presented. Compared
with the results in figure 11 one can observe that the results
are similar. The experimental results demonstrate that the
mathematical model can be applied and the simple
approximation method can be used in digital controllers.

The parameters needed by the microcontroller to
calculate the poles and zeros positions are the one stated in
table 2 and the user must change their values if there is any
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change in the buck _converter’s hardware.
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Figure 15. Response of experimental digital compensator.

The same equipments are used for the dynamic load and
for the waveforms acquisition as for the analog controller.

V. CONCLUSIONS
The aim of this paper was to design a type III digital
compensator that needs for closing the loop only the values
of the passive components used in hardware.

The type III analog compensator was designed in the
same manner as for the digital controller so a comparison
can be made and the advantages and disadvantages of each
method can be highlighted.

As it can be seen in the article the analog controller
needs a lot of calculations to determine the values of the
analog components used for the compensator and if the
parameters of the converter are changed the mathematics
must be reevaluated to get the new values of the
compensation components.

Not only that a new set of values must be calculated but
the physical compensator must be changed. This means that
the engineer must solder new passive components to the
board and this costs time and in some cases a new hardware.

Using the 3™ order digital IIR filter proposed in this
paper, once the algorithm is implemented in the
microcontroller if there is a change in the converter
hardware, the designer has only to deliver the new values of
the components to the controller. The advantages of the
digital controller are the adaptability and the time it takes to
use the controller for a new converter. Compared with the
analog controller, the proposed digital controller needs no
calculations made by the engineer if the hardware is
changed, and also the compensator because it is software
implemented needs no soldering or redesign of the board.

In terms of performance the analog controller is better
than the digital controller but in low power designs and
taking into account that the digital controller is more
versatile and can deliver a stable converter without any
calculation from the designer regarding the compensator,
one can conclude that the digital compensator can be used
successfully.

The digital controller can be tuned and more features can
be added to the functionality.

In the paper the digital compensator was not tuned and
the digital filter’s coefficients were implemented in the
hardware based on the equations obtained in the z domain
and based on the simple approximation made upon the

position of the poles and zeros, to show that even using the
simplest method a stable system with good dynamics can be
obtained knowing only the values of the converter, and
without any calculations needed from the engineer.

In conclusion the simulations and the experimental
results validate the method used and the implemented digital
controller can be used for synchronous buck converters
without any further calculation as long as the parameters of
the converter are delivered to the controller.

ACKNOWLEDGMENT
This paper was supported by the project “Doctoral studies in
engineering sciences for developing the knowledge based
society-SIDOC” contract no. POSDRU/88/1.5/S/60078,
project co-funded from European Social Fund through
Sectorial Operational Program Human Resources 2007-
20013.

REFERENCES

[1] Dragan Maksimovic, Regan Zane, s.a, ,Impact of Digital
Control in Power Electronics”, Power Semiconductor Devices and
ICs, 2004, pp. 13-22.
[2] Botao Miao, Regan Zane, s.a., “Detection of Instability and
Adaptive Compensation” of Digitally Controlled Switched-Mode
Power Supplies”, Applied Power Electronics Conference and
Exposition, 2005, pp. 63-69.
[3] Angel V. Peterchev and Seth R. Sanders, ,,Quantization
Resolution and Limit Cycling in Digitally Controlled PWM
Converters”, IEEE PESC, 2001, pp. 465-471.
[4] Kai Wan, Jingsheng Lia, s.a., “Control Methods in DC-DC
Power Conversion- A Comparative Study”, PESC, 2007, pp. 921-
926.
[5] Yan-Fei Liu, Eric Meyer and Xiaodong Liu, “Recent
Developments in Digital Control Strategies for DC/DC Switching
Power Converters”, IEEE Transactions on Power Electronics, vol.
24, no. 11, nov. 2009, pp. 2567-2577.
[6] Xu Zhang, Dragan Maksimovic, “Multimode Digital Controller
for Synchronous Buck Converters Operating Over Wide Ranges of
Input Voltages and Load Currents”, IEEE Transactions on Power
Electronics, vol. 25, no.8, aug. 2010, pp. 1958-1965.

[7] P. Zumel, etc., “Concurrent and simple digital controller of an
AC/DC converter with power factor correction”, APEC 2002, pp:
469 —475.

[8] Marian K. Kazimierczuk, “Pulse Width Modulated DC-DC
Power Converters”, John Wiley & Sons, Ltd, 2008.

[9] A.R. Oliva, S.S. Ang, G.E. Bortolotto, “Digital control of a
voltage-mode synchronous buck converter”’, IEEE Transactions on
Power Electronics (January) (2006) 157-163.

[10] Etz, R., Daraban, S.R., Petreus, D.M., Rusu, A.R., “A
comparison between digital and analog control for a buck
converter”, ISSE (May) 2010, pp. 314-319.

[11] Stefano Saggini, Massimo Ghioni,, and Angelo Geraci,” An
Innovative Digital Control Architecture for Low-Voltage, High-
Current DC-DC Converters With Tight Voltage Regulation”,
IEEE Transactions on Power Electronics, Vol. 19, No. 1, January
2004, pp. 210-218.

[12] Stefano Saggini, Daniele Trevisan,, Paolo Mattavelli and
Massimo Ghioni, “Synchronous—Asynchronous Digital Voltage-
Mode Control for DC-DC Converters”, IEEE Transactions on
Power Electronics, Vol. 22, No. 4, July 2007, pp. 1261-1267.
[13] Shirazi M., Zane R., Maksimovic D., “An Autotuning
Digital Controller for DC-DC Power Converters Based on Online
Frequency-Response Measurement”, IEEE Transactions on Power
Electronics, vol. 24, No.11, nov. 2009, pp. 2578-2588.

[14] J. Morroni, L. Corradini, R. Zane and D. Maksimovic,
“Robust adaptive tuning of digitally controlled switched-mode
power supplies”, IEEE Appl. Power Electron. Conf., 2009, pp.
240-246.

37



