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Digital Control of the Buck Converter Using the Law of
Conservation of Energy

Streszczenie. Rosngce wymagania stawiane uktadom zasilajgcym sprawiajg, ze coraz trudniej je spetni¢ wykorzystujac klasyczne metody
sterowania przetwornicami. Obecnie intensywnie poszukuje sie metod udoskonalenia sterowania lub opracowywane sg nowe. Takim rozwigzaniem
Jest wykorzystanie zasady zachowania energii do stabilizacji napiecia wyjsciowego przetwornicy (projekt Bumblebee). W trakcie prac nad cyfrowg
wersjg uktadu sterujgcego praca przetwornicy zaobserwowano charakterystyczne oscylacje w stanie ustalonym. W artykule pokazano przyczyny
tego niepozgdanego zjawiska i sposob jego eliminacji. (Cyfrowe sterowanie przetwornica Buck wykorzystujac zasade zachowania energii).

Abstract. Increasing requirements for power supplies make it increasingly difficult to meet these requirements by using classical converter control
methods. Already developed control methods are constantly being improved, while at the same time new solutions are tested. Such a solution is to
use the law of conservation of energy to stabilize the output voltage of the converter (Bumblebee project). During the research on the digital version
of the converter control circuit operating according to the new method, the characteristic oscillations in the steady state were observed. The article
shows the causes of this undesirable phenomenon and how to eliminate it.
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Introduction presented in [24], sub-harmonic oscillation of the output

Buck converters are widely used in various types of
electrical equipment supply systems because of their high
power efficiency, small size and low weight. The
disadvantage of such converters is the sensitivity of the
output voltage of the power stage to the change of circuit's
operating point. The biggest undesirable changes in the
output voltage of the converter are caused by changes in
the supply voltage and changes in the converter load [1-5],
whether they use an analogue or digital control systems. It
is particularly important for systems that supply modern
processors with high and sudden changes in current
consumption. The results of the research on solving this
problem are examples of the use of advanced control
methods [6-18] for both Voltage Control Mode (VCM) and
Current Control Mode (CCM).
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Fig.1. Output voltage and PWM signal waveforms of tested
prototype

Another way to achieve very good output voltage
stabilization parameters, regardless of even very large load
changes, is the control system of the converter using the
principle of conservation of energy [19, 20]. Analysis of the
stability of the converter controlled by such system is shown
in [21]. The small signal model, issues related to the digital
implementation of this idea, and the tests of the digitally
controlled Buck converter with such regulator is shown in
[22-24]. Based on the work [21-23] the proposed solution
was patented in the EU and US states [25, 26]. During
further work on the development of the prototype device

voltage of the converter has been observed in steady state.
The oscillation of the PWM control signal of the prototype is
shown in the Fig. 1.

Method using law of conservation of energy
Circuit of power stage of Buck converter is presented in
Fig. 2a.
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Fig.2. a) Power stage of Buck converter; b) Ig(t) waveforms during
one cycle in steady state

Voltage Control Mode (VCM) or Current Control Mode
(CCM) converters use the Vs reference voltage to stabilize
the V. output voltage [27, 28]. In the proposed method of
stabilizing the output voltage of the converter using the law
of conservation of energy, the reference energy is
equivalent to the reference voltage (3). Mathematical
description uses voltages and currents averaged over a
single duty cycle of the converter - similarly as for the
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averaged, small signal models describing the operation of
the converter power stage [27, 28]. The exact mathematical
description is given in [19, 22-24, 29]. The reference energy
is determined for steady state when the output voltage of
the converter is Vi. The reference energy consists of three
components: the energy stored in L and C of the power
stage and the energy used on the Ro load in a single duty
cycle. Taking into account that averaged equations (1) and
(2) are satisfied for the power stage in the steady state [27]:

(1) Ve (n) =V

Where: n — the number of converter switching cycle,
Ve (n)— the average output voltage for a single switching
period n, Ve — set output voltage of the converter

\%
@) T)IL n) = ref
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Where: I,_ini— the RMS value of inductor current L for a

single switching period n, Rq(n) — output load resistance for
a single switching period n

The reference energy in a single cycle of the converter
power stage is described in equation (3):
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Where: T — period of a single duty cycle of the converter.

