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1. INTRODUCTION

Nowadays, DC-DC converters play an essential role in stabilizing output voltage and have received
an overwhelming demand in many applications, such as PV systems [1], portable computers [2], mobile
phones, electric vehicles (EV) [3], telecommunication power systems [4], and grid-connected systems [5]. A
buck converter is a step-down DC-DC converter where the DC output voltage is lower than the DC input
voltage. The buck converter is from the family of switched-mode power supply (SMPS) that contains at least
two semiconductors, which are a diode and a transistor, and at least one energy storage, which is a capacitor,
an inductor, or both. Thus, it is widely used in many applications, for instance, in advanced telecom and
datacom systems, as the interface between the battery and the components in portable computers, and as a
point-of-load (POL) converter in servers. Theoretically, power dissipation and efficiency start to exhibit
problems in high current, which cause all power output to flow through the inductor, and the switch in a
single converter may cause high conduction power loss. To overcome these problems, a multiphase
configuration can be used, as it can significantly reduce the ripple current at the input and output converters
[6]-[8]. In addition, it can reduce conduction loss at each switch by spreading the current to all phases [9].

Journal homepage: http://beei.org


https://creativecommons.org/licenses/by-sa/4.0/

1724 O ISSN: 2302-9285

The multiphase buck regulator is a set of multiple single buck converters connected in parallel [10],
where every phase has its individual inductor and power switches. As a result, current is spread out equally
within the switching cycle, and output current and voltage ripples decrease as the number of phase increases.
Therefore, it has been used in many cooling applications because the power conversion works efficiently to
reduce heat and extend the battery’s lifespan.

There are several advantages of using the multiphase buck converter compared with using the
conventional buck converter, such as reduced input and output ripple currents, improved thermal
performance, and high efficiency [6]. Also, the phases are shared by both input and output capacitors in the
circuit design to reduce ripples and to store and supply electrical energy. Therefore, the interleaving PWM
switching signal employed with the multiphase buck converter is the best solution to deliver electrical supply
to any microprocessor that requires high current with lower input and output current ripples. Moreover, the
converter can operate with a high switching frequency of input and output capacitors compared with the
single buck converter. Even though this will raise switching loss, it can make the converter operate at a high
frequency, which is better in terms of output voltage ripple than using the single buck converter [11]. In
addition, the maximum reduction of instantaneous input current causes low ripple noise to flow back into the
power supply [12]. The low value of the capacitor is sufficient to eliminate ripples and reduce the variation in
current. Apart from the advantages as mentioned earlier, researchers have come with various research on
multiphase related to current balancing [13], [14], soft-switching [9], coupled inductor [15]-[17], ripple
minimization [18] and robust controlled [19], [20].

This paper presents the analysis of a multiphase DC-DC buck converter with the interleaving
switching signal. It focused on the power losses analysis of the multiphase DC-DC buck converter, which
were the total inductor loss, capacitor loss, switching loss (FETSs), and conduction loss (FETs and diodes).
The analysis was performed from 1 phase up to 5 phases with output power of 50 W, 100 W, 150 W, 200 W,
and 250 W. In detail, this paper provides an overview and projection for design guidelines in a multiphase
DC-DC buck converter regarding the losses occurring concerning the number of phases. The results were
compared and analyzed in terms of duty cycle and the number of phases. Finally, the efficiency and
performance of the multiphase boost converters were compared.

2. MULTIPHASE BUCK CONVERTER’S TOPOLOGY

In general, DC-DC converters can be designed to operate either in continuous conduction mode
(CCM) or discontinuous conduction mode (DCM). The mode of operation depends on the value of resistance
load, the size of storage elements, and the switching frequency of the system. In CCM, the output regulation
has lower inductor current ripple. On the other hand, the operation of the DCM has advantages, such as faster
transient response, reduced diode reverse recovery loss, and also reduced electromagnetic interference (EMI)
[21]. The difference between DCM and CCM is that the current of the inductor during energy transfer in
DCM falls to zero levels, but in CCM, it does not.

