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Semi Valley Switching for Buck LED Driver in
Current Control Mode
(Jul. 2019)

Abstract—Valley switching is one of the most efficient
methods to decrease the switching losses in DC/DC con-
verters. It uses the resonance between the converter in-
ductance and parasitic output capacitance of MOSFET. In
spite of enhancing the system efficiency, it may malfunction
the converters performance. In this paper, the drawbacks
of valley switching in Buck LED drivers are investigated. It
shows that this method not only cause current fluctuation
in Boost power factor correction converters as studied in
the previous researches but also can malfunction Buck LED
drivers’ performance in dimming or thermal management
conditions. In this study, a semi valley switching and its
implementation are introduced to solve this problem. With
the proposed method, it is shown that a balance between
low current and switching losses is required to achieve
efficient performance of Buck LED drivers in dimming or
thermal management. The methodologies are implemented
in an experimental prototype to verify and validate the
proposed method.

Index Terms—Buck LED driver, current control, dimming,
frequency limitation, resonance, semi valley switching.

[. INTRODUCTION

OWADAYS LED lamps are used extensively instead

of incandescent or florescent lamps due to their long
lifespan, high efficiency, and non-mercury content. On the
downside, an LED lamp requires a DC/DC converter to
produce constant current, thus a lot of converter topologies
are introduced to enhance their performance quality and to
improve their merits. These converters have poor power factor
due to use of rectifier and capacitor as an output filter therefore
researchers investigated the methods to decrease the overall
price by designing circuits which simultaneously fulfill the
roles of DC/DC converter and power factor correction (PFC)
[1], [2]. On the other hand, electrolytic capacitors decrease the
reliability of the LED drivers as they are eliminated in recent
studies to enhance the reliability of the LED drivers [3], [4].
One of the most important aspects of all power electronic ap-
plications is their switching performance and their efficiency.
An incorrect switching pattern causes some problems like
chaotic phenomena in their responses [5], [6]. However, a
proper switching method can decrease the switching losses and
enhance the efficiency. Efficiency and power loss analyses of
Buck-Flyback LED drivers were conducted in [7], which can
be extended for other types of LED drivers. Some researchers
used resonance circuits to increase the efficiency of LED
drivers in which power switches work on zero voltage and/or
zero current switching [8], [9]. One of the most popular meth-
ods in using resonance to enhance the efficiency of an LED

driver is the valley switching method [10]-[12]. The valley
switching uses resonance between parasitic capacitance of
power switch and inductance of the converter therefore it does
not require any extra elements. However, using this method
may deteriorate the operation of a system as the study in [13]
shows it increases the total harmonic distortion (THD) of input
currents in power factor correction converters especially when
the input voltage and current are low. Consequently, some
researches tried to solve this problem by using average current
mode control [14], series diode [15], adaptive look-up table
on-time control [16], and variable on-time control [17]. Some
researchers scrutinized different features of valley switching
in LED drivers. In [18], the effect of reverse recovery of in-
ternal diode in metal-oxider-field-effect-transistor (MOSFET)
is studied. In [19] the valley point is detected by current sense
resistor’s voltage instead of using a secondary winding coupled
by converter inductance. In PFC boost converter, the input
voltage changes from zero to peak voltage value since it is the
rectified full bridge of main voltage. While the input current
must follow the waveform of input voltage, the implementation
of valley switching deteriorate the current waveform when
the input voltage and current are low value. As a results, it
increases THD. The effects of valley switching in Boost PFC
converters have already been fully addressed [11]-[16]. On
the other hand, for most of Buck LED drivers applications,
in which both output voltage and current are at relatively
high constant values, the valley switching is not a matter
of concern. However, there are some applications of Buck
LED drivers, such as dimming or thermal management, in
which the output current is required to be low [20]-[24]. Upon
these conditions, valley switching method malfunctions the
performance of Buck LED drivers which are not addressed in
the previous literatures. This paper studies the effect of valley
switching in output current in Buck LED drivers and also a
new method is proposed to solve its adverse effects. In general,
the contributions of presented paper can be summarized as
follow:

1) Elaborating the effect of valley switching in output current
in Buck LED drivers when the output current intended to be
low.

2) Proposing a new method namely semi valley switching
to attenuate the adverse effects of valley switching which is
validated with an experimental prototype.
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MOSFET Driver

Fig. 1: Buck LED driver in current control and valley switch-
ing mode.

