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Hardware-Efficient Programmable-Deviation
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Abstract—In boost converters and other indirect energy trans-
fer topologies, the fastest transient response usually does not co-
incide with the minimum possible output voltage deviation. This
paper introduces a practical mixed-signal current programmed
mode (CPM) controller that, compared to time-optimal solutions,
provides a smaller deviation, lower current stress, and simpler con-
troller implementation. To recover from transients, the controller
passes through two phases. In the first phase, the inductor cur-
rent is set in the proximity of its steady-state value, so that the
initial transient-caused capacitor charging/discharging process is
reversed. In the second phase, the voltage is gradually recovered.
The controller implements a simple algorithm for setting up the
inductor current and the output voltage peak/valley values during
transients, based on the output current estimate, which is obtained
through a self-tuning procedure. The operation of the controller
is verified both through simulations and experimentally, with a
boost-based 12 to 48 V, 100-W prototype, operating at 100-kHz
switching frequency. A comparison with a time-optimal controller
shows that the introduced programmable-deviation system results
in up to 1.9 times smaller voltage deviation while limiting compo-
nent stress.

Index Terms—Digital control, minimum effort control, mini-
mum energy control, state space methods, switched mode power
supplies, time-domain analysis, time optimal control, transient re-
sponse.

I. INTRODUCTION

TO minimize the size of reactive components, the con-
trollers for switch-mode power supplies (SMPS) are often

designed to have fast response to load transients and other dis-
turbances. In low-to-medium power supplies, processing power
from a fraction of watt to several hundreds of watts, where
cost-effective implementation is of a key importance, analog
controllers have been predominantly used [1]–[5]. There, a fast
response is usually achieved by designing a wide bandwidth
control loop.

Recently emerged hardware-efficient digital controllers [6]–
[9] enable implementation of advanced nonlinear control meth-
ods for low-to-medium power systems, improving dynamic per-
formance and, consequently, drastically reducing the size of
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the output capacitor. Among them, time-optimal [10]–[19] and
minimum-deviation [20] controllers have demonstrated tran-
sient response with virtually the smallest possible voltage de-
viation, for direct energy transfer converters, such as buck and
forward topologies. Ideally, in these systems, the load transient
response always results in the minimum possible output volt-
age deviation and, therefore, the minimum output capacitance
value. However, for the indirect energy transfer systems, such
as a boost converter that is not the case. There, as it will be
described in the following section, the time-optimal response
often produces a larger than the minimum output voltage devi-
ation, and causes extra current stress of the components. Fur-
thermore, the implementation of the optimal methods for the
indirect energy transfer systems is usually more hardware de-
manding than for the direct energy transfer converters. This is
because the controller is required to solve a set of fairly complex
operating-point-dependent equations [10], [11], [16], [17]. As a
consequence, the previously developed time-optimal controllers
still have not been widely adopted in converters with indirect
energy transfer.

The main goal of this paper is to introduce a new controller
for indirect energy transfer converters that, compared to time-
optimal solutions [10]–[18], results in a smaller output voltage
deviation allowing for the output capacitor reduction. The con-
troller also reduces current stress of components and has signif-
icantly simpler hardware implementation. The programmable-
deviation controller of Fig. 1 is primarily designed for convert-
ers having output filters with two reactive components (inductor
and capacitor) and is a relatively simple modification of a con-
ventional mixed-signal peak current programmed mode (CPM)
solution [21]–[26]. Like in the conventional systems, the outer
voltage loop is digital and the inner current loop is realized in an
analog manner. The voltage loop creates a digital reference for
the peak/valley current value iref [n] that is then converted into
an analog equivalent with a digital-to-analog converter (DAC).
During the steady state, the reference is calculated with a PI com-
pensator, based on the error signal of the voltage loop ev [n], and
the resulting output of the DAC is compared to the sensed value
of the inductor current RsiL (t), with the comparator i_cmp. The
output of the comparator is then sent to the S–R latch and a pulse
width modulated (PWM) signal c(t) is created, in the same way
as in other CPM solutions [21]–[26].

In this modification, two novel blocks are added. Namely,
a transient suppression block and a self-tuning estimator of
the output current are introduced. Upon a load transient de-
tection, these blocks take over the task of creating the PWM
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Fig. 1. Programmable-deviation controller regulating operation of a boost
converter.

signal from the conventional controller and provide transient
response with near minimum possible voltage deviation. The
transient suppression block implements a new transient control
algorithm that dynamically changes the on and off transistor
times, based on preset values of the peak/valley inductor cur-
rent and preprogrammed maximum allowable voltage deviation.
The estimator’s role is to provide the suppression logic with an
estimate of the new inductor current, needed for the algorithm.
Once the transient recovery is completed, the controller returns
to steady-state operation.

II. TRANSIENT MODE CONTROLLER

The design of the transient mode controller is inspired by the
optimum-deviation concept for direct energy transfer converters
[20]. There, rather than trying to reduce the output voltage devi-
ation by minimizing the recovery time a more straight-forward
approach, directly focusing on the deviation, is taken. In the two-
step method presented in [20], the inductor current waveform
is first reconstructed to match its new steady-state waveform
and, after that, a conventional compensator recovers the volt-
age. However, due to the much more complex relations between
the minimum voltage deviation, inductor, and the load currents,
the previously demonstrated method cannot be directly applied
for indirect energy transfer converters.

In the programmable-deviation controller introduced in this
study, in addition to reconstructing, i.e., programming, the new
inductor current value (through output current estimation), the
maximum allowable voltage deviation is also programmed. Both
of these values are used to obtain near minimum-deviation re-
sponse while operating the converter over a controlled switching
frequency range.

