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Abstract—Control circuits for DC/DC converters are usually
implemented as analog or digital transfer function (PID, type I1I
etc.). These solutions are usually effective in the close vicinity of
projected bias point, and its change causes worsening of stabilized
output voltage properties. It's necessary to consider not only work
mode (CCM, DCM), but also changes of bias point of the device.
Main factors that influence bias point are: changes in loads
resistance and changes in input voltage value. The solution to
those problems could be using concept of controlling DC/DC
converters using law of conservation of energy (project
Bumblebee). During the work on the project Bumblebee
characteristic oscillations in the steady state were observed.
Similar oscillations occur in the current method (Current Mode) if
do not use slope compensation coil current. The article shows the
reason for this undesirable phenomenon and how to eliminate it.
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I.  INTRODUCTION

Still a big problem for power supplies using DC-DC
converters is to provide large power and stable output voltage
for great changes in the output load.

Fig. I. PWM signal waveforms of tested prototype.

To meet this requirement, modern converters use advanced
control methods for both Voltage Control Mode (VCM) and
Current Control Mode (CCM) [1-10].

Another way of very good characteristic of output voltage
stabilization (even with large load changes at the output) is the
control method using the low of conservation of energy [11,
12]. The stability analysis of the converter based on this
method is presented in [3]. Digital implementation of this
method is presented in [13—16]. Based on the paper [13—15] the
proposed solution obtains patent protection in the EU and USA
[17, 18]. During further work on the prototype device
presented in the paper [16] the inverter output voltage and coil
current oscillations were observed in the case the value of duty
cycle of the control PWM signal of the converter is greater than
0.5. The authors discussed the reason for this phenomenon and
proposed a method to eliminate it. The oscillations of the PWM
control signal of the prototype are shown in the Fig. 1.

II.  ALGORITHM USING LAW OF CONSERVATION
OF ENERGY - PROJECT BUMBLEBEE

Equivalent circuit of power stage of Buck converter is
presented in Fig. 2.
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Fig. 2. Equivalent circuits the power stage of Buck converter.

An equivalent of the reference voltage (from Voltage
Control Mode) is the reference energy Er (1), which can be
defined as the sum of the energy stored in the power stage and
transferred to out output load Ro in a single switching cycle in
desired steady state. At the beginning of each cycle, the
reference energy E..r, is compared to the energy Epo (2) stored
in the power stage components. In this way, the energy that is
drawn from the source Vg in the single switching cycle is
determined. Based on the determined energy value Ex (3) and
the actual operating point the control system calculates the
duration of the duty cycle. For the sake of simplicity of the
mathematical description, issues related to the parasitic
elements of the power stage have been omitted.
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Later in the paper, the equations applicable for a single
switching cycle are shown.

2 2
Eyer(n) =2+C- V2, +>-L- (RV(;)) + RV_(;) T ()
where
E ef(n) —reference energy,
n — the number of converter switching cycle,
Vit — selected output voltage of converter,
C — capacitance of the capacitor,
— inductance of the coil,

Ro — load resistance of the converter in n switching cycle,
number of converter switching cycle,

T — the duration of the switching cycle, where time range
<nT, (n+1)T>

The energy stored in the converter and used by load
converter in steady state at the beginning of cycle n can be
described as:

LT(n-T) 4 oL
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Epo(n) =-C-VE(n-T) +

where

Epo(n) — energy stored in the power stage and used by load
converter in steady state,

Vc(nT) — average output voltage of converter,
I.(nT) — average current coil,

In order for the power stage output voltage Vo to have a set
value Vref, it should be provided in each switching cycle:

e energy consumed at output load Ro, in steady state when
Vo = Vi,
e recharge the energy stored in the power stage of converter.

Taking into account equations (1) and (2), in a single duty
cycle we should deliver to the converter amount of energy
defined by equation 3)

EX(n) -5 [ ref Vg(n : T)] +
L[ Yrer Yer
2 [R%( SRR T)] Ro(m) 3)
where

Ex(n) — the energy that should be taken from the Vs source in
the cycle n,

Taking into account that only in the duty cycle the
converter gets energy from the Vg, and the whole current flows
through the converter coil (Fig. 1), the amount of energy
consumed by the converter during the duty cycle describes the
following equation:

Ez(n) = [Ty 6y - 1,(Tyde )

where

Ez(nT) — the energy that have be taken from the source in the
cycle n,

ton(n) — duration of duty cycle in switching cycle n ,

Vg(t) — supply voltage for the converter during the actual
cycle,

The simplified block diagram of the analog control unit of
the converter power stage is shown in Fig. 3.
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Fig. 3. The simplified block diagram of the analog control unit.

III. SUB-HARMONIC OSCILLATIONS

The control unit of the converter determines the duty cycle
time in which the energy is drawn from the Vg source of the
converter power stage. This ensures that in steady state the
average amount of energy accumulated in the coil and
capacitor is constant. The current flowing through the coil
increases in the duty cycle and decreases for the rest of the
cycle.