Figure 1 shows the circuit diagram of the 5-phase buck converter, which is also known as the step-
down converter and Figure 2 shows the 5-phase inductor current with interleaving. The components used in
this converter are quite similar to those in a boost converter, but the placement of the inductor and the
semiconductor switch are different. The inductor in the converter charges and stores electrical energy when
the switch is closed, and discharges when the switch is opened, to maintain a continuous supply to the load.
Figure 3 shows the waveforms of inductor current ripple and switching pulse at output power of 50 W for the
1-phase buck converter with duty cycle of 0.15.

The topology of the multiphase buck converter consists of several conventional buck converters
connected in parallel, and all share the typical load. Each phase uses a single inductor, but the phases share
the same output capacitor. The interleaving switching operation can significantly reduce inductor current at
each stage. In addition, inductor constraint can be reduced, where high ripple current that flows through the
inductor will cancel each other partially at the output.

The normalized ripple current, Irippen, in @ multiphase buck converter can be determined as in (1)

[22]:
[D __m |y [1 +m D]
Nphase Nphase
IRippleN = Nphase X (1-D)xD 1)

where D is duty cycle and Npnase iS the number of phases, while m is known as the floor, which can be
obtained by using (2):
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m=D X Nphase

@

In (2) is used to determine the number of phases depending on the required ripple current. This
shows that the percentage of ripple current cancelled in each inductor. The normalized root mean square
(RMS) input current capacitance of regulator, lcinpun, can be calculated by using (3):

. D m 1+m D
- - X -
CInputN Nphase Nphase m (3)
The normalized ripple current of output capacitance, lcoupu, is calculated by using (4):
N, hase m L+m
CoutputN — 'y o (1-D) Nphase Nphase )

The switches are connected in parallel. Active switches suffer from input voltage, and thus only
devices with rated voltage higher than input voltage can be applied. PWM signal with a fixed frequency is
commonly used to regulate output voltage. In one period, the signal will be on and off. Output voltage is
related to input voltage and can be determined using (5):

Vour =D X V;
out m (5)
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Figure 1. 5-phase buck converter’s configuration ~ Figure 2. 5-phase inductor current with interleaving
switching signals

Figure 3 shows the normalized RMS input capacitance current versus the regulator’s duty cycle for
different number of phases. Based on Figure 3, the addition of phases may reduce more than half 50% of
RMS current at a particular duty cycle.
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Figure 3. Concept of input current ripple with variation in the number of phases
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3. CURRENT RIPPLE

Based on the rule of thumb, inductor current ripple is designed to be almost 30% of average inductor
current. The theoretical derivation of the ratio of ripple current over average current is known as the ripple
factor, which is a method to obtain suitable inductor size [23]. The arrangement of the inductor and capacitor
provides effective filtering of inductor current ripple. In addition, the buck converter and its derivatives have
deficient characteristics of output ripple. Therefore, this converter is typically operated in CCM, where the
peak inductor current is low, requiring a small smoothing capacitor [24].

Peak inductor current ripple is the maximum current that the inductor can store before being
saturated. Saturated means that transistor switching continues to turn on for a longer time even when the
inductor exceeds the maximum current storage capacity. This is an unwanted situation, which needs to be
avoided. The minimum inductor current is the minimum current that can be allowed by the inductor during
the discharging of its stored energy in the form of back electromotive force (EMF). This is when the
transistor turns off and the inductor’s stored current drops drastically towards zero. Before the current reaches
zero, the transistor must turn on again, and the current at this point is called the minimum inductor current
[25]. However, if the transistor continues to turn off and inductor current reaches zero, this situation is known
as the discontinuous mode.

Ripple current is the difference between peak current and the minimum current induced in the buck
converter. Therefore, the capacitor is used as a filter to stabilize the ripple current and make it almost
constant. The suitability of output capacitance is very important for a low-noise design. Hence, the correct
capacitor will deliver low cost, low equivalent series resistance (ESR), and high capacitance [26].

