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Abstract—Today’s on-board high-density, low-output-voltage,
high-output-current, fast transient point-of-load (POL) dc–dc
converters design requirements for the new generation of inte-
grated circuits, digital signal processors, and microprocessors
are increasingly becoming stricter than ever. This is due to the
demand for high dynamic performance dc–dc conversion with
tight dynamic tolerances for supply voltages coupled with very
high power density. In this paper, a multiphase voltage-mode hys-
teretic controlled POL dc–dc converter with new current sharing
is presented. Theoretical analysis is provided for multiphase and
interleaved dc–dc converters with new current sharing method.
The simulation and experimental results are compared based on
a specific design example.

Index Terms—converter, current sharing, dc–dc, fast transient,
high-density, high-output-current, hysteretic, integrated circuit
(IC), interleaving, low-output-voltage, multiphase, point-of-load
(POL), voltage regulator module (VRM).

I. INTRODUCTION

POINT-OF-LOAD (POL) dc–dc converters and voltage reg-
ulator modules (VRMs) for the next generation of inte-

grated circuits (ICs) for microprocessors and communication
systems are required to have many strict and challenging speci-
fications that include high power and current densities, high cur-
rent capability, low output voltage deviation in both steady-state
and transient conditions, small size, light weight, and high ef-
ficiency [1]–[3], [8], [9], [11]. All such requirements must be
achieved at very low output voltage that is expected to drop
below 1 V in the next few years, below 0.6 V by 2010, and below
0.4 V by 2016 [3].

Both the interleaving (multiphase) and the single-phase
voltage-mode hysteretic control techniques can reduce the
output voltage ripple. However, the overshoot and undershoot
requirements during large magnitude transients still have to be
investigated. It is known that to obtain low output overshoot,
the multiphase VRMs require the design of high-performance
feedback control that can also provide current sharing [1], [4],
[5]. Hence, even though the interleaving technique reduces
the output voltage ripple and helps in achieving faster current
transient response, a careful control design and/or increase in
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the output capacitance size will be needed in order to satisfy the
maximum overshoot and undershoot limits during large load
transients.

In the single-phase hysteretic voltage-mode control tech-
nique, the hysteretic window can be set to a certain level such
that the controller will respond quickly to load transients and
correct the voltage before deviating from the maximum allowed
overshoot and undershoot. Even though the output capacitor
size still plays an important role here, its size is significantly
reduced because of the hysteretic control.

On one hand, voltage-mode hysteretic control has many ad-
vantages over many other control techniques that include sim-
plicity, no feedback loop compensation is needed, near instan-
taneous response to load transients, and no limitations on the
switches ON time. On the other hand, the interleaving tech-
nique has several advantages such as the high frequency output
voltage ripple with lower switching frequency, ripple cancella-
tion, current division (sharing) between the phases which al-
lows higher current carrying capability, and also fast transient
response which is limited by the feedback control loop. From
this, it is clear that combining the voltage-mode hysteretic con-
trol technique with the interleaving technique will result in a
VRM that has the advantages of both techniques [6], [7], [10].

However, multiphase converters are required to have high per-
formance current sharing functionality in order to keep almost
equal division of the load current between the phases at all load
conditions in addition to the voltage regulation [1], [4]–[6].

In this paper, a multiphase voltage-mode hysteretic controlled
dc–dc converter or POL with current sharing is presented with
theoretical and experimental verification. In the next section,
the multiphase voltage-mode hysteretic control method is dis-
cussed. Section III presents the concept of the proposed cur-
rent sharing method and how it is applied to a two-phase in-
terleaved voltage-mode hysteretic controlled dc–dc converter.
In Section IV, the proposed method is generalized for inter-
leaved phases. The theoretical analysis with key design equa-
tions is discussed in Section V. The simulation and experimental
results are given in Sections VI and VII. Finally, the conclusion
is given in Section VIII.

II. MULTIPHASE VOLTAGE-MODE HYSTERETIC CONTROL

When applying the hysteretic voltage-mode control to inter-
leaved buck converters, one must note that

1) the derived control signal from the output ripple (hys-
teretic control) must be frequency divided while keeping
the same control-signal ON-time (interleaving);
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Fig. 1. Block diagram of N interleaved buck converters with voltage-mode
hysteretic control.

2) during transients, multiphase control operation must be
disabled so that all the phases’ switches will switch ON
and OFF at the same time.