As shown throughout the paper, this design approach brings
three main advantages compared to the time-optimal solutions
for indirect energy-transfer converters [12]–[18]:

Fig. 2. Operation of an ideal time-optimal controlled boost converter during
a light-to-heavy load transient: inductor and load current (top), output voltage
(middle), and state-plane representation of the voltage and current (bottom).
System parameters are: Vin = 12 V, Vout = 48 V , Iload —from 1 to 4.5 A.

1) the computational complexity is drastically reduced creat-
ing a possibility for much simpler, i.e., hardware-efficient,
controller implementation;

2) the method results in a significantly smaller output
voltage deviation allowing reduction of the output
capacitor;

3) the maximum inductor current is lower, approximately
equal to its nominal steady-state value, reducing the cur-
rent stress and allowing for output inductor reduction.

The advantages come from the elimination of complex
calculations of the switch ON and OFF times and from the
sole reliance on the amplitudes of the state-space variables,
which are relatively easy to acquire. Operation of an ide-
alized programmable-deviation controller is explained on a
boost converter example, through its comparison with the well-
known time-optimal solution [10]–[18]. Figs. 2 and 3 show
the load current, inductor current, and the output capacitor
voltage during transients, both in the time and the state-plane
domains.

In Fig. 2, a typical light-to-heavy response of a time-optimal
controlled boost converter is depicted. Fig. 3 shows operation of
a near minimum-deviation controlled boost converter. It should
be noted that within the scope of this paper and similarly to
precursor studies [10]–[18], a constant current or a current
step load is assumed. Other load types of load are beyond the
scope of the current paper and will be addressed in subsequent
publications.
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Fig. 3. Operation of a near-minimum-deviation controlled boost converter
during a light-to-heavy load transient: inductor and load current (top), output
voltage (middle), and state-plane representation of the voltage and current (bot-
tom). System parameters are: Vin = 12 V , Vout = 48 V , Iload —from 1 to
4.5 A.

A. Light-to-Heavy Load Transient

The diagrams of Fig. 2 can be used to review operation of the
time-optimal controllers and address some of their drawbacks.
As soon as a load transient from Iout old to Iout new is detected,
at point “x,” the boost converter switch turns ON, causing the
inductor current to ramp up with a Vin/L slew rate (Vin is
the input voltage of the converter) and the capacitor voltage
to slope down, at Iout new/C rate. The peak inductor current,
Ipeak1 , at the time instant a is usually significantly larger than
its new steady-state value Iout new/Doff . Over the following
interval, a to b, when the transistor is turned OFF, this excess of
current is used to replace the lost capacitor charge that occurred
during the transistor on time. In that way, the fastest possible
recovery time to the new steady state is achieved. The problem
of the overly large inductor peak current has been addressed in
[13] and [18], and several modifications of the optimum-time
controller proposed. Those include systems that put a hard limit
on the maximum inductor current [13], based on the components
rating, and alter the converter configuration with extra switches,
to create additional energy paths [18].

From Fig. 2, it can be noticed that, unlike in direct energy
transfer converters, for the boost and other indirect energy trans-
fer topologies the time-optimal response does not necessarily
result in the minimum output voltage deviation and, therefore,
in the minimum output capacitance value. It can be seen that
the extra inductor current rise time (beyond its new steady-state
value), during which the energy for replacing the lost capac-
itor charge is collected, increases the current beyond its new
nominal value and causes a larger than the minimum possi-
ble voltage deviation. This is because the capacitor discharging
process continues during the extra time.

To solve this problem, the programmable-deviation controller
has been developed. The controller recovers from a transient
through a two-step process. Upon detection of a transient, dur-
ing the first step, the transistor of the boost is turned ON. Over
this period, the controller estimates the new load current and ac-
cordingly, sets two lower limits, i.e., thresholds, for the output
voltage Vth and for the inductor current Ith such that the mini-
mum inductor current is slightly larger than its new steady-state
value Iss , (by εI ), i.e.,

Ith = Iss + εI . (1)

These two values are than used to determine the switching se-
quence upon the initial turn ON of the transistor, i.e., the switch-
ing sequence for the second phase of the recovery from the
transient. The voltage threshold value is calculated such that,
for a given frequency operation range, the output voltage de-
viation is minimum. The current threshold is set such that it
ensures that the converter recovers to steady state by following
a stable convergence trajectory [27]–[34]. As demonstrated in
[28], [30], and [32], the inductor threshold value given by (1)
results in stable convergence toward the new steady-state value
with a near-minimum possible voltage deviation.

During the recovery phase, the transistor on time is con-
trolled by the voltage threshold reference and its off time by
the current threshold value. By comparing Figs. 2 and 3, it can
be seen that at the expense of slightly slower recovery time,
several advantages of this implementation are achieved over
time-optimal solution. Namely, due to a shorter period in which
the capacitor is discharged, lower output voltage deviation ΔV
and current stress are obtained. Also, as will be shown in the
following section, the computational demands are significantly
reduced. This is because the calculation of the switch transi-
tion point values (labeled as a to e in Fig. 3) is much simpler
than the calculation of the point a for the time-optimal case
(see Fig. 2), which usually involves solving a set of nonlinear
operating condition-dependent equations [13], [16], [17]. The
advantage can also be understood through recognizing that the
programmable-deviation controller eliminates the need to accu-
rately calculate transistors on and off times, which are explicit
parameters, and deals with the amplitudes of the signals that can
be measured relatively easy.

