
3948 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 26, NO. 12, DECEMBER 2011

Sensorless Self-Tuning Digital CPM Controller With
Multiple Parameter Estimation and Thermal

Stress Equalization
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Abstract—This paper introduces a practical sensorless average
current-programmed mode controller for low-power dc–dc con-
verters operating at high switching frequencies. The controller ac-
curately estimates inductor currents and identifies main converter
parameters. Namely, total conduction losses in each of the phases
as well as the inductors and output capacitance values are iden-
tified. The estimate of the losses is used to monitor temperature
of the components without costly thermal sensors and for current
sharing based on thermal stress equalization increasing system re-
liability. The identified filter values are utilized in a transient-mode
controller for obtaining response with virtually minimum output
voltage deviation. The key element of the new controller is a self-
tuning digital multiparameter estimator that operates on the in-
ductor time-constant matching principle. It estimates the average
inductor current over one switching cycle using an adaptive IIR
filter and, in the same process, identifies other converter parame-
ters. The operation of the controller is verified with a single-phase
12 to 1.5 V, 15 W and a dual-phase 12 to 1.8 V, 80 W buck converter
prototypes operating at 500 kHz switching frequency. The results
show that the controller estimates the current and temperature of
the components with better than 10% accuracy, effectively equal-
izes phase temperatures, and provides virtually minimum output
voltage deviation during load transients. The implementation also
shows that the controller is well suited for on-chip implementa-
tion. Its full realization requires less than 16 000 logic gates and
two relatively simple ADCs that, in a standard 0.18-μm CMOS
process, can be implemented on a small silicon area, no larger than
0.6 mm2 .

Index Terms—Current sharing, digital control, low-power dc–dc
converters, parameter estimation, self-tuning.
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I. INTRODUCTION

IN LOW-POWER switch-mode power supplies (SMPS) used
in applications, such as computers, medical, automotive and

telecommunication equipment, reliable operation, and small
volume implementation are of key importance. To ensure re-
liable operation, dedicated controllers usually employ current
measurement for overload protection [1], as well as for desired
current sharing [2]–[6] between the converter phases in multi-
phase dc–dc converter topologies.

Generally, the current measurement methods can be divided
into voltage drop measurement and observer (i.e., estimator)
based. In the first category, the voltage drop caused by the cur-
rent passing through a sense resistor or a MOSFET is mea-
sured [7]–[11]. Observer-based systems usually estimate cur-
rent from the voltage across the power stage inductor [12]–[14].
In most cases, existing solutions are not well suited for inte-
gration with rapidly emerging digital controllers for low-power
high-frequency dc–dc converters [15]. Voltage drop methods ei-
ther decrease power processing efficiency [7] or require a large
gain-bandwidth amplifier, which is costly and challenging to
realize in the latest CMOS digital processes [15]. This is mostly
due to unacceptably large silicon area requirement and power
consumption of such an amplifier [16]. Also, the conventional
analog architectures often cannot operate at the limited supply
voltages of standard CMOS digital circuits [15]. On the other
hand, the observers suffer from a limited accuracy [7], [14]. Cur-
rent estimation method relies on a prior knowledge of the induc-
tance and equivalent series resistance values [12], [13], i.e., the
inductor time constant, which changes with operating conditions
and external influences [14]. To solve for this, a mixed-signal
system relying on digital adjustment of a multibank analog filter
is proposed [17]. The system effectively minimizes influence of
the time-constant mismatch at the price of an increased external
part count.

In multiphase converters, regulation of phase currents is also
required. Even if all phases are designed equally some of them
can take significantly larger currents than others, due to mis-
matches in actual component values. Consequently, current and
thermal stress-related system failures occur [1]. To minimize the
current mismatch, direct and indirect current equalizing meth-
ods are applied. Direct methods [3]–[5] usually utilize current
sensors in each of the phases to match phase currents using
control algorithms. Indirect methods match the duty ratios of
control signals for all phases, such that the maximum processing
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Fig. 1. N-phase buck converter regulated by the sensorless self-tuning controller with multiparameter estimation.

efficiency is achieved [18], [19]. However, from the reliability
standpoint, neither of the schemes is optimal. In both cases, a
possible significant mismatch in the phase temperatures causes
frequent thermal cycles of the power stage resulting in a pre-
mature system failure [20]. A current sharing method based on
maintaining equal temperature of all phases is proposed in [21]
and [22]. However, though very useful, the proposed solution
has not been widely adopted, mainly due to practical imple-
mentation problems. The system requires costly temperature
sensors [23], [24] placed next to the heat generating compo-
nents that, with the exception of high-end systems, are not suit-
able for the targeted high-volume low-power applications. In
addition, the temperature sensors further increase component
counts, circuit layout area, and the overall size of the system.

The main goal of this paper is to introduce a practical fully
digital controller of Fig. 1 that eliminates the need for costly cur-
rent and temperature sensors, and is well suited for a single-chip
implementation. It accurately estimates phase currents, provides
temperature monitoring, and equalizes thermal stress. In addi-
tion, the controller also has a fast dynamic response achieving
minimal output voltage deviation during transients. The key con-

troller element is novel self-tuning multiple parameter estima-
tor. It estimates the average inductor currents over one switching
cycle, the total conduction losses of all phases, the inductance
values, and the output capacitance. The estimator relies on the
well-known current observer architecture [13] widely used in
analog systems. In this case, its fully digital implementation,
not only improves the observer accuracy, but also allows esti-
mation of other converter parameters.