In order to maintain the output voltage V¢ of the power
stage at the specified level, the control system must supply
sufficient energy from the source Vg in each switching
cycle. This requires taking into account the amount of
energy Epo already accumulated in the power stage. At the
beginning of each converter cycle, energy already stored in
the converter power stage is determined:

1 1
@ Epg(m)=Voln-1) + T (1)

The amount of energy that the control system should deliver
in a single duty cycle is defined by:

(5) Ex(n)=Eg ()~ Epo(n)

Taking into account that only in the ON phase the converter
charges energy from the Vg source and the entire current
from Vg source flows through the inverter inductor (Fig. 2a),
the amount of energy describes the following equation:

n-T+tg,

(6) Ez(n)=] 1, Ve(t)-la(t)dt

Where: ton — duration of phase ON in cycle n, E;(n) — energy
charged from source in cycle n, Vg(t) — supply voltage for
the converter, Ig(t) — current drawn from Vg source

During phase ON (Q1 switched on, Q, does not conduct)
Is(t) current is equal to inductor current I (t), during phase
OFF (Q1 - switched off) Ig(t) = 0. Depending on the CCM or
DCM mode for the converter power stage Ig(t) current
waveform is shown in Fig. 2b.

Assuming simplified that during the phase ON in cycle n do
not change the value of Rp(n), voltage Vg(n) based on
equations (5) and (6), and L - dl (dt) = Vg - V¢ (Fig. 2b), an
equation describing the duration of the ON phase to charge
the appropriate amount of energy is given below:

@) At,,” + By, +C' =0

Equation (7) coefficients are given in [19, 22-24]. If the
determinant of the equation (7) is negative, there is no
phase ON during the converter's duty cycle and the
converter has too much energy stored in the L and C
elements. This is the case, for example, step reduction of
the converter load from high power consumption to a
smaller one. If the determinant of the square equation is
positive, the duration of the phase ON is greater than zero.
Always only one element of equation (7) has a positive
value - this is the value of the phase ON. Possible
compensation of energy loss in the power stage and
explanation of why the influence of the inductor resistance
on the increase of the inductor current in the ON phase can
be omitted is given in [19].

Proposed method implementation

The method of compensation of delays caused by the
measurement, numerical complexity of the algorithm and
regulation of the control system dynamics are given in [23,
24]. To reduce the amount of calculations needed to
implement the method, for example in DSP processor,
simplification discussed in the papers [19, 23, 24] has been
introduced. Among other things, the RMS values of the
inductor current and voltage on the capacitor are replaced
by instantaneous values at the start of cycle n. The
development of converter constructions caused, among
other things, the reduction of the value of inductor used in
the power stage. In such converters, the change in inductor
current becomes too large to, what can be observed for
small inductor currents in Continuous Current Mode (CCM)
or Discontinuous Current Mode (DCM). For this reason, it is
not always possible to replace the RMS inductor current (for
a single cycle period n-1) by the instantaneous value of the
inductor current i (nT) at the start of the new cycle. If the
inductor currents changes are too high, specific oscillations
will occur in steady state. These oscillations are produced in
a similar way to the Current Control Mode (CCM) method
without slope compensation of inductor current [27, 28].
Their cause is completely different, the control system
based on the minimum current value of the inductor
determines the too large amount of Ex(n) energy to be
delivered to the converter power stage. Consequently, in
the next cycles, it turns out that it is too much the energy
stored in L and C of the converter power stage and the time
of phase ON decreases. This phenomenon is periodical in
steady state. The effect of this phenomenon on the output
voltage of the power stage V¢, the inductor current I, and
the value of the PWM duty cycle of the control signal are
shown in the Fig. 3a, 3b and 4.

Simulation-based research studies

Simulation of the proposed circuit was performed in
MATLAB/SIMULINK (library Simscape), without the use of
equivalent small signal models of the converter power
stage. In simulation power stage of Buck converter was the
same as power stage in Texas Instruments
TMDSC2KWRKSHPKIT Development Board. The operating
conditions of the converter power stage were selected so
that the approximation of the inductor current RMS value
was as accurate as possible.

Zoom in Fig. 3a shows the changes in the converter
output voltage in the time interval 1.5 [ms] — 2.6 [ms].
Suppression of the output voltage oscillation for the

converter using the approximation ILin—l}z i (n-T) is

only if the converter inductor current has increased due to
the converter output load change, Fig. 3b.
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Fig.3. a) Voltage Vo, waveform; 1 — operating with

ILin 1)~ i_(n-T); 2 - operating with determination of the
RMS value of the inductor current; b) The inductor current I_

waveform; 1 — operating with ILin—liziL(n-T); 2 -

operating with determination of the RMS value of the inductor
current

According to the documentation of the Development
Board, it was assumed that equivalent circuit parameters
are:

L =10 pyH, RL. = 42.4 mQ (inductor series resistance), C
= 726 mF, Rc = 40 mQ (capacitor equivalent series
resistance), Ro = 7.5Q, Raion = 5 mQ, Razon = 1.1 mQ
(drain to source resistance in ON state), fpwm = 300 kHz, Vg
=9, V=3 V.