Fig. 2: inductance current and MOSFET drain to source
voltage.

Il. VALLEY SWITCHING EFFECT IN Buck LED DRIVER
IN CURRENT CONTROL MODE

Fig. 1 shows the buck converter as a LED driver in current
control and valley switching mode. Inductor current rises when
switch Q turns on and it falls through diode when the switch
turns off. The switch will turn on just the current reach zero
to work in the border of CCM and DCM modes. In this
case, the switching losses decrease because of zero current
switching (ZCS). The other part of losses is occurred due to
output capacitance of switch (C\yss) in spite of ZCS. When
the diode is conducted, the output capacitance’s voltage will
reach to input voltage (V;,,), therefore by turning the switch
on, it will be discharged through the switch and it will result
in another loss. Valley switching (VS) is used to prevent or
attenuate these losses. As illustrated in Fig. 2, this capacitance
will resonate through the inductor just the diode turns off.
When its voltage reaches to its minimum value, the switch
will turn on, and the losses will be minimized, consequently.
For this purpose, as the inductor current is sensed to find the
minimum value of voltage because when it reaches zero, the
voltage reaches its minimum value (point b).

According to the Fig. 1, and assuming zero resistance for
the simplicity of the analysis, the switch output capacitor
(Chyss) voltage is as follows:
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Fig. 3: Valley switching when V;,, is greater than 2V,.

1
ve(t) = Vocoswt + (Vip — V,) ,w = Tw (1)
The inductor current is changed according to the reference
maximum current (I,,4,). LED current is equal to its average
values if the valley switching is not activated.

. 1
Itgpp = (ir) = §Imax 2

The inductor current is shown in Fig. 2 where the valley
switching is implemented. Two cases can occur according to
the input and output voltage values. When the input voltage
(Vi) is greater than 2V, a complete half resonance will occur
according to (1). Fig. 3 shows this case where the inductor
current is as (3).

ir,(t) = —CossVow sin (wt) 3)
Thus, the LED current can be achieved as:

ILED = <ZL> = ,fswcr X (STR - SCC)

_ “4)
’ fswcr - ﬁ
1 LInaxVin
S = ~InaxTsw ’ Tow = 57— 5
T AT
SC = 20055‘/07 Tr =T LCoss (6)

The other case will occur when the input voltage (Vi)
is smaller than 2V,. Fig. 4 shows this case. As shown the
capacitor voltage reaches zero (point ¢) and is intended to be
negative, but at this moment, the body diode of MOSFET is
switched on and the inductor current will rise to zero. In this
point the next switching will appeared. The LED current can
be written as:

Itep = (ir) = fewir X (STR *1301 — STRm)

) fswir = (7)

Tsw+Th+TTRm

1 Vo —Vi
Sci = CossVin, Tn = — arccos () ¥
w Vs
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Fig. 4: Valley switching when V},, is lower than 2V,
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Fig. 5: I gp for L=1000uH, C,ss=800pF and V,=100V.

2V, Vi — V2 NCTATES:
S m — Ooss = 3 T m — (9
TR 3 (Vi — V)’ LTR o (Vor — V) ©)

Equation (4) and (7) indicate that the LED current is smaller
when valley switching is activated in compared with the LED
current when valley switching is not performed i.e. (2). Fig. 5
shows the LED current versus reference maximum current
(Imae) for different input voltage values. It can be seen that the
LED current will be zero if the reference maximum current
is less than a limit at each input voltage value. In practical
application, the LED starts to blink at this range because the
output capacitor is discharged through LED and is charged
again by the input voltage. In addition to zero current, there
is a constant difference between the reference current and the
actual current at each input voltage value therefore open loop
current control is not sufficient to control current, accurately.

Equation (4) and (7) indicate that the frequency increases
as the reference maximum current decreases. Fig. 6 illustrates
a typical example of frequency changes as a function of
reference maximum current at different input voltage values.