4. POWER LOSSES
Several losses should be carefully considered, which are conduction loss, switching loss, inductor
loss, and capacitor loss. Therefore, the total power losses in a converter are as shown in (6):

Piotat = Peona + Psw—n + Pp + Peap (6)

4.1 Conduction loss

Conduction loss occurs at the high-side MOSFET, Pon-n, Which is determined by on-resistance,
output current, and on-duty-cycle. The loss occurs when the switch is on while the diode is reverse-biased. In
this research, the Ron-n Value was obtained from the datasheet of the selected N-channel power MOSFET,
which was IRF1404. Thus, the loss is calculated by using (7):

Vout
Vin

Pgn-[-[ =Iout2 X Ron_H X

()

Conduction loss in MOSFETSs for a DC-DC buck converter can be divided into two, which are for
the high-side MOSFET (HMOS) and the low-side MOSFET (LMOS). Conduction loss is caused by the on-
resistance of the low-side MOSFET. Conduction losses Poni and Pon.. for the buck converter are calculated
by using (8) and (9):

V,
Pron-t = Ioutz X Ron-p X ot )
Vin
_ 2 Vout
Pon-t = loyt” X Rop—p X (1 — V. ) ©)
i

On the other hand, conduction loss in diodes occurs during the forward voltage (V) condition
because the diode acts as a short circuit, and its value will tend to be more significant compared with those of
the MOSFETS. During reverse bias, the diode acts as an open circuit because there is no dissipated power due
to no current flowing through it. Therefore, if the high-side MOSFET is switched off, the loss in the diode
can be calculated by using (10):

Vour
Peonp-p = Vg X Iy X (1= V. ) (10)
i
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4.2 Switching loss

A simple geometric equation can be used to calculate the switching loss in MOSFETSs. Switching
loss is similar to conduction loss, in that it consists of two types of switching losses, which are losses in the
HMOS and LMOS [27]. The switching loss in the HMOS, Psw.n, is calculated as in (11):

1
Psw-n = 7 X Vin X Ioue X (Tr—yp + Tr_p ) X fow (11)

Switching loss in the LMOS occurs when the gate voltage turns on the LMOS, and at the same time,
the body of the diode is energized. Then, the FET is turned off by the gate voltage, and load current continues
to flow through the body of the diode in the same direction. Drain voltage and forward-direction voltage will
become the same and are still low. As a result, the switching loss at the LMOS becomes minimal and can be
calculated as in (12) [27]:

1
Psis =5 X Vp X Loyt X (Troy + Tr_1) X fow (12)

4.3 Inductor loss

This research only focused on conduction loss in the inductor. The DC resistance (DCR) of the
winding is used to form the inductor, producing conduction loss. DCR increases as wire length increases, but
this can cause the cross-section of the wire to increase. Also, when DCR increases, the value of inductance
increases. When DCR decreases, inductor’s case size increases [27]. Conduction loss in an inductor, Py, can
be calculated by using (13) [28]:

Pr=lpy” X Rpcr (13)

4.4 Capacitor loss

There are some losses within the capacitor, which are series resistance, leakage, and dielectric
losses. These losses are simplified as the equivalent series resistance (ESR) loss. Hence, all of the losses can
be calculated by multiplying the square of the RMS current of a capacitor with the equivalent series
resistance of the capacitor [27]. Power losses that occur in the capacitor are calculated by multiplying Resr
with the RMS AC current that flows through the capacitor. However, the RMS current in the output capacitor
should be determined in advance to calculate the losses in the capacitor. The RMS current in the output
capacitor is equal to the ripple current in the inductor and can be calculated as in (14):

Al ave
ICOUT(RMS) = 273 (14)

To maintain an acceptable current ripple and output voltage ripple at the inductor, the switching
frequency should be reduced. Capacitor loss can be calculated by using (15):

Peap = ICAP(RMS)Z X Rgsp (15)

5 CIRCUIT SIMULATION

Table 1 shows the specifications of the parameters used in designing the multiphase DC-DC buck
converter’s circuit. The components in the simulation software were set according to the parameters’ values.
The phases were set from 1 up to 5 phases and switching frequency was set to 100 kHz, with output power of
50 W, 100 W, 150 W, 200 W, and 250 W.

