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Abstract— This paper introduces a digitally performed This paper explores a current mode control for-dac
current mode and voltage control for the dc-dc steglown  buck converter based on the average value of thecior
converter based on voltage to frequency converterhere the current measurement, by using a voltage-controlled
average values of inductor current and output voltge are  oscillator

obtained. These current and voltage measurement are r 2

realized by the voltage control oscillator (VCO) ad ¢ & T T "F7 P o g .
counters (digital integrator). Such an approach enlales full 5 DZS 1 s " 1]
digitalization of current and voltage control loops e b “Tes & S
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l. INTRODUCTION

Digitally controlled pulse-width modulation (PWM) @ ®
converters have many potential advantages, inqudir %% - O .
programmability, insensitivity to parameter vaats, =
reduction of external passive components, as veetha
potential to apply more advanced algorithms for thi
control and protection. When using microprocessbes
computing capabilities are not fast enough to dateuhe
nece_ssary t'me critical .calculatl_ons for the contro Figure 1. (a) The buck converter schema - analog architectur
algorithm during the switch period. Later, advances (b) The buck converter schema - current-mode analaitecture;
in digital technology prompted some research gsatap (c) current modulator-analog solution; (d) curremeulator,
use Field-Programmable Gate Array’s (FPGA's) or digital solution
Digital Signal Processors (DSP’s) [1], [2] and [B].the
current mode, the switch or the inductor currergeased
within an inner loop and replaces the conventicszal-
tooth waveform when generating the Pulse Widt
Modulation (PWM) function. Such algorithms were dise II.  PRINCIPLE OF OPERATION
within the domain of the analogue solution but rdlge
some algorithms were mainly developed based on
instantaneous current measurement and predictiategy
[4], [5].

According to digital approach in order to solve DC-

(d)

and digital counter for the inductor current measent.
The algorithm was investigated theoretically andfiesl
Ry simulation and experimentation.

gne block diagram of a cascade controlled buck edev
and analog current mode control schema is showiginl
(@ and (b) respectively. The current refererige is
obtained as an output of the voltage controllertteBe
converter control function it must be noted that thgital 9YNamics response can be achieved by the use r@intur
controller samples the sensed current at leastetiic Mode control schema. The conventional PI contralfet
switching period and the actual trajectory of theuctor the saw-tooth waveform generator (Fig. 1 (a)) whigh
current is unknown to the controller. Accordingdigital ~Used to generate the PWM signal is replaced wetrther
control approach the current must be sampled at legurrent loop. Replacement of the inner current I6@p 1
twice during the switching period in order to so@€-DC  (b) is done by the introduction of the switch,) or
converter control function whereas the actual ttajgy of inductor current i() which is compared to the current
the inductor current is is unknown to the contmoli®ome reference signal. The resulting signal is led @RS flip-
research work was done in digitalization area wheiftop in order to generate the triggering pulse fbe
prediction method was used. The inductor currestdeen transistor (PWM signal). For the digital implemeitia
sampled at least twice, when the current was rigihin  the structure of Fig. 1 (b) cannot be directly uséde
Ton interval) or falling (within Ty interval) as was digitalization principles, which will be considerdtere,
discussed in [4]. By using such algorithm the peak enaple and/or provide the current information alsdng
valley current-mode control could be applied. the sampling interval. The new digital principleafrrent
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- mode control is proposed in Fig. 1 (d). VoltageThe new clock signal appears at the end of intefyal
controlled oscillators (VCO) and digital countersere where the flip-flop is set and tf is switched ON. At the

used instead of classical A/D converters. VCO &0 al same time another counter also starts, which iategrthe
known as voltage-frequency converters (u/f convprte pulses of VCO
Such organized control of the buck converter isashm

Fig. 2. during the intervall,,. The reset signal appears on Rie

. i flip-flop input when the sum of both counters reach
f—’ﬁh— W > : reference current, anid is switched OFF.

[ i) n .
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Figure 2. Current mode concept:(a) Ordinary PWM approach; Ts
(b) Current-mode control replacing the classical\PW -
rei
. N
A. The current-mode control operation \\ It (dig
Referring to Fig 2, in steady state the currenttrobn " l \ t
function is started when the clock pulsk.J appears. For (] / /
the sake of simplicity in the block schema only one \m/ \|—|/ t

counter is shown, but the actual signal (from ig/fivided
!nto_ two CI,OCk, Slgnal?s‘-(f'(’") an(_j"-(f"?ﬁ) for the tWO counters Figure 3. The typical waveforms:i -inductor current; i ¢.oy-VCO
indicated in Slgnal dlagrams N F|g 3. Both Slgmﬂie led signal for inductor current whedr is ON, i gon-VCO signal
to the appropriate counters. Comparator resetﬁiquﬁop for inductor current whefr is OFF, | qg-contets of counter (average
if the sum of both counters contents meet referenoent inductor current);cl-flip- flop clock signal;6—- PWM-triggering pulse.