When the switching frequency is higher than a prede-
termined value, it is kept constant to limit the losses in
an acceptable range. Fig. 7 shows the current and voltage
waveform when the frequency reaches its maximum value.
This figure is drawn when the input voltage (V,,) is smaller
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Fig. 6: Switching frequency for L=1000uH, C,,,=800pF and

V,=100V.
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Fig. 7: Valley switching together with frequency limitation.

than 2V, as example.
The capacitor voltage and inductor current equations are:

ve(t) = (Vin = Vo) — (Vin — Vo) coswt (10)

ir(t) = Coss (Vin — Vo) wsinwt (11)

As seen in (11), the current magnitude is proportional to
(Vin-V5). Thus, in compared with negative current magnetite
in (3) which is proportional to V, it can be negligible when the
difference between the input and output voltage is not a large
value. When the frequency in higher than maximum switching
frequency (fswmaz), the LED current is:

Itep = (ir) = fowmax X (STR —Sc — STRm) (12)

Fig. 8 shows the LED current versus reference maximum
current at different input voltage values when the maximum
frequency is limited.

Comparing Fig. 5 and Fig. 8 shows that the zero current
exists no matter frequency limitation is implemented or not.
Also, for each input voltage, difference between the LED
current and its reference maximum value is not constant when
frequency limitation is applied.
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Fig. 9: Inductor current and MOSFET output voltage in semi
valley switching.

I11. SEMI VALLEY SWITCHING

As shown in the previous section when the reference max-
imum current decreases for dimming, it can cause the LED
current falls to zero. The reason is shown in Fig. 3 and Fig. 4.
Due to valley switching, a negative current flows through the
inductor so its average current decreases. On the other hand,
valley switching causes error between the reference maximum
current and LED current. To avoid this problem, MOSFET
must be in on-state between the moments when the diode goes
OFF and before reaching minimum point of switch’s output
voltage. Under this condition, the switching loss increases, so
a tradeoff between rising power losses and minimum current
for dimming must be considered. Power losses depend on
capacitor voltage values. It means that switching power losses
drop when the MOSFET capacitor voltage decreases and also
the LED current drops till it reaches zero so the current
control is lost. Suppose the MOSFET turns on when its
capacitor voltage falls to V;,,-V,,, value instead of valley point.
Fig. 9 shows inductor current and MOSFET output voltage
waveforms in this circumstance.

The on-state of switch occurs at T;, moment.

Vvin - UC(Th) - Vm (13)
Ty = l arccos (VO_Vm) (14)
w Vs,

As shown in Fig. 9, the negative areas (Scis, Strs) are
decreased by decreasing Vm but the switching losses increases
and vice versa. Therefore, the dimming range or thermal
management can be controlled to zero by adjusting the V,
proportional to the reference current. The average current is
calculated as follows.

Ingp = (ir) = fswsv X (STR _1SCIS — Strs) (15)
Tsw+Tus+TTRs

1 Vo, =V,
Scis = CossVim, Tns = — arccos (O n) (16)
w V.,

WV — V2 <_2mm—m(m
2(Vin = Vo) T w0 (Vi — Vo)

Fig. 10 shows the LED current versus the reference current
at different input voltage values. V,,, is increased from 0 to
100 volts proportional to reference maximum current. Upon
these conditions, the switch losses consist of conducting losses
and on-state switching losses can be managed. It means that
when the reference maximum current decreases the conducing
losses of switch decreases whereas the on-state switching
losses increases and vice versa.

Comparing Fig. 8 and Fig. 10b shows that the zero LED
current does not appear when the new method is implemented
in spite of voltage variation. The main switch losses can
be divided in two parts of switching and conduction losses.
The switching losses increases as the valley switching is not
implemented. Working at the margin of CCM and DCM modes
causes ZCS switching. Therefore, the on-switching losses does
not exist for this case.

) fswsv =

STRS = Coss

1
(Imax‘/%ntOFF + Oossvﬁl) 7.fsw = Tf (18)

Sw

R@w:flsiw
2

where torp is turn-off time of MOSFET. Switching losses
are changed if the valley switching is applied. They are
different according to the input and output voltage values.

P = fé# (m + Coss(‘/in - 2Vo)2> Vin 2 2V, (19)
‘ Vin <2V,
The switching losses depend on Vm in the case of semi

valley switching.

fS;M m,m = Imaxv;lntOFF

Psw = fsg}s (Imaxv;'ntOFF + CDSS(VYWI - Vm)2> (20)

The conducting losses are determined by rms value of con-
ducting current and on-state resistance of MOSFET (Ron),
therefore they depend on reference maximum current when
the valley switching is not performed.