It can also be observed from Fig. 3 that the minimum voltage
deviation (“min,” Fig. 3) occurs when the converter operates
such that the slope of the first on state matches the local slope,
i.e., derivative, of an off state on the state plane. As pointed out in
[28] and demonstrated in [30]–[34], this location is also the in-
tersection point of the first “on” state trajectory and the load line
(value of the new steady-state current—minimal current thresh-
old). However, convergence to the steady state (point “0”) from
this point would require operation at a very high switching fre-
quency (theoretically infinite for the case when Vth is equal to
the minimum deviation) and, as such, is not practical. There-
fore, Vth is set to be slightly lower than the minimum voltage
deviation and the switching frequency range is limited. As an
example, Fig. 4 shows simulation results for the case when Vth
is set to be a 4% lower than the minimum possible deviation and
the switching frequency is limited to a practical value.
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Fig. 4. Operation of the programmable-deviation controller in a boost con-
verter for light-to-heavy load transient (maximum switching frequency is lim-
ited). Inductor and load current (top), output voltage (middle), and state-plane
representation of the voltage and current (bottom). System parameters are:
Vin = 12 V , Vout = 48 V , Iload —from 1 to 4.5 A.

Another aspect of comparison and superiority of the
programmable-deviation controller over the time-optimal ap-
proach is the issue of switching losses during a transient event.
Considering the somewhat longer transient recovery period of
the programmable-deviation control as a time frame for compar-
ison, it can be observed that the introduced method has fewer
switching actions (see Fig. 4) than the time-optimal one (see
Fig. 2). This is because the switching sequence governed by
the suppression logic (comparator action) operates at a lower
switching rate than the steady-state switching rate, which in
the case of the time-optimal solution resumed earlier. In addi-
tion, the programmable-deviation controller operates with lower
peak current that allows selection of smaller power switches
with lower parasitic capacitances. As a consequence, the fol-
lowing benefits, in the context of switching losses, are obtained:
1) lower peak current, 2) power switches with smaller parasitic
capacitance, and 3) fewer switching actions over the voltage re-
covery period. It should also be noted and can be observed from
Figs. 2–4 that the amount of switching actions per a transient
event is inversely proportional to the voltage threshold that is
selected, i.e., larger deviation requires less transitions toward
the stead state. As aforementioned, the ideal case of minimum
deviation (see Fig. 3) would result in infinite switching actions at
infinite frequency, and hence would introduce higher switching
losses. This issue further highlights the motivation for the devel-
opment of the programmable-deviation (see Fig. 4) controller
that by the flexibility in the selection of the voltage deviation
limits the switching frequency to a finite and practical value.

Fig. 5. Operation of the programmable-deviation controller in a boost con-
verter for heavy-to-light load transient. Inductor and load current (top), out-
put voltage (middle), and state-plane representation of the voltage and current
(bottom). System parameters are: Vin = 12 V, Vout = 48 V, Iload —from 1 to
0.5 A.

B. Heavy-to-Light Transients

For heavy-to-light transitions (see Fig. 5), the operation is
similar to the time-optimal control [10]–[18]. The transistor is
turned OFF until the output voltage recovers from the initial
overshoot and goes back to its steady-state value. Thereafter,
the steady state, i.e., PI, mode of controller operation is resumed
with the initial inductor current reference set to be equal to the
estimated steady-state value.

It can be observed from Fig. 5 that the recovery from heavy-
to-light transient starts with turning the transistor OFF until the
inductor current is smaller than the new load value. In state
space, it corresponds to the state point where the trajectory
slope changes from negative to positive (point “a,” Fig. 5). This
point is the absolute minimum deviation [28], [30]. Turning the
transistor ON before this point would result in a larger overshoot,
longer transient, and a possible runaway situation [27] (i.e.,
the output voltage continues to increase). Once this point is
reached, various switching sequences can be created to recover
the converter to the new steady state. The recovery can be done
in small increments similar to the light-to-heavy case or, as
implemented here, by keeping the transistor OFF until the output
voltage reaches the steady-state value (point “o,” Fig. 5). The
latter has been adopted in this case because it involves fewer
transitions and, therefore, is faster and requires less computing
resources.

III. LIGHT-TO-HEAVY TRANSITION THRESHOLDS DERIVATION

The thresholds of the output voltage and inductor current
during a light-to-heavy load transient are selected such that the
voltage deviation due to the transient is minimized and, at the



3380 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 6, JUNE 2015

same time, the converter has sufficient energy to converge to the
new operating point. That is, the inductor current has to be larger
than its new steady-state value, to restore the charge balance of
the output capacitor. An explanation of this conjecture can be
found from the state trajectories of Fig. 4. They show that to
facilitate a trend of voltage increments toward the steady-state
point “0,” from a starting point “x,” the initial on time must
be long enough to ensure that the following off time starts at a
point where the inductor current is higher than the current of the
next on time. In Fig. 4, those two points are labeled as a and b,
respectively. From the state-space point of view, this means that
the inductor current must climb up the on-trajectory to a point
where the slope of the trajectory is equal or greater than the
slope of an intersecting off-trajectory (point “min,” Fig. 4). This
will be guaranteed when the on time starts with the inductor
current larger than its new steady-state value.

To find the boundary values, several approaches can be taken.
For example, derivation of the minimum deviation loci out of
the state-space equations has been presented in [28]. Although it
has many merits, in terms of theoretical methodology and proof
of stability (which is beyond the scope of this paper and will be
addressed in detail in subsequent publications), the time param-
eter is implicit. As a result, an implementation of a controller
with controllable switching frequency would be very challeng-
ing, and, due to the associated computational burden, probably
impractical in a number of applications.

In this study, the effect of a full on-off cycle on a boost
converter is considered to derive the boundary values. For the
following derivations, it is assumed that all the components
are ideal and that the new value of the load current step is
known. It should be noted that without losing generality, the
parameters ton and toff used throughout the derivations refer to
the conduction time M1 switch (see Fig. 1) and may be different
than their steady-state values.