Test signals:

VG(t) =Vg + 0.35*Vg
Heaviside(t-1.6 [mS])

Ro(t) =Ro - 2[Q]*Heaviside(t-2 [mS]) + 2[Q]*Heaviside(t-
2.4 [mS])

Heaviside (t-tp) — step function

Zoom in Fig. 3b shows the changes in the converter
inductor current during the converter output load change
from 7.5 [Q] to 1.59 [Q] in the time interval 1.93 [ms] — 2.15
[ms]. Changing the output load increases the RMS value of
the inductor current and causes the oscillation to disappear

for the system with the approximation | ,_in —1)~ iL(n-T)

applied.

Fig. 4 shows the changes in the PWM duty cycle. A step
change in load at time t = 2 [ms] causes the oscillation to
disappear for a control circuit utilizing an approximation of
the effective value of the inductor current. This is due to the
increase of the RMS value of the inductor current — Fig. 3b.
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Fig4. PWM duty cycle waveform; 1 — operating with
ILin—l}z i_(n-T); 2 - operating with determination of the

RMS value of the inductor current

Concluding remarks

Using the law of conservation of energy to control DC-
DC converters allows the control system to respond very
quickly to changes in the operating point, for example
converter output load. In order to reduce the calculation
effort, the RMS current of the inductor current has been
used to approximate the current in the single duty cycle.
The authors have presented in the paper, that not always
such simplification is acceptable. Replacing the inductor
current value at the beginning of each iL(nT) duty cycle with

the RMS value | (n—1) requires a change only in the

equation (4) describing the amount of energy EPO stored in
the converter. This does not cause significant changes in
the implementation of the algorithm in the control system.
Determination of the RMS value of the inductor current can
be realized by a measurement or numerical calculation. If
converter is operating in CCM and the inductor current DC
component is greater than the AC component, then
approximating the RMS inductor current value does not
cause sub-harmonic oscillations and can be successfully
applied.

Authors: mgr inz. Jacek Kaczmarek, Politechnika Koszaliriska,
Wydziat Elektroniki i Informatyki, Katedra Systeméw Cyfrowego
Przetwarzania Sygnatéw, ul. Sniadeckich 2, 75-453 Koszalin; prof.
nadzw. dr hab. inz. Robert Suszynski, Politechnika Koszalifska,
Wydziat Elektroniki i Informatyki, Katedra Systeméw Cyfrowego
Przetwarzania Sygnatéw, ul. Sniadeckich 2, 75-453 Koszalin.

REFERENCES

[1] L. Ibarra, H. Bastida, P. Ponce, A. Molina, Robust control for
buck voltage converter under resistive and inductive varying
load, 2016 13th International Conference on Power Electronics,
2016, 126-131

[2] K. Sato, T. Sato, M. Sonehara, Transient response
improvement of digitally controlled buck-type dc-dc converter
with feedforward compensator, 2015 IEEE International
Telecommunications Energy Conference (INTELEC), 2015, 1—
5

[3] U. Nasir, Z. Igbal, M. T. Rasheed, M. K. Bodla, Voltage mode
controlled buck converter under input voltage variations, 2015
IEEE 15th International Conference on Environment and
Electrical Engineering (EEEIC), 2015, 986—991

[4] R. Redl, B. P. Erisman, Z. Zansky, Optimizing the load
transient response of the buck converter, APEC '98 Thirteen.
Annu. Appl. Power Electron. Conf. Expo., 170-176, 1998

[5] H. J. Zhang, Modeling and Loop Compensation Design of
Switching Mode Power Supplies. Application note 149,
January. Linear Technology, 1-22, 2015

42 PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 94 NR 9/2018



[6] M. Athans, A Tutorial on the LQG/LTR Method, w 71986
American Control Conference, 1986, vol. 582(606), 1289-1296

[7]1 A. Babazadeh, D. Maksimovic, Hybrid Digital Adaptive Control
for Fast Transient Response in Synchronous Buck DC-DC
Converters, IEEE Trans. Power Electron., vol. 24(11), 2625—
2638, 2009

[8] A. Babazadeh, D. Maksimovic, Hybrid digital adaptive control
for synchronous buck DC-DC converters, 2008 IEEE Power
Electronics Specialists Conference, 2008, vol. 24(11), 1263—
1269

[9] P. Cortes, M. P. Kazmierkowski, R. M. Kennel, D. E. Quevedo,
J. Rodriguez, Predictive Control in Power Electronics and
Drives, IEEE Trans. Ind. Electron., vol. 55(12), 43124324,
2008

[10] G. Eirea, S. R. Sanders, Adaptive Output Current Feedforward
Control in VR Applications, /EEE Trans. Power Electron., vol.
23(4), 1880-1887, July 2008