The first note is to keep the switching frequency low for the same
output voltage ripple so that the interleaving can be achieved,
whereas, the second note is to achieve faster transient response
and synchronization between the phases during transients.

Fig. 1 shows the basic block diagram of N interleaved syn-
chronous buck phases with voltage-mode hysteretic control,
while Fig. 2 shows the example of control signals for two
interleaved phases for illustration purposes. It must be
noted that the voltage waveform of Fig. 2 is true only when
the voltage ripples across the output capacitor and its equivalent
series inductance (ESL) are zero.

The main control signal is generated by comparing the
output voltage to a minimum value and a maximum value

, forming a hysteretic window. Then, the generated pulses
are distributed between the phases interchangeably so that one
phase high-side switch is ON at a time whereas all the other
switches are OFF at that time. This will generate the required
multiphase control-signals .

At transients, another comparator with threshold of
turns ON all the high-side switches [metal oxide semicon-

ductor field effect transistors (MOSFETS)] and turns OFF all the

Fig. 2. Example of control signals for two interleaved phases (N = 2).

low-side switches at low-to-high load transients (which cause
voltage undershoot). This new threshold is added to make
the transient response faster and maintain equal current sharing
even at transients, otherwise, if this threshold is not added, only
one phase switch will be turned ON at low-to-high load tran-
sients when , resulting in slower transient response.
However, at high-to-low load transients (which cause voltage
overshoot), all the high-side switches are turned OFF by the hys-
teretic comparator without the need of another comparator with
another threshold larger than .

Fig. 3 shows how the multiphase control signals can be gen-
erated from the main control signal using discrete components
for two and four phases along with their corresponding wave-
forms.

III. MULTIPHASE VOLTAGE-MODE HYSTERETIC CONTROL

WITH CURRENT SHARING

It is very important that the current be distributed almost
equally between the interleaved phases in the multiphase con-
verter. Unfortunately, components, connections and layout dif-
ferences from phase-to-phase to the load and other nonidealities
may cause the current distribution (sharing) to be unequal, es-
pecially at large load transients [1], [4]. Hence, current sharing
functionality is necessary for the multiphase voltage-mode hys-
teretic control described in the previous section.

Current sharing between the interleaved converters is usually
achieved by controlling the ON-time of each converter phase,
such that the ON-time of the phase that carry larger current from
the other phases is smaller than the ON-time of the other phases,
and the phase that carries the smallest current has the largest
ON-time, i.e., the current sharing regulation is performed by
shortening (changing) the ON period of phases switches [1],
[4], [5]. In this case, the current sharing function is dependent
on the control method being used in the voltage regulation.
These current sharing methods require some kind of reference
to achieve current sharing. Moreover, the current sharing func-
tionality in addition to the control loop adds complexity to the
closed loop design (current control loop with compensation
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Fig. 3. Multiphase logic circuits to generate multiphase control signals: (a)
two phase and (b) four phase.

is needed). Moreover, the ON-time of the switches in the
voltage-mode hysteretic control is directly derived from the
output voltage ripple by toggling the switches OFF and ON
as the output voltage hits the upper and lower limits of the
hysteretic comparator (comparator hysteretic window). Hence,
changing the ON time of a phase switch means changing the
hysteretic window if another switch is not directly turned ON.
If another switch is directly turned ON, this may cause several
turn ONs within one comparator switching period, causing
higher switching frequency for each phase.

Fig. 4 shows the basic block diagram of the proposed cur-
rent sharing method. In this method, the instantaneous currents
in each phase are sensed and each compared
relative to the other phases instantaneous currents generating a
comparison digital code , without the need
for a reference, to find the phase that carries the smallest cur-
rent. When the main regulation control loop that has no cur-

Fig. 4. Basic block diagram of the proposed current sharing method.

rent sharing functionality decides that it is the time to turn ON a
switch, the high-side switch in the buck converter for example,
to deliver energy to the converter output, the phase that car-
ries the smallest current at that time will be turned ON by pro-
ducing a turn ON rising edge signal , while the other
phases are turned OFF by producing the final control signals

. In simple terms, only one switch will be
turned ON at a given time and this switch will be chosen by
monitoring which phase is carrying the smallest instantaneous
current at the instant when a switch needed to be turned ON.