The voltage drop during the on time can be expressed as
follows:

Vth = Voute
− t o n

τ (2)

where Vth is the maximum allowed output voltage deviation
during load transient, Vout is the steady-state output voltage, and
τ = RLCout , where RL = Vout/Iout new is the new equivalent
load resistance and Cout is the output capacitance.

The peak inductor current at the end of the on state is found
to be

Ipk =
Iout old

D′
oss

+
Vin

L
ton (3)

where Iout old is the previous value of steady-state load current,
just before the load transient has occurred, Doss represents the
M1 switch “on” duty ratio during steady-state operation and
D′

oss = 1 − Doss .
Based on the condition for positive increment set earlier in

(see 1), the inductor current at the beginning of the off state
must satisfy

Ipk − εI =
Iout new

D′
oss

. (4)

Fig. 6. Normalized curves of minimum Vth versus allowed toff for different
load steps ranging from 2Iref to 10Iref . . The blue vertical line shows limitation
on Vth by maximum switching frequency and the cross marks show points
limited by the peak current.

During the off state, the inductor current is allowed to ramp
from Ipk down to Iout new/D′

oss (toff in Fig. 4). To establish
the relationship to the timing parameter toff , the value of εI as a
function of the converter parameters during the off state can be
expressed as follows:

Ipk − Iout new

D′
oss

= εI =
Vout − Vin

L
toff . (5)

Substituting (5) into (4) yields the condition for inductor
current at the beginning of the off state, that is

Ipk − Vout − Vin

L
toff =

Iout new

D′
oss

. (6)

Combining (2), (3), and (6) and after some manipulations the
minimum threshold voltage as a function of the off time is found
to be

Vth = Voute

−

⎡
⎢⎢⎢⎣

Io u t n e w −Io u t o ld
D ′

o s s
+

εI︷ ︸︸ ︷
V o u t −V in

L to f f

V in
L

Vo u t
Io u t n e w

Cout

⎤
⎥⎥⎥⎦

. (7)

It should be noted that the criterion set by (7) guarantees
that the inductor current value at the beginning of the off state
(e.g., point “e” in Fig. 4) will be higher than the peak inductor
current of the previous on state (e.g., point “c” in Fig. 4). That
is, it assures the recovery (increment) of the inductor toward
the steady state. It should also be noted that although stability
analysis of the method is beyond the scope of this study (will
be detailed in subsequent publications), the fact that the voltage
threshold criterion of (7) is based on that the inductor current
has satisfied (1), i.e., reached a value beyond the load line,
comes in agreement with the stability analyses discussed in
[31]–[34] and with the energetic balance theory presented in
[30].

Fig. 6 shows normalized curves of (7) for different load step
values. The normalization is obtained through the following
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relationships [10], [11]:

Vn =
V

Vref
, In =

I

Iref
, tn =

t

Tref
, Ln

=
(

Iref

Vref tref

)
L , Cn =

(
Vref

Iref tref

)
C (8)

where the base values Vref and Iref are assigned as the steady-
state output voltage and the previous value of steady-state load
current Iout old , respectively, Tref =

√
LC .

Given finite minimal off time value toff = Toff min , based
on the maximum switching frequency that is allowed by the
controller, the minimal voltage deviation that can be achieved
can be expressed as follows:

Vth |to f f =To f f m in = Voute
−

⎡
⎣

I o u t n e w −I o u t o ld
D ′

o s s
+

V o u t −V i n
L

T o f f m in

V i n
L

V o u t
I o u t n e w

C o u t

⎤
⎦
.

(9)

In case that a peak inductor current limit is required, the
resultant voltage deviation can be expressed as follows:

Vth,n = Vout,n e

⎡
⎢⎣

I p k , n −
I o u t o ld , n

D ′
o s s

V i n , n
L n

V o u t , n
I o u t n e w , n

C o u t , n

⎤
⎥⎦

(10)

where Toff min is the minimum allowed off time Ipk,n =
Ilimit + εI , and Ilimit is the normalized maximum allowed
switch current.

The boundary values of Vth in terms of maximum frequency
(minimum toff ) and the maximum inductor current are delin-
eated in Fig. 6. From the window created by the boundaries of
(Toff ,min , Vth ), a map of current and voltage limits is constructed
for the entire load range. As it will be shown in the following
section, this map is then used for look-up table (LUT) based
practical implementation of the controller. Fig. 6 also shows
that, as opposed to buck converter [12]–[19], the mechanism
to obtain minimum voltage drop in a boost converter is not
unique (until the valley point) and strongly depends on the load
conditions and frequency limitations of the controller.

By manipulating (7), the additional charging current over
the steady-state point εI can be expressed as a function of the
voltage threshold and the system parameters are as follows:

εI =
V 2

in

D′
ossIout new

Cout

L
ln

(
Vout

Vth

)
− Iout new − Iout old

D′
oss

.

(11)

Given the information of the load current, system parameters,
and the desired voltage deviation, the initial charging current can
be calculated using (11). To reduce the sensitivity of the thresh-
old voltage estimation on the system parameters, estimation of
the system components can be applied. An output capacitance
estimation method has been developed and is described in the
following section. Reliable estimation of the inductance value
can be obtained using the method developed in [21]. Further-
more, the result of (11) lays out the foundations to an alternative,
more robust, programmable-deviation control scheme that real-
izes the initial charging phase based on the inductor current,

Fig. 7. Block diagram of the self-tuning estimator.

rather than on the output voltage and, therefore, is less depen-
dent of the converter parameters. The algorithm and additional
results are briefly delineated in Appendix A.