Table 1. Components’ parameter values

Parameter Value
Input voltage, Vin 12V
IndUCtanCe, L1=L2=L3=L4=L5 22 l.lH
Capacitance, C 470 uF

To ensure that inductor current was always in CCM, the value of the inductor must be higher than
the minimum value. To obtain the minimum value of the output capacitor, inductor current ripple must be
identified in advance by using the recommended inductor value. Furthermore, output voltage ripple should
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also be acquired before calculating the minimum capacitor value. The estimation for inductor current ripple is
shown in (16), while the estimation for the output voltage ripple is shown in (17):

(Vi B Vout) X D
Al = 16
L XL (16)
Al

c,., =———o———
T8 X fow X AVous

(17

The voltage pulse connected to each MOSFET functions as the PWM generator to trigger the
MOSFETs (on and off). Time delay (Tp) can be calculated using (18), which subsequently results in
continuous interleaved switching pulses.

1

“N- phase (18)

Tp

To calculate inductor and capacitor losses, the average inductor current ripple must be calculated in
advance, as shown in (19):

Imax + Imi

Al (“"g):w (19)
To reduce ripple at the output current, a large capacitor is required. Output ripple current factor can

be obtained by using (20):

Imax - Imin
Alpacror) = —————

(20)

1 avg

6 INPUT CURRENT RIPPLE’S PERFORMANCE

The outputs of voltage, current, and power were taken by adjusting the values of resistance and duty
cycle to ensure the circuit was in CCM. The analysis of the multiphase buck converters was based on the
effects of output current ripple and inductor current ripple to calculate conduction loss, switching loss,
inductor loss, and capacitor loss by using OrCAD PSpice software. Based on the overall results in this
section, the higher the number of phases, the lower were the ripple output current and inductor current in the
buck converter design. In addition, output current and output voltage indicated reduced ripples on the
respective waveforms. The duty cycle was selected depending on the minimum inductor current ripple
because each inductor only can withstand not more than 15 A. Therefore, the lowest average inductor current
ripples were chosen, which are shown in Figure 4. There were a few inductors current ripples that exceeded
the limit of the rated inductor current, which occurred in the 1-phase and 2-phase buck converters. This
shows that the circuit would become a short circuit if an experiment were conducted on their hardware.

The 1-phase buck converter started to produce high peak current at output power of 100 W, which
continued to increase drastically until 250 W. The 2-phase buck converter showed a significant reduction in
the average value of inductor current ripple compared with the 1-phase converter. However, at high output
power, it still exceeded the inductor current limit. In this case, it gave more stress to the MOSFETSs and may
cause discontinuous design operation.

The duty cycles for the 1-phase converter until the 5-phase converter were almost similar because of
the considerable difference in duty cycle’s effect on output voltage and current, as well as on inductor current
ripple. This means that the chosen duty cycles did not cause inductor current to reach zero and the converters
to operate in discontinuous mode. Therefore, the selection of duty cycle was essential to ensure that the
multiphase buck converters continuously operated in CCM.

To obtain the desired output power, the resistor was adjusted to increase and decrease the output
load. The relationship between the value of the resistor and output power was that the lower the value of the
resistor, the higher was the output power produced. The results show that the output current increased, while
the output voltage decreased, with reduced resistance. The output voltage results did not reach the output
voltage’s calculated value, which means that the design was in continuous mode and the MOSFETs were
switched on. If the simulated output voltage reached the predetermined voltage, it would cause the system to
operate in DCM.
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Figure 4. Graph of inductor current ripple against output power, selected duty cycle, and N-phase

7 POWER LOSSES ANALYSIS

This section focuses only on four types of losses: conduction loss at the MOSFETs and diodes,
switching loss at MOSFETS, inductor loss, and capacitor loss. These losses were derived from the formulas
shown in section 4.

7.1. Conduction loss

Conduction losses for each MOSFET and diode were calculated using (7) and (10). All values of
output currents and output voltages were measured from simulation, while Ron.n for the MOSFETS was
obtained from the datasheet provided by the manufacturer. Ron-n and Ve of the power diode were 0.004 Q and
0.41 V, respectively. Table 2 shows that the diodes contributed a higher loss compared with the MOSFETS.

Based on Table 2, the increase in the number of phases led to the reduction in losses in the
MOSFET and diode components. These losses involved both components in each phase. Consequently, the
losses displayed a substantial rise in each increased phase. Figure 5 shows the conduction loss graph for the
1-phase to 5-phase buck converters against the selected duty cycles and output power.