Imax2
Pcond = RON 3 TONfsw (21)

Page 4 of 10
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(a) Without frequency limitation.
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(b) With frequency limitation (fswmaz=100kHz).

Fig. 10: ILgp using semi valley switching for L=1000uH,
Chbss=800pF and V,=100V.

Similar to switching losses, the conducting losses depend
on input and output voltage values as follows.

1
RON max? TONfs’wc’r V:Ln > 2Vo
Pcond = I 5 (22)
RON m?z:x TONfswir ‘/zn < 2‘/:7
In semi valley switching, it can be represented as:
Imax2
Peona = Ron TONfswsv (23)

3

Note that, if the frequency limitation is activated, Switching
and conducting losses will decrease. As an example, the
conducting loss in (23) will be:

Imax2
RON TONfswir fswir < fsw max
Peond = L3, 24)
RON TONfsw max fswi'r > fsw max

Fig. 11 shows the switching and conducting losses for semi
valley switching and Fig. 12 shows the sum of switching and
conducting losses. As seen, when the switching losses in-
creases, the conducting losses will decrease; therefore the total
losses of the switch will remain in acceptable range. Although
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(b) Conduction losses.

Fig. 11: Switching and conducting losses of MOSFET for
Rps=4.59Q, topr=160ns and fs,maer=100kHz.
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Fig. 12: Sum of switching and conducting losses of MOSFET
RD5'= 4.5 and tOFF=16OHS.

the efficiency will decrease if complete valley switching is not
done, it deteriorates the LED current and diminishes it to zero
in low current range.

Implementation of this method can be simple for either
dimming or thermal management purposes. Many converters
switching ICs have synchronizing capability that can be used
to implement the new method. For example, UC3842/3/4/5 ICs
can do this function using oscillator pin and an external clock.
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Fig. 13: Using a high speed optocoupler to implement the semi
valley switching.

Fig. 13 shows the implementation of semi valley switching
using an optocoupler that should be connected to synchro-
nizing pin of switching IC. This configuration can detect
the zero current of diode and implement the (13). Voltage
across input pins of optocoupler is equal to forward voltage
of converter diode when it is conducting; therefore it is in off-
state. When the diode turns off and the output voltage of Css
falls lower than required value to turn on the optocoupler, it
turns on and enables the UC3844. In this configuration, the V,,,
can be adjusted by resistance value (R) or a NTC resistance
can be used in thermal management application. Assume that
the minimum value of optocoupler forward current is I,,ip;
therefore V,,, is as follows.

Vm = lein (25)

The optocoupler produces a rising edge pulse to turn on
the switch when the difference between the input and output
voltages reaches to the limit value (V,,,).

In a lot of LED lamps, a thermal management is imple-
mented. It means that the LED current decreases when tem-
perature reaches a predetermined valued. In this application,
a NTC can be used instead of R. As temperature rises, the
reference maximum current drops to decrease the temperature.
On the other hand, the NTC resistance and consequently limit
value (V,,,) decreases; therefore, working in lower current will
be possible.

IV. EXPERIMENTAL RESULTS

Fig. 14 shows the experimental setup for buck LED driver.
A 40W/100V LED lamp is used as a load and UC3844 is used
in current control and synchronizing mode. A potentiometer
(Rpe) and an autotransformer are used to change the reference
maximum current and the input voltage, respectively. Semi val-
ley switching is implemented using the method mentioned in
the previous section. A 1.2 (2 resistance is connected between
source pin of MOSFET and ground and its voltage is used
for current sense of IC after passing through a low-pass RC
filter. Fig. 15 shows the inductance current, and LED current
in conditions of input voltage (V;,) greater than 2V,. While
Vin is equal to 250 Volts, the reference maximum currents are
400mA and 100mA for subfigures (a) and (b), respectively.
As seen in Fig. 15, a complete half cycle of resonance occurs
and its effect is predominant when the inductance current
is low (Fig. 15b). As shown in Fig. 3 and (6), the negative
area related to the resonance current depends on output
voltage instead of current; therefore it is constant in high or
low reference maximum current of inductance (Fig. 15a and
Fig. 15b). This causes its effect is more predominant when

zero slop

40W, 100V 'Il_\A/_ detection
DH>--- 700pF
| 1000uH IRF840
10uF,400 {F4007 JH'
N
68uF,400V ~7
4*IN007 | WA— /.20

3
T afs
- — 6 E
A 6N137] [«
sl _L vessi| 3
/R 47 2 A
opt / /i
Valley or Semi valley switcing selector 10 OklM_): ’M&
o—AA—]
4.7k

Fig. 14: Experimental semi and full valley switching circuit.
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(b) i, and ILgp for I,,4,=100mA.