[11] S. Mariethoz, S. Almer, M. Baja, A. G. Beccuti, D. Patino, A.
Wernrud, J. Buisson, H. Cormerais, T. Geyer, H. Fujioka, U. T.
Jonsson, C.-Y. K. C.-Y. Kao, M. Morari, G. Papafotiou, A.
Rantzer, P. Riedinger, Comparison of Hybrid Control
Techniques for Buck and Boost DC-DC Converters, I[EEE
Trans. Control Syst. Technol., vol. 18(5), 1126-1145, 2010

[12] J. Neely, S. Pekarek, R. DeCarlo, Hybrid Optimal-Based
Control of a Boost Converter, 2009 Twenty-Fourth Annu. IEEE
Appl. Power Electron. Conf. Expo., 1129-1137, Feb. 2009

[13] H. Peng, D. Maksimovi¢, Digital current-mode controller for
DC-DC converters, Appl. Power Electron., 2005

[14] N. Phurahong, S. Kaitwanidvilai, Fixed structure robust 2DOF
H-infinity loop shaping control for ACMC buck converter using
genetic  algorithm,  9th  Int. Conf. on  Electrical
Engineering/Electronics, Computer, Telecommunications and
Information Technology, 2012, vol. lI(1), 1-4

[15] M. Veerachary, G. Satish, First-order pseudo dead-beat
current controller for buck converter, INTELEC 2009 - 31st Int.
Telecommun. Energy Conf., 1-6, Oct. 2009

[16] Siew-Chong Tan, Y. M. Lai, Chi K. Tse, M. K. H. Cheung, An
adaptive sliding mode controller for buck converter in
continuous conduction mode, Nineteenth Annual IEEE Applied
Power Electronics Conference and Exposition, 2004. APEC
'04., 2004, vol. 3, 1395-1400

[17] P. Mattavelli, L. Rossetto, G. Spiazzi, Small-signal analysis of
DC-DC converters with sliding mode control, IEEE Trans.
Power Electron., vol. 12(1), 96-102, 1997

[18] L. Ge, Y.-F. Liu, W. Wang, The study on DC/DC converter
based on fixed-frequency sliding mode control method, w 2009

4th IEEE Conference on
Applications, 2009, 1356—-1360

[19] J. Kaczmarek, A. Mazurek, New Concept of DC/DC
Converters Digital Control Based on Law of Conservation of
Energy - Project Bumblebee, 2007 14th International
Conference on Mixed Design of Integrated Circuits and
Systems, 2007, 586-591

[20] P. Gupta. A. Patra, Energy Based Switching Control Scheme
for DC-DC Buck-Boost Converter Circuits, Analysis, vol. 1,
1525-1529, 2005

[21] P. Gupta, A. Patra, Super-Stable Energy Based Switching
Control Scheme for DC-DC Buck Converter Circuits, 2005
IEEE Int. Symp. Circuits Syst., 3063-3066, 2005

[22] J. Kaczmarek, A. Mazurek, Comparison of classic DC/DC
converters with converters equipped with analog-digital
regulator based on law of conservation of energy (bumblebee
type), 14th International Conference Mixed Design of
Integrated Circuits and Systems, MIXDES, 2007, 564-569

[23] J. Kaczmarek, A. Mazurek, Compensation of Calculations
Duration on Converters Output Voltage in Digitally Controled
Converters Based on Law of Conservation of Energy - Project
Bumblebee, 2007 14th Int. Conf. Mix. Des. Integr. Circuits
Syst., 412-417, 2007

[24] J. Kaczmarek, A. Mazurek, Measurement results of buck
converter prototype digitally controlled by algorithm using law of
conservation of energy - project Bumblebee, w Mixed Design of
Integrated Circuits and Systems, 2008. MIXDES 2008. 15th
International Conference on, 2008, 525-530

[25] H. S. Schiff, Albrecht Johannes Southampton, Switch mode
power converter with energy based switching control EP 2 894
779 A1, EP 2 894 779 A1, 2015

[26] W.  Albrecht Johannes SCHIFF, Patent No: US
20150200591/A1, US 2015/0200591 A1, 2015

[27] R. W. Erickson, Fundamentals of power electronics, Norwell
Mass.: Kluwer Academic Publishers, 2001

[28] M. Kazimierczuk, Pulse-width modulated DC-DC power
converters, First Edit. A John Wiley and Sons, Ltd, Publication,
2008

[29] J. Kaczmarek, Small-signal model of bumblebee output
voltage controller for DC/DC converter, Mixed Design of
Integrated Circuits & Systems, 2009. MIXDES '09. MIXDES-
16th International Conference, 2009, 571-576

Industrial  Electronics and

PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 94 NR 9/2018 43