Table 2. Conduction loss in MOSFETSs and diodes

Total
Number Duty Output Conduction Loss (W)  Conduction
of Cycle Power
Phases (D) W) . Losses (W)
MOSFETs  Diodes

1 0.6 50 0.18 1.62 1.80

100 0.53 2.98 351

150 1.28 5.12 6.40

200 2.32 7.22 9.54

250 3.82 9.44 13.27

2 0.6 50 0.17 1.50 3.35

100 0.51 2.69 6.39

150 121 4.36 11.14

200 2.20 6.12 16.63

250 3.21 7.67 21.75

3 0.6 50 0.17 1.48 4.96

100 0.51 2.62 9.39

150 114 4.03 15.53

200 2.03 5.53 22.66

250 3.23 7.18 31.22

4 0.625 50 0.16 1.30 5.85

100 0.47 2.26 10.93

150 1.07 3.48 18.19

200 192 4.76 26.70

250 2.92 5.96 35.51

5 0.65 50 0.15 1.15 6.50

100 0.45 2.00 12.27

150 1.00 3.02 20.08

200 1.81 411 29.58

250 2.87 5.25 40.59
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7.2. Switching loss

Switching losses were calculated for each MOSFET switch at every phase of the multiphase buck
converter. The losses were calculated by using the formulas in (11) and (12). Rising time (T;) and falling time
(Tr) were measured from the waveforms at one level only, which means that, to represent the switching times
at other levels, the losses were multiplied by the number of phases. Figure 6 shows the switching loss graph
for the 1-phase to 5-phase buck converters against the selected duty cycles and output power.

Figure 6 clearly shows that switching loss increased with increasing output power when the number
of phases increased. This is because switching loss is proportional to the total number of phases. After all, as
the number of phases of the buck converter increases, the number of MOSFETS used also increases. The loss
considers the switching loss in the MOSFETS in each phase, which is the same concept used for conduction
loss. Thus, the loss was not too high compared with the conduction loss.

N
7 <
0
=6 3 =
> N ~ <
45 S 8 3
= B o ~
4 = &
o = o
93 o < o o 2 .‘2 <
= ~ ® o I o o <~
S 2 S o @ o o & g
= ggo § o o 8 o < o g
(%l o © s ° S e ;"’
. v Y </
0 e ol DDA S AR
00O 000000090 Qo O 0O 000000090 oOo9O
P OMOMMOMOMDOHDONMONMMOMOSHIODOMOS O
= QN I IS I ISR I ISR B ISR
0.6 0.6 0.6 0.625 0.65
1 2 3 4 5

Output Power (W), Duty Cycle (D), and N-phase

Figure 6. Graph of switching loss against output power, duty cycle, and N-phase

7.3. Inductor loss

Inductor loss can be determined by using (13). Since an inductor is always energized either during
on-state or off-state, this means that it is not affected by duty cycle. In addition, the loss in an inductor is
proportional to the square of the average inductor current, which produces higher output current and results
in an increased loss for each inductor component. Therefore, it is crucial to choose a suitable inductor. Rpcr
was obtained from the spreadsheet of the 22 uH inductor, which was 30 mQ. The higher the Rpcr, the higher
is the increase in inductor loss. Figure 7 shows the inductor loss graph for the 1-phase to 5-phase buck
converters against the selected duty cycles.

Figure 7 shows that inductor loss decreased as the number of phases increased and output power
increased. Extreme reductions are observed in the 1-phase and 2-phase converters, especially for output
power of 150 W, 200 W, and 250 W. Although the loss in the inductor considered the losses for all inductor
components, the loss that occurred in the 1-phase converter was more significant than in the other converters.
Based on the overall inductor loss result for the 2-phase to 5-phase buck converters, most losses were below
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20 W, except for output power of 250 W for the 2-phase converter. This indicated that the inductor operated
efficiently in each increased phase.
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7.4. Capacitor loss

Capacitor loss was determined using (15). Resr was obtained from the spreadsheet of the 470pF
capacitor, which was 29 mQ. The higher the Resr, the more losses would occur in the capacitor component.
Figure 8 shows the capacitor loss graph for the 1-phase to 5-phase buck converters against selected duty
cycles and output power of 50 W, 100 W, 150 W, 200 W, and 250 W.