The paper is organized as follows. In Section II, the opera-
tion of the controller is briefly explained. Section III describes
the self-tuning multiparameter estimator. First, the principle of
operation is described on a single-phase dc–dc converter ex-
ample. Then, the concept is extended to multiphase solutions.
Section IV gives details of a practical estimator implementa-
tion. Section V describes a new implementation of the current
sharing method that utilizes loss estimation to equalize thermal
stress, without a temperature sensor. In Section VI, the oper-
ation of the minimum deviation transient-mode compensator
is explained. Finally, experimental systems and results verify-
ing effectiveness of the introduced controller are presented in
Section VII.
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Fig. 2. Current sensing principle. (a) Conventional analog implementation. (b) Implementation with a self-tuning digital filter.

II. SYSTEM DESCRIPTION

The system of Fig. 1 operates as a modification of an av-
erage current-programmed mode (CPM) controller [25]. It is
comprised of a dual-mode voltage compensator, current shar-
ing logic, and current-compensating loops. In steady state, the
dual-mode compensator samples the error signal e[n] and cal-
culates itot [n], a digital value proportional to the total current
of all phases (i.e., to the load current). The itot [n] is then passed
to current sharing logic that sets current references for all con-
verter phases iref1 [n] to irefN [n], such that the temperature of
all phases is the same, minimizing the thermal stress. Those
references are compared to estimates of the inductors currents
iest1 [n] to iestN [n] obtained with the multiparameter self-tuning
estimator. The resulting current differences Δi1 [n] to ΔiN [n]
are then passed through current compensators to the multiphase
digital pulsewidth modulator (DPWM) that, based on the input
signals d1 [n] to dN [n], creates modulating signals for all phases.

In addition, to accurately estimate phase currents, the estima-
tor also extracts information about the total conduction losses,
i.e., equivalent resistance, of each phase. The information about
the losses is utilized for temperature monitoring and thermal
equalization. Furthermore, the controller also extracts the val-
ues of power stage inductors and the output capacitor. The dual-
mode compensator uses the LC values in its transient suppres-
sion algorithm, to achieve a response with virtually minimum
output voltage deviation [26].

As described in the following section, the estimation of all
parameters is based on the measurement of the input and output
converter voltages, and on the inherently available duty ratio
value only, while its self-calibration is performed with the help
of a known current sink.

III. SELF-TUNING MULTIPARAMETER ESTIMATOR

Fig. 2(a) and (b) explains the principle of operation of the
conventional analog current estimator [13] and the self-tuning
digital system introduced in this paper, respectively, on a single-
phase dc–dc converter example. In the analog implementation,
which is frequently used in low-power SMPS, the inductor cur-
rent iL (t) is extracted by placing an R-C filter in parallel with
the power stage inductor and measuring the filter’s capacitor

voltage vsense(t). The relationship between the voltage and the
inductor current is given by the following transfer function:

Vsense (s) = IL (s) RL
1 + s(L/RL )
1 + sRf Cf

= IL (s) RL
1 + sτL

1 + sτf

(1)
where L and RL are the inductance and its equivalent series
resistance values, respectively, and Rf and Cf are the values of
the filter components. When the filter parameters are selected so
that τf = Rf Cf = L/RL = τL , the capacitor voltage becomes
an undistorted scaled version of the inductor current (the zero
and pole cancel each other) allowing the inductor current to be
reconstructed from the capacitor voltage measurements.

As mentioned earlier, the main drawback of this method is that
the inductor parameters are not exactly known and do change
over time, often causing large errors in the estimation [14]. To
minimize this effect, an analog filter with programmable resis-
tive network is proposed in [16] and [17], where, in the latter
publication, an on-chip implementation of the filter is shown.
Even though the method significantly improves the estimator ac-
curacy, its implementation still requires a relatively large number
of external/passive components and the sensed current is still an
analog signal, making it less suitable for integration with digital
controllers.

In the estimator introduced here, the analog filter is replaced
with a fully digital equivalent, where the digital filter is tunable,
as shown in Fig. 2(b). The voltage across the inductor is con-
verted into a digital value vL [n], and then, processed to result in
the output isense [n] directly proportional to the average inductor
current over one switching cycle.

By manipulating (1) and applying bilinear transformation
[27], the following difference equation for the digital filter is
derived:

isense [n] =
vsense [n]

RL

= G {c1RLisense [n − 1] + c2(vL [n] + vL [n − 1])}
(2)
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Fig. 3. Test current sink circuit used for the filter calibration.

where G = 1/RL is the estimator gain, and c1 and c2 are filter
coefficients

c1 =
(2(L/RLTs) − 1)
(1 + 2(L/RLTs))

(3)

c2 =
(

1 + 2
L

RLTs

)−1

(4)

and Ts is the sampling rate. The estimator adjusts the filter gain
and coefficients c1 and c2 through a self-calibrating process.
It is obtained with a help of a test current sink connected to
the converter output, as shown in Figs. 1 and 3. During brief
calibration periods, the sink, implemented as a resistor with
known value, takes a small portion of the nominal load current.
Then, based on the response of the filter, the self-tuning estima-
tor adjusts the filter gain and coefficients, so that the increase
in isense [n] corresponds to the exact increase in the load cur-
rent. The calibration technique introduced here is similar to the
one presented in [16], where a known test current is injected
through the inductor during the converter start-up, to adjust an
analog filter of a conventional RC current estimator [21]. How-
ever, the previously proposed current injection method requires
both converter switches to be turned OFF during the calibra-
tion, making the procedure challenging to apply during regular
converter operation. As a consequence, the estimation accuracy
might be compromised, since the RL and L vary with operating
conditions [14].

In the method introduced here, the current sink of Fig. 3
does not require any change in converter operation allowing
the calibration to be performed regularly, during closed-loop
converter operation.

A. Gain and Time Constant Calibration

The proper values of the filter gain G = 1/RL and its time
constant τf = τf = L/RL of (1)–(3) are determined from the
estimator and the converter output voltage transient waveforms,
caused by a single ON–OFF action of the test current sink. The
waveforms of Fig. 4(a) and (b), which shows converter output
voltage, inductor current, and the estimated average current over
one switching cycle, demonstrate the gain and time constant
adjustment procedure. Initially, the gain value is found and, in
the following step, the time constant is determined.