IV. PRACTICAL IMPLEMENTATION

The time-optimal control solutions for the boost converter
[10], [11], [16], [17] usually require continuous and fast sam-
pling, i.e., oversampling, of the both state variables. They also
require fairly demanding calculations, to determine the con-
verter operating point (its location on the state space) and create
the switching sequence. The programmable-deviation controller
operates with a much simpler algorithm and can be implemented
by sampling the output voltage at the switching frequency rate,
i.e., without oversampling. As shown in Fig. 1, the controller is
a modification of a simple mixed-signal peak CPM controller,
where the self-calibration block and transient suppression logic
are added. As described later, the self-calibration logic is used to
determine the voltage and current threshold values, Vth and Ith ,
described in Section III. These two values are then passed to the
transient suppression logic that creates the switching sequence.

A. Self-Tuning Estimation and Transient Suppression Logic

The implementation of the self-tuning estimator of Fig. 7 is
based on a LUT and on the estimation of the load current (and
from it, steady-state inductor current) through a comparison
with a measurement of the known current value, named the
unity current. The LUT of the estimator is populated during the
converter start up. Over that period, the LUT’s entries are stored,
i.e., current and voltage threshold values are created, from the
measurement of the output capacitor voltage derivative during
the on-time of the switch M1 . After the writing of the values in
the tables is completed, the voltage deviation of the capacitor
is used as an address (input in of Fig. 7) to determining LUT
outputs, i.e., Vth and Ith values.

The process of the output load estimation is described with
Figs. 7–9. Upon the converter power up, a generic LUT based
on the calculation of (9) (or with a simplified expression as
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Fig. 8. Flowchart of the unity load test and the LUT population procedure.

Fig. 9. Calibration process for load and inductor current, followed by a light-
to-heavy load transient.

will be shown later in this section) is assigned (see Fig. 8).
The known current of the protective resistor Rbld (also known
as bleeding resistor), named unit current Iunit , is used for the
system calibration and for updating the LUT to comply with
the measured values in the system. During this time, the load is
disconnected from the output of the converter, i.e., switch Mout
is turned OFF, and the value ΔV1 , proportional to the unit current
Iunit , is measured as follows:

ΔV1 = vadc [n] − vadc [n − 1] =
Vref

Rbld

Δt

C
= Iunit

Δt

C
(12)

where Δt is the sampling interval, vadc [n] is the current value
of the analog-to-digital converter (ADC) output and vadc [n − 1]
is the ADC value from the previous sampling cycle. The value

ΔV1 is used to populate the LUT with Ith and Vth values for
the full range of allowable output voltage deviations, i.e., for the
initial write process. It can be seen that the value ΔV1 uniquely
determines the relation between the capacitor voltage deviation
and the load currents and, therefore, Ith values. As shown in
Figs. 7 and 8, the threshold values of the inductor current are
written in the table as scaled steps of the measured unit current
value. This implies that once the LUT has been populated, Vth
and Ith values will be determined based on the new load current
only, which eliminates the dependency of the controller on the
information of the previous loading conditions (i.e., Iout old ).
For slow and/or light load transients, i.e., smaller than the quan-
tization steps of the current estimator, the output voltage varia-
tions are relatively small and the transient logic is not activated.
For those cases, the conventional PID compensator of Fig. 1 is
sufficiently fast to perform regulation of the output voltage and
keep the output voltage deviation under the maximum allowable
value.

The unity load test also allows for the identification of the
output capacitance and subsequent population of the LUT with
Vth values (based on the output voltage measurement), in ac-
cordance with (9) or (18). It should be noted that in the table
population process it is assumed that the information about D’,
needed for the calculations of both set of table entries, is known.
The value of D’ can be extracted from the feedback loop using
a fairly simple counter [20].

Once the power up of the converter and population of the
LUT are completed, the switch Mout , usually existing in the
applications of interest, is turned ON. During the remaining
portion of the converter operation, the LUT is used to produce
Ith and Vth during transient events. As shown in Fig. 7, the input
to the table is now the voltage deviation ΔV2 measured during
the on time of the main switch M1 . During a transient event, the
load current iout new ,n is estimated as follows:

ΔV2

ΔV1
=

Inew + Iunit

Iunit
= iout new ,n (13)

and the corresponding values of the threshold current and the
voltage are produced by the LUT. These values are than passed
to the transient suppression logic that suppresses the output
voltage deviation by applying the switching sequence described
in Section II and depicted with the flowchart diagram of Fig. 10.

The comparison of the successive output voltage samples
is also used for transient detection in a similar manner to the
one presented in [35] and [36]. Such sampling introduces a
maximum delay in a transient detection equal to one sampling
period. For the cases when the delay caused by this detection
method is not acceptable, a simple dedicated transient detection
circuit, similar to the solution present in [20] can be used.

It should be noted that due to the mixed-signal implemen-
tation, the inductor current ripple does not affect the proper
operation of this controller. This is because the new reference
current value, which was calculated based on the estimated
load transient, is compared to the instantaneous current of the
inductor and the information about the average inductor cur-
rent is not needed. Still, it should be pointed out that the time
needed for the inductor current to reach the new reference (and
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Fig. 10. Flowchart of the transient suppression algorithm. (voss is the output
voltage steady-state value)

therefore the recovery time) depends on the instantaneous in-
ductor current at the time instant of the transient. This means
that for the converters with larger current ripple that time could
vary significantly. In Section IV B, the effect of the fixed sam-
pling rate on the accuracy of the voltage deviation is addressed
and quantified.