The task of the control unit is to select duty cycle duration
so that the average value of the coil current (and its energy) is
at the fixed level.

If the converter's control signal duty cycle is greater than
half the converter's switching period (tor> = 0.5T), then the
average coil current in two successive duty cycles may be
unchanged, but the PWM values for these two periods will be
completely different. This phenomenon also occurs in the
current control (PCM) of the power stage and is well known
[19-24].

To eliminate this unfavorable phenomenon, additional
technique of slope compensation of the coil current value is
introduced in the current control mode. In current control mode
(PCM), the circuit that compensates for the coil current slope is
generally autonomous. An important issue in current control is
to adjust the slope of compensating signal to the coil current
value in a steady state (the value of the average coil current
depends on the output load resistance). The same solution can
be applied to the presented method based on the law of
conservation of energy. In that case, there is a simpler solution.
The second comparator can be applied to compare slope
compensation signal of the coil current with the amount of
energy that still needs to be delivered to the converter power
stage in the E..~Epo-Ez duty cycle. In this way, the value of the
DC component of the slope compensation signal from the
average value of the coil current becomes irrelevant. A
schematic diagram of a PWM modulator with slope
compensation of the coil current is shown in Fig. 4.

495



SN | [
Erer-Epo-Ez  Ez ErerEpo

Slope
compensation

Fig. 4. Slope compensation ramp.

Comparator B controls the amount of energy to be
delivered to the converter power stage (performs comparator
functions from Fig. 3). Comparator A includes the slope
compensation of the coil current. If the duty cycle of the
switching signal is greater than 50 % (d. > 0.5) then
comparator A will change its state earlier than comparator B.
Principle of operation of the slope compensation of the coil
current is shown in Fig. 5.
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Fig. 5. Duty cycle switching.

Fig. 5 shows the signals at the input of comparator A, blue
line indicates the slope compensation signal for the coil
current. As long as the inequality is satisfied that the duty cycle
of the switching signal is lower than 50% (da<0.5), comparator
A will not work. At time t = 6-10"%, the value of the PWM
ON/OFF factor d, is increased to above 0.5 and the comparator
A changes its state earlier than comparator B. Changing the
coefficient d, is due to a step change in the supply voltage. The
correctness of the proposed solution is confirmed by the results
of the simulations. Figures 6 and 7 show variations in the
output voltage Vo and I coil current of the converter power
stage for control circuits without coil slope compensation
function and with this function.

IV. SIMULATION-BASED RESEARCH STUDIES

Simulation of the proposed circuit was performed in
MATLAB/SIMULINK and Simscape, without the use of
equivalent small signal models of the converter power stage. In
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simulation power stage of Buck converter was the same as /
(identical to) power stage in Texas Instruments
TMDSC2KWRKSHPKIT Development Board

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

L =10 uH, R, =42.4 mQ, C = 726 mF, Rc= 40 mQ, Ro = 7Q

Rkion =5 mQ, Rxzon = 1.1 mQ (drain to source resistance in
ON state)

f;=300kHz, V=9 V, Vit =645V

The voltage change from Vg =9V to Vg = 16 V occurs at the
time t = 4-10%, and voltage change from Vg = 16 V to
Ve =9V occurs at the time t= 6-10 s

The output load change from Ro =7 Q to Ro = 1.7 Q occurs at
the time t = 11-10"s, and voltage change from Ro = 1.7 Q to
Ro =7 Q occurs at the time t= 12-10%s.
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Fig. 6. Voltage V, changes that occur due to Vi and Ro changes.
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Fig. 7. Current coil changes that occur due to Vg and Ro changes.



Fig. 6 shows voltage Vo changes that occur due to Vg and
Ro changes. Red line - circuit with slope compensation of the
coil current. Blue line - voltage Vo waveform without slope
compensation of the coil energy changes. Zoom 1 and Zoom 2
show the output voltage waveforms zoomed in.

Fig. 7 shows coil current I} changes that occur due to Vg
and Ro changes. Red line - circuit with slope compensation of
the coil current. Blue line - current I;, waveform without slope
compensation of the coil energy changes. Zoom 1 and Zoom 2
show the output coil current waveforms zoomed in

V. CONCLUDING REMARKS

Using the law of conserving energy to stabilize the output
voltage of the converters provides very good dynamic
parameters of the stabilized voltage because in each switching
cycle changes in supply voltage and converter output load are
taken into account. An important limitation of the method is
the output voltage sub-harmonic oscillations similar to those
observed for current control (PCM — Peak Current Mode),
shown in Fig. 6 and 7. Authors presented the causes of origin
of this unfavorable phenomenon and proposed an effective and
simple way to eliminate it (Fig. 4). Further work on the
development of the method, especially for digital control
systems, is planned.
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