To find the estimator gain, its output value is compared before
and after the sink turn-ON transient, once the new steady state is
reached. Those two points are labeled as A and B in the diagram
of Fig. 4(a). At point B, which is selected long after the transient
relative to the time constants τL and τf of (1), i.e., TAB > 5τf

and TAB > 5τL , the output of a well-tuned estimator should
increase by RLΔItest , where ΔItest is the known amplitude
of the calibrating sink step. For the digital implementation of
Fig. 2(b), this increase should be equal to the digital equivalent
of ΔItest . At the point B, the actual response of the estimator
ΔIm is measured and the proper value of the gain is calculated
as follows:

G =
1

RL
=

ΔItest

ΔIm
Ginitial (5)

where Ginital is the initial gain value.
In the system of Fig. 1, point A is selected during the time

when error signal e[n] is zero over several cycles (indicating
steady state) and point B is chosen when both the compensator
and the filter of Fig. 2(b) reach steady state. At the end of this first
phase of the calibration, the current sink is left in the ON-state
consuming current ΔItest .

B. Time Constant Calibration

Equations (1) and (2) indicate that the calibration of the gain
G results in an accurate dc current measurement, but does not
guarantee that the output of the estimator will follow the inductor
waveform accurately. The variations in RL and L values, due to
operating conditions [14], external influences, and production
tolerance affect the time constant τL (1), and therefore, result in
a distortion of the estimator waveform.

The closed-loop calibration procedure of the time constant
τF is based on the observation and, consequent, correction of
the undershoot/overshoot in the estimator response to the tran-
sient caused by a turn-OFF of the test current sink. The pro-
cedure is demonstrated in Fig. 4(b), showing key waveforms
of the converter (see Fig. 1) and the estimator for both an un-
tuned and tuned cases. To find the value of the estimator under-
shoot/overshoot, its output is captured at the output capacitor
voltage peak point (on the diagram labeled as D), where the
instantaneous inductor and the load current of a closed-loop
dc–dc converter are the same [28]. At this point, the output of a
properly tuned estimator decreases by ΔItest , corresponding to
the drop in the output current due to the turn-OFF of the current
sink. On the other hand, an out-of-tune filter, whose time con-
stant differs from the actual inductor time constant τL = L/RL

exhibits undershoot or overshoot. To compensate for this, the
estimated value is captured at the peak point D, and its incre-
ment is compared to the expected value ΔItest . Accordingly,
the time constant of the filter is adjusted as follows:

τf = τf initial

(
1 +

ΔIpeak

ΔItest

1
1 − (ΔTpeak/2τf initial)

)
(6)

where τf initial is the initially set filter time constant and ΔTpeak
is the time distance between points C and D, i.e., the initial
transient and the peak voltage points. Equation (6) [29] is derived
based on the assumption that the sensed current changes in an
exponential fashion, with time constant τf initial , and Taylor’s
expansions of that waveform. In this case, the first three elements
of the series are taken into account, i.e., e−x ≈ 1 – x + x2 /2, and
the sensed and actual current step values equalized at the point
x = ΔTpeak/τf initial .
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Fig. 4. Filter calibration procedure. (a) Gain calibration. (b) Time constant calibration.

Fig. 5. Buck converter (a) and its steady-state dc equivalent circuit Req (b) used for current estimation.

It should be noted that the filter time constant tuning proce-
dure presented here is significantly faster than previous iterative
solutions [16], [17], [30], allowing one-step adjustment and
consequent use of the estimator for overcurrent protection and
monitoring in a dynamic environment.

C. Estimation of Conduction Losses

The gain calibration procedure described in the previous sec-
tion inherently provides information about the inductor resis-
tance (5), i.e., RL = 1/G, allowing for the estimation of its
conduction losses. To estimate not only the inductor conduction
losses but also those of the switching components and printed
circuit board (PCB) traces, the circuit of Fig. 2(b) is modified,
as shown in Fig. 5(a). In this case, instead of measuring instan-
taneous voltage drop across the inductor, the average voltage
(over one switching cycle) between the input and the output of
the converter is measured. The modification effectively changes
the series resistance connected to the inductor “seen” by the es-
timator, such that it also encompasses effects of the other losses.
For a buck converter similar to that in Fig. 2(a), these losses can
be represented with the dc equivalent circuit shown in Fig. 5(b),
obtained by circuit averaging over one switching cycle [31].
In this figure, d is the converter duty ratio, Rtraces represents

the equivalent resistance of the PCB traces, while Rds ON1 and
Rds ON2 are ON-state resistances of the main switch and syn-
chronous rectifier, respectively.

Compared to the case described originally, the gain calibra-
tion procedure is not changed at all. However, the resulting gain
of the estimator becomes

G =
1

RL + d[n]Rds1 ON + (1 − d[n])Rds2 ON + Rtraces

=
1

Req
. (7)

This value contains information of the total conduction losses,
i.e., of the equivalent resistance Req of the entire converter. In
the controller of Fig. 1, this value is used for the temperature
monitoring of the converter components without utilization of
costly temperature sensors, as described later.

In the following sections, it is also described that this mod-
ification not only allows estimation of the conduction losses
and consequent thermal stress equalization but also drastically
reduces hardware requirements for the ADCs of Fig. 1, further
simplifying controller implementation.
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Fig. 6. Output capacitor identification procedure.

D. Power Stage Inductor and Capacitor Identification

In addition to estimate the inductor current and total conduc-
tion losses, at the same time, the estimator identifies values of
the power stage inductor and capacitor. These parameters are
utilized to obtain fast dynamic response of the controller ap-
proaching physical limitations of the powers stage, as shown in
Section VI.