Based on the unity load test, the output capacitor can be
estimated by

1
C

=
Rbld

Vout

ΔV1

Δt
(14)

where Δt is the time duration that results in ΔV1 drop in output
voltage as shown in Fig. 9. It should be noted that the value
1/C (rather than C itself) is the parameter of interest for the
calculations in (7), (9), and (12).

B. Nonideal System

The effect of the equivalent series resistance (ESR) on the
voltage threshold is dependent on the load change and given the
ESR, its effect may be added as a constant for each Vth curve
on Fig. 6, that is

Vth+ESR = Vth + InewESR. (15)

A relatively slow sampling rate may cause delayed transient
detection, and as a result a delay in turning the transistor ON

and increased voltage drop. As a consequence, an error in the
voltage threshold detection could occur. This effect is dependent
on the load value and the sampling rate.

The worst case would be that the sampling is delayed by one
sampling cycle (switching period). The additional voltage drop
Vdly can be expressed as follows:

Vdly =
InewTs

C
(16)

Fig. 11. Quantization error of the threshold voltage LUT value as a function
of the load conditions for the entire toff range. Calculation is based on LUT
density of Iunit = Inom inal/20.

where Ts is the sampling period. Inew and C can be estimated
by the aforesaid procedure.

A possible solution for this problem would be to base the
voltage sensing circuitry on a comparator such as in [20] and/or
increase the sampling rate. However, as it will be experimentally
shown in the following section, even a relatively low sampling
rate, at the switching frequency of the converter, provides good
transient response of the introduced controller. As described in
[20], this is mostly due to a low susceptibility of the minimum
deviation method on the system delays and quantization effects.

C. LUT Quantization Error and Computing Effort

As described by Fig. 7, the voltage deviation ΔV2 is used to
pick up the threshold values form the LUT. The discrete nature
of the table may result in quantization error that, in turn, may
impact the performance of the transient recovery. The amount
of deviation from the desired threshold value primarily depends
on the density of the table, i.e., on the unity load current which
determines the table density. The quantization error qerr per
two neighboring cells of the LUT (Vth [n], Vth [n + 1]) can be
expressed as follows:

qerr =
Vth[n ] − Vth[n+1]

Vth[n ]
(17)

where the index n represents the cell location that corresponds
to Iout new = nIunit .

Fig. 11 plots the expected quantization error of the normalized
Vth of Fig. 6 as a function of the load current for various cases
of εI . The unity load value is selected to be 1/20 of the nominal
current. It can be observed that even with modest spacing of the
LUT, the maximum error from the desired value is in the range
of 2%.

The realization of (9) and the population of the LUT, although
carried out once during the startup of the system, requires signif-
icant amount of computing resources that may not be available
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Fig. 12. Comparison of exponent-based—(9) (solid lines), and
approximation-based—(18) (dot-dashed lines) extraction of the thresh-
old voltage map.

in low-cost microcontrollers. However, it has been found that
the simple second order Taylor expansion of the exponent in
(9), i.e., e−x = 1 − x + x2/2, is in a very good agreement with
the original expression for the entire operation range. Apply-
ing this manipulation, the exponential equation in (9) can be
approximated to

Vth ≈ Vout
(
aIout new

4 + bIout new
3 + cIout new

2

+ dIout new + 1
)

(18)

a =
K2

1

2
, b = K1K2 , c =

K2
2

2
− K1 , d = −K2

where

K1 =
L

D′
ossVinVoutC

K2 = − Iout oldL

D′
ossVinVoutC

+
Vout − Vin

VinVoutC
toff .

This implies that a simplified polynomial expression that de-
pends on the new load current as a parameter, and other known
constants of the system can be used to solve (9) with reduced
computational effort. Fig. 12 redraws Fig. 6 for comparison of
the original expression (9) and the approximated expression (18)
of Vth . As can be observed, the results coincide with negligibly
small discrepancy in the range of 1%.

Substituting (13) into (18) enables a direct extraction of the
threshold value based on the voltage deviation ratio (ΔV2ΔV1 =
Iout new ), i.e., load current measurement

Vth ≈ Vout

(
a

(
ΔV2

ΔV1

)4

+ b

(
ΔV2

ΔV1

)3

+ c

(
ΔV2

ΔV1

)2

+ d

(
ΔV2

ΔV1

)
+ 1

)
(19)

which allows further reduction of the computational effort from
the controller.

As can be observed from (18) and mentioned earlier in
Section III, a reliable estimation of the threshold voltage de-
pends on the information of the system parameters, which are
prone to vary over time, temperature or stress. To enhance the
reliability of the estimation, output capacitance estimation pro-
cedure based on the unity load test, as described in (14), can
be applied. Inductance value estimation can be obtained as pre-
scribed in [21]. To further enhance the reliability of the method,
an alternative threshold setup approach based on only the load
current has been carried out and is described in Appendix A.

V. EXPERIMENTAL VERIFICATION

To verify the effectiveness of the introduced programmable-
deviation control method, an experimental prototype was built
based on the diagrams shown in Figs. 1, 7–9. The 12 V–48 V,
100-W boost converter operates at a switching frequency of
100 kHz. The digital controller implementing PI steady-state
control law and the new transient recovery algorithm was im-
plemented with an field-programmable gate array-based pro-
totype [37] and readily available ADC converters. The entire
controller realization (CPM and the programmable deviation)
requires only 9000 logic elements allowing its implementation
with only a 20% of resources of a low-cost FPGA system such
as [38], whose price is comparable or even lower than that of
simple microcontrollers widely used in the industry, e.g., [39],
[40].