It must be noted that even though the instantaneous current
in each phase is being compared relative to the other phases
continuously, the decision of this comparison is taking effect
only at the rising edge of the main control signal , turning
ON the appropriate phase. Hence, the instantaneous point value
of each phase current, just before turning ON a phase switch,
is the only value that will affect the current sharing process.
Fig. 5 shows the current sharing part for two-phase buck dc–dc
converter as an example.

The instantaneous currents can be sensed by several methods.
For example, it can be sensed by the conventional method di-
rectly through the inductors, by placing a small series resistor
with the inductors. Unfortunately, even though this sensing
method is simple and relatively accurate, it degrades the effi-
ciency due to the loss in the current sense resistor especially
in the high current applications. Another way to sense the
instantaneous current is done by sensing the voltage across the
low-side switches (at the switches junctions). This is possible
because

1) the instantaneous current information for a buck converter
is available while the low-side switch is ON and the high-
side one is OFF;

2) the instantaneous current information just before turning
ON one high-side switch is what required for the current
sharing process of the proposed method;

3) before turning ON one high-side switch, all the low-side
switches will be ON and hence the current information is
available.

The above proposed current sharing can be applied to the mul-
tiphase voltage-mode hysteretic control of the previous section,
resulting in a new controller. Fig. 6 shows the basic controller
diagram for the multiphase voltage mode hysteretic controller
with the proposed current sharing, while Fig. 7 shows general
waveforms sample for the current sharing process in steady and
symmetric condition. The basic operation of the circuit shown
in Fig. 6 with its related waveforms in Fig. 7 can be summa-
rized as follows: The main control signal is generated
by comparing the output voltage to a minimum value and
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Fig. 5. Current sharing part for two-phase buck dc–dc converter.

a maximum value around a reference voltage using
the hysteretic comparator Comp2. When the time comes to turn
ON one high-side switch when the output voltage hits the limit

, the rising edge of the turn ON signal of which is used
as a clock for a D-type flip flop cause the current sharing deci-
sion of Comp1 to be activated, turning ON the phase that car-
ries the smallest current at that time. Comp3 has a lower limit

. This comparator output is logic zero (low) during
the steady state operation when , and logic one (high)
during startup and during the low to high load transients when

, which cause the phases to switch together (no inter-
leaving) during these transients. This process will generate the
require phases’ control signals and to achieve voltage
regulation with current sharing.

IV. METHOD GENERALIZATION FOR N INTERLEAVED PHASES

Fig. 8 shows the basic controller generalized diagram for N
multiphase voltage-mode hysteretic controlled current-shared
converters. In Fig. 8, only one of the outputs
of the current comparison circuit can be logic high at a time,
causing the phase that carries the smallest instantaneous current
to be turned ON at the rising edge of the voltage mode loop as
described in the previous section for the two-phases case.

Fig. 9 shows one possible arrangement for the current sharing
circuit by using a set of comparators to find the phase that carries
the smallest current for N interleaved phases. The logic circuit
after the comparators generate signals from
the comparators outputs , so that one of the
D-type flip-flops can be logic high at a time. If this arrangement
is to be used, the required number of comparators (m) for N
interleaved phases is

(1)

Fig. 9 also shows that the main control signal from the voltage
loop can be from any type of controller and not limited
to the voltage-mode hysteretic control.

V. THEORETICAL ANALYSIS

In this section, multiphase voltage-mode hysteretic controlled
buck converter is analyzed and the frequency equation is de-
rived. It is assumed during this analysis, that the converter is
in steady-state operation, and all components are ideal except
the following nonidealities: output capacitor has equivalent se-
ries resistance (ESR) and equivalent series inductance (ESL),

the switches have ON resistance, and the inductor and its traces
also have resistance. In addition, it is assumed that the input
voltage is constant with no ripple and the control loop has finite
delay time.

Fig. 10 shows the voltage across the output capacitor in
steady-state considering the ESR and the ESL of the output
capacitor. In steady-state, the voltage ripple across the output
capacitor considering the ESR and the ESL, is given by

(2)

where
output voltage ripple across the output
capacitor as shown in Fig. 10;
voltage across the ideal output capacitor;
voltage across the output capacitor ESR;
voltage across the output capacitor ESL.

There are two modes of operation in steady-state. During
Mode 1, when one of the high-side switches is ON, (2) becomes

(3)

During Mode 2 when all high-side switches are OFF, (2) is
given by

(4)

where
total inductor(s) ripple for N phases;
switching period for N phases;
duty cycle defined as the ratio between the ON time of
high-side switch and the switching period ;
total output capacitance of N phases.