I, represented by 16-bit digital numbers. The Cmmt‘:Both counters must be reset to zero in order td #ta
“‘integrates” the VCO pulsegg.q during theTy interval . .
new current measurement. This procedure is repeated

simply by counting and as an output thgig signal is . ino the converter operation. The VCO generates a

generated. . . .
output signali .oy connected as a clock signal to the
B. Current-measurement mathematical analysis digital counter. The same VCO output signal isnemted
The instantaneous VCO frequency of these pu&sd] inside the FPGA on the two counters. VCO frequency
be calculated from: fi o )changes during interval as follows from (1),
(2) and (3):
fi =ku, (t) +f, @) _
fg =N\, —N\t (4)

where f, represents offset frequency, akds the VCO )
constant (for chosen VCO, f,;=2 MHz and where A, =KA Rt T and N, =kAR,a,and also
k =15.6MHz/V). Voltage u, appears on the VCO input VCO frequency changes durifig,:

after the inductor current was measured at thetshun ¢ _r 4 5)
resistor Ry,) and amplified with theAg) constant. It yields on 12
U, = AR, @ where [ =KARyi, +f, and T,=kAR.a, .
iL L Equations (4) and (5) show how the instantaneol vaf
where inductor current changes the VCO frequency. In rotde
evaluate the inductor current average value nexiula must
() {imax—alt; when Tr =OFF . be used:
I (t)=1.
i +at; whenTr =ON 2. 2
min * % == |L(t)dt=i_[: K, f, (t)dt
The current has a maximum indicated by, and ° Ty o ©)

minimum indicated by, (Fig. 3). Coefficients; anda,
depend on the circuit parameterg { u,)/L and u /L
respectively.

AR e

(I O+ [ 1 ()
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wherekK; is digital scaling factor. Equation (6) is modifi Wherea, is the measurement resistor attenuatigis the
by using notations in Fig. (4) as follows: VCO offset frequency and voltageg(t) is represents by:
1T X y =
% = jo f_o (T)dT+ IO o (T)dT Uy (t) =U, (11)
! (7) The VCO is started with voltage to frequency conoers
“Ax=A X_2+ ry+r y_2 and generates at its output pulses indicateahgs$n Fig.
1 29 1 ) 6. At the same time this VCO signal is counted tynter
imex and at the end of; interval there is an “average” output

W\ voltage available as follows:
Yo

r'mr'n t
iref 7 t t
re 0 uogy 1
I R
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.2 = y+ EA T.
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Figure 4. The waveforms: inside measurement circuit. :

Figure 6. The voltage measurement waveformsoutput voltagepog-
VCO signal for output voltagé)qqg-contets of counter (average output
voltage); cl-flip- flop clock signal;6—- PWM-triggering pulse.

FPGA processes
synchronization

Comparator

U, =Ti j::uo (t)dt =% j: f, (t)dt (12)

where K, is digital scaling factor. Equation (10) is
modified by using notations in Fig. (6) as follows:

Ul _ ¢x
KL;:J'O f,(t)dt=nx, (13)

f FPGA Iref

Figure 5. Conceptual scheme of inductor current measurement.

and at the end of interv@l inside of FPGA, the average value

So at the end of integration process (end of akdyy inside of ¢ e output voltage can be evaluated from (1&)lasvs:

FPGA the average value of the inductor currentasiadle as the

i K
state of adder (refer Fig. 5). U, = ?1 Z(uo) (14)
ILTs — —
K Zott + Zon = 2 () whereZ, =, x+T1 2(xz/ 2) and represents the state of
where ! the counter connected to the VCO dedicated foragelt
measurement and must be captured from counter for
Z, =AX-NA, (X2/2) andZ, =I,y+T, ( y2/2) , voltage control purposes at the end of intefial
From (8) it can be evaluated the inductor curreetagie value
over the interval, as follows lIl.  RESULTS AND DISCUSSIONSIMULATION AND
K EXPERIMENTATION)
|, =Z, == 9) ;
LT T A. Smulation
S
] ] The current-mode control based on the proposediplénc
C. Voltage-measurement mathematical analysis has been simulated with the use of the MATLAB-

Referring to Fig 2, in steady state the voltagetmdn SIMULINK (Fig. 7). The current measurement was
function is started when the clock pulsk.] appears. The performed by using the u/f converter. The elemenfts
VCO converts voltage into frequency: Simpowersystem toolbox were used and also the whole
measurement principle and controllers based on
f, =au,(t)+ f, (10)  SIMULINK blocks was developed.
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It is prescribed that the switching frequencysis 25 kHz  oscillates with minimum oscillation frequency, waly
(Ts= 40ps). The parameters used wetes 270puH, C = the information has been lost, and therefore autuii
100pF, up= 5V andug= 12 V. Figs. 8 show the transientadder circuit was added, which allowed the current
response when the output voltage was controllethgur measurement from 0 to& (0 - 3V). Fig. 10 shows the
the load change from 6@ to 3.4Q , and vice-versa. The analogue part of inductor current measurement aitiqun
proposed algorithm was also verified by experimefite® system. The current information is provided fronurgh
experiment was set-up by the cascade control steict resistor and amplified by INA (IC1) circuit. Afteerds
were the necessary current reference was calculted the uys is added to the information of the inductor

the voltage controller. current.
ol
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Figure 7. Simulation schema
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Figure 8. Input and output voltage and current waveformsereice Uoftset

and output voltage,s andug respectively (uper diagrams) and inductor
currenti_ when load changed from &8-3.4Q — 6.80.