Capacitor loss decreased as the number of phases increased and output power increased. Maximum
loss occurred in the 1-phase buck converter, and minimum loss occurred in the 5-phase buck converter. The
graph shows a massive loss reduction between the 1-phase and 2-phase converters, particularly for output
power of 150 W, 200 W, and 250 W. Output power of 50 W resulted in power loss of fewer than 1 W except
in the 1-phase buck converter. This indicated that the capacitor operated efficiently in each increased phase.
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Figure 8. Graph of capacitor loss against output power, duty cycle, and N-phase

7.5. Overall power losses

Conduction, switching, inductor, and capacitor losses were analyzed in detail for each output power
of 50 W, 100 W, 150 W, 200 W, and 250 W. Conduction loss and switching loss indicated a constant
increase as the number of phases increased. This was because the number of MOSFETSs and diodes used
increased as the number of phases increased. However, inductor loss and capacitor loss indicated a constant
decrease as the number of phases increased. The decline in these losses depended on the average inductor
current, Rpcr, and Resr. The lower the Rpcr and Resg, the higher the power loss reduction was for both
components.

Figure 9 shows that the 1-phase of buck converter had the largest power loss, while the other
converters had relatively small losses and small loss differences. This shows that adding a new phase into the
buck converter can reduce the power loss for each component. In addition, the most significant conduction
loss occurred in the 2-phase to 5-phase buck converters. Switching loss showed a slight increase but still
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mostly below 2 W at various number of phases and output power values. Although switching loss and
conduction loss increased with increasing number of phases, inductor and capacitor losses showed the
opposite result and were significantly lower for the 1-phase and 2-phase converters. Power losses in the
capacitor were all less than inductor losses for all number of phases.

As shown in Figure 10, efficiency decreased slightly as output power increased. The 2-phase to 5-
phase converters can still be considered as well-performing converters, as their overall efficiency exceeded
80%. At 50 W and 100 W, the 2-phase buck converter performed better than the other converters, but it
started to have a similar performance as the other converters with further increases in output power. All
converters except the 1-phase buck converter showed a similar efficiency of 84% at output power of 200 W.
At the highest output power, the efficiency of the 4-phase buck converter was marginally higher than those of
the other converters.

The 1-phase buck converter showed an extreme reduction in efficiency at output power from 100 W
until 250 W. It began to produce a poor performance at 150 W of output power, which was less than 80%.
Nevertheless, it showed excellent performance at light load, which was a similar efficiency performance as
that of the 4-phase buck converter. Therefore, from the overall efficiency analysis, it can be concluded that
the buck converter is more efficient at light loads and less efficient at high power loads. Also, for a wide
range of loads, a high number of phases can be considered, where the deterioration in efficiency is
insignificant. Lastly, the increase in the number of phases can help overcome the limitations of the single
buck converter, especially with high loads.
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Figure 9. Total power losses in 1-phase to 5-phase buck converters
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Figure 10. Comparison graph of efficiency of 1-phase to 5-phase buck converters

8 CONCLUSION

In conclusion, 1-phase to 5-phase multiphase buck converters were designed and simulated in
OrCAD PSpice software. The results obtained from the simulation were analyzed to determine the
conduction loss in MOSFETs and diodes, switching loss in MOSFETSs, inductor loss for each inductor
component, and capacitor loss at different duty cycles and output power settings based on the number of
phases. It has been shown that the 2-phase buck converter was very optimal and more efficient at light loads
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(<200 W). Still, power dissipation and efficiency started to decrease at heavy loads (>200 W). The best-
optimized design for a heavy load was the 4-phase buck converter. Apart from its excellent operation in
heavy loads, it can also be considered efficient for light loads. Switching frequency is the most significant
factor that contributes to switching losses. It was found that conduction loss was the highest loss in the
multiphase buck converter. Therefore, the solution to overcome this problem is that the diodes need to be
replaced with MOSFETSs. However, this will definitely increase the cost and the complexity of the hardware.
Regardless, a multiphase buck converter requires a lot of components, and the controller can become more
complex and complicated. Therefore, it has a high tendency of facing the problem of current imbalance
between multiple switching phases.
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