The inductor value L is simply calculated from the estimated
total losses and the calibrated time constant of the filter as
follows:

L = τf Req . (8)

During the filter time constant calibration procedure, the output
capacitor value is also estimated, from the capacitor charge
balance depicted with Figs. 4(b) and 6. At the peak point, labeled
as D, the controller captures the time instant ΔTpeak and the
amplitude deviation of the output capacitor voltage ΔVpeak .
Based on these two values, the output capacitance is determined
by equating the following two expressions:

ΔQ = CΔVpeak (9)

ΔQ =
1
2
ΔItestΔTpeak (10)

where, (9) represents the change of the capacitor charge, and
(10) is the area shown in Fig. 6. This area is approximately equal
to the excess of charge brought by the inductor current during
the current sink turn-OFF transient. As a result, the following
expression for the estimated capacitance is obtained:

C =
ΔItestΔTpeak

2ΔVpeak
. (11)

Fig. 7. Tunable digital IIR filter.

It should be noted that, in addition to using the estimate of LC for
improving load transient response, the results of identification
can also be used to monitor the converter stability margin, as
shown in [32].

IV. PRACTICAL IMPLEMENTATION

Direct implementation of an estimator based on Fig. 2(b),
which would reconstruct the instantaneous value of the induc-
tor current, is challenging and, most probably, impractical for
targeted cost-sensitive applications. It would require a very fast
differential input ADC, theoretically with an infinite sampling
rate, as well as an equally fast processor for the filter implemen-
tation. Hence, to reduce the hardware requirements, average in-
ductor voltage over one switching cycle vL ave [n] is measured.
Then, as shown in Fig. 7, this value is passed to an IIR tunable
digital filter implementing (2), to obtain the average inductor
current value.
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Fig. 8. Signals of a system implemented with an oversampling ADC.

A. Inductor Voltage Measurement

Direct measurement of the average inductor voltage still re-
quires a differential-input ADC with a sampling rate signifi-
cantly higher than the converter switching frequency. The need
for a high sampling rate ADC can be explained by looking at
Fig. 8, showing idealized inductor voltage of a buck converter,
its gate drive signal c1(t), and the sampling signal of an oversam-
pling ADC, labeled as clk. Here, it is assumed that the voltage
is calculated by averaging the ADC samples over one switching
period.

It can be seen that, due to a mismatch in synchronization,
the state of the inductor voltage during switching transition
happening in between two samples is not determined. As a con-
sequence, an error in the average value calculation, proportional
to the ratio of the sampling and averaging period, occurs. To
minimize the error of this direct measurement approach, a very
high-sampling rate differential ADC can be used. However, for
low-power converters, operating at high switching frequencies,
ranging from a fraction of megahertz to tens of megahertz, such
an ADC represents a serious implementation obstacle [33], [34].
On the other hand, extension of the averaging process over sev-
eral switching periods would slow down estimation process neg-
atively affecting controller dynamic response and would delay
reaction of the current protection.

To eliminate the need for a fast differential input ADC without
sacrificing the speed of the estimation, the system of Fig. 2(b) is
modified, as shown in Figs. 1 and 5(a). The input voltage of the
power stage vin(t) is converted into a digital equivalent vin [n]
with a slow ADC (in Fig. 1 labeled as ADC2), operating at a
rate lower than the switching frequency, and the average value
of the inductor voltage and current are estimated as follows:

〈vL estimate [n]〉T sw
= d[n]vin [n] − vout[n]

〈iL estimate [n]〉T sw
= G (d[n]vin [n] − vout[n]) (12)

where d[n] is the DPWM’s control variable and vout[n] is the
converter output voltage, both of which are readily available
in the control loop of Fig. 1. The vout[n] value is provided by
the ADC of the voltage control loop and the duty ratio is given
by the digital compensator. A lower sampling rate is possible

because in most targeted dc–dc converter applications, the input
voltage changes relatively slow.

B. Offset Calibration

In a realistic converter, the actual average inductor voltage
usually differs from (12). Mostly due to a discrepancy between
the actual, i.e., effective, duty ratio of the signal at the switching
node (labeled as Lx in Fig. 2), and that issued by the controller
d[n]. The difference is caused by the delays of nonoverlapping
circuits, unbalanced timing of gate drivers, as well as, by the
presence of voltage ringing at the switching node, due to the
existence of a resonant circuit formed by parasitic components
[35].

As a consequence, an offset between the estimate and the
actual average value of the inductor voltage over one switch-
ing cycle 〈vL offset〉T sw

exists. This offset can be expressed as
follows:

〈vL offset〉T sw
=

〈iL offset [n]〉T sw

G

= 〈vL actual〉T sw
− 〈vL estimate〉T sw

(13)

where

〈vL offset〉T sw
= deff vin (t) − vout (t) (14)

deff is the effective duty ratio value. This error in output volt-
age estimation also causes a proportional offset in the current
measurement.

To eliminate the offset, a cancellation procedure is developed.
The procedure relies on the fact that, in a steady state, a properly
operating feedback always adjusts d[n], so that

deff = d[n] +
Δt

Tsw
(15)

is constant, where Δt models previously described delays of a
realistic converter and is directly proportional to the offset. In
other words, the controller regulates the converter output such
that it keeps the effective duty ratio constant, compensating for
all the delays existing in a realistic system.

To find the value Δt/Tsw and compensate for it, i.e., eliminate
the offset

vL offset =
Δt

Tsw
vin(t) (16)

a dual-frequency operation-based offset cancellation procedure
utilizing (15) is developed. In the procedure, the switching fre-
quency of the converter is temporarily increased to 2fsw result-
ing in a new controller duty ratio value

dhf [n] = deff − 2Δt

Tsw
(17)

and this value is compared to the controller value at the nominal
frequency (15).