The performance of the controller was tested for the voltage
sampling rate equal to the switching frequency and for the case
when the output voltage was over sampled at a 32 × sampling
rate. The performances of the introduced controller were also
compared to that of a state of the art time-optimal solution,
which was built following the implementation demonstrated
in [13], [16] and [17]. Also, comparisons with a conventional
mixed-signal peak current programmed mode controller [21]–
[25] (PCPM), requiring much simpler implementation than that
of the time-optimal solutions were performed.

Figs. 13 and 14 show a comparison of the transient responses
of the time-optimal solution and the introduced programmable-
deviation controller for a light-to-heavy load transient. In both
the cases, the output voltage was sampled 32 times. It can be
seen that the output voltage deviation for the programmable-
deviation controller is about 1.9 times smaller than that of the
time-optimal system and that the current stress is reduced by
1.3 times. These results show that the programmable-deviation
controller allows for the use of significantly smaller output ca-
pacitance value (about 1.9 smaller), switching components with
1.3 times lower peak current ratings and an inductor with about
1.69 times smaller maximum energy storage capacity, which is
proportional to the squared value of the peak inductor current.

Fig. 15 shows comparisons of the transient responses of the
conventional PCPM controller [21]–[26] requiring one voltage
sample per a switching period with that of the programmable-
deviation solution for two cases: 1) when the sampling is per-
formed once per switching cycle and 2) when a 32 × sampling
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Fig. 13. Light-to-heavy load transient response (12.5 W–75 W) of the time-
optimal controller with 32× sampling rate. Ch.1 (upper trace): the ac component
of the output voltage, 2 V/div; Ch.2 (bottom trace): inductor current, 5 A/div. The
time scale is 50 μs/div. Operating conditions: Vin = 12 V, Vout = 48 V, L =
50 μH, and Cout = 25 μF .

Fig. 14. Light-to-heavy load transient response (12.5 W–75 W) of the
programmable-deviation controller with 32 × sampling rate. Ch.1 (upper trace):
the ac component of the output voltage, 2 V/div; Ch.2 (bottom trace): in-
ductor current, 5 A/div. The time scale is 50 μs/div. Operating conditions:
Vin = 12 V, Vout = 48 V, L = 50 μH , and Cout = 25 μF .

rate is applied. The PCPM controller is regulated with a fast
loop having the bandwidth of approximately one-tenth of the
switching frequency. It can be seen that in both the cases the
transient response is drastically improved. By comparing the re-
sponses of the programmable-deviation controller for once per
cycle and 32 × sampling rates, we can see that a drastic re-
duction in the sampling rate has a minor effect on the transient
performance, allowing for a simple ADC to be used. Results con-
firm discussion from Section IV B and also demonstrate that,
even with much lower sampling rate, the performance of the
programmable-deviation controller is significantly better than
that of time-optimal solution (shown in Fig. 14).

Fig. 15. A comparison of the light-to-heavy load transient response (12.5 W–
75 W) of the conventional PCPM controller and the programmable-deviation
controller for: (a) once per switching cycle sampling rate and (b) 32 × sam-
pling rate. AC components of the output voltage, 2 V/div. The time scale is
50 μs/div. Operating conditions: Vin = 12 V, Vout = 48 V, L = 50 μH, and
Cout = 25 μF.

Fig. 16. A comparison of the heavy-to-light load transient response (75 W–
12.5 W) of the conventional PCPM controller and the programmable-deviation
controller for once per switching cycle output voltage sampling rates; AC com-
ponents of the output voltages, 2 V/div. The time scale is 1 ms/div. Operating
conditions: Vin = 12 V, Vout = 48 V, L = 50 μH, and Cout = 25 μF.

Fig. 16 shows a comparison of transient responses of the
programmable-deviation and PCMP controllers for heavy-to-
light load transients for the case when the both controllers
sample the output voltage once per switching cycle. It can be
seen that for the new controller, the deviation is about 3.7 times
smaller, allowing for the same reduction of the output capacitor
value. The results confirm that this, relatively small, modifica-
tion of the conventional CPM architecture drastically improves
the transient performance allowing for a significant reduction of
the reactive components.
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Fig. 17. Light-to-heavy–heavy-to-light load transient response (25 W–90 W–
25 W) of the programmable-deviation controller with its corresponding state tra-
jectories. Upper plot: XY plot (X—output voltage, Y—inductor current). Lower
plot: Ch.3 (upper trace): the ac component of the output voltage, 1 V/div; Ch.4
(bottom trace): inductor current, 2 A/div. The time scale is 200 μs/div. Operating
conditions: Vin = 12 V, Vout = 48 V, L = 100 μH, and Cout = 25 μF.

Fig. 18. Tight voltage regulation of the programmable-deviation controller
for two consecutive load transients (25 W–90 W–140 W–75 W–25 W) with the
corresponding state trajectories. Upper plot: XY plot (X—output voltage, Y—
inductor current). Lower plot: Ch.3 (upper trace): the ac component of the output
voltage, 1.2 V/div; Ch.4 (bottom trace): inductor current, 2 A/div. The time scale
is 200 μs/div. Operating conditions: Vin = 12 V, Vout = 48 V, L = 100 μH,
and Cout = 25 μF.

Another set of experiments has been carried out to validate the
concept with respect to the state-plane theory described in Sec-
tion III and to verify the robustness of the method for consecutive
load transients. Fig. 17 shows a light-to-heavy and a heavy-to-
light load transient in a single frame with their state trajectory
plot. Fig. 18 shows the operation of the programmable-deviation
controller for two consecutive load steps, demonstrating tight
voltage regulation. It should be noted that the load step results
presented in Fig. 18 have been implemented with a modified
algorithm for the threshold selection, as described in Appendix
A.