The hysteresis window is then given by

(5)
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Fig. 6. Proposed control method applied to two-phase converter.

where
hysteresis window;
time duration when one of the high side switches is
ON where ;
time duration when all the high-side switches are
OFF where ;
total delay time of the feedback loop from time the
voltage hits one of the hysteresis window limits
until the time the appropriate switches are actually
turned ON and OFF.

Assuming that all the phases are identical and have the same
output inductors, the total inductor(s) current ripple of N phases
is given by

(6)

where
input voltage;
output voltage;
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Fig. 7. General waveforms sample for the current sharing process.

total path resistance including the ON resistance of the
switch and the inductor resistance;
output inductor of one phase assuming that all phases
have equal output inductors.

and

(7)

By substituting (3) and (4) in (5), and using (6) and (7), the
phase switching frequency is given by (8), shown
at the bottom of the page, where

Even though (8) shows that the switching frequency depends
on the load current, this dependency is very small since syn-
chronous rectifiers have the same equivalent circuit over the

switching period. This will be shown by plotting curves at dif-
ferent loads later in this section. This load current dependency
appears since the switches’ ON resistances and the inductors re-
sistances have been considered in the mathematical derivation.
Moreover, since synchronous rectifiers were used, there is no
discontinuous mode of operation even at light loads.

Fig. 11 shows the phase switching frequency versus the
input voltage in the case of 1–4 phases being used at no load and
full load conditions for the following parameters V,

H per phase, 2 mF output capacitance with
m and nH assuming three paralleled capac-

itors with a total of 2 mF, ns, and mV for
full load A. Fig. 11 shows that the phase switching fre-
quency is decreased with the number of phases increased for the
same hysteresis window. Of course, if the switching frequency
of each phase for N phases is kept the same as the original
switching frequency for one phase converter, the output voltage
will have a smaller ripple.

It must be noted that the maximum output voltage for in-
terleaved phases cannot ideally exceed of the input voltage
(assuming , i.e., no voltage drop across components
and traces) because of the restriction that only one high-side
switch can be ON at anytime in steady-state conditions. There-
fore, larger minimum input voltage is required when the number
of phases increases for the same output voltage. This explains
the switching frequency zero crossing of Fig. 11.

Equation (8) denominator has a zero that puts a condition on
the maximum value of ESL. For the voltage across the ESL not
to exceed the hysteresis window and cause the frequency to be
very high and uncontrollable, the following condition must be
satisfied:

(9)

where

Fig. 12 shows the maximum allowable ESL value versus hys-
teresis window for 1–4 Phases at no-load condition for the same
parameters of Fig. 11, since from (9) the design worst case
for ESL is at no load since the maximum allowable ESL de-
creases as the load decreases. From Fig. 12 it is apparent that
the maximum allowable ESL increases as the number of phases
increase.

VI. SIMULATION RESULTS

Two-phase dc–dc buck converter with the proposed current
sharing method and voltage-mode hysteretic control was simu-
lated using Pspice/Orcad software package with the following
design parameters V, V, 50 A full load,

(8)
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Fig. 8. Basic controller generalized diagram for N multiphase voltage-mode hysteretic controlled current-shared converters.

Fig. 9. Possible arrangement for current sharing circuit.

H, and mF, with a steady-state
hysteretic band of 10 mV and transient hysteretic band of

Fig. 10. Output voltage with its ripple when the equivalent series resistance
(ESR), the equivalent series inductance (ESL), and feedback loop delay time
(t ) are considered.

30 mV. It is assumed that three capacitors were paralleled with
m and nH for each. Other simulation

parameters were ns and m .
Figs. 13–17 show the simulation results at different condi-

tions.

1) is the output voltage waveform.
2) and are the output inductor currents

waveforms for Phase A and Phase B, respectively.
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Fig. 11. Theoretical phase switching frequency versus input voltage for N
Interleaved phases at (a) full load condition and (b) no load condition.

Fig. 12. Maximum allowable ESL versus hysteresis window for N interleaved
phases.

3) is the hysteretic comparator output waveform de-
rived directly from the output voltage ripple.

4) is the current comparison waveform
which is logic high when Phase A is smaller than Phase
B, and logic low when Phase B is smaller than Phase A.