By eliminating deff from (15) and (17), the offset is calculated
as follows:

Δt

Tsw
= d[n] − dhf [n] (18)
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Fig. 9. Tunable IIR estimator filter for an N-phase converter.

and

vL offset = (d[n] − dhf [n]) vin [n] (19)

and, by replacing (19) into (13), we obtain

iL offset = iL 2f sw − iL f sw (20)

where iL 2f sw and iL f sw are results of frequency estimation
for the operation at two times the switching and the switching
frequency, respectively.

This simple equation is implemented to calculate the offset
calibration value for the system of Fig. 6.

C. Multiphase Operation

To extend the operation of the estimator to multiphase con-
verters without a significant increase in hardware complexity,
the system of Fig. 6 and tuning procedure are slightly modified,
such that the same ADCs and current sink are shared between all
the phases. Furthermore, in this modification, shown in Fig. 9,
the same set of adders and multipliers process individual phase
parameters, which are separately determined through a step-
by-step calibration procedure described in Section IV-C. The
individual parameters are sent to common elements through a
set of multiplexers, as shown in Fig. 9.

1) Step-by-Step Calibration Procedure: The inductor pa-
rameters, i.e. L and RL , and other resistive losses usually vary
from phase to phase, both in the cases, when the phases are
intentionally sized in a nonuniform manner [5] and when an
identical design for all of them is targeted. This implies that
the previously described multiparameter estimation procedure
needs to be conducted for each of the phases. Multiphase op-
eration also requires a modification in the current-sink-based
self-calibrating procedure described in the previous section.

Due to the differences in the equivalent resistances of indi-
vidual phases, for an untuned system, the current step is likely
to be shared in an unknown manner, even if the phases are de-
signed equally [18], [19]. Hence, no reliable information about
the current increase per phase, which is a key parameter for the

estimator, can be obtained by directly applying the previously
described single-phase procedure.

To solve this problem, a phase-by-phase calibration procedure
of the system shown in Fig. 1 is applied. In this procedure,
during the current sink action, the currents of all phases but
the one under the calibration are “frozen,” by allowing only the
control signal iref [n] of the phase under calibration, i.e., phase
k, to change while keeping all the others at their precalibration
values. As a result, only the current in the active phase increases
by the value equal to that of the current sink, allowing the
estimation process to be conducted as for the single-phase case.
The obtained set of parameters for the phase k is then passed to
the corresponding inputs and registers of the system shown in
Fig. 8, and the procedure is repeated for all the other phases.

V. CURRENT SHARING BASED ON THERMAL STRESS

EQUALIZATION

This section demonstrates how the new estimator can be uti-
lized to improve the reliability of multiphase converters by min-
imizing thermal stress through current sharing, without the use
of dedicated thermal sensors.

In dc–dc multiphase low-power converters with identically
designed converter phases, most frequently, the load current is
either shared equally [3] or such that the maximum efficiency
of the converter is obtained. In the later case, peak efficiency
is obtained by precisely matching the duty ratio control values
of all of the phases [18]. In practice, such precise matching is
challenging to achieve due to the variations in the time delays
of gate drive circuits and other parasitic delays [19].

From the reliability point of view, neither of the two pre-
viously mentioned methods is a favorable solution. In both
cases, parasitic resistance, mismatches of power switches, and
board traces result in significantly higher power losses (temper-
ature) for some phases. This is demonstrated in Fig. 10, show-
ing dependence of the temperature on the mismatch in equiva-
lent phase resistances for a commercial two-phase 35 A/phase
converter. It can be seen that, even when the mismatches are
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Fig. 10. DC-equivalent circuit of a two-phase converter and a diagram of the temperature dependence on the mismatch in the equivalent resistance values.

relatively small, the phases with higher losses become signifi-
cantly warmer than the others.

This temperature difference is a serious reliability problem.
It causes shear (mechanical) stress due to the mismatch in the
thermal expansions of the warmer and colder parts [36], [37]
of the converter circuit. Since converters usually go through
frequent thermal cycles, depending on the load variations, this
mismatch leads to accelerated aging and premature mechanical
failures [36]. As shown in [37], this mechanism is one of the
most frequent reasons of failures in modern electronic devices.

In the previous art [21], [22], systems with dedicated thermal
sensors measuring the temperature of critical components of
each phase are utilized, to minimize thermal stress. The sensors
provide information about the temperature of each phase to a
modified current loop, whose task is to equalize the phase tem-
peratures. Even though, the presented systems significantly re-
duce the thermal stress, they have only found application in very
specialized low-volume highly reliable systems. The presented
thermal-sensor-based implementation has not been widely ac-
cepted in the targeted cost-sensitive low-power applications, due
to the increased component count, size, and circuit complexity.

To eliminate the need for the external temperature sensors,
the controller presented here utilizes results of the previously
described equivalent resistance estimation (11). It equalizes the
thermal stress of the phases by balancing the sources of the
temperature mismatch, i.e., phase conduction losses. This is
performed with the current sharing logic block of Fig. 1, which
sets the reference for the current loop, such that the following
sharing is obtained:

Req1I
2
L1 = Req2I

2
L2 = . . . = ReqN I2

LN (21)

and, consequently, the temperature mismatch is eliminated.
It should be noted that, since the inherent property of the

method introduced here is that it controls the sources of the
temperature mismatch instead of temperature, it is able to re-
duce several other problems of the temperature-sensor-based
solutions. Namely, the new controller eliminates potential sta-

bility problems related to latency in temperature measurements.
The latency caused by relatively large temperature time con-
stants of the measured devices, compared to the changes of
conditions in the converter circuit, can cause a significant delay
or even incorrect action of a temperature-matching controller
during frequent load changes. Since the introduced system has
virtually immediate information about the current and can per-
form parameter estimation at a much faster rate, it minimizes the
latency problem. The presented solution is also able to minimize
problems with rapid overheating of components that, in methods
based on surface temperature measuring [21], [22], is detected
only after the internal parts are already overheated or damaged.
Furthermore, this implementation eliminates problems of faulty
temperature sensor readings impacted by the surrounding com-
ponents, PCB layout, and airflow.