VI. CONCLUSION

The hardware-efficient programmable-deviation controller
for indirect energy transfer converters introduced in this pa-
per is a modification of the conventional mixed-signal PCPM
architecture. The controller is designed around the fact that,
for indirect energy transfer converters, the time-optimal re-
sponse does not coincide with the minimum possible voltage
deviation. Therefore, it is designed with the goal of provid-
ing near minimum possible voltage deviation for a controlled
switching frequency operating range. Compared to the time-

optimal solutions, the programmable-deviation controller has
several advantages. They include smaller output voltage devi-
ation during transients, lower current stress an implementation
with much simpler hardware not requiring complex computa-
tions, and a high sampling rate analog-to-digital converter. These
advantages allow for a significant reduction of reactive compo-
nents of the converter and result in a lower current stress on the
semiconductor switches. It should be noted that the operation
of the controller has been demonstrated for cases of consecutive
transients, which is the main job function for indirect energy
transfer converters. The issue of nested transients is a topic for
further research and will be addressed in future publications.

In steady state, the controller operates as a simple PCPM out-
put voltage regulator. During transients, the controller sets the
boundaries for the inductor current and the output voltage, such
that the near minimum voltage deviation for a predetermined
frequency range is obtained and that the convergence toward
the new steady-state condition is ensured. The boundaries are
set based on the founding that, in the case of a boost converter,
the theoretical/ideal minimum deviation requires the boundary
current to be equal to its new steady-state value and the bound-
ary voltage equal to its minimum deviation. For that case, the
converter recovers to the new steady state operating at the infi-
nite switching frequency. To limit the switching frequency, the
analysis of the relation of the minimum voltage boundary value
for the frequency constrained case is performed and accordingly
used in the control algorithm.

The effectiveness of the introduced controller is experimen-
tally verified, through comparisons with the time optimal and
conventional PCMP solutions. The results confirm that this mod-
ification of the PCMP architecture results in significantly bet-
ter transient performance than the other solutions while elim-
inating the need for a high sampling rate ADC and complex
computations.

APPENDIX A
CURRENT THRESHOLD-BASED PROGRAMMABLE-DEVIATION

CONTROL SCHEME

The programmable voltage deviation control method that is
introduced in this paper provides both theoretical and practi-
cal insights into the load transient behavior of indirect energy
transfer converters. The theoretical analysis has established the
relationship between the converter state variables and a crite-
rion to guarantee convergence toward the steady state has been
defined. As a consequence, the control task of recovery from a
load transient has been significantly simplified and reduced to
realization of two comparators, one for each state variable (tran-
sient suppression logic block). Furthermore, within the defined
boundaries, the concept allows independence in the selection of
the current and voltage thresholds. This may assist in further
research and improvement of the controller.

On the other hand, the preliminary concept as described in
Section III may result in inconsistent performance due to pa-
rameters uncertainties. The values of L and C may vary and the
input voltage is not constant in a number of applications. These
factors can affect the accuracy of threshold calculations and
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Fig. 19. Flowchart of the current threshold based transient suppression
algorithm.

Fig. 20. Experimental demonstration of the current threshold-based
programmable-deviation control for two consecutive light-to-heavy load tran-
sients (25 W–90 W–140 W). The additional charging current εI (for both steps)
has been set to 15% of the first load step.

performance of the programmable-deviation controller. There-
fore, it would be highly advantageous if the threshold settings
could be extracted based on the new load current only, eliminat-
ing uncertainties that may appear in the system.

A possible solution of this problem is an alternative real-
ization of the self-tuning estimator unit for thresholds calcu-
lations, which its operation is described with a help of the
flowchart shown in Fig. 19 and experimentally demonstrated
in Fig. 20 (a zoomed in version of Fig. 18). The operation prin-
ciple of the controller is similar to its precursor (described in
Section II), with the exception that upon detection of the tran-
sient and estimation of the new load current (point “a,” Figs.
19 and 20), the first on interval of the transistor is controlled
by the current threshold such that (1) is satisfied, i.e., the in-
ductor current is slightly larger than its new steady-state value
Ith = Iss + εI . The value of εI can is either selected as a func-
tion of the current difference, or using (5) or (11). It should be
noted that notation of εI refers to the additional charging current
above Iss as described in (1).

Once the first current threshold has been reached (point “b,”
Figs. 19 and 20), the controller measures the output voltage and

assigns Vth = Vout(point“b”) and Ith = Iss . From this point and
on, the voltage is recovered using the transient suppression logic
as described earlier. At the instance that the output voltage has
reached its new steady-state value (point “c,” Figs. 19 and 20),
the controllers resumes regular CPM operation.

Using this alternative approach, the thresholds settings be-
come depended on the new load current only eliminating system
uncertainties.

APPENDIX B
PEAK INDUCTOR CURRENT ESTIMATION

As can be observed throughout the paper, the peak inductor
current in each cycle during light-to-heavy transient recovery
is higher than its previous one. Estimation of the maximum
inductor current during a transient period may be beneficial for
the selection of the system components. This estimation can be
facilitated by geometrical calculation of the state plane for the
specified path of the final off cycle (point “f” to point “o,” Fig. 3).
A generic off trajectory of a boost converter can be expressed
as [10], [11], [32], [34]

C (vc − Vin)2 + L (iL − Iout)
2 = C (vc0 − Vin)2

+L (iL0 − Iout)
2 . (20)

By assigning vc = Vth , iL = Imax , vc0 = Vout , iL0 = Iout/
D′

oss , and after some manipulations, the peak inductor value
can be estimated as follows:

Imax = Iout

+

√
C

L

[
(Vout − Vin)2 − (Vth − Vin)2

]
+

(
Iout

D′
oss

− Iout

)2

.

(21)
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