Fig. 15: Inductance and LED currents for I,,,,=100mA,
1,0:=400mA and V;,,=250V.

the reference maximum current is low. The LED current is
around 160mA when the reference current is 400mA. Without
valley switching and according to (2), it should be 200mA.
The proportion is 0.8 while this value for 100mA reference
maximum current is 0.44 which shows the adverse effect of
valley switching is worsen in low current.

Fig. 16 shows the inductance and LED current in conditions
when the input voltage (V;,,) is lower than 2V,,. The reference
maximum current is adjusted to 400mA and 100mA similar to
the previous experiment. As illustrated in Fig. 4 and (7), the
negative area is not a complete half cycle but like the previous

Page 6 of 10
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Fig. 16: Inductance and LED current for I,,,,=100mA,
I102=400mA and V;,=150V.

case its effect is predominant in low current (Fig. 16b).

The same reference maximum current values are used in
semi valley switching to evaluate and compare it with full
valley switching. Fig. 17 shows the inductance current in
low and high values (400mA reference maximum current for
high current and 100mA reference maximum current for low
current), when the input voltage is lower and greater than
2V, (Fig. 17a for V,,=150V and Fig. 17b for V;,=250V)
to compare the operation of the full valley and semi valley
switching methods. As shown in Fig. 3, Fig. 4 and Fig. 9,
the negative area in semi valley switching is lower than the
full valley switching. This area can be changed by adjusting
the resistance value of optocoupler resistor (R,p¢). Also, the
LED current for both cases are shown in Fig. 17. As expected,
the LED current in semi valley control is higher than the full
valley control. The ratios of LED current to its value calculated
using (2) for low and high current are 0.8 and 0.9, respectively.
Comparing these values with their similar cases achieved in
the previous experiments proved the effectiveness of the semi
valley switching.

The switching frequency rises when the maximum ref-
erence current increases. This problem is shown in Fig. 6.
The switching ICs keep the on-time or off-time in constant
values or define a limitation value for them to implement the
maximum switching frequency (Fsymaz). At this situation,
as illustrated in Fig. 7 and (10)-(12), if output voltage is not
significantly smaller than the input voltage, the LED current
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Fig. 17: Comparison on inductance and LED current for
100mA and 400mA reference maximum current.

treats similar to condition that the frequency limitation is
not performed because the oscillation current amplitude is
significantly smaller that its peak minus value. A new circuit is
designed to show the effect of frequency limitation. This buck
LED driver works in current control mode similar to the first
LED diver, but at fixed frequency. The designed circuit works
in DCM mode when the current is lower than a critical value.
Fig. 18 illustrates the operation of the circuit at the case. As
seen, the negative area and its effect is like to the previous
figures. When the drain to source voltage is about to negative
value, the body diode of MOSFET turns on and clamps it to
zero. Upon this condition, the inductance current will rise to
zero. When the inductance current reaches to zero, the diode
turns off and another resonance circuit is occurred between
inductance and MOSFET output capacitance. Equation (10)
shows the MOSFET output voltage. Note that it never becomes
negative, therefore the diode does not turns on.

V. CONCLUSION

In spite of high performance of valley switching in de-
creasing the switching losses, it has adverse effects on the
performance of the Buck LED driver when decreasing the
LED current is required for dimming, thermal management,
or precise current adjustment applications. The reason is that
it causes to flow negative output current through the converter
inductance which decreases the LED current. The valley
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Fig. 18: Frequency limitation effect on LED current.

switching causes zero output current when the reference maxi-
mum current ([, ) is low, therefore the LED current does not
react the change of reference maximum current in low current
range. Regarding this malfunction of valley switching in low
current, a semi valley switching is introduced in this study. In
the proposed method, the switching is applied at a moment
between zero current of converter diode and next valley point
of drain to source voltage. It can be implemented when the
current and the conducting losses is low; therefore, almost the
equivalent losses remain constant. The proposed methodology,
which is validated with an experimental prototype, indicates
the high performance of semi valley switching in different
applications of LED drivers with a range of low to high output
current.
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