Fig. 13. Simulation results in steady-state condition.

Fig. 14. Simulation results in high-to-low load transient condition.

Fig. 15. Simulation results in low-to-high load transient condition.

5) and are the final high-side
switches driving waveforms for Phase A and Phase B,
respectively.

Fig. 13 shows the simulation results in steady-state condition.
Figs. 14 and 15 show the simulation results at high-to-low load
transient condition from 50 to 20 A and at low-to-high load tran-
sient condition from 20 to 50 A, respectively.
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Fig. 16. Simulation results when the two phases are deliberately made
unidentical so that phase A carries twice the current of phase B when the
current sharing function is disabled.

Fig. 16 shows the simulation results when the current
sharing function is disabled and the two phase currents are
made different deliberately so that Phase A carries twice
the current of Phase B. Fig. 17 shows the simulation results
when the current sharing function is enabled for the case of
Fig. 16, where Fig. 17(a) shows a sample waveform when
the controller did not have to take a correction pulse to
maintain the current sharing, and Fig. 17(b) shows a sample
waveform when the controller had to take a correction pulse to
maintain equal current sharing. It is apparent that the current
sharing is maintained regardless of the large differences in
the phase construction.

The simulations show that the switching frequency of the sim-
ulation results agrees with theoretical results of Fig. 11.

VII. EXPERIMENTAL RESULTS

Two-phase dc–dc buck converter experimental prototype
with input voltage of 5 V and output voltage of 1.5 V and a
maximum load current of 50 A is built for verification purposes.

Fig. 18 shows the experimental waveforms in steady-state
for the output voltage, the high-side MOSFETs driving signals,
and the output inductors currents when the current sharing
function is enabled. Fig. 19 shows experimental output inductors
currents of the two phases at load transients when the current
sharing function is disabled and the two phases are deliberately
made un-identical so that phase A carries more than three
times the current of phase B. While Fig. 20 shows the results
when the current sharing is enabled for the same case as
Fig. 19. Fig. 21 shows the experimental waveforms when
the controller had to take a corrective action to maintain
equal current sharing.

It is clear that equal current sharing was achieved at all condi-
tions, i.e., during full load steady-state, during low load steady-
state, and during transients with small and large differences in
the phases’ layout.

The frequency of each phase was around 330 KHz even
though the input is 5 V because of the total ESR and ESL.
This matches the frequency (8) for the following parameters:

Fig. 17. Simulation results for the same case of Fig. 16 but when the current
sharing function is enabled. Two waveform samples are shown: (a) with no
current correction pulse and (b) with current correction pulse.

V, V, H per phase, mF,
m , and nH, , and

mV, m , and A.

VIII. CONCLUSION

Multiphase voltage-mode hysteretic control for dc–dc con-
verters with current sharing method is presented in this paper.
This current sharing method results in several advantages which
include: simplicity to be applied to any control method, indepen-
dent of the main control method used in the voltage regulation
loop, no need for current reference, good equal current sharing
accuracy at all load conditions in steady-state and transients, no
need for compensation, and hence, does not affect the controller
speed. Also, this sharing approach may be applied to any con-
trol method, even those that have no loop compensation such as
multiphase hysteretic control. The application of the presented
method is generalized for N interleaved phases.

Moreover, the presented current sharing method was applied
to a multiphase voltage-mode hysteretic-controlled dc–dc con-
verter, which resulted in a new and simple control technique
with low output voltage ripple and fast transient response.

The frequency equation was derived for N interleaved phases
by including ESR, ESL, and the path resistance with the output
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Fig. 18. Experimental waveforms in steady-state condition when the current
sharing function is enabled: output voltage waveform, high-side MOSFETs
driving signals, inductor currents, and total current, respectively.

Fig. 19. Experimental output inductor currents of the two phases at load
transients when the current sharing function is disabled and the two phases are
deliberately made unidentical so that phase A carries more than three times the
current of phase B.

current effect. Another equation that shows the maximum allow-
able ESL to keep the controller stable was also derived. Design

Fig. 20. Experimental output inductors currents for the same case as Fig. 19
but when the current sharing function is enabled.

Fig. 21. Experimental results for the case of Fig. 20 when the controller had
to take corrective action to maintain equal current sharing.

curves were plotted and compared to simulation results. An ex-
perimental prototype is built to verify the presented method.
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