VI. TRANSIENT-MODE CONTROLLER

The transient-mode compensator introduced here, which is a
part of the dual-mode voltage compensator of Fig. 1, utilizes
estimated LC output filter parameters to achieve a fast tran-
sient response. It combines dead-beat algorithm [25] with the
capacitor-charge balance principle [28] to achieve response with
virtually minimum output voltage deviation and recovery in two
switching cycles.

After detecting a significant load current change ΔIload , the
transient compensator overrides the operation of a conventional
proportional-integral compensator and recovers to new steady
state in two switching cycles, as shown in Fig. 11. In the first
switching cycle, it matches the sum of the inductor currents with
the new load value and, in the following cycle, it replaces the
lost capacitor charge, recovering the output voltage.

Like systems shown in [28] and [38], the load change is
calculated by observing the time derivative, i.e. difference, of
the output capacitor voltage between two samples e[n − 1] and
e[n]

ΔIload = C
Δvslope

Δt
= C

e[n] − e[n − 1]
Tsample

(22)
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Fig. 11. Transient-mode operation.

where Δvslope is the slope of the output voltage, Tsample is the
sampling period, and C is the output capacitance. This value is
used to calculate the ON and OFF times of the main switches
resulting in the sum of all phase inductor currents to be the same
as the new load current. The calculation is performed using a
digital dead-beat algorithm [25], providing dead-bit control time
tdb . For the multiphase buck converter, the dead-beat times
for light-to-heavy and the opposite transient are given with the
following expressions:

tdb 1 =
Leq

vin − vout
ΔIload (23)

tdb 2 =
Leq

vout
ΔIload (24)

where Leq = L1 ||L2 ||...||LN is the equivalent inductance of all
converter phases connected in parallel.

At this point, the average load and inductor currents are
matched, but the output voltage is still not at the reference.
To compensate for this, at the end of the first switching cy-
cle, the voltage deviation Δvdev is captured and the lost charge
(ΔQ1 for phase 1, etc.) is calculated from the charge balance
principle [28], [39], based on the known capacitance and the
sampled voltage deviation. This is then used to calculate the
ON-time (tcb 1) or OFF-time (tcb 2) for the second, voltage
recovery, cycle. It should be noted that this sampling point is
determined only by the end of the first switching cycle, and gen-
erally, does not coincide with the peak/valley point of the output
capacitor voltage. This eliminates the need to accurately detect
the point, where the capacitor current changes sign [40], i.e.,
the peak or valley point [28], which is a hardware demanding
process requiring a high sampling rate ADC or a fast detection
circuit [26].

VII. EXPERIMENTAL SYSTEMS AND RESULTS

Based on the diagrams of Figs. 1, 5(a), and 7, two experi-
mental systems are designed to verify the operation and various
features of the novel sensorless controller and multiparameter
estimator. First, the functionality, accuracy, and the dynamic

TABLE I
GATE COUNTS OF THE MULTIPHASE CONTROLLER BLOCKS AND SILICON

AREA ESTIMATES

performance of the estimator are tested with a single-phase
15 W, 1.5 V, 500 kHz buck converter prototype, with input volt-
age ranging between 2 and 6.5 V. This prototype is also used
to demonstrate sensorless current and temperature protection
features. Then, the current sharing based on the thermal stress
equalization and load transient performances are demonstrated
on a two-phase, 12 to 1.8 V, 80 W buck prototype, also operating
at a switching frequency of fsw = 500 kHz.

The dual-phase controller is designed using a field-
programmable gate array (FPGA) based development board and
two ADCs for input and output voltage measurements, with re-
spective quantization steps of 4 and 16 mV. The input voltage is
sampled at fsw/8 and the output at a modest rate of 8fsw , which
is significantly lower than the rate of time-optimal solutions
presented in [40]. The number of gates needed for the imple-
mentation of each functional block is given in Table I. The table
also shows an estimate of the equivalent silicon area needed
for the implementation of each of the blocks in a standard 0.18
CMOS process, commonly used in the targeted applications.
The size estimate is obtained by exporting the complete design
into an automated IC design tool and measuring the dimensions
of the created components.

It can be seen that the complete digital logic takes less
than 16 000 gates and can be implemented on a smaller than
0.45 mm2 silicon area. Taking into account that application
specific ADCs [33], [34] can be implemented on a less than
0.1 mm2 [34], it can be estimated that the entire controller could
be implemented on a less than 0.6 mm2 of silicon. This area
is no larger than that needed for the implementation of stan-
dard analog controllers [41] without any additional features.
The result confirms that the controller and estimator architec-
tures introduced here are hardware efficient and, as such, suit-
able for on-chip implementation in the targeted cost-sensitive
applications.

A. Functional Verification

Fig. 11 and its zoomed parts, Figs. 12–14, and 16, demon-
strate closed-loop operation of the single-phase system during
self-tuning process and its effect on the measurement accuracy.
The calibration is performed with the help of a current sink
that introduces a 1-A current step equivalent to a 10% of the
maximum load.
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Fig. 12. Closed-loop self-tuning of the controller. Ch1: Output converter volt-
age (200 mV/div); Ch2: actual inductor current iL (t) – 2 A/V; Ch3: estimated
average current iL [n] – 2 A/V; D0 –D1 : load step and sink enable signals; and
time scale is 500 μs/div.

Fig. 13. Gain calibration process. Ch1: Output converter voltage
(100 mV/div); Ch2: actual inductor current iL (t)–2 A/V; Ch3: estimated aver-
age current iL [n] – 2 A/V; D0 –D1 : load step and sink enable signals, and time
scale is 20 μs/div.

In Fig. 12, the response of the controller and estimator to a 3-A
load change, prior and after the self-calibration, is demonstrated.
The response is divided into three distinctive regions, labeled
as uncalibrated, self-calibration, and calibrated operation. The
waveforms show actual inductor current and its estimation that,
for visualization purpose, is presented by passing the digital sig-
nal iref [n] (see Fig. 1) through a fast digital-to-analog converter
(DAC). It can be seen that the uncalibrated system produces
inaccurate average current estimate, erroneously measures the
size of the load step, and produces transient waveforms that
are significantly different from the actual ones. As described in
Section II, the self-calibration consists of three steps: gain and
time-constant adjustments, followed by the offset calibration. In
Fig. 15, the steps are labeled with numbers 1 to 3, respectively.

1) Gain Calibration: The gain calibration, which as de-
scribed in Section II-b, which also gives an estimate of the con-
duction losses (7), is shown in Figs. 12 and 13 (zoomed view). It
can be seen that, after applying a 1-A calibrating current step by
the sink, error in the initial gain estimation is detected, through
a faulty representation of the increment (0.66 A instead of 1 A)

Fig. 14. Filter time constant calibration procedure for τf = 0.5τL . Ch1: Out-
put converter voltage (100 mV/div); Ch2: actual inductor current iL (t)–2 A/V;
Ch3: estimated average current iL [n] – 2 A/V; D0 –D1 : load step and sink
enable signals; and time scale is 20 μs/div.

Fig. 15. Operation with calibrated gain and time constant. Ch1: Output con-
verter voltage (100 mV/div); Ch2: actual inductor current iL (t) – 2 A/V; Ch3:
estimated average current iL [n] – 2 A/V; D0 –D1 : load step and sink enable
signals; and time scale is 20 μs/div.

and, consequently, corrected, in accordance with the previously
described procedure.

2) Time Constant τf Calibration: A zoomed-in view of time
constant τf calibration and a simultaneous L estimation process,
performed during transient following turn-OFF of the current
sink, is shown in Fig. 14. By comparing the current estimate with
the actual current drop at the output voltage peak, τf is also cal-
ibrated. During the same process, the output capacitor value
is estimated from the output voltage deviation, as described in
Section II-c. In this case, to test the tuning performance, the ini-
tial value of the time constant is set to be a half of the actual one,
i.e., τf = 0.5τL . It can be seen that, at the peak point, the output
current is not equal to the expect 1 A value and that the estimate
shows a larger undershot. Fig. 15 shows results of an additional
test (not a part of the tuning procedure shown in Fig. 12) used to
verify a proper time constant tuning. It demonstrates response of
the same estimator after the calibration procedure is completed
and another 1-A step-down change of the output current is per-
formed. The estimated current waveforms accurately following
the shape of the inductor current confirm that the time-constant
calibration procedure is effective.
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Fig. 16. Offset calibration procedure. Ch1: Output converter voltage
(100 mV/div); Ch2: actual inductor current iL (t) – 2 A/V; Ch3: estimated
average current iL [n] – 2 A/V; and time scale is 50 μs/div.

3) Offset Calibration: Fig. 16 shows zoomed-in view of the
offset calibration procedure. Even though the filter gain and time
constant are adjusted in the previous two correction steps, the
estimator still exhibits a large offset (showing 3.5 A instead of
1.5 A) prior the offset calibration. As described in Section IV-b,
this offset, caused by the discrepancy between the actual and
controller-issued duty ratio, is cancelled through the proposed
two-frequency-based calibration. In the first step, the switching
frequency is increased two times and the resulting change in the
estimation (i.e., offset value) is measured. It can be seen that,
the offset is increased by an additional 2 A. Based on (19) and
(20), this offset is calculated and automatically cancelled by the
controller.

B. Estimation Speed and Accuracy

Fig. 17 shows operation of the tuned system during load tran-
sients. It can be seen that the estimate of the average inductor
current closely follows the actual value. The results also show
that the delay of the estimator is only one switching cycle al-
lowing the system to be used for overload protection and for
obtaining fast dynamic response of the controller as demon-
strated later.

Experimental results demonstrating how the estimator can be
used for the overload protection are shown in Fig. 18. The over-
load protection is set to shut down converter when the estimate
exceeds a threshold value, which in this case is set to 7 A. To test
the protection, a sudden load change from 2 to 7.5 A is applied.
It can be seen that the protection quickly interrupts operation of
the converter preventing potential damages.

1) Accuracy of Current Estimation: The worst case analysis
of the system accuracy [29], obtained through partial deviation
of (12), shows that the measurement error is a function of the
ADCs resolution, size of the output capacitor, and the current
step introduced by the test sink. It predicts that, for the selected
experimental system parameters, about a 5% error in the esti-
mation can be expected.

These results are confirmed by Fig. 19, showing the relative
measurement error, over the full range of operation of the single-
phase system. It can be seen that, over the 10% to 100% load

Fig. 17. Inductor current and its estimate during 3 A light-to-heavy and heavy-
to-light load transients. Ch1: Output converter voltage (200 mV/div); Ch2: actual
inductor current iL (t) – 2 A/V; Ch3: estimated average current iL [n] – 2 A/V;
and time scale is 10 μs/div.

Fig. 18. Overload protection. Ch1: Output converter voltage (1 V/div); Ch2:
actual inductor current iL (t), scale 2 A/V; and Ch3: estimated average current
isense [n], scale 2 A/V.

range, the relative error is less than a 6% and that absolute error
never exceeds 0.5 A.

2) Temperature Monitoring and Protection: As mentioned
earlier, the multiparameter estimator can also be used for re-
mote sensorless temperature monitoring and protection. To
obtain approximate information about the components tem-
perature, the equivalent resistance of the single-phase power
stage is estimated, as described in Section II-C. The results are
then compared with a lookup table stored data containing rela-
tions between the equivalent resistance and temperature of the
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Fig. 19. Relative error of the current (a) and temperature (b) estimation.

Fig. 20. Operation of the thermal protection. Ch1: Output converter voltage
(1 V/div); Ch2: estimated steady-state current isense [n] – 2 A/V; Ch3: estimated
Req – 1 mΩ/32.5 mV; Ch4: MOSFET temperature – 25 ◦C/V; and D1 –D2 :
sink enable and overheating flag signal. Time scale is 200 μs/div.

components, provided by components manufacturers. The ac-
curacy of the estimation is tested such that the power stage
is intentionally heated and the estimated temperature of the
components is compared with actual measurements. Fig. 19(b)
shows the estimation error over a 50 ◦C temperature change.
The results confirm that fairly accurate temperature estimation
with an error less than 10% over the full range is obtained.

Fig. 21. Current estimator tuning and component identification with the mul-
tiphase converter. Ch1: Output converter voltage (50 mV/div); Ch2: actual phase
1 inductor current iL 1 (t) – 10 A/V; Ch3: actual phase 2 inductor current iL 2 (t)
– 10 A /V; Ch4: estimated current isense1 [n] – 10 A/V; and D1 : sink enable
signal. Time scale is 20 μs/div.

Fig. 22. Transient response of the nonlinear average current-mode controller.
Ch1: Output converter voltage (50 mV/div); Ch2: inductor current iL 1 (t) – 10
A/V; Ch3: inductor current iL 2 (t) – 10 A/V; Ch4: estimated phase 2 current
isense2 [n] – 10 A/V; and D1 –D3 : sink enable and control signals. Time scale
is 5 μs/div.
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Fig. 23. Thermal images for equal duty ratio based (left) and conduction-loss-based (right) current sharing.

This feature is utilized for temperature protection of the power
stage, as demonstrated in Fig. 20. A threshold for the equiva-
lent resistance corresponding to the maximum allowable tem-
perature is set (34 mΩ corresponding to 100 ◦C for the tested
converter) and the temperature of the power stage is increased
from 45 ◦C to 105 ◦C. During the monitoring, the test current
sink is activated periodically, and based on the subsequently es-
timated resistance, the temperature is determined. It can be seen
that the remote temperature monitoring recognizes overheating
conditions and attempts to protect components by turning OFF
the power stage and sending a flag signal.

C. Multiphase Operation and Thermal Stress Equalization

Figs. 21–23 verify operation of the estimator with the two-
phase buck converter prototype described at the beginning of this
section. Fig. 21 shows step-by-step calibration process, where
during the self-tuning, the current of the phase that is not under
calibration is kept constant and the parameter estimation is per-
formed for the active phase only, as described in Section IV-C.
In this case, a 4-A current sink is used for calibration.

During the calibration, output capacitance and the induc-
tances of both phases are determined too, and used for obtaining
minimum deviation response described in Section VI. Experi-
mental results demonstrating dynamic response of the system
for a zero-to-full load change are shown in Fig. 22. Results con-
firm that the proposed controller achieves small output voltage
deviation and recovery to the new steady state in two switching
cycles.

1) Thermal Stress Equalization: Fig. 23 shows thermal im-
ages of the converter prototype when the full-load current is
shared based on commonly used equal duty ratio, i.e., maximum
efficiency, approach, and when the sharing is based on the ther-
mal stress equalization, described in Section V. A comparison
of the results verifies that the multiphase parameter estimator
and related control method significantly reduce thermal stress
(for the experimental system by more than 16 ◦C) minimizing
influence of one of the most common failure mechanism.

VIII. CONCLUSION

A sensorless self-tuning digital averaged CPM controller for
low-power high-frequency SMPS is introduced. The key novel
element of the controller is a self-tuning multiparameter esti-

mator that, besides accurately measuring the average value of
the inductor current over one switching cycle, also estimates
converter parameters, such as filter components and equivalent
conduction losses.

The estimation is based on the well-known RC-filter-based
principle by replacing the analog filter with a self-tuning fully
digital equivalent. In the self-calibration process, a current sink
is used. Duty ratio information, inherent in the feedback loop,
is used to minimize the requirements for a costly high sampling
rate ADC needed for the acquisition of fast changing inductor
voltage waveform. DC offset in estimation caused by errors
and system delays is cancelled using a novel dual-frequency
algorithm.

The estimated equivalent series resistance is used for remote
temperature measurements and protection without costly ther-
mal sensors. The controller also combines results of current
and the resistance estimation to automatically provide current
sharing based on the equal thermal stress minimizing the in-
fluence of a frequent failure mechanisms. The newly proposed
implementation of equal thermal sharing not only eliminates
the need for the dedicated thermal sensors but also eradicates
large delays associated with temperature measurements causing
potential stability problems. Furthermore, since the sharing is
based on the calculation of the power losses (i.e., sources of
the temperature rise), the implementation also minimizes the
influence of external factors, such as airflow and the presence
of other heat sources.

The LC estimation results are used in a fast transient-mode
controller for obtaining virtually minimum possible output volt-
age deviation during load transients and recovery to steady state
in two switching cycles. Compared to time-optimal methods,
the presented two-cycle procedure reduces sampling require-
ments for the output voltage ADC further reducing hardware
requirements.

The operation of the controller and the multiparameter esti-
mator are verified with single-phase and dual-phase converter
prototypes, demonstrating accurate current estimation, fast dy-
namic response, and effective minimization of the thermal stress.
The FPGA implementation of the controller shows that it takes
a small number of logic gates and, as such, is well suited for
on-chip implementation with prospective silicon area no larger
than that occupied but the existing analog solutions implement-
ing only the basic feedback loop.
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