For the current and voltage measurements the Uffigure 10.Analogue data aquizition measurement circuit foluistor
measurement principle was applied, as was outiimée current.

previous text. The voltage Pl controller parameteese

designed frequency domain by using the Bode diagranWhen the inductor current information is obtainet a
Small signal model based on state space averagiagpropriate processes are connected to the u/fecenv

method were used as it is proposed in [6]. (Fig. 11). The whole inductor current measurement
_ “chain” was tested and calibrated as shown in ER).
B. Experimental set-up Yelow area indicates the input voltage

Based on the above described principle of operdtien rangeu; D(O, 3V). The u/f output frequency changes
experimental set-up with buck-converter circuit anélmost linearly as was presumed in (1). Raedigital
appropriate FPGA unit was build (Fig. 9). As waaimled  scaling factor defined in (9) is set as the ragoateen the

in the previous section it was necessary to camuy o3V maximum input u/f voltage range and the sumhef t
appropriate processing of the inductor current mmes two counters. As followed from Fig. 5 for current
quantity with the aim that the u/f converter wiflerate in measurement two counters inside the FPGA were used.
the right area. First of all, u/f converter outfnetquency The first one counts “the current” during the timexipd
starts to vary when its input voltage is greatantB.7v. To and the second one durinG,. The meaning of
When the measured and amplified signal of inductaonstantk; and K, should be explained here. From Fig.
current has less thamnyy(, < 0.7 V) the u/f converter 12 follows that the maximum frequency of u/f corteer
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is 140MHz. So between two signals pulses indicated byhis counter is synchronized with the end of trigogr

cl. (Fig 3. and Fig. 6) can be counted 566Q/{rwv) Of
gquanta. Consta€; andK, can be calculated by:

pulse 6. The analogue acquisition part of voltage
measurement circuit is shown in Fig. 13 and u/esté is

f shown in Fig. 13 and VCO circuit in Fig. 14.
pwm
K =K, = =— (15 (@ J
f, 5600 s 1 Yo A
122.2mvV A M '|' v
The voltage measurement was performed on the sar Tvdivi ol
way. Only one digital counter was used inside tR&A (2 4 i
because of almost completely flat voltage waveform. . m
oo L] L I L d
3 T T
3V3) _L_| 5v 22k current Sms
OMUE= 0.1uF 5V VCO-input 495V i - ™
= ) 495V 0.5 A/div 5 ms/div !
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— PFDOUT PFD INHIBIT 3 VCO-Enable
LOGIC GND TEST ——]
= T 10k 10k Figure 15.The voltage and current waveform when load was géan
from 6,82 — 3.4 — 6.8Q
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C. Results and discussion

Figure 12.The static characteristic of VCO.
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The current-mode control based on the proposediplénc
has been verified by experimentation. The current
measurement was performed by using the u/f converte
The switching frequency is set tp= 25kHz (Ts= 40 us)

and the buck converter circuit parameters are chase
was suggested in the simulatidrs 270uH, C = 100uF,

U= 5V anduyg= 12V. The experiment was set-up by the
cascade control structure were the necessary turren
reference was calculated by the voltage contrdier.the
current and voltage measurements the u/f measutemen
principle was applied, as was outlined in the presi
text. Fig. 15 shows the transient response wheth \\es
changed as indicated in the figure capture. Théagel
reference was set ®V. Fig. 16 shows start-up response
of buck-converter output voltage and inductor cutre
The average inductor current is limited1t® A. Figs. 17

and 18 show close-up when the load has changed from
6,8Q — 3.4Q. and 3.4 — 6.8 Q respectively The
voltage controller generates the current referembieh
changes from 0.7B to 1.5A and vice-versa. The voltage

dynamic error was approximatety00 mv.

Figure 14.The schema of voltage to frequncy converter fopout
voltage measurement
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IV. CONCLUSION The algorithm is based on average current and wltag

The voltage and current control-mode control alponit Measurement by using the voltage to frequency
can be performed in a digital way as it is showrhig ~CONversion instead of conventional A/D convert&sth

paper. The VCO based current and voltage measutemeiéasurements were performed by using the VCO. Such
enable such approach. an approach is suitable for the implementation bf a
algorithms in the FPGA circuit. It is, thereforaleguate

for many industrial applications such as high pomeiti-

I
0. 1 Yo phase DC-DC converters.
:. 1